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… demonstrates the concept of
alkali-metal-mediated mangana-
tion. On its own as part of a con-
ventional organomanganese com-
pound MnII cannot usually directly
metalate arene molecules. How-
ever, pushed by sodium in the
form of a sodium manganate
reagent, MnII can form direct
Mn�C ACHTUNGTRENNUNG(arene) bonds selectively
knocking off a hydrogen atom and
forming a sodium–manganese–
arene complex. In their Full Paper
on page 65 ff., R. E. Mulvey et al.
discuss the first examples of direct
manganation of functionalised
arenes.


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


Organocatalysis
In their Concept article on page 40 ff., R. Mahrwald and
M. Markert discuss the current aspects of total syntheses of
carbohydrates by organocatalyzed aldol additions of
dihydroxyacetone.


Dendrimers
A full account of the synthesis and characterization of a
variety of novel click dendrimers is provided in the Full
Paper on page 50 ff. by D. Astruc et al. The engineering
and precise redox sensing of PdII leads to the production of
various dendrimer-encapsulated Pd nanoparticles with a
pre-organized number of Pd atoms. These molecules are
shown to be highly efficient, stable, and size-selective
hydrogenation catalysts.


Molecular Devices
In their Concept article on page 26 ff., V. Balzani et al.
describe how the marriage of the synthetic talent of chem-
ists with an engineering mentality and a clever use of chem-
ical, photonic, and electronic inputs to stimulate molecular
and supramolecular species have led to the construction of
a variety of molecular devices and machines capable of pro-
ACHTUNGTRENNUNGcessing energy and signals.
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Communicating Chemistry
in “Chemistry”


Full Coverage : Since its inaugural issue in April 1995,
Chemistry—A European Journal has strived to provide a
top European forum for top quality Full Papers. Over the
years the journal has gone from strength to strength and has
continually looked to improve its service to readers and au-
thors by adding new features (Table 1). The growth of the
journal has been accompanied by two increases in frequency
of publication, as well as by the addition of Concept articles.
The success of Chemistry—A European Journal has also
paved the way for the launch of several other European
publishing projects together with our partnering Chemical
Societies (Editorial Union of Chemical Societies (EU
ChemSoc)). Over the last 10 years, the European Journal of
Organic Chemistry, the European Journal of Inorganic
Chemistry, ChemPhysChem, ChemBioChem, and more re-
cently ChemMedChem, have all been successfully launched
and become widely accepted and respected by the scientific
community. These newer members of the European family
offer authors the opportunity to publish research in special-
ist disciplines in different forms either as Full Papers, Com-
munications, or Review-type articles. The flexibility offered
by these journals allows them to offer full coverage of their
respective fields, an aspect that is greatly appreciated by
readers and authors alike.


Over the years the feedback from the community about
the composition of Chemistry—A European Journal has fo-
cused on two main points: Communications and Reviews,
and the current lack thereof. Following discussions with
members of the Editorial Board and the Chairman of the
Owners Society, the decision has now been taken to address
these points and to offer our readership the full coverage in
chemistry.


Call for Communications : This Editorial marks the formal
launch of our “Call for Communications” in Chemistry—A
European Journal. Our aim is to provide a vibrant European
forum for top Communications in all branches of chemistry.
Currently, there are two main alternatives to publish top,
general-interest, Communications in Europe, namely, Ange-
wandte Chemie (IF: 10.232) and Chemical Communications
(IF: 4.521). In terms of the Impact Factors (IFs) of these


two journals, there is
a significant differ-
ence between the
two. Chemistry—A
European Journal
(IF: 5.015), with an
Impact Factor above
that of Chemical
Communications,
will provide authors
with a highly attrac-


Table 1. Innovations at Chemistry—A European Journal.


1994 Editor: Peter Gçlitz
Chairman of Editorial Board: Jean-Marie Lehn
Call for Papers


1995 First issue April 1995
1996 New feature: Concepts
1997 Launch as independent journal


First Owners Meeting in Amsterdam
1998 1000th manuscript received


Full text online in Wiley InterScience
First President of the Owners Society: Heindirk tom Dieck


1999 1000th Full Paper published
2000 Increase in publication frequency: 24 Issues


New Editorial Board Members
100th Concept article published
EarlyView


2001 Frontispiece for Concepts
Frontispiece for Full papers


2002 New Editor: N. Compton
Online-submission service launched


2003 New Chairman of the Editorial Board: Jan-Erling BCckvall
New President of the Owners Society: Wolfram Koch
5000th manuscript received
200th Concept article published


2004 Very Important Papers
2005 New Layout: Color Table of Contents
2006 Increase in publication frequency: 36 Issues


10000th manuscript received
Special Issue to celebrate the 1st European Chemistry Congress


2007 New Feature: Spotlights
Special Issue to celebrate the 150th Anniversary of the SociEtE
FranÅaise de Chimie (SFC)


2008 New Section: Communications
New Section: Reviews
New Layout: Integrated full-page graphics
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tive third option. Regardless of the length or type of the ar-
ticles submitted, our most important criterion will remain
“quality first” as we strive to bring the best chemistry to our
readers.


To ensure we provide an excellent all round service to our
authors, we will extend our transfer program, which has
worked efficiently for Full Papers, to Communications
deemed to be more suitable for a specialized audience. The
excellent network and close interaction of the Editorial
Office of Chemistry—A European Journal with those of the
other members of the European family of journals, namely
the European Journal of Organic Chemistry, the European
Journal of Inorganic Chemistry, ChemPhysChem, ChemBio-
Chem, ChemMedChem, and ChemSusChem, as well as with
the other specialized materials journals such as Small, Ad-


vanced Materials, and Advanced Functional Materials, and
polymer journals such as the Macromolecular Rapid Com-
munications, in the Wiley-VCH program, facilitates rapid
decisions in such cases and allows the smooth transfer of
content to the most appropriate specialized journal.


Concepts and More : During 2007 we published our 350th
Concept article (Pattern-Based Peptide Recognition by
E. V. Anslyn and B. E. Collins: Chem. Eur. J. 2007, 13, 4700)
and we will continue to bring you the most interesting new
developments and novel concepts throughout the year (a list
of the published Concept articles is available on the journal
homepage (www.chemeurj.org) under Special Features:
Concept Articles).


In addition to continuing to publish the most interesting
Concept articles, Chemistry—A European Journal will also
publish a number of Reviews. The Reviews should provide a
critical survey of selected material of interest to the general
readership of the journal. Most of the Reviews will be invit-
ed by the Editorial Office. Should you be interested in sub-
mitting a Review Article to Chemistry—A European Jour-
nal, please contact the Editorial Office directly. Comprehen-
sive details about the submission of Communications and
Reviews are available in the updated version of the Notice
to Authors on the journal homepage (www.chemeurj.org
under For Authors: Notice to Authors)


Publication Times Slashed : We are continuing to make
major improvements in our publication times, which have


been cut by a fur-
ther 22 days over
the course of
2007. Over the
last couple of
years we have
been addressing
the mountain of
accepted papers
that have accom-
panied the suc-


cess of the journal. We are confident of being able to make
further improvements in 2008. Like all the journals in the
European family, we can process papers extremely quickly
in special cases.


Fast Lane : To aid our authors, templates for all article
types (Concept, Review, Communication, and Full Paper)
for submitting to manuscripts to Chemistry—A European
Journal are now available on the journal homepage
(www.chemeurj.org) together with the most recent version
of the detailed Notice to Authors. Use of the template is
highly recommended. Referees are far more willing to
assess papers in which the layout better corresponds to that
of a journal article, in which the graphical material and
tables are situated at the most appropriate places in the
text.
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Fully Loaded : The numbers of full-text downloads for arti-
cles published in Chemistry—A European Journal have
again risen sharply, at a rate outstripping the rise in the
number of published articles. The top 10 downloaded Con-
cept articles and Full Papers published in 2006 are given in
Tables 2 and 3, respectively. The newer data for papers pub-
lished in 2007 are given in Tables 4 and 5, respectively. The
data in these tables show the diversity of topics that are in-
teresting most of our readers.


Global Appeal : The submissions to Chemistry—A Europe-
an Journal grew again by more than 10% overall. The in-
creasing global appeal of the journal is clearly illustrated by
the major increases in the numbers of submissions from the
USA (+49%), Canada (+40%), and China (+31%). Over-
all the journal received submissions from 46 countries.
Among the countries from the Owner Societies, notable in-


creases were seen
last year for the
Czech Republic and
Austria.


Layout Changes :
This issue also marks
a few minor changes
to the layout of the
journal. To improve
the citability of Con-
cept articles and the
articles with a fron-


tispiece at the beginning of the Full Paper section, the full-
page graphical material is now better integrated into the ar-
ticles (see, for example, the Concept articles in this issue on
p. 26 and p. 40).


Table 2. Top 10 downloaded Concept articles published in 2006 in Chemistry—A European Journal.[a]


Title Authors Citation


Organocatalysis Mediated by (Thio)urea Derivatives S. J. Connon Chem. Eur. J. 2006, 12, 5418
Self-Assembled Fluorescent Chemosensors P. Tecilla, U. Tonellato et al. Chem. Eur. J. 2006, 12, 1844
Acceleration of Organic Reactions through Aqueous Solvent Effects M. C. Pirrung Chem. Eur. J. 2006, 12, 1312
From Dysfunction to Bis-function: On the Design and Applications of
Functionalised Ionic Liquids


P. J. Dyson et al. Chem. Eur. J. 2006, 12, 2122


Microreactors as Tools for Synthetic Chemists - The ChemistsM
Round-Bottomed Flask of the 21st Century?


P. H. Seeberger et al. Chem. Eur. J. 2006, 12, 8434


Self-Supported Chiral Catalysts for Heterogeneous Enantioselective Reactions K. Ding Chem. Eur. J. 2006, 12, 5188
Ligand-Template Directed Assembly: An Efficient Approach for the
Supramolecular Encapsulation of Transition-Metal Catalysts


J. N. H. Reek and A. W. Kleij Chem. Eur. J. 2006, 12, 4218


Palladium-Catalyzed Cross-Coupling Reactions of Silanolates:
A Paradigm Shift in Silicon-Based Cross-Coupling Reactions


S. E. Denmark and J. D. Baird Chem. Eur. J. 2006, 12, 4954


Organic Reaction Pathways in the Nonaqueous Synthesis of
Metal Oxide Nanoparticles


M. Niederberger, G. Garnweitner Chem. Eur. J. 2006, 12, 7282


Silica Self-Assembly and Synthesis of Microporous and Mesoporous Silicates D. G. Vlachos, R. F. Lobo et al. Chem. Eur. J. 2006, 12, 2926


[a] Data taken for period up to October 31, 2007.


Table 3. Top 10 downloaded Full Papers published in 2006 in Chemistry—A European Journal.[a]


Title Authors Citation


Easily Prepared Air- and Moisture-Stable Pd�NHC (NHC=N-Heterocyclic Carbene)
Complexes: A Reliable, User-Friendly, Highly Active Palladium Precatalyst for
the Suzuki–Miyaura Reaction


M. G. Organ et al. Chem. Eur. J. 2006, 12, 4743


ACHTUNGTRENNUNG(NHC)Copper(I)-Catalyzed [3+2] Cycloaddition of Azides and Mono-
or Disubstituted Alkynes


S. P. Nolan et al. Chem. Eur. J. 2006, 12, 7558


A User-Friendly, All-Purpose Pd-NHC (NHC=N-Heterocyclic Carbene) Precatalyst
for the Negishi Reaction: A Step Towards a Universal Cross-Coupling Catalyst


M. G. Organ, et al. Chem. Eur. J. 2006, 12, 4749


Rapid Room Temperature Buchwald–Hartwig and Suzuki–Miyaura Couplings
of Heteroaromatic Compounds Employing Low Catalyst Loadings


S. P. Nolan et al. Chem. Eur. J. 2006, 12, 5142


Direct Asymmetric Intermolecular Aldol Reactions Catalyzed by Amino Acids
and Small Peptides


A. Cordova et al. Chem. Eur. J. 2006, 12, 5383[b]


Near Monodisperse TiO2 Nanoparticles and Nanorods Y. Li et al. Chem. Eur. J. 2006, 12, 2383
One-Pot Synthesis and Bioapplication of Amine-Functionalized Magnetite Nanoparticles
and Hollow Nanospheres


Y. Li et al. Chem. Eur. J. 2006, 12, 6341


Platinum- and Gold-Catalyzed Rearrangement Reactions of Propargyl Acetates:
Total Syntheses of (�)-a-Cubebene, (�)-Cubebol, Sesquicarene and Related Terpenes


A. FPrstner, P. Hannen Chem. Eur. J. 2006, 12, 3006


Use of Carbonaceous Polysaccharide Microspheres as Templates for Fabricating
Metal Oxide Hollow Spheres


Y. Li et al. Chem. Eur. J. 2006, 12, 2039


AVersatile and Efficient Ligand for Copper-Catalyzed Formation of
C�N, C�O, and P�C Bonds: Pyrrolidine-2-Phosphonic Acid Phenyl Monoester


H. Fu et al. Chem. Eur. J. 2006, 12, 3636


[a] Data taken for period up to October 31, 2007. [b] See also corrigendum to this paper: Chem. Eur. J. 2006, 12, 5175.
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Anniversaries and Celebrations Past : In 2007, Wiley cele-
brated its 200th anniversary, and the year also saw the com-
pletion of the successful acquisition of Blackwell Publishing
(Holdings) Ltd. The combined program will publish approx-
imately 1250 peer-reviewed journals as well as an extensive
book program. One of our major Society partners, the Soci-
EtE FranÅaise de Chimie (SFC), marked their 150th anniver-
sary. The European Journal of Organic Chemistry and the
European Journal of Inorganic Chemistry both celebrated
their 10th anniversaries in style with memorable special
issues.


Last year was also a notable one for two of the most re-
spected members of our Editorial Board, Professor J. Fraser
Stoddart was knighted by the Queen, and Professor Gerhard
Ertl was awarded the Nobel Prize for Chemistry.


We would also like to use this opportunity to congratulate
the Chairman of our Editorial Board, Professor Jan-Erling
BCckvall, who celebrated his 60th birthday in December last
year.


Table 4. Top 10 downloaded Concept articles published in 2007 in Chemistry—A European Journal.[a]


Title Authors Citation


Phosphorescent Dyes for Organic Light-Emitting Diodes P.-T. Chou, Y. Chi Chem. Eur. J. 2007, 13, 380
Catalytic Applications of Metal Nanoparticles in Imidazolium Ionic Liquids P. Migowski, J. Dupont Chem. Eur. J. 2007, 13, 32
Ionic Liquids for Soft Functional Materials with Carbon Nanotubes T. Fukushima, T. Aida Chem. Eur. J. 2007, 13, 5048
The Combined Use of Microwaves and Ultrasound: Improved Tools in
Process Chemistry and Organic Synthesis


G. Cravotto, P. Cintas Chem. Eur. J. 2007, 13, 1902


Selective Catalysis and Nanoscience: An Inseparable Pair A. Zecchina et al. Chem. Eur. J. 2007, 13, 2440
“Chiral Amnesia” as a Driving Force for Solid-Phase Homochirality D. G. Blackmond Chem. Eur. J. 2007, 13, 3290
Carbohydrates as Synthetic Tools in Organic Chemistry M. M. K. Boysen Chem. Eur. J. 2007, 13, 8648
Overcoming the Demons of Protecting Groups with Amphoteric Molecules A. K. Yudin, Ryan Hili Chem. Eur. J. 2007, 13, 6538
Enantioselective Radical Cyclizations: A New Approach to Stereocontrol
of Cascade Reactions


H. Miyabe, Y. Takemoto Chem. Eur. J. 2007, 13, 7280


Fluorescent Sensors for the Detection of Chemical Warfare Agents M. Burnworth, S. J. Rowan,
C. Weder


Chem. Eur. J. 2007, 13, 7828


[a] Data taken for period up to October 31, 2007.


Table 5. Top 10 downloaded Full Papers published in 2007 in Chemistry—A European Journal.[a]


Title Authors Citation


Photoluminescence and Conductivity of Self-Assembled p–p Stacks of
Perylene Bisimide Dyes


F. WPrthner et al. Chem. Eur. J. 2007, 13, 436


Organocatalyzed Highly Enantioselective Direct Aldol Reactions of Aldehydes with
Hydroxyacetone and Fluoroacetone in Aqueous Media: The Use of Water To
Control Regioselectivity


L.-Z. Gong et al. Chem. Eur. J. 2007, 13, 689


Total Synthesis of Five Thapsigargins: Guaianolide Natural Products Exhibiting
Sub-Nanomolar SERCA Inhibition


S. V. Ley et al. Chem. Eur. J. 2007, 13, 5688


Total Syntheses of the Actin-Binding Macrolides Latrunculin A, B, C, M, S and
16-epi-Latrunculin B


A. FPrstner et al. Chem. Eur. J. 2007, 13, 115


Nickel(II) Complexes of Bidentate N-Heterocyclic Carbene/Phosphine Ligands:
Efficient Catalysts for Suzuki Coupling of Aryl Chlorides


H. M. Lee et al. Chem. Eur. J. 2007, 13, 582


Enantioselective Michael Addition of a-Substituted Cyanoacetates to Vinyl Ketones
Catalyzed by Bifunctional Organocatalysts


Y.-C. Chen et al. Chem. Eur. J. 2007, 13, 319


Intra- and Intermolecular Reactions of Indoles with Alkynes Catalyzed by Gold A. M. Echavarren et al. Chem. Eur. J. 2007, 13, 1358
Biaryls Made Easy: PEPPSI and the Kumada–Tamao–Corriu Reaction M. G. Organ et al. Chem. Eur. J. 2007, 13, 150
Ionic Self-Assembly of Ammonium-Based Amphiphiles and Negatively Charged Bodipy
and Porphyrin Luminophores


F. Camerel,
R. Ziessel et al.


Chem. Eur. J. 2007, 13, 2189


Catalytic Enantioselective Domino Oxa-Michael/Aldol Condensations:
Asymmetric Synthesis of Benzopyran Derivatives


A. CTrdova et al. Chem. Eur. J. 2007, 13, 574


[a] Data taken for period up to October 31, 2007.


J. F. Stoddart G. Ertl
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In the Editorial Office, Anne Deveson celebrated 10 years
of service with Chemistry—A European Journal, and Peter
Gçlitz notched up 25 years service as Editor-in-Chief of An-
gewandte Chemie.


The Year Ahead : Not only will this year see the launch of
Communications in Chemistry—A European Journal, but it
will also be another significant year for profiling top chemis-
try on a European stage. Following on from the highly suc-
cessful 1st European Chemistry Congress in Budapest in
2006, the 2nd European Chemistry Congress will take place
in Turin in September 2008. Details of the event can
be found on the Conference
Website (www.euchems-
torino2008.it). This year will


also see the publication of the
300th issue of Chemistry—A
European Journal, and the new
journals ChemMedChem and
Chemistry—An Asian Journal
will be eagerly awaiting their
first Impact Factors in the
summer.


Family Developments : Follow-
ing on from the successful in-
crease in the publication fre-
quency of the European Journal
of Organic Chemistry, the Euro-
pean Journal of Inorganic
Chemistry, ChemBioChem, and
ChemPhysChem last year, the
first issue of the newest
member of the European


family of Journals, ChemSusChem, which is dedicated to
sustainable chemistry, including green chemistry, sustainable
chemicals and materials, environment, and renewable alter-
native energies, will appear shortly. Several fascinating arti-
cles in this new and exciting field are already available on
Early View on the journal homepage ( www.ChemSusChe-
m.org).


Closer Ties : The 14 Chemical Societies (Editorial Union of
Chemical Societies, EU ChemSoc) associated with Chemis-
try—A European Journal and the other members of the Eu-
ropean family of journals and the 8 Chemical Societies
(Asian Chemical Editorial Society, ACES) associated with
Chemistry—An Asian Journal have strengthened their ties
and are now supporting each othersM ventures. These associ-
ations are prime examples of the commitment of Wiley-
VCH as an excellent publishing partner for Chemical Soci-
eties.


Bright Future : A new web platform is currently being de-
veloped to provide an even better service for our authors
and readers. It will encompass the best points from Wiley
InterScience and Blackwell Synergy, together with a host of
new features and functionality that will have benefits to sci-
entists of all disciplines.


J.-E. BCckvall P. Gçlitz A. Deveson
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We are determined to continue improving the journal over
the coming year. The desire of top authors to publish in
Chemistry—A European Journal, and the quality of the
papers published to date led to a rise in the Impact Factor
for the journal for the 5th successive year to 5.015, well
above that of its main European counterpart the New Jour-
nal of Chemistry (IF: 2.647). We published over 10000 pages
of top chemistry in 2007, which represents an increase of ap-
proximately 10% compared with 2006 in terms of articles
published, and we aim to provide our readers with even
more of the best chemistry on offer in 2008.


Off to a Flyer : This issue contains Concept articles by M.
Markert and R. Mahrwald on organocatalyzed Aldol addi-
tions (see p. 26) and by V. Balzani, A. Credi, and M. Venturi
on processing energy and signals by molecular and supra-
molecular systems (see p. 40). The cover of this issue fea-
tures work by R. Mulvey and co-workers on alkali-metal-
mediated manganation of functionalized arenes (see p. 65)
and the frontispiece at the beginning of the Full Paper sec-
tion describes fascinating work on “click” dendrimers by D.
Astruc and co-workers (see p. 50). The 34 Full Papers in
this issue illustrate the full coverage of chemistry provided
by Chemistry—A European Journal.


To close, I would like to thank all the referees and Editori-
al Board members for their support and advice, and all the
authors for their excellent chemistry that we have published
to date. I would also like to remind you that you can now
send us your best chemistry either as a Communication, Full
Paper, Concept, or Review. We are looking forward to the
new challenges associated with the development of the jour-
nal and the opportunity to publish even more of most inter-
esting chemistry in the world.


Neville Compton, Editor
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Introduction


Chemistry is one of the oldest sciences. At the beginning,
“… chemistry was the art of making substances change, or
watching their spontaneous transformations. Ice turned into
water, water could be made to boil. Grape juice or sugar
cane mash turned into alcohol, and if you didn-t intervene,
it turned again, into vinegar. The colorless fluid in the gland
of a Mediterranean sea snail, when exposed to air and sun-
light, turned yellow, green, and finally a purple that could
dye a skein of wood and hold fast”.[1]


In the past century chemistry became the science of mole-
cules: natural molecules discovered in the world in which
we live, artificial molecules invented by chemists in their
laboratories. Until ten years ago it was thought that “the
most creative act in chemistry is the design and creation of
new molecules”.[2] In the meantime, the concept of supra-
molecular chemistry[3] began to permeate a substantial part
of chemical research. Today, spontaneous transformations
are still investigated and synthesis continues to be the most
important field of chemical research. In the last ten years,
however, quite new aspects of chemistry have also emerged.


A variety of molecular devices and machines powered by
chemical, photochemical, and electrochemical inputs have
been constructed,[4] and novel conceptual interpretations[5]


of old classes of chemical reactions have opened new scenar-
ios on the potentiality of chemistry for signal-processing at
the molecular level. In this concept article, looking at molec-
ular transformations in an unconventional way, we have
tried to give a flavor of such new features that projects
chemistry in the fields of information science and nanotech-
nology.


Inputs and Outputs


Any kind of device or machine requires a substrate, energy,
and information signals. If we wish to operate at the nano-
meter scale, we must use molecules as substrates. Molecules
are nanometer-size entities that can exploit energy and sig-
nals to operate as devices and machines, particularly when
suitably assembled in supramolecular systems.


A general scheme for the operation of molecule-based de-
vices and machines is shown in Scheme 1 (top). We start
with a species A, the properties of which can be monitored
(read) by a suitable input, input reading Ir(A) (e.g., absorp-
tion spectroscopy), that generates an output, output reading
Or(A). Then, we write information on A by an energy input,
input writing, IwACHTUNGTRENNUNG(A!B), that converts A into B. Since A
and B are molecules, the writing process must be a chemical
reaction.[6] Reading the system with Ir(B) after application


Abstract: Any kind of device or machine requires a sub-
strate, energy, and information signals. If we wish to op-
erate at the nanometer scale, we must use molecules as
substrates. Energy- and signal-processing at a molecular
level relies on cause/effect relationships between the
input supplied and the kind of process obtained. We
have classified energy- and signal-processing at the mo-
lecular level according to the nature of the input (elec-
tronic, photonic, or chemical) and the nature of the ob-
tained effect (electronic, photonic, or chemical process
that follows). By coupling the three kinds of inputs with
the three types of resulting processes, nine types of mo-
lecular-based processes (electronic, photonic, chemionic,
electrophotonic, electrochemionic, photoelectronic, pho-
tochemionic, chemiophotonic, and chemioelectronic)
can be identified. In this concept article, looking at mo-
lecular transformations in an unconventional way, we
have tried to give a flavor of some of the new features
that project the old science of chemistry towards novel
achievements.


Keywords: chemionics · electron transfer · energy
transfer · molecular devices · molecular electronics ·
molecular photonics


[a] Prof. V. Balzani, Prof. A. Credi, Prof. M. Venturi
Dipartimento di Chimica “G. Ciamician”
UniversitE di Bologna, via Selmi 2, 40126 Bologna (Italy)
Fax: (+39)051-209-9456
E-mail : vincenzo.balzani@unibo.it


Scheme 1. Top: A general scheme for the operation of molecule-based
devices and machines. Ir, and Or are reading inputs and output that
reveal the state of the system. Iw is a writing input that converts A into B.
Iw can be an electronic (Ie


w), photonic (Ip
w), or chemical (Ic


w) input.
Bottom: Schematic representation of the cause/effect relationships of
energy inputs operating on molecular substrates.
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of Iw yields an output, Or(B), that reveals the new state of
the system.


In the case of a machine, Iw is responsible for the opera-
tion, while Ir and Or monitor the machine movement.[4,7] In
the case of a device for information processing, the per-
formed function is based on the relationship among Ir, Or,
and Iw.


[4,7,8]


The most important energy inputs to write on molecules
are electronic (Ie


w), photonic (Ip
w), and chemical (Ic


w) in
nature. The reading inputs Ir are multifarious; indeed, any
kind of physical signals can be used but, for several reasons,
electronic, photonic, and chemical outputs are most often
used.


The operation of molecular devices and machines[4,7–9]


relies on cause/effect relationships between writing inputs
and kind of process obtained (as revealed by reading tech-
niques). Therefore, it may be useful to categorize molecular
devices and machines according to the nature of the cause
(electronic, photonic, or chemical input) and the nature of
the effect (electronic, photonic, or chemical process that fol-
lows). In the simplest case, input and resulting process have
the same nature: an electronic input can generate release of
an electron (molecular electronics), absorption of a photon
can generate emission of a photon (molecular photonics),
and a chemical input can generate a chemical reaction (mo-
lecular chemionics). It is also possible, however, to have
molecules that convert an input into a process of different
nature. For example, a chemical reaction can generate emis-
sion of a photon, and an electronic input can generate a
chemical reaction. Furthermore, it is possible to stimulate a
molecule (even better a supramolecular system) with a se-
quence of inputs of the same or different nature and to
obtain processes of the same or different types. For example,
a chemical reaction of a molecule followed by absorption of
a photon can generate emission of a photon that would not
have been emitted by the original molecule.


Therefore, besides molecular electronics, molecular pho-
tonics, and molecular chemionics, six cause/effect crossing
couples can be considered, corresponding to: electrophoton-
ics, electrochemionics, photoelectronics, photochemionics,
chemiophotonics, and chemioelectronics (Scheme 1,
bottom).


We will briefly illustrate, with a few elementary examples,
the nine categories of systems obtained by coupling the
three kinds of single writing inputs with the three types of
resulting processes.


Molecular Electronics


Great effort is currently devoted to the design and construc-
tion of single-molecule electrical devices[10] and the subse-
quent fabrication of simple molecular-scale circuits.[11] Such
electrical circuits would be much smaller than the corre-
sponding micron-scale digital logic circuits fabricated on
conventional solid-state semiconductor chips. For the sake
of comparison, a typical organic molecule is around 0.3 nm


wide, which means that it would take about 200 of these
molecules, side by side, to span the 65 nm width of the
metal wires used in advanced logic chips being made
today.[12] By using molecules, it should be possible to make
molecular gates about one million times smaller in area
than the corresponding logic elements fabricated by using
transistor-based circuits.[11a]


In principle, molecular electronics is based on electron-
transfer processes between and through molecules. Such
processes are well known to biologists and chemists. In
nature, although they are not used for processing informa-
tion, electron-transfer processes perform a most fundamen-
tal function in energy conversion. Green-plant photosynthe-
sis, in which the energy of sunlight is converted into fuels,
involves a sequence of photoinduced electron-transfer reac-
tions that occur in suitably evolved supramolecular proteins
arrays.[13] In chemistry, a great variety of electron-transfer
processes have been investigated in solution, both between
separated molecules and within supramolecular systems.[14]


The principles that govern the occurrence of chemical and
biological electron-transfer processes have largely been elu-
cidated.


Molecular electronics can take advantage from this body
of biological and chemical knowledge, but its task is much
more difficult : molecules have to perform their role not in
solution as in chemical experiments, but in the solid state, in
which they have to be suitably oriented between and con-
nected with at least two metal contacts to conduct, switch,
or rectify an electric signal. Furthermore, the information-
processing function does not depend on a single molecular
junction, but on the architecture of the whole molecular
array (Figure 1).


Recently, significant progress has been made in this
field.[15] However, despite the efforts of many laboratories,


Figure 1. Molecular electronics: electronic circuit scheme (top) and mo-
lecular implementation (bottom) of a diode–diode AND logic gate.[11a]
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much remains to be learned about the electrical properties
of molecules and how these properties correlate with the
molecular structure.[16] In a few instances it has been shown
that the experimental current-voltage (i-V) curves have a
true molecular origin and depend on the specificity of the
molecular orbitals (Figure 2).[17] However, the nature of the


molecule–metal contact and the specific geometry of the
junction are often not controllable and interfacial or metal-
lic effects can easily be confused with purely molecular
mechanisms.[18–21] There are also difficulties concerning the
means of manipulating, bonding, and ordering molecules in
circuit-like structures. By analogy to conventional microelec-
tronics, it should be determined how molecular components
may be combined to realize useful electronic functions.[22–24]


Although the theoretical and practical barriers to design-
ing molecular circuits may be formidable, the large number
of degrees of freedom in molecular structure yields vast
flexibility in how molecular electronic devices may be devel-
oped.


Molecular Photonics


An alternative possibility to the use of electron fluxes as a
means for processing signals is that of using photon
fluxes.[25] In several macroscopic devices electrical cables
have already been replaced by optical fibers. The advantage
offered by optical signals with respect to electric signals for
transmission of information at the macroscopic level relies
on the fact that propagating light beams of different wave-
lengths in an optical fiber do not interfere, thereby allowing
transportation of a large number of signals along a single
fiber.


The photonic properties of single molecules are easily
studied by spectroscopy.[26] Light-harvesting in the natural
photosynthetic process takes place by migration of the exci-
tation energy within molecular arrays.[27,28] Excitation trans-
fer along molecular wire “waveguides” from an excited to a
ground state molecule, which is equivalent to an input/


output couple of photonic signals, is a well-known process
that can occur by Fçrster or Dexter mechanism.[4,29,30]


Interesting molecular photonic wires are compounds in
which the two chromophoric units, that is, the donor and the
acceptor, are connected by rigid, modular spacers, as in the
case of the [{Ru ACHTUNGTRENNUNG(bpy)3}


2+-(ph)n-{Os ACHTUNGTRENNUNG(bpy)3}
2+] (ph=1,4-phen-


ylene; n=2, 3, 4, 5) species (Figure 3).[31] In such com-


pounds, excitation of the [Ru ACHTUNGTRENNUNG(bpy)3]
2+ moiety is followed by


energy transfer to the [OsACHTUNGTRENNUNG(bpy)3]
2+ unit, as shown by the


sensitized emission of the latter (CH3CN, 293 K). The lowest
energy level of the bridge decreases slightly as the number
of phenylene units is increased, but always lies above the
donor and acceptor levels involved in energy transfer. A fur-
ther decrease in the energy of the triplet excited state of the
spacer would involve such an excited state as an intermedi-
ate (hopping mechanism),[32] similar to what happens for
photoinduced electron transfer.[33] In the series of com-
pounds shown in Figure 3, the energy-transfer rate decreases
with increasing the length of the oligophenylene spacer (n=


2, k=2.5P1011 s�1; n=3, k=5.9P1010 s�1; n=4, k=4.1P
109 s�1; n=5, k=4.9P108 s�1). Such rate constants are much
higher than those expected for a Fçrster-type mechanism,
whereas they can be accounted for by a superexchange
Dexter mechanism, as suggested by the linear plot obtained
for lnk against metal–metal distance, with a b value of
0.50 Q�1. The values obtained for energy transfer in the


Figure 2. Molecular electronics: schematic representation of proposed
models for electron transfer through monolayers. Left: tunneling through
a molecule; right: tunneling through an intermediate molecular orbital
on central substituted benzene ring.[17b]


Figure 3. Structure of compounds [{Ru ACHTUNGTRENNUNG(bpy)3}
2+-(ph)n-{Os ACHTUNGTRENNUNG(bpy)3}


2+] and
energy-level diagram for the energy-transfer process.[31]
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series of compounds [{Ru ACHTUNGTRENNUNG(bpy)3}
2+-(ph)nR2-{OsACHTUNGTRENNUNG(bpy)3}


2+],[34]


in which the central phenylene unit carries two hexyl chains,
are much lower than those found for the unsubstituted com-
pounds, most likely because the bulky substituents R in-
crease the tilt angle between the phenyl units. A strong de-
crease in the rate constant is observed when the Ru-donor
and Os-acceptor units are linked by an oligophenylene
bridge connected in meta-position.[35,36]


Photons can excite molecules in the gas phase, in solution,
and in the solid state. However, the position of the molecule
in the sample, even in the solid
state, remains ill-defined be-
cause the wavelength of light,
including the ultraviolet spec-
tral region, is by far greater
than the molecular dimensions.
Therefore selective excitation
of a specific molecule in a
supramolecular array is pre-
vented. This is the reason why a
solid-state photonic technology
at the molecular level for infor-
mation processing has not been developed. Devices for
guiding electromagnetic radiations on a scale below the dif-
fraction limit would be needed for designing molecular-level
optical circuits. Progress in near-field optical techniques[37]


and electromagnetic energy transport in metal nanoparticle
plasmon waveguides[38] might open this possibility.


Molecular Chemionics


Instead of electrons or photons, chemical entities (molecules
or ions) can be used as writing inputs on molecular sub-
strates. Because chemical processes occur at the molecular
level by their own nature, molecular chemionics could
simply be called chemionics.


Chemionics is based on chemical reactions and therefore
it usually concerns solution systems. Chemionics is the most
important means for information processing in nature. Be-
sides the information exchange between DNA and RNA, it
should be recalled that in our brain neurons process signals
relying on the behavior of ions, and that the activity of en-
zymes is regulated by the so-called allosteric effect; that is,
by changes in shape produced by binding molecules or
ions.[39,40] Two of the most important sensory systems,
taste[41] and smell,[42] as well as pheromonal communication
in vertebrates[43] and bacterial conversations[44] are based on
chemical signals.


The most important features of chemionics are molecular
recognition and changes in molecular structure. These inter-
connected processes, ubiquitous in nature,[39,40] have been
extensively investigated in the last 30 years for artificial sys-
tems in the frame of the development of supramolecular
chemistry.[3,45] Metal-ion coordination, host–guest pairs and,
more generally, a variety of adducts based on intermolecular
forces (e.g., hydrogen bonds, and hydrophobic and donor–


acceptor interactions) have been thoroughly studied in rela-
tion with structural changes. Allosteric effects in artificial
systems are also very common.[46] Chemionic signals govern
a great number of threading/dethreading processes of mo-
lecular wires with molecular rings as well as of mechanical
movements in molecular machines.[4,7] A few examples of
chemionic processes will now be illustrated.


A classical example of allosteric effect is that of com-
pound 1 (Scheme 2),[47] which consists of two crown ethers
linked by heteroaromatic rings. The two crown ethers can


cooperatively interact with a suitable alkyldiammonium ion,
whereas the two pyrazole rings can coordinate a metal ion
like Zn2+ . The metal-ion coordination (input) affords a posi-
tive allosteric effect towards diammonium complexation.[47b]


Another example of single-input chemionic process is
given by the so-called “molecular syringe” (compound 2 in
Scheme 3),[48] which uses a 1,3-alternate calix[4]arene as a


tube that carries a nitrogen-containing crown cap on one
side and two ethoxyethoxy groups on the other side. An
Ag+ ion, which is coordinated to the azacrown ether, is
pushed through the tube to the side carrying the twin
ethoxy ACHTUNGTRENNUNGethoxy groups when the nitrogen atom in the crown
cap is protonated. On deprotonation of the nitrogen atom,
the Ag+ ion is sucked back through the middle of the calix-
arene once again.


An example of chemionic input governing threading/de-
ACHTUNGTRENNUNGthreading processes is given by compound [3H]2+


(Scheme 4, top) which is self-complexed (in-[3H]2+) in
CH2Cl2 because of 1) the donor–acceptor interaction be-
tween the 1,5-dioxynaphthalene electron donor and the bi-
pyridinium electron-acceptor moiety, and 2) the more fa-
vourable environment offered to the dication by the macro-


Scheme 2. Molecular chemionics: a chemical input on compound 1 generates a reaction by positive allosteric
effect.[47b]


Scheme 3. Molecular chemionics: acid-based metal pumping in a “molec-
ular syringe”.[48]
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cycle oxygens compared with the nonpolar solvent mole-
cules.[49] Dethreading can be obtained upon addition of trib-
utylamine which leads to the deprotonated compound in-3+ ,
that dethreads to give out-3+ . The process can be reversed
quantitatively by adding trifluoroacetic acid. The base-
driven dethreading can also be used to trigger the complexa-
tion of an external electron acceptor guest, 42+ , into the
macrocyclic cavity of 3+ as schematically shown in Scheme 4
(bottom).[49]


Molecular Electrophotonics


Molecular electrophotonics concerns systems in which an
electronic input Ie


w on (i.e. , an electron transfer to) a mole-
cule causes the emission of a photon. This is the realm of
chemiluminescent processes based on electron-transfer reac-
tions that can occur not only in solution, but also in the
solid state.


Solution systems: It has long been known that, in solution, a
luminescent excited state can be obtained upon outer-sphere
electron-transfer processes involving suitable oxidizing or
reducing species. For example, one-electron reduction of
[Ru ACHTUNGTRENNUNG(bpy)3]


3+ can lead to the luminescent *[Ru ACHTUNGTRENNUNG(bpy)3]
2+ ex-


cited state [Eqs. (1) and (2)]:


½RuðbpyÞ3�3þ þe�
��!*½RuðbpyÞ3�2þ ð1Þ


*½RuðbpyÞ3�2þ ! ½RuðbpyÞ3�2þ þ hn ð2Þ


In the simplest example, the electron comes from a semi-
conductor electrode (Ta2O5) at a suitable potential.[50] In
most cases, the strong oxidant and/or the strong reductant
are species generated electrochemically. The latter systems
could also be defined chemiophotonic, because the electron


input derives from a molecule.
The term chemiophotonics,
however, can be reserved to
systems in which the chemical
input originates from a reac-
tion that does not involve
outer-sphere electron transfer
(vide infra).


Solid state: Electrophotonics in
the solid state is of the greatest
interest, because it is the work-
ing principle of molecular
light-emitting diodes.[51] In
these devices an electron
(hole) injected by an electrode
into a solid-state matrix mi-
grates to meet a positive (nega-
tive) ion, formed close to the
other electrode, to generate an
excited state that either under-


goes radiative deactivation or sensitizes the luminescence of
another species. In several cases, molecular species are used
for electron and hole carriers as well as emitting species (or-
ganic light-emitting diodes, OLED, Figure 4).


Molecular Electrochemionics


Molecular electrochemionics concerns systems in which an
electronic input Ie


w on a molecule generates a chemical reac-
tion. This is the field of electrochemical processes followed
by a chemical reaction.


An example is given by the one electron reduction of [Co-
ACHTUNGTRENNUNG(NH3)6]


3+ [Eq. (3)] that in aqueous solution is followed by
the release of the six NH3 ligands [Eq. (4)]:[52]


½CoðNH3Þ6�3þ þe�
��!½CoðNH3Þ6�2þ ð3Þ


½CoðNH3Þ6�2þ ! Co2þ þ 6NH3 ð4Þ


Scheme 4. Molecular chemionics: the base-induced dethreading of in-[3H]2+ to give out-3+ (top) and complex-
ation of 42+ by compound 3+ (bottom).[49]


Figure 4. Molecular electrophotonics: working mechanism of an organic
light emitting diode.
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Another example of electro-chemionic process is illustrat-
ed in Scheme 5.[53] Receptor 5 consists of a hydrogen-bond-
ing moiety linked to an anthracene unit and receptor 6 is an
acylated diaminopyridine. Both hosts can undergo three-
point hydrogen-bonding interactions with naphthalene di-
ACHTUNGTRENNUNGimide guest 7. Owing to stacking interactions, in CHCl3 re-
ceptor 5 binds 7 more than an order of magnitude stronger
than 6 (Scheme 5a), whereas 7� exhibits a larger affinity for
6, because of the stacking interactions between 5 and 7� are
prevented (Scheme 5b). Therefore, upon one-electron re-
duction of [5·7], 7� translocates from 5 to 6 (Scheme 5c).
Processes of this type can also occur on derivatized elec-
ACHTUNGTRENNUNGtrodes.[54]


An example related to molecular machines is illustrated
by the switching of catenane 84+ (Scheme 6).[55] This com-
pound is made of a symmetric tetracationic ring containing
two electron-acceptor bipyridinium units and a nonsymmet-
ric ring comprising two different electron-donor units,
namely a tetrathiafulvalene (TTF) group and a 1,5-dioxy-
naphthalene (DON) unit. Because the TTF unit is a better
electron donor than DON, as witnessed by the potentials
values at which their oxidations occur, the thermodynami-
cally stable conformation of the catenane is that in which
the symmetric ring encircles the TTF unit of the non-sym-
metric one (Scheme 6a). On electrochemical oxidation in so-
lution, the TTF unit loses its electron-donor power and ac-
quires a positive charge (Scheme 6b). As a consequence it is
expelled from the cavity of the tetracationic ring and is re-
placed by the neutral DON unit (Scheme 6c). At this stage,
subsequent reduction of the oxidized TTF unit restores its


electron-donor ability and the system goes back to its origi-
nal conformation.


Molecular Photoelectronics


Photoelectronics in the solid state is of the greatest interest
for a variety of applications (optoelectronics).[56] In these de-
vices, photon fluxes are converted into electric current. Mo-
lecular photoelectronics concerns systems in which a pho-
tonic input Ip


w on a molecule causes the release of an elec-
tron (or hole). This process is quite common because an ex-
cited molecule is always a better reductant and a better oxi-
dant than the ground-state molecule.[4,57]


In the natural photosynthetic system, a photoexcited mol-
ecule (the so called “special pair” that can be excited direct-
ly by light absorption or indirectly by energy migration)
transfers an electron to a nearby molecule, thereby initiating
the charge separation process that ultimately leads to
oxygen generation and carbon dioxide reduction.[13]


In artificial systems, photoinduced electron transfer
(PET) has been extensively investigated in homogeneous
and heterogeneous systems.[14] A few examples will now be
illustrated.


Photoinduced electron transfer in homogeneous systems: In
suitably designed multicomponent systems light excitation
of a component leads to efficient electron-transfer processes.
Extensive studies have been performed on electron transfer
in donor–acceptor (D-A) systems in which the donor is a


Scheme 5. Molecular electrochemionics: electrochemical control of the molecular recognition process involving receptors 5 and 6 and guest 7.[53]


Scheme 6. Molecular electrochemionics: electrochemically driven switching of catenane 84+ .[55]
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zinc–porphyrin (ZnP) and the acceptor a gold ACHTUNGTRENNUNG(III)–porphy-
rin (AuP+) linked by an aromatic conjugated bridge
(Scheme 7).[58] When the bridge is NA, the photoinduced
electron transfer occurs by a superexchange mechanism in a
weakly polar solvent (2-methyltetrahydrofuran), whereas in
polar solvents (butyronitrile and dimethylformamide) both
superexchange and sequential (hopping) electron-transfer
processes are observed. Comparison of the data obtained
for the compounds in which bridge=BC, BE, NA, and AN
have shown that both donor–acceptor distance and the bar-
rier height (DEDB) affect the electron-transfer rate con-
stant.[59]


Photoinduced electron transfer in several dyads, triads,
tetrads, and pentads is discussed in more detail in refer-
ence [4].


Photoinduced potential generation in heterogeneous sys-
tems: Conversion of photonic inputs into released electrons
also takes place in dye-sensitized semiconductor cells.[60]


These systems (Figure 5) are composed of a photosensitizer


P (e.g., a complex of the Ru–bpy family) linked in some
way onto a semiconductor electrode. The sensitizer, upon
light excitation (step 1, Figure 5), injects an electron into the
conduction band of the semiconductor (step 2).[61] In order
to exploit this photoinduced potential generation, the oxi-
dized sensitizer should be reduced by a relay molecule,
which then diffuses to discharge at the counter electrode. As
a result, a photopotential is generated between the two elec-
trodes in open circuit conditions, and a corresponding pho-
tocurrent can be obtained upon closing the external circuit
through an appropriate load (GrTtzel cells).[60]


Molecular Photochemionics


Molecular photochemionics relates to systems in which a
photonic input Ip


w on a molecule causes formation of an ex-
cited state that undergoes a chemical reaction. In principle,
this kind of writing on molecules takes place in any photo-
chemical reaction.


In nature, the first step of the vision process is caused by
a photon input that causes the trans!cis isomerization of a
retinal molecule.[62] In artificial systems photochemical reac-
tions have been extensively investigated in solution.


A few paradigmatic examples of chemical processes gen-
erated by photonic excitation of molecules or supramolec-
ular systems will now be illustrated. Many other examples
are available because photon inputs are used to supplying
energy to a great variety of molecular devices and ma-
chines.[4,7,8,63]


Proton release or uptake: Photoexcitation of a molecule
leads to electronically excited states that usually are stron-
ger acids and bases compared to the ground state.[64] In most
cases, proton release (uptake) from the excited state is im-
mediately followed by proton uptake (release) upon deacti-
vation to the ground state. However, when protonation–de-
protonation is accompanied by changes in the molecular
structure, protons can be permanently released or uptaken.
For example (Scheme 8), the protonated merocyanine form
(MEH+) releases a proton upon excitation with visible light
with formation of the stable spiropyrane derivative (SP).[65]


Metal-ion release: In artificial receptor systems, release of
metal ions is possible as a result of photonic excitation. An
example is shown by the cryptand [9·K]+ (Scheme 9, top)[66]


which, upon light excitation, undergoes irreversible decom-
position. As a result, the free K+ concentration increases
permanently. By contrast, the photoreaction of compound
[10·Ca]2+ (Scheme 9, bottom) is reversible[67] and therefore
leads to a transient increase in the Ca2+ concentration. Pho-
tonic excitation causes fast photoejection (picosecond time
scale) of the metal ion, because the stability constant of the
complex in the excited state is about two orders of magni-
tude lower than in the ground state, but after deactivation
of the excited state the metal ion is again coordinated.
Other examples have been reported.[68] This kind of photo-


Figure 5. Molecular photoelectronics: working principle of a photosensi-
tized (n-type) semiconductor cell. P is a dye linked onto a semiconductor
electrode.[60]


Scheme 7. Donor–acceptor porphyrin-based dyads linked by phenyl-
ACHTUNGTRENNUNGethynyl-based bridges used for photoinduced electron-transfer studies.[58]
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chemionic processes might be of biological interest because
many physiological functions are controlled by localized
fluctuations of intracellular metal ion concentration.


Anion release: Photonic inputs can also be used to obtain
anion release. An example is given by the [Co(CN)6]


3�


metal complex,[69] which upon excitation by 254 or 365 nm
light [Eq. (5)], releases a CN� ligand from its coordination
sphere [Eq. (6)]. In acid or neutral aqueous solution the
CN� release is evidenced by an increase in pH of the solu-
tion because the free CN� undergoes protonation [Eq. (7)].
Compound [Co(CN)6]


3� can thus be considered a photobase.
The reactions given in Equations (5)–(7) have been exploit-
ed in a more complex system to mimic some elementary
properties of neurons.[69]


½CoðCNÞ6�3� þhn
��!*½CoðCNÞ6�3� ð5Þ


*½CoðCNÞ6�3� þH2O
���! ½CoðCNÞ5ðH2OÞ�2� þ CN� ð6Þ


CN� þH3O
þ ! HCNþH2O ð7Þ


Molecule release: Photore-
lease of caged compounds is
extensively used for control of
cellular chemistry and physiol-
ogy.[63] A simple example,
taken from a different field, of
reversible molecule release as
a consequence of a photonic
input is illustrated in
Scheme 10. Compound 11 con-
sists of a [Ru ACHTUNGTRENNUNG(phen)2]


2+ frag-
ment coordinated to a bipyri-
dine ligand incorporated in a
macrocycle.[70] Upon light exci-
tation in acetonitrile, the mac-
rocycle is released from the
[Ru ACHTUNGTRENNUNG(phen)2]


2+ fragment. The
reaction can be reversed by re-
placing CH3CN with ethylene
glycol as a solvent and boiling
the mixture for two hours. Ex-
tension of this photochemionic
effect includes the replacement
of the [RuACHTUNGTRENNUNG(phen)2]


2+ fragment
with other metal coordination


centers[71] and of the macrocyclic ligand with other chelate
ligands,[72] with the purpose of designing light-driven molec-
ular machines.


Configurational changes: Photonic inputs can cause a varie-
ty of configurational changes in suitably designed molecules
and supramolecular systems. For example, the photoinduced
trans!cis isomerization of azobenzene induces intramolecu-
lar complexation in the self-complementary compound 12+


shown in Scheme 11.[73] This compound incorporates a mac-
rocyclic polyether head bridged by a photoactive azoben-
zene unit to a linear tail bearing a terminal ammonium
group. In the trans isomer, the ammonium recognition site is
positioned away from the complementary macrocyclic head.
Upon photoexcitation, however, trans!cis isomerization
occurs, bringing the ammonium recognition site into close
proximity with the crown ether head and allowing their in-
tramolecular association.


Scheme 8. Molecular photochemionics: upon photoexcitation the protonated form of merocyanine, MEH+ , re-
leases a proton giving the spiropyrane derivative SP.[65]


Scheme 9. Molecular photochemionics: photocleavable cryptand [9·K]+ (top);[66] photoejection of Ca2+ from
[10·Ca]2+ (bottom).[67]


Scheme 10. Molecular photochemionics: in compound 11 light excitation causes the detachment of the bipyridine-containing macrocyle from the [Ru-
ACHTUNGTRENNUNG(phen)2]


2+ fragment.[70]
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Molecular Chemiophotonics


Molecular chemiophotonics relates to systems in which a
chemical input Ic


w on a molecule generates emission of a
photon. As mentioned above, chemionic inputs imply the
occurrence of chemical reactions, which usually occur in so-
lution. Molecular chemiophotonics processes are more gen-
erally known as chemiluminescent processes. They are very
common in nature (bioluminescence)[74] and have extensive-
ly been studied in artificial systems.[75]


A classical example is given by the chemiluminescent re-
action of luminol.[76] The dianion obtained from luminol in
basic solution (Scheme 12) reacts with hydrogen peroxide
eliminating a molecule of nitrogen and producing the excit-
ed state of a dicarboxylate ion which undergoes radiative
decay.


Molecular
Chemioelectronics


Molecular chemioelectronics
concerns systems in which a
chemical input Ic


w on a mole-
cule causes the release of an
electron (or hole).


The simplest case is that of a
chemical input that causes a
change in the redox potential
of a molecular substrate. Such
a behavior is usually observed


in the electrochemistry of metal complexes, host–guest sys-
tems, and other adducts.


For example, in acetonitrile the Cu+ ion does not undergo
oxidation at �0.90 V relative to SCE [Eqs. (8)–(10)],[77]


whereas upon complexation with the cyclam (1,4,8,11-tetraa-
zacyclotetradecane) ligand it does:[78]


Cuþ 6!
�0:90 V


Cu2þ þ e� ð8Þ


Cuþ þ cyclam! ½CuþðcyclamÞ� ð9Þ


½CuþðcyclamÞ� �0:90 V
����!½Cu2þðcyclamÞ� þ e� ð10Þ


Another example is illustrated in Scheme 13. In acetoni-
trile the dicationic cyclophane 132+ cannot be oxidized to its
tetracationic species 134+ at �0.33 V relative to SCE, where-
as it does when threaded by the electron-donor wire 14.[79]


Multiple Inputs/Processes


Multiple (in nature and number) inputs and resulting pro-
cesses are also possible. An endless variety of electronic
and/or photonic and/or chemionic inputs can indeed be con-


Scheme 11. Molecular photochemionics: the photoinduced isomerization of the azobenzene unit of 12+ is ac-
companied by the motion of the cationic tail which can only interact with its macrocyclic head in the cis
isomer.[73]


Scheme 12. Molecular chemiophotonics: the chemiluminescent reaction
of luminol.[76]


Scheme 13. Molecular chemioelectronics: the dicationic cyclophane 132+ cannot be oxidized to its tetracationic species 134+ at �0.33 V relative to SCE,
but it does when threaded by the electron-donor wire 14.[79]
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ceived for designing functional molecular-level systems.[4,7–9]


For space reasons, we illustrate only a few examples.


A sequence of two chemical and a photonic inputs generat-
ing photon emission: The anthracene derivative 15
(Scheme 14) does not exhibit an appreciable luminescence
in methanol solution. Upon addition H+ (chemical input
Ic
w1) and Na+ (chemical input Ic


w2), excitation with 377 nm
light (photonic input, Ip


w3) generates luminescence at


428 nm.[80] This compound behaves as an AND logic gate.
Systems of this kind have opened new avenues towards mo-
lecular logics,[5,8,81] molecular computation,[82] and molecular
computational identification.[83]


Two electrochemical inputs in parallel generating a chemical
and a photonic process in a sequence: This kind of behavior
is shown by electrochemiluminescent reactions.[84] For exam-
ple, in a solution of [RuACHTUNGTRENNUNG(bpy)3]


2+ in acetonitrile, upon appli-


Scheme 14. A sequence of two chemical and a photonic inputs on compound 15 generates photon emission.[80]


Scheme 15. Parallel and serial processes generated by a photonic input on rotaxane 166+ .[86]
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cation of an alternating potential (+1.5 V, Ie
w1, and �1.5 V,


Ic
w2, relative to SCE), the species [Ru ACHTUNGTRENNUNG(bpy)3]


3+ and [Ru-
ACHTUNGTRENNUNG(bpy)3]


+ are generated [Eqs. (11) and (12)]; their compro-
portionation reaction leads to the formation of a *[Ru-
ACHTUNGTRENNUNG(bpy)3]


2+ excited state [Eq. (13)] that gives rise to photon
emission [Eq. (14)]:[85]


½RuðbpyÞ3�2þ �e�
��!½RuðbpyÞ3�3þ ð11Þ


½RuðbpyÞ3�2þ þe�
��!½RuðbpyÞ3�þ ð12Þ


½RuðbpyÞ3�3þ þ ½RuðbpyÞ3�þ ! *½RuðbpyÞ3�2þ ð13Þ


*½RuðbpyÞ3�2þ ! ½RuðbpyÞ3�2þ þ hn ð14Þ


A photonic input generating parallel and serial processes: In
rotaxane 166+ (Scheme 15), which can behave as an artificial
nanomotor powered by sunlight,[86] photoexcitation of the
[Ru ACHTUNGTRENNUNG(bpy)3]


2+-type moiety (photonic input, Ip
w) is followed by


light emission of the excited *[Ru ACHTUNGTRENNUNG(bpy)3]
2+ species, in com-


petition with electron transfer from *[Ru ACHTUNGTRENNUNG(bpy)3]
2+ to the


A1
2+ viologen unit. The latter species evolves by two com-


peting processes: a back electron transfer from A1
+ to the


oxidized [Ru ACHTUNGTRENNUNG(bpy)3]
3+ moiety, and a chemical rearrange-


ment (displacement of the ring from A1
+ to A2


2+ unit). The
species resulting from the rearrangement process undergoes
back electron transfer leading the system to a translational
isomer that then evolves to the original structure.


Conclusion


In the last ten years the marriage of the synthetic talent of
chemists with an engineering mentality[87] and a clever use
of chemical, photonic and electronic inputs to stimulate mo-
lecular and supramolecular species[3,4] have lead to the con-
struction of a variety of molecular devices and machines ca-
pable of processing energy and signals.[4,7,9] At the same
time, novel conceptual interpretations of old classes of
chemical reactions[5,8] have opened new scenarios on the po-
tentiality of chemistry for signal-processing at the molecular
level.


Energy- and signal-processing at a molecular level relies
on cause/effect relationships between writing inputs and
kind of process obtained. We have classified molecular-level
energy- and signal-processing according to the nature of the
input (electronic, photonic, or chemical) and the nature of
the obtained effect (electronic, photonic, or chemical pro-
cess that follows). By coupling the three kinds of inputs with
the three types of resulting processes, nine types of molecu-
lar-based processes (electronic, photonic, chemionic, electro-
photonic, electrochemionic, photoelectronic, photochemion-
ic, chemiophotonic, and chemioelectronic) can be distin-
guished (Scheme 1, bottom).


In this concept article we have briefly illustrated examples
of the nine types of systems capable of interconverting
chemical, photonic, and electrical inputs and outputs to give


a flavor of some of the new features which project the old
science of chemistry towards novel achievements.[88]
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Introduction


Dihydroxyacetone (DHA) plays a key role in nature,
amongst others in the anabolism of carbohydrates. The con-
struction of the four differently configured ketohexoses by
aldol additions of DHA can be realized by a set of four di-
hydroxyacetone phosphate dependent aldolases. The appli-
cation of tagatose and fuculose aldolase in aldol additions of
DHA phosphate with glyceraldehyde gives access to anti-
configured carbohydrates. In this way psicose and tagatose
can be obtained. The syn-configured ketohexoses sorbose
and fructose are accessible by the deployment of rhamnu-
lose and fructose aldolase in these reactions (see Frontis-
piece). Thus, by employing one of these four aldolases a se-
lective and asymmetric access is given to one of the four en-
antiomers of the 1,2-diol junction that connect DHA with
an aldehyde. The ease and the efficiency with which nature
handles this extremely high stereodifferentiation during a
C�C bond formation process has inspired chemists as well
as biochemists for a long time. In the beginning of this de-
velopment of the defined installing of configuration was the
field of enzymatic methods. Very early reports described
aldol additions of DHA with glyceraldehydes catalyzed by
muscle extracts derived aldolases.[1]


The tremendous work and results obtained in this field of
stereoselective enzymatic aldol additions are well document-
ed in many comprehensive reviews.[2] This article reflects the
current situation of constructing defined carbohydrates by
means of organocatalyzed aldol additions. An early chemical
approach to all eight l-aldohexoses by asymmetric epoxida-
tion of allylic alcohols is found in the reference [3]. Later on
more and more chemical methods were deployed for this
stereoselective aldol addition. This development was strong-
ly linked to the beginning deployment of selective methods


of aldol additions. A very early example was published by
Mukaiyama and co-workers. The authors used dibenzylated
DHA in a tin(II) triflate-mediated anti-selective aldol addi-
tion.[4] Kim and Hong demonstrated the different stereo-
chemical outcome in aldol additions depending on different
protection groups of DHA with aldehydes. Stereoselectivi-
ties were obtained in lithium enolate aldol additions only
when cyclic acetal derivates of DHA were used (Table 1).[5]


Moreover, the same authors investigated stereochemical
Mukaiyama reactions of protected DHA. A change from
anti- to syn-diastereoselectivity was observed when going
from cyclohexylidene derivatives to benzyl-protected DHA
using TiCl4 in these transformations (compare entries 1 and
7 and 4 and 10 of Table 2).


Even enantioselective aldol additions of lithium enolates
of cyclic acetals of DHA were described in a series of
papers by Majewski and co-workers.[6] During these transfor-
mations the authors used chiral lithium amides for the prep-
aration of enolates of DHA.


Later on Marco and co-workers reported aldol additions
of boron enolates of acyclic protected derivatives of DHA.


Abstract: The selective total synthesis of carbohydrates
with defined configuration has been of great interest for
a long time. This field has been the domain of enzymat-
ic methods so far. But now the recent development of
several organocatalyzed aldol methodologies has made
a selective synthetic approach to configuratively defined
carbohydrates possible. This development and different
strategies will be discussed in this concept article.
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Table 1. Aldol reactions with lithium enolates of protected dihydroxyace-
tone.


Entry R1 R2 R3 syn/anti[a] Yield [%][b]


1 Bn Bn Et 58:42 80
2 Bn Bn BnOCH2 58:42 82
3 -C ACHTUNGTRENNUNG(CH2)5- Et 0:100 73
4 -C ACHTUNGTRENNUNG(CH2)5- BnOCH2 0:100 80


[a] Determined by HPLC using chiral OD column. [b] Isolated yield.


Table 2. Mukaiyama aldol reactions with enol silyl ethers of dihydroxy-
acetone.


Entry R1 R2 R3 Lewis acid syn/anti[a] Yield [%][b]


1 Bn Bn Et TiCl4 95:5 85
2 Bn Bn Et SnCl4 84:16 83
3 Bn Bn Et BF3·Et2O 50:50 73
4 Bn Bn BnOCH2 TiCl4 >99.5:0.5 90
5 Bn Bn BnOCH2 SnCl4 62:38 82
6 Bn Bn BnOCH2 BF3·Et2O 60:40 82
7 -C ACHTUNGTRENNUNG(CH2)5- Et TiCl4 0:100 73
8 -C ACHTUNGTRENNUNG(CH2)5- Et SnCl4 0:100 70
9 -C ACHTUNGTRENNUNG(CH2)5- Et BF3·Et2O 0:100 71
10 -C ACHTUNGTRENNUNG(CH2)5- BnOCH2 TiCl4 0:100 82
11 -C ACHTUNGTRENNUNG(CH2)5- BnOCH2 SnCl4 0:100 72
12 -C ACHTUNGTRENNUNG(CH2)5- BnOCH2 BF3·Et2O 0:100 78


[a] Determined by HPLC using a chiral OD column. [b] Yield of isolated
product.
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The authors also observed a strong influence of the protect-
ing groups of DHA on the stereoselectivity of the process-
es.[7] When bulky silyloxy groups were employed only syn-
configured aldol adducts were detected. Applications of
boron-enolates of cyclic acetal-protected DHA in aldol ad-
ditions were described by Majewski and Nowak. Aldol addi-
tions with glyceraldehyde derivatives yielded protected ke-
tohexoses in a diastereomeric ratio of about 8:2.[6e] Applica-
tion of this boron enolate methodology was reported in the
total synthesis of zaragozic acid.[8]


Enders and co-workers intensively studied the application
of the SAMP- and RAMP-hydrazone methodology in aldol
additions of suitable protected DHA derivatives.[9] In the
total synthesis of (+)-(S)-gingerol they demonstrated the
utility of this access to chiral aldol adducts.[10] Several other
aldol additions of unprotected DHA with formaldehyde
mediated by Ca(OH)2 or NaOH in aqueous media were
also reported, but the aldol adducts were obtained without
any selectivities.[11] In a series of papers Morgenlie reported
the base-catalyzed aldol addition of glycolaldehyde to un-
protected DHA. In these investigations the author used
strongly basic anion-exchange resins.[12] For direct titanium-
catalyzed aldol additions of enolizable aldehydes to hydroxy-
acetone see also reference [13].


At that time several important reports of organocatalytic
executions of aldol additions were published. This develop-
ment arose from the question what were the real active spe-
cies of aldolases and how small
an aldolase-like organic cata-
lyst could be doing the same
job as the whole enzyme. In
2000 List and Notz described
the first proline-catalyzed
enantioselective aldol addition
of unprotected hydroxyacetone
with several enolizable aliphat-
ic aldehydes.[14] High regiose-
lectivities (>20:1) and ex-
tremely high enantioselectivi-
ties (>100:1) were detected.
The diastereoselectivities ob-
served depended on the alde-
hydes used in these reactions.
Even protected glyceraldehyde
was reacted with hydroxy-
acetone. Only moderate 1,2-
asymmetric induction was ob-
served during this transforma-
tion. Fructose and tagatose de-
rivatives were isolated with
moderate diastereoselectivities
of only (2:1) (entry 6, Table 3).


This publication was the go-
ahead of the lasting develop-
ment of the so called organo-
catalysis.[15] For amine-cata-
lyzed aldol additions as a part


Table 3. Proline-catalyzed aldol additions of hydroxyacetone.


Entry Product Yield [%] anti/syn[a] ee [%][b]


1 60 >20:1 >99


2 62 >20:1 >99


3 51[c] >20:1[d] >95[d]


4 95 1.5:1[e] 67


5 38 1.7:1 >97


6 40 2:1 >97[f]


[a] The syn/anti ratio was determined by weighing the separated com-
pounds and/or 1H NMR-spectroscopy, respectively. [b] Determined by
chiral-phase HPLC analysis. [c] Combined yields of separated diastereo-
mers. [d] Identical ee and dr values for both 1,2-anti configured diastereo-
mers. [e] Diasteromers could not be separated. [f] From optical rotation.


Table 4. Proline-catalyzed aldol additions with protected dihydroxyacetone.


Entry R1 R2 R3 Product Yield [%][a] anti/syn[b] ee [%][c]


1 H H p-NO2-C6H4 – – – –
2 Bn Bn p-NO2-C6H4 – – – –
3 TIPS TIPS p-NO2-C6H4 – – – –
4 H TMS p-NO2-C6H4 – – – –
5 H Bn p-NO2-C6H – – – –


6 -C ACHTUNGTRENNUNG(CH3)2- p-NO2-C6H4 90 6:1 96


7 -CACHTUNGTRENNUNG(C5H10)- p-NO2-C6H4 62 5:1 67


8 -C ACHTUNGTRENNUNG(CH3)2- CH2OAc 60 >15:1 98


9 -CH2- p-NO2-C6H4 91 15:1 94


10 -C ACHTUNGTRENNUNG(CH3)2- glyceraldehyde 40 n.d. n.d.


[a] Isolated yield after column chromatography. [b] Determined by 1H NMR and HPLC analysis. [c] Deter-
mined by chiral-phase HPLC analysis.
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of organocatalysis see reference [16]. Short time later
Barbas and co-workers reported for the first time an orga-
nocatalyzed aldol addition of unprotected DHA with aceto-
nide protected glyceraldehyde. The reaction was catalyzed
by chiral diamines derived from proline in an aqueous phos-
phate buffer.[17] No 1,2-asymmetric induction was observed.
Protected d-fructose (one of four sugars formed in this reac-
tion) was obtained under this reaction conditions. Recently,
several groups reported organocatalyzed aldol additions of
aldehydes to hydroxyacetone[18] or derivatives of dihydrox-
yacetone.[19] The main results of this tremendous work in the
DHA series are summarized in Table 4.[19h]


The results of Table 4 clearly demonstrate that unprotect-
ed DHA is not a useful substrate for the proline-catalyzed
aldol addition. Moreover, several other protecting groups
are also unsuitable for this transformation. Concerning the
diastereoselectivity, mainly anti-configured up to non-selec-
tive aldol adducts were obtained.


Table 5 summarizes further investigations reported by
Enders and co-workers. These results were obtained in aldol
additions with protected derivatives of glyceraldehyde as
well as Garner aldehyde.[19a] When used with a-chiral alde-
hydes in the presence of optional use of d- or l-proline a
matched-/mismatched situation becomes apparent (compare
entries 3 with 4 of Table 5 and entry 5 in Table 5 with
entry 10 in Table 4).


Later on, Barbas and co-workers described a second type
of organocatalyzed aldol addition of aldehydes to unprotect-
ed DHA. These reactions were carried out in the presence
of tryptophan or threonine derivatives in combination with
methyltetrazole. By this protocol the aldol adducts of aro-
matic aldehydes were isolated with a high degree of syn-dia-
stereoselectivity as well as enantioselectivity (Table 6).[20]


Also very recently, Barbas and co-workers demonstrated
the utility of threonine and tryptophan derivatives in asym-
metric organocatalyzed aldol additions with protected
DHA.[21] Under these conditions the authors were able to
isolate aldol adducts of TBS-protected DHA and protected
glycolaldehyde with high degrees of enantioselectivity and
with good syn-diastereoselectivity (entry 4 in Table 7).


But all these transformations were discussed by the enam-
ine mechanism of Class 1 aldolases of secondary amines
(Scheme 1). For transition states explaining the anti-configu-
ration by application of proline as well as the syn-configura-
tion in the threonine series see Figure 1.[22]


Discussion


As one part of our program to develop catalytic and stereo-
selective aldol processes we were able to demonstrate the
utility of LiClO4 in aldol transformations. We observed aldol
additions as well as condensation processes in the presence
of catalytic amounts of tertiary amines.[23, 24] Several useful,
stereoselective aldol processes were developed. Low
amounts of tertiary amines were necessary for this transfor-
mations (Scheme 2).


However, we were unable to react oxygen-containing ene
components with aldehydes under the described reaction
conditions. After optimization of these findings the follow-


Table 5. Proline-catalyzed aldol additions of cyclic derivatives of dihy-
droxyacetone.


Entry Product Yield [%][a] anti/syn[b] ee [c]


1 40 >98:2 97


2 69 94:6 93


3 80 >98:2 �96


4 31 >98:2 �96[d]


5 76 >98:2 �98[d]


[a] Isolated yield after column chromatography. [b] Determined by
1H NMR. [c] Determined by chiral-phase HPLC analysis or based on the
ee value of the corresponding aldehyde. [d] d-Proline was used as cata-
lyst.


Table 6. Threonine-catalyzed aldol additions of unprotected dihydroxy-
acetone.


Entry Product Yield [%][a] syn/anti[b] ee [%][b] (syn/anti)


1 76 15:1 92:20


2 72 7:1 92:62


3 65 12:1 97:n.d.


4 21 5:1 99:28


[a] Isolated yield after column chromatography. [b] Determined by
chiral-phase HPLC analysis. DHA is commercially available as a dimer.
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ing general method was elaborated. a-Hydroxylated ketones
react with aldehydes in the presence of tertiary amines with-
out any additives.[25] The expected aldol adducts were isolat-


ed with a high degree of syn-diastereoselectivity. The choice
of tertiary amine is crucial and depends on the substrates
used. Best results so far in the hydroxyacetone series were
obtained by the application of 5 mol% of DBU. Moreover,
an extremely high regioselectivity was observed. The C�C
bond formation process took place only at the oxygen-con-
taining a-side of hydroxyketone (Table 8).[26]


In the dihydroxyacetone series H>nig base was the terti-
ary amine of choice. The syn-diastereoselectivity was ex-
tremely high—no anti-configured aldol products could be
obtained (Table 9). When used with hydroxyacetone the cor-
responding 1,2-ketodiols were isolated, whereas in the DHA
series the corresponding hemiketals of the aldol adducts
were obtained.


Table 7. Threonine-catalyzed aldol additions of protected dihydroxyace-
tone.


Entry Product Yield
[%][a]


syn/
anti[b]


ee [%]
(syn)[c]


1 85 5:1 93


2 29 1.2:1 24


3 36 1:1 26


4 71 5:1 97


5 68 >98:2 98[d]


[a] Isolated yield after of both diastereomers. [b] Determined by
1H NMR. [c] Determined by chiral-phase HPLC analysis. [d] H-d-Thr-
ACHTUNGTRENNUNG(tBu)-OH was used as catalyst.


Scheme 1. Proposed secondary amine-catalyzed reaction mechanism of
aldol additions.


Figure 1. Proposed transitions states of proline- and threonine-catalyzed
aldol additions.


Scheme 2. Base-catalyzed aldol processes in the presence of LiClO4.


Table 8. Base-catalyzed aldol additions to hydroxyacetone.


Entry R Yield [%][a] syn/anti[b]


1 iPr 83 91:9
2 Ph ACHTUNGTRENNUNG(CH2)2 87 77:23
3 Cy 92 90:10
4 Ph 89 68:32


[a] Isolated yield. [b] Determined by 1H NMR.


Table 9. Base-catalyzed aldol additions to unprotected dihydroxyacetone.


Entry R Yield [%][a] syn/anti[b]


1 iPr 92 >20:1
2 Ph ACHTUNGTRENNUNG(CH2)2 68 >20:1
3 Cy 94 >20:1
4 Ph[c] 46 >20:1


[a] Isolated yield. [b] Determined by 1H NMR. [c] By the application of
Ph-CHO the unprotected aldol adduct was obtained. No hemiketal could
be detected. DHA is commercially available as a dimer.
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Also, these results were successfully transferred to aldol
additions of optically active lactaldehyde and isopropyli-
dene-protected glyceraldehyde.


An unselective reaction was observed when we employed
DBU. A diastereomeric mixture of 1:1 of the corresponding
rhamnolufuranose and desoxy-sorbose was detected
(Scheme 3). No 1,2-asymmetric induction of the protected
lactaldehyde was observed. The extremely high syn-diaste-
reoselectivity during the C�C-bond formation discussed
above was observed again.


The same results were also observed when protected d-
glyceraldehyde was applied in this reaction. In the presence
of 5 mol% of DBU fructose and sorbose were identified in
a 1:1 mixture (Scheme 4). Similar ratios were obtained when
we used other tertiary amines. Using cinchonine as the terti-
ary amine we observed extremely high diastereoselectivities.
Under these conditions we were able to detect the exclusive
formation of fructose (Scheme 5).


Based on these results the following actual situation in
the de novo synthesis of carbohydrates is as follows. The


synthetic approach to the four ketohexoses appears to be
solved by the methods described above. As discussed there
exist several different possibilities to synthesize psicose, ta-
gatose, fructose and sorbose. This can be easily accom-
plished by the C3 + C3 strategy for the de novo carbohy-
drate synthesis.[19a] With the help of d-glyceraldehyde and
protected derivatives of DHA an approach to psicose and
tagatose via proline-catalyzed aldol additions is given. This
is due to the anti-preference of proline-catalyzed aldol addi-
tions (Figure 1). On the other hand fructose and sorbose are
accessible—with the required syn-configuration—by the ter-
tiary amine catalyzed aldol addition of DHA and glyceral-
dehyde (Scheme 6).


The C3 + C2 strategy promises a synthetic access to pen-
toses. Very recently Enders and Grondal described the use-
fulness of this concept.[19e, l, 27] By reacting protected DHA as
the C3 unit with dimethoxyacetaldehyde in the presence of
substoichiometric amounts of proline protected precursors
of ribose and lyxose were isolated with high degrees of
enantioselectivity. Again the aldol adducts were obtained
with a high degree of anti-diastereoselectivity under these
reaction conditions. An access to syn-configured aldol
adduct of protected DHA with protected glycolaldehyde
were reported very recently by Barbas and co-workers.[21] In
these aldol transformations the authors used derivatives of
threonine in substoichiometric amounts and isolated xylose-
precursor (Scheme 7).


Via the C2 + C2 + C2 strategy an synthetic access to al-
dohexoses is given. A necessary prerequisite for a successful


Scheme 3. Aldol additions of protected lactaldehyde to unprotected dihy-
droxyacetone.


Scheme 4. Aldol additions of protected d-glyceraldehyde to unprotected
dihydroxyacetone.


Scheme 5. Total synthesis of fructose.


Scheme 6. De novo Synthesis of ketohexoses.
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execution of this strategy is the defined and stereoselective
connection of three protected glycolaldehydes. This concept
was realized very recently by MacMillan and co-workers.[28]


The authors elaborated an or-
ganocatalyzed aldol addition/
Mukaiyama aldol addition re-
action sequence to reach this
goal. By a proline-catalyzed
aldol addition of O-protected
glycol aldehydes the anti-con-
figured aldol adducts (chiral C4


unit) were isolated with a high
degree of enantioselectivity.
Depending on conditions of
the following stereocontrolled
Mukaiyama-reaction the pro-
tected glucose, mannose or
allose derivatives were isolated
with a high degree of stereose-
lectivity. (Scheme 8). For a
nonselective zinc-proline cata-
lyzed access to all eight aldo-
hexoses using the C2 + C2 +


C2 strategy see also reference
29.


The white area in the map
of synthesis of aldohexoses
represents the missing selec-
tive access to syn-configured
C4 units. The new developed
syn-selective methodologies
described herein could provide
a solution to this problem. An
access to the remaining syn-
configured aldohexoses—
gulose, talose, idose and galac-
tose—might be possible by the
iterative use of protected gly-
colaldehydes (C2 unit) in
these new described syn-selec-
tive aldol methodologies
(Scheme 9).
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Introduction


Dendrimers[1] occupy a privileged place among branched
macromolecules,[2] because they are multifacet monodisperse
macromolecular compounds, the supramolecular properties
of which[3] have potential applications in medicinal chemis-
try[4] and others fields of nanosciences, such as sensors[5] and
green catalysts.[6] Dendrimers have indeed been shown to
encapsulate a variety of substrates of interest,[3] as exempli-
fied by the concept of “molecular box”.[3a] The incorporation
of metals into the dendrimer backbone brought a variety of
novel properties in dendrimer chemistry and was in particu-
lar applied to catalysis.[7] Since the turn of the millennium,
the interest in nanoparticle (NP) catalysts has considerably
increased, because this class of catalysts appears as one of
the most promising solutions towards efficient reactions
under mild, environmentally benign conditions in the con-
text of green chemistry.[8] The stabilization of NPs for fur-
ther catalytic use has been achieved by a variety of means
including polymers, ligands, surfactants, ionic liquids, and su-
percritical micro-emulsions.[9] While all these stabilization
media provide small, catalytically efficient NPs, one of the
very best ways to control particle sizes and morphologies in
order to understand and optimize the NP catalytic activity is
that using dendrimers.[7]


The synthesis of NPs stabilized by dendrimers was first re-
ported in 1998[10] either by encapsulation of the NP within a
single dendrimer (dendrimer-encapsulated NPs, DENs) or
by surrounding the NPs by several dendrimers (dendrimer-
stabilized NPs, DSN). PAMAM-OH or PPI-modified den-
drimers (PAMAM-OH=poly(amidoamine)-OH, PPI=poly-
ACHTUNGTRENNUNG(propyleneimine)) are the most common dendrimers used to
encapsulate the NPs; the interior amido or amino groups
first bind the transition-metal cations followed by its reduc-
tion to metal atoms forming NPs that remain inside the den-
drimer.[7,11] The dendrimer structure is thus used as template
to prepare monodispersed NPs. Depending on the encapsu-
lated metal NPs, DENs showed unusual properties as cata-
lysts for hydrogenation[7,12–14] and C�C coupling reactions.[15]
Hydrogenation reactions in organic synthesis and industrial
applications are an essential research field devoted to the
design of more selective catalysts, such as transition-metal
NP-based catalysts.[16]


Palladium is one of the most efficient metals in catalysis,
and Pd–DENs have been widely investigated.[7] The catalytic
activity of the Pd–DENs evidently depends on their nature
(PAMAM, PPI, or other), generation, size, and the kind of
functional group at the dendrimer periphery.
Crooks et al. pioneered[7] the use of DENs as catalysts


and reported the hydrogenation of allylic alcohols in aque-
ous solutions, presenting catalytic efficiencies around
500 molH2 ACHTUNGTRENNUNG(molPd)


�1h�1; TOF, turn over frequency) for
monometallic Pd DENs.[13] Bimetallic DENs have also been
tested in catalysis, in aqueous conditions, giving TOF values
of 1300 molH2 ACHTUNGTRENNUNG(molPd)


�1h�1 both with Au/Pd-DENs for hy-
drogenation of allyl alcohol[17] and Pd/Rh-DENs for partial
hydrogenation of 1,3-cyclooctadiene.[18] Esumi et al.[19] modi-
fied PAMAM dendrimers with hydrophobic groups in order
to study the formation of DENs in organic solvents (M=


Au, Pt). Crooks et al. used this synthetic approach to synthe-
size hydrophobic Pd–DENs, using modified–PPI dendrimers
and tested them as catalysts in organic solvents.[14] These
Pd–DENs gave initial TOFs, for hydrogenation of 1-hexene,
of 120 molH2 ACHTUNGTRENNUNG(molPd)


�1h�1 in CHCl3/MeOH (2:1) and were


Abstract: “Click” dendrimers contain-
ing 1,2,3-triazolyl ligands that coordi-
nate to PdII ACHTUNGTRENNUNG(OAc)2 have been synthe-
sized in view of catalytic applications.
Five of these dendrimers contain ferro-
cenyl termini directly attached to the
triazole ligand in order to monitor the
number of PdII that are introduced into
the dendrimers by cyclic voltammetry.
Reduction of the PdII–triazole den-
drimers by using NaBH4 or methanol
yields Pd nanoparticles (PdNPs) that
are stabilized either by several den-
drimers (G0, DSN) or by encapsulation


inside a dendrimer (G1 and G2: DEN),
as confirmed by TEM. Relative to
PAMAM–DENs (PAMAM=poly(ami-
doamine)), the “click” DSNs and
DENs show a remarkable efficiency
and stability for olefin hydrogenation
under ambient conditions of various
substrates. The influence of the reduc-
tant of PdII bound to the dendrimers is


dramatic, reduction with methanol
leading to much higher catalytic activi-
ty than reduction with NaBH4. The
most active NPs are shown to be those
derived from dendrimer G1, and varia-
tion of its termini groups (ferrocenyl,
alkyl, phenyl) allowed us to clearly de-
lineate, optimize, and rationalize the
role of the dendrimer frameworks on
the catalytic efficiencies. Finally, hydro-
genation of various substrates cata-
lyzed by these PdNPs shows remark-
able selectivity features.
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being quite instable under hydrogenation conditions (precip-
itation after 20 min).[14] However, all these studies have
been carried out exclusively with PAMAM or PPI dendri-
ACHTUNGTRENNUNGmers. Therefore, it is essential to design specific ligand-con-
taining dendrimers with several generations to examine and
optimize the key parameters governing the catalytic proper-
ties, that is, efficiency, selectivity, and stability.
Our group has recently reported, in a preliminary form,


the synthesis of some poly-1,2,3-triazolylferrocenyl[20] den-
drimers assembled by “click” chemistry;[21] these dendrimers
contain triazole units and are able to complex metal cations.
One of our goals is to investigate the NP encapsulation
properties of these new hydrophobic, heterocyclic-ligand-
containing dendrimers, in order to examine the influence of
the structural and functional dendritic features on the cata-
lytic efficiency and stability. Another goal is for these den-
drimers to serve as sensors inter alia of metal ions so as to
control the stoichiometry and number of PdII that can be in-
troduced into each dendrimer. Successful sensing of cationic
transition-metal ions could indeed so far be achieved.
In the present article, we report new poly-1,2,3-triazolyl


dendrimers including dendrimers that contain ferrocenyl ter-
mini.[20] These dendrimers were assembled and functional-
ized by click chemistry[21] and thus all contain 1,2,3-triazole
units. They are able to 1) complex PdII, 2) stabilize and en-
capsulate PdNPs, and 3) produce highly active and size-se-
lective DENs catalysts for hydrogenation. The variation of
the dendritic structure in the interior backbone and periph-
ery of the dendrimers allows to investigate the influence of
these structural variations on the catalytic properties of the
new DENs. The dramatic effect of the nature of the reduc-
ing agent (NaBH4 vs. methanol) opposite to that known in
polymer-stabilized PdNP catalysis and the remarkably size-
selective properties of the catalysts with various olefin sub-
strates are also reported and discussed in this article.


Results and Discussion


Synthesis and functionalization of the triazolyl dendrimers :
To efficiently complex palladium(II) and improve the stabi-
lization of PdNPs, dendrimers containing triazole ligands
were designed by “click chemistry”.[20]


The dendritic construction starts with the known nona-al-
lylation of [FeCp(h6-mesitylene] ACHTUNGTRENNUNG[PF6], quantitatively yield-
ing the nona-allyl dendritic core 1 on a large scale subse-
quent to visible-light photolysis that removes the metal
moiety.[22] Hydrosilylation of terminal olefinic bonds of the
nona-allyl core, with HSiMe2ACHTUNGTRENNUNG(CH2Cl) and Karsted catalyst,
regioselectively gives the nonachloromethyl ACHTUNGTRENNUNG(dimethyl)silyl
(dendri-(CH2Cl)9) intermediate, 3,which upon reaction with
NaN3 provides the nona-azide 4.
The known phenoltriallyl dendronic brick p-


HOC4H4C(CH2CH=CH2)3 (2), obtained by one-pot reaction
of [FeCp(h6-p-chlorotoluene] ACHTUNGTRENNUNG[PF6] with allyl bromide and
tBuOK,[22] is functionalized using propargyl bromide at the
phenol focal point, giving the new dendron 5 suitable for


click chemistry. Then, the CuI-induced click reaction be-
tween 4 and 5 in water/THF yielded the first-generation 27-
allyl dendrimer 6, assembled with nine 1,2,3-triazole links; it
is characterized by its molecular peak at 3937.42 ([M+Na]+)
in the MALDI TOF mass spectrum (calcd for
C234H327N27O9Si9Na: 3938.04). Repetition of this sequence of
reactions yield the 27-azido intermediate 8, then the 81-allyl
second-generation dendrimer 9, containing 36 triazole links
in two layers (9 + 27) (see Scheme 1). Note, that whereas
this “click” reaction is usually catalytic in CuI (5% CuI is
used by most authors), the present click dendrimer synthesis
requires a stoichiometric amount of CuI, because CuI re-
mains trapped inside the dendrimer and is only removed as
CuI ACHTUNGTRENNUNG(NH3)6


+ by washing with an aqueous ammonia solution.
This feature is further confirmed by the recognition and ti-
tration studies of the click dendrimers with CuI.[20] On the
other hand, an advantage of this procedure variation is that
the click reaction is much faster here than in the standard
procedure (0.5 h at 20 8C instead of 16 h).
Reactivity studies carried out at different temperatures, to


study the regioselectivity of the click reaction in the dendrit-
ic construction, show that the formation of the undesired
1,5-disusbtituted 1,2,3-triazole isomer is favored by an in-
crease in temperature. For example, at 50 8C, both 1,4- and
1,5-isomers are obtained in a 7:3 ratio and can be easily
identified by their different NMR signals for the triazole
proton (d=7.49 ppm for the 1,4-isomer and d=7.62 ppm for
the 1,5-isomer, see the Supporting Information p. 44). The
click dendrimers reported here do not present any trace of
1,5-disubstituted 1,2,3-triazole isomer. This selectivity is ach-
ieved by adding the sodium ascorbate dropwise at 0 8C, this
procedure minimizes the heating caused by the exothermic
click reaction and therefore avoids the formation of the 1,5-
isomer.
These dendrimers can be further functionalized with ethy-


nylferrocene, also by “click chemistry”, generating triazolyl-
ferrocenyl dendrimers.[20]


To study the dendritic effects on the type of NP stabiliza-
tion and on the catalysts performance, three different gener-
ations of poly-1,2,3-triazolylferrocenyl dendrimers were syn-
thesized: G0 with nine terminal ferrocenyl-triazole units (12-
G0), G1a with 36 triazole units (9 interior + 27 terminal)
(13-G1a) and G2a with 117 triazole units (9+27 interior +


81 terminal) (14-G2a) (see Scheme 2). The nona-triazolylfer-
rocenyl dendrimer 12-G0 is characterized by its molecular
peak at 3408.18 ([M]+) in the MALDI TOF mass spectrum
(calcd for C171H219N27Si9Fe9: 3408.12); all the rest of dendri-
mer series was further characterized by size-exclusion chro-
matography (SEC), showing the size progression and poly-
dispersity lower than 1.02.
The role of the interior triazole units on the encapsulation


and catalytic efficiency of the PdNPs was also studied with
poly-1,2,3-triazolylferrocenyl dendrimers that do not contain
interior triazole units, and that only have triazolylferrocenyl
units at the periphery.
Dendrimers assembled by the Williamson coupling reac-


tion[22] (dendri-(CH2Cl)27 and dendri-(CH2Cl)81) provide,
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upon reaction with NaN3, the azido dendrimers dendri-
(CH2N3)27 (15) and dendri-(CH2N3)81 (16) that further react
with ethynylferrocene by “click” chemistry yielding G1b (17-
G1b) with 27 triazolyl-ferrocenyl termini and G2b (18-G2b)
with 81 triazolyl-ferrocenyl termini, respectively (full draw-
ings of the structures of 15 and 16 are available in the Sup-
porting Information).
Both 81-triazolylferrocenyl dendrimers (14-G2a and 18-


G2b) are also characterized by dynamic light scattering
(DLS) that provide the diameters of these dendrimers in di-
chloromethane: 14-G2a: 12�0.5 nm, 18-G2b: 9�0.5 nm.
The poly-1,2,3-triazolylferrocenyl dendrimers present a


bulky periphery due to the ferrocenyl group located at the
termini of the dendritic tethers. To confirm the crucial role
of the bulky periphery and to understand the influence of
the ferrocenyl group on the stabilization of the PdNP and
catalyst performances, the 27 ferrocenyl terminal units of
17-G1b were replaced by 27 dendronic-9-propyl units (21-
G1c) (bulky) and by 27 phenyl units (22-G1d) (not bulky).
The synthesis of these dendrimers was also carried out by
“click chemistry” between the dendri-(CH2N3)27 (16) and the
ethynyl-dendronic-9-propyl (20) and phenylacetylene (see
Scheme 3).
All the seven poly-1,2,3-triazolyl dendrimers reported


here were used to stabilize PdNPs (characterized by trans-
mition electron microscopy, TEM) and tested as catalysts in
hydrogenation of styrene at 0.1% mol Pd. Different types of
PdNP stabilization caused by the variation of dendrimer


Scheme 1. “Click” assembly of dendrimers.i) 1. CH2=CHCH2Br, KOH, THF, RT, 3 d; 2. hnvis, MeCN; ii) 1. HSiCH2 ACHTUNGTRENNUNG(CH3)2Cl, Kartsted catalyst, diethyl
ether, RT, 13 h; 2. NaN3, DMF, 16 h, 80 8C; iii) CH2=CHCH2Br, tBuOK, THF, RT, 5 d; iv) propargyl bromide, acetone, reflux, 16 h; v) CuSO4, sodium as-
corbate, THF/H2O, RT, 30 min; vi) 1. HSiCH2 ACHTUNGTRENNUNG(CH3)2Cl, Kartsted catalyst, dietehyl ether, RT, 13 h; 2. NaN3, DMF, 16 h, 80 8C; vii) CuSO4, sodium ascor-
bate, 5, THF/H2O, RT, 30 min.
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structures and the influence of the dendritic structure on the
catalytic performances are discussed further in this article.


Complexation of Pd ACHTUNGTRENNUNG(OAc)2 to the triazole ligands inside the
dendrimer : The complexation of Pd ACHTUNGTRENNUNG(OAc)2 to the triazole
groups of the poly 1,2,3-triazolylferrocenyl dendrimers was
monitored by cyclic voltammetry,[23] and UV/Vis and
1H NMR spectroscopy. In the cyclic voltammetry studies,
the ferrocenyl group, directly attached to the triazole frag-


ment, was used as a redox monitor. The poly-1,2,3-triazolyl-
ferrocenyl dendrimers show a single, fully reversible cyclic
voltammetry (CV) wave for all the equivalent (but distant)
ferrocenyl groups, the potentials of which are similar and
the electrostatic factor being very weak.[24] Complexation of
Pd ACHTUNGTRENNUNG(OAc)2 to the poly-1,2,3-triazolylferrocenyl dendrimers in
CHCl3/MeOH (2:1) gives a new reversible CV wave that ap-
pears at a potential more positive than that of the initial
wave, showing that the Pd–dendrimer assembly is more dif-


Scheme 2. Synthesis of the 1,2,3-triazolylferrocenyl dendrimers by “click Chemistry”. i) CuSO4, sodium ascorbate, THF/H2O, RT, 30 min, ethynylferro-
cene.
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ficult to oxidize than the dendrimer alone. Titrations of Pd-
ACHTUNGTRENNUNG(OAc)2 with poly-1,2,3-triazolylferrocenyl dendrimers indi-
cates that each triazole unit binds one PdACHTUNGTRENNUNG(OAc)2 (see
Table 1 and Figure 1 for CV data). Moreover, the titration
graphs show that, for 13-G1a, which possesses two triazole
layers, the intensity of the ferrocenyl wave does not vary
before 25% (i.e. , 9 out of 36) of the PdII species is added to
the dendrimer solution. This means that the inner triazole
layer (nine triazoles) binds PdII first, and the ferrocenyltri-
ACHTUNGTRENNUNGazoles only bind PdII when the inner triazole ligands are al-
ready saturated with PdII. For 14-G2a, the initial ferrocenyl


wave does not decrease before
20 PdII fragments are added per
dendrimer. This amount is
lower than the two first-genera-
tions (36 triazoles), indicating
that PdII starts binding to the
ferrocenyltriazole at the periph-
ery before the second triazole
layer is saturated. This means
that complexation of the inner
layers occurs somewhat selec-
tively, but this selectivity is not
as complete as for 13-G1a. The
outer triazole rings bear a fer-
rocenyl ring that carries more
steric bulk than the inner tri-
ACHTUNGTRENNUNGazole rings that are connected
to the tethers by two methylene
groups, and this steric effect
alone could account for the ob-
served selectivity.
For complexation of the tri-


ACHTUNGTRENNUNGazole unit to palladium, the
presence of methanol is re-
quired, since no interaction is
observed in CH2Cl2 or CHCl3
(Figure 30 of the Supporting In-
formation). It is known that
methanol (as well as water)
readily breaks the trimeric spe-
cies [{Pd ACHTUNGTRENNUNG(OAc)2}3] upon deche-
lating one or more acetate li-
gands.[26] After one of the ace-
tate ligands is dechelated, the
triazole ligand binds the metal,
thereby accelerating the reduc-
tion of PdII to Pd0, (see NMR
data, Figures 26–32 of the Sup-
porting Information). Indeed, a
few minutes after addition of
Pd ACHTUNGTRENNUNG(OAc)2 to the dendrimer in
methanol, the UV/Vis spectra
of the dendrimers show a new
band at 278 nm that corre-
sponds to the start of the PdNP
formation and stabilization by


the triazole interaction (Figure 8 of the Supporting Informa-
tion). This band remains after the formation of the PdNPs
(either using NaBH4 or methanol as reducing agent). The
UV/Vis spectrum of Pd ACHTUNGTRENNUNG(OAc)2 also shows the complete dis-
appearance of the initial band at 399 nm and the appearance
of a large band at 300 nm after 30 min, indicating the initial
formation of the PdNPs. After 16 h, evolution of the UV/
Vis spectrum to a monotonic typical PdNP spectrum is ob-
served; a similar spectrum is obtained upon PdNP reduction
with NaBH4 (see Figure 2). The


1H NMR data also show the
rapid reduction of PdII to Pd0 in the presence of methanol


Scheme 3. Synthesis of the dendron 20 and dendrimers 21-G1c and 22-G1d. i) HSi(CH2CH2CH3)3, Karsted cata-
lyst, diethyl ether, RT, 15 d; ii) propargyl bromide, acetone, reflux, 16 h; iii) CuSO4, sodium ascorbate, 20,
THF/H2O, RT, 5 h; iv) CuSO4, sodium ascorbate, phenylacetylene, THF/H2O, RT, 30 min.
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and triazole: after 10 min of reaction, a decrease of the in-
tensity of the dendrimer NMR signals is observed, showing
only small broad peaks (Figure 32 of the Supporting Infor-
mation). However, the presence of NPs (in the absence of
NaBH4) is only observed after 16 h, indicating that the for-
mation of NPs under these conditions is slowed by the par-
tial stabilization of Pd0 by the triazole ligands. The TEM
data confirm the formation of the NPs using either metha-
nol or NaBH4 as a reducing agent.


Synthesis and characterization of PdNPs stabilized by the
1,2,3-triazolyl dendrimers : All the seven poly-1,2,3-triazolyl
dendrimers reported here were used to stabilize PdNPs in
CHCl3/MeOH (2:1) with two different reducing agents:
NaBH4 (method 1) and methanol (method 2). In method 1,
the dendrimer was mixed with Pd ACHTUNGTRENNUNG(OAc)2 (1 equiv per tri-
ACHTUNGTRENNUNGazole unit) in CHCl3/MeOH (2:1), followed by addition of
NaBH4 (10 equiv per Pd). Since methanol is able to reduce


Table 1. Cyclic voltammetry results of the recognition of the Pd ACHTUNGTRENNUNG(OAc)2
by the poly-1,2,3-triazolylferrocenyl dendrimers.


Recognition of PdACHTUNGTRENNUNG(OAc)2
No.
triazole[a]


E1/2
[b] (Epa�Epc)


[V]
E1/2 (Epa�Epc)
[V]


DE1/2
[c]


[V]
K(0)/K(+)


[d]


12-G0 9 0.540 (0.050) 0.640 (0.030) �0.100 53
13-G1a 36 0.540 (0.030) 0.625 (0.020) �0.085 29
14-G2a 117 0.540 (0.030) 0.595 (0.020) �0.055 9


[a] Number of triazole units (interior + exterior). [b] E1/2= (Epa+Epc)/2
versus FeCp2*, Cp*=h5-C5Me5 (in V). Electrolyte: [nBu4N] ACHTUNGTRENNUNG[PF6] 0.1m ;
solvent: chloroform/methanol (2:1); working and counter electrodes: Pt;
quasi-reference electrode: Ag; internal reference: FeCp2*; scan rate:
0.200 Vs�1; 20 8C. [c] Difference between values of E1/2 before (3rd
column) and after (4th column) titration. [d] Ratios of apparent associa-
tion constants; error=10%; DE1/2=0.058 log(K(0)/K(+)) at 20 8C.


[25]


Figure 1. Top: Titration of Pd ACHTUNGTRENNUNG(OAc)2 with 12-G0 (c=1.47x10�4m ; left), 13-G1a (c=4.89x10�4m ; middle), and 14-G2a (c=1.63x10�5m ; right) by cyclic vol-
tammetry. The CVs were obtained i) before addition Pd ACHTUNGTRENNUNG(OAc)2; ii) during titration of Pd ACHTUNGTRENNUNG(OAc)2 (12-G0: 0.5 equiv; 13-G1a: 0.6 equiv; and 14-G2a:
0.65 equiv per triazole); and iii) at the end of titration of Pd ACHTUNGTRENNUNG(OAc)2 (1 equiv per triazole). Bottom: Decrease of the intensity of the initial CV wave (&)
and increase of the new CV wave (~) versus the number of equiv of Pd ACHTUNGTRENNUNG(OAc)2 added per dendrimer 12-G0 (left), 13-G1a (middle), and 14-G2a (right).
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Pd ACHTUNGTRENNUNG(OAc)2 to Pd
0,[27] PdNPs were also prepared by stirring


the mixture of dendrimer and Pd ACHTUNGTRENNUNG(OAc)2 in CHCl3/MeOH
(2:1) without adding NaBH4. Reduction of Pd


II using only
methanol is much slower, and it required 16 h of stirring
(method 2). The formation of the NPs was observed by the
color change of the solution from yellow to golden brown
and confirmed by UV/Vis spectroscopy. The size of all the
NPs was obtained by transmition electron microscopy
(TEM).
Due to its small size with an open structure, 12-G0 cannot


encapsulate a PdNP. Thus, 12-G0 forms interdendrimer-sta-
bilized PdNPs (DSN-12-G0) in which the NP surface is stabi-
lized by several dendrimers. The TEM data show that, in
this case, the PdNPs obtained by reduction with only metha-
nol are larger with 12-G0 than with 13-G1a or 14-G2a. Also,
the nature of the reductant has a crucial influence on the
size of the NPs formed. Upon reduction with methanol, 12-
G0 forms DSNs with a diameter of 2.8�0.3 nm (766 Pd
atoms stabilized by 85 dendrimers), whereas reduction with
NaBH4 affords 12-G0-DSN with a diameter of 1.2�0.2 nm
(60 Pd atoms stabilised by seven dendri ACHTUNGTRENNUNGmers).[28] This size
difference can be taken into account, as in polymer chemis-
try, by the stronger reducing power of NaBH4 than metha-
nol, because no encapsulation of the DSNs drives the size
control for 12-G0. On the other hand, as expected, 13-G1a
and 14-G2a form very small intradendrimer-encapsulated
PdNPs (DENs). Their sizes (measured by TEM) correspond
to the calculated sizes[28] for the number of Pd atoms inside
the dendrimer, that is, the same as that of triazole ligands
for 13-G1a (36) and 14-G2a (117; see Table 2). In constrast
to the DSN-12-G0, we find that for DEN-13-G1a and DEN-
14-G2a, the size of the PdNPs is about the same regardless
of whether NaBH4 or methanol is used (Table 2). This result
is well taken in account by the fact that in DENs the size of


the PdNPs is governed by the number Pd atoms inserted in
the dendrimers before reduction, not by the reducing power
of the reductant. The dramatic influence of the nature of
the reductant on the size of DSN-12-G0 also confirms the
different type of stabilization, DSN versus DENs, when
comparing 12-G0 with 13-G1a and 14-G2a.
To compare DENs formed from 13-G1a and 14-G2a with


the same number of Pd atoms in the PdNPs (i.e. 36), anoth-
er DEN was synthesized, setting only 36 Pd equivalents in
the dendrimer 14-G2a (DEN-14-G2a-36). This experiment
should help us to understand the role of the dendritic struc-


Figure 2. a) UV/Vis spectrum of a freshly prepared solution of Pd ACHTUNGTRENNUNG(OAc)2
(2.97P10�3m) in CHCl3/MeOH (2:1); b) UV/Vis spectrum of a solution
of 12-G0 (9.78x10


�5
m) and 9 equiv of Pd ACHTUNGTRENNUNG(OAc)2 (8.80P10


�4
m) in CHCl3/


MeOH (2:1) after 30 min [using a solution of dendrimer (9.78P10�5m) in
CHCl3/MeOH (2:1) as blank]; c) UV/Vis spectrum of the PdNPs ob-
tained by reduction with NaBH4 (a similar spectrum was obtained using
MeOH as the reductant).


Table 2. Size of the PdNPs stabilized by the triazolyl dendrimers ob-
tained by TEM.


PdNP No. Pd
atoms[a]


Calculated
diameter[b]


[nm]


Diameter
method 1[c]


[nm]


Diameter
method 2[c]


[nm]


DSN-12-G0 9 – 1.2�0.2 2.8�0.3
DEN-13-G1a 36 1.0 1.1�0.2 1.3�0.2
DEN-14-G2a 117 1.5 1.6�0.3 1.6�0.3
DEN-14-G2a-36 36 1.0 1.1�0.2 1.3�0.3
DEN-17-G1b 27 0.9 1.0�0.3 1.1�0.3
DEN-18-G2b 81 1.3 1.3�0.3 1.4�0.3
DEN-21-G1c 27 0.9 1.0�0.3 1.1�0.3
DSN-22-G1d 27 – 2.0�0.4 2.5�0.3
DEN-PAMAM 40 1.0 1.1�0.2 –


[a] Number of Pd atoms per dendrimer. [b] Calculated using the equation
n=4pr3/3 Vg, in which n is the number of Pd atoms, r is the radius of the
Pd nanoparticle and Vg is the volume of one Pd atom (15 Q


3).[28] [c] Di-
ameter obtained by TEM.
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ture in the NP formation, stabilization, and catalytic activity.
According to the TEM data, these DENs have a size that is
similar to that of DEN-13-G1a (1.1�0.2 nm), confirming
that these NPs contain about 36 Pd atoms.
For the dendrimers that do not contain triazole units in


the interior, 17-G1b and 18-G2b, the TEM data show that
they are also able to form DENs, and the sizes obtained are
close to those calculated for the number of triazole ligands
in the dendrimers (see Table 2).
According to TEM data, G1 and G2 of both classes of fer-


rocenyl dendrimers (Gna and Gnb, n=1 and 2) form DENs.
Thus, after the complexation of ferrocenyltriazolyl unit to
PdII, the ferrocenyl group plays an important role. It blocks
the periphery, which retains the Pd0 atoms inside the dendri-
mer, and consequently leads to the formation of very small
PdNPs. This demonstrates that the functionalization of den-
drimers with triazolylferrocenyl groups has two major ad-
vantages: 1) they can sense the binding of the metal to the
triazole fragment in the dendrimer and 2) they block the pe-
riphery by stabilizing the nanoparticles inside the dendri-
ACHTUNGTRENNUNGmers.
The non-ferrocenyltriazolyl dendrimers 21-G1c and 22-


G1d are also able to stabilize the PdNPs. As expected, and
according to the TEM data, the bulky 21-G1c forms DENs
and the non-bulky 22-G1d forms DSNs, because the phenyl
terminal groups are not bulky enough to encapsulate the
NPs (see Figure 3 and Table 2).
To compare the catalytic activity of the new PdNPs with


those of Pd-DENs derived from the PAMAM dendrimers
studied by CrooksR group, under the same conditions, we
used a known hydrophobic PAMAM-modified dendrimer


(PAMAM-NH2-G4 modified with 1,2-epoxydodecane)
[19a] to


form Pd-DENs. The DEN-Pd-PAMAM was mixed with
40 equivalents of Pd ACHTUNGTRENNUNG(OAc)2 per dendrimer in CHCl3/MeOH
(2:1), and NaBH4 was added.


Catalytic efficiency and stability of the DSNs and DENs
based on the 1,2,3-triazolyl dendrimers : The DSNs and
DENs formed with the new poly-1,2,3-triazolyl-ferrocenyl
dendrimers prove to be efficient catalysts for hydrogenation
of styrene at 0.1% mol Pd. By using NaBH4 as the reducing
agent (method 1), the new DSNs and DENs can be com-
pared to DENs based on the commercial dendrimers more
often used as catalysts under the same conditions.
The turn over frequencies (TOF) obtained for styrene hy-


drogenation at 0.1% mol Pd with DEN-13-G1a are about
six times larger (310 molH2 ACHTUNGTRENNUNG(molPd)


�1 h�1) than the DENs
based on PAMAM (56 molH2 ACHTUNGTRENNUNG(molPd)


�1 h�1) (see Table 3).


Other known DENs based on the PPI-modified-dendrimers
were reported to be very unstable under hydrogenation con-
ditions in organic solvents (turn over number, TON of only
40).[14] On the other hand, the new “click” DENs are very
stable under catalytic conditions: they can be re-used in ten
catalytic cycles (TON�10000) for DEN-13-G1a and 20 cata-
lytic cycles for DEN-14-G2a (TON�20000). The largest
TONs are obtained with DSN-12-G0 (TON�30000), al-
though the TOF is lower than that found with DEN-13-G1a
(Table 3).
The catalytic activity of the DSNs and DENs synthesized


by method 2 (methanol as reducing agent) is much higher
than that of DENs synthesized by method 1, with TOF
values of 1620 molH2 ACHTUNGTRENNUNG(molPd)


�1h�1 (13-G1a) (Table 3),
whereas the opposite was known with polymers.[16]


The large increase of catalytic activity found with these
“click” DENs compared to DENs prepared from the com-
mercial dendrimers PAMAM and PPI is shown to be due to
both the type of dendrimer and nature of the reductant, but
we can also assign the contribution of each of these two pa-


Figure 3. TEM image (left) and size distribution (right) of DEN-21-G1c
(top) and DSN-22-G1d (bottom) (both were prepared by method 2—re-
duction of PdII using methanol).


Table 3. Catalytic efficiency (TOF values) and stability (TON values) ob-
tained for all the new catalysts for styrene hydrogenation at 0.1% mol
Pd.


PdNP TOF[a] [molH2 ACHTUNGTRENNUNG(molPd)
�1 h�1] TON


Method 1 Method 2 Method 1 Method 2


DSN-12-G0 200 1200 30000 31500
DEN-13-G1a 310 1620 10000 9300
DEN-14-G2a 200 1280 20000 16650
DEN-14-G2a-36 280 1380 7400 10000
DEN-17-G1b 330 1670 9800 9400
DEN-18-G2b 210 1200 20400 21150
DEN-21-G1c 1780 3390 78420 76170
DSN-22-G1d 995 1160 38580 35000
DEN-PAMAM 56 – 7500 –


[a] The catalytic activity of the PdNPs was investigated for the hydroge-
nation of styrene at 0.1% Pd, in CHCl3/MeOH (2:1), 25 8C and 1 atm H2.
Reactions were followed by GPC, and TOF values were determined
based on the yield of ethylbenzene formation.
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rameters influencing the increase of catalytic activity. On
one hand, the newly designed dendritic framework with tri-
ACHTUNGTRENNUNGazole ligands is responsible for a large increase of catalytic
activity, by comparison with commercial dendrimers under
the same conditions. On the other hand, the nature of the
reductant, methanol, is also responsible for another large in-
crease of catalytic activity, as shown in Table 3. All the pre-
vious literature data with DENs had been recorded with
NaBH4, possibly because NaBH4 had provided better cata-
lytic results than methanol in the cases of studies with poly-
mer-stabilized NPs.[16] The better results obtained with
NaBH4 relative to methanol as a reducing agent in polymer-
stabilized NPs were due to the fact that NaBH4, being a
stronger reductant than methanol, produced smaller NPs
that were more active in hydrogenation catalysis than the
larger polymer-stabilized NPs produced with methanol. In
contrast, we find that, with the “click” DENs, the size of the
PdNPs obtained from TEM data is about the same regard-
less of whether NaBH4 or methanol is used (Table 2). This
result is taken in account by the fact that the size of the
PdNPs is governed only by the number Pd atoms in the
DENs, which is the same as that of triazole ligands for G1
and G2 species. Methanol does not leave inhibiting residues
on the PdNPs surface subsequent to reduction, whereas
NaBH4 does (BACHTUNGTRENNUNG(OCH3)3 and Na


+).[29] Also note that, if the
nature of the reductant has a strong influence on the cataly-
sis kinetics, it has no significant influence on the stabilities
of the “click” DENs as shown by the high TON values
found with both reductants. The catalytic efficiency of
DEN-G1 and DEN-G2 species confirm the trend according
which the catalytic activity is a function of the size of the
PdNPs, that is, the catalytic reactions are faster for the
smaller NPs than for the larger ones. We also examined the
influence of the dendrimer size on the catalytic activity of
“click” DENs. The comparison of the catalytic activity of
DEN-14-G2a-36 with those of DEN-13-G1a (36 Pd) and
DEN-14-G2a (117 Pd) shows that DEN-14-G2a-36 is more
efficient than DEN-14-G2, but less efficient than DEN-13-
G1. This allows us to state that the catalytic efficiency of the
DENs depends not only on the number of Pd atoms of each
NP, but also on the dendrimer structure that encapsulates it.
The steric factor is indeed of great importance, the larger
dendrimer G2 species slowing the catalysis kinetics due to
steric effects of the large dendrimer framework.[7] We can
conclude that, with this family of click dendrimers, the G1
species is the optimal generation to form DEN catalysts. It
is large enough to encapsulate NPs, and it is able to form
very small NPs that are very active in catalysis.
There is no significant difference between the catalytic ef-


ficiency of both classes of triazolylferrocenyl dendrimers
(with and without interior triazole units), 17-G1b and 18-G2b
being slightly more efficient than 13-G1a and 14-G1a respec-
tively, probably due to the small difference of the number of
palladium atoms by NP (36 in 13-G1a and 27 in 17-G1b; 117
in 14-G2a and 81 in 18-G2b). This feature shows the impor-
tance of a bulky periphery provided by ferrocenyl group in
the encapsulation of NPs by dendrimers.


Using method 1, the catalytic activity of the DENs that
do not contain ferrocenyl groups (DEN-21-G1c and DEN-
22-G1d) is much higher than that of the ferrocenyl-contain-
ing DENs (this difference is small when method 2 is used,
however). The rationalization of this point is not straightfor-
ward, but the interaction between BH3 (a Lewis acid) and
ferrocenyl (a Lewis base) could possibly play a role, particu-
larly a steric one. Indeed, the increase of steric bulk that re-
sults from this interaction may slow down the introduction
of the olefin substrate into the dendritic framework.
The DEN-21-G1c appears to be the most efficient catalyst


(TOF=3390 molH2 ACHTUNGTRENNUNG(molPd)
�1h�1), because it is bulky


enough to encapsulate the PdNPs, forming very small NPs.
However, the size and mobility of its periphery groups
makes the PdNP surface more accessible to substrates for
catalysis, relative to DENs containing rigid ferrocenyl
groups. These DENs exhibit a very high stability with im-
pressive TON values. Indeed, they can be re-used for 80 cat-
alytic cycles (TON�80000). The catalytic efficiency and sta-
bility obtained for all the DSNs and DENs based on 1,2,3-
triazolyl dendrimers are gathered in Table 3.
After catalysis, the poly-1,2,3-triazolylferrocenyl dendri-


ACHTUNGTRENNUNGmers used to stabilize or/and encapsulate the PdNPs can be
easily recovered from the reaction media by simple extrac-
tion with dichloromethane and precipitation in methanol.
We found that the dendritic structures do not suffer any sig-
nificant structural change (confirmed by 1H NMR spectros-
copy) and they can be re-used as catalyst supports.


Catalytic selectivity with DEN-G1a for the hydrogenation of
various olefin substrates including conjugated dienes and tri-
enes : The DEN-13-G1a/method 2 was tested in the hydroge-
nation of various olefin substrates under ambient conditions,
including conjugated dienes and trienes, to study the selec-
tivity properties of this catalyst. The TOF values obtained
are gathered in Table 4. With this new catalyst, styrene and
allyl alcohol were converted (100%) to ethylbenzene and 1-
propanol, respectively, with high selectivity of the catalyst
for substituted olefins. During the hydrogenation of 1-
hexene, the conversion to hexane is 43%, because the 2-
hexene isomer is also produced.[30] The hydrogenation of in-
ternal conjugated dienes and trienes using the DEN-13-G1a
catalyst was 100% selective for the formation of monoenes,
showing the selectivity of the partial hydrogenation of cyclic
and linear internal conjugated dienes. Finally, size selectivity
of DEN-13-G1a was investigated by comparing its catalytic
activity on hydrogenation of cyclohexadiene and ergosterol
(that contains a cyclohexadiene cycle in its structure). We
found that DEN-13-G1a catalyzes the partial hydrogenation
of cyclohexadiene to cyclohexene, but no hydrogenation is
observed in the case of ergosterol. Moreover, only cyclohex-
adiene is semihydrogenated upon reaction of a mixture of
cyclohexadiene and ergosterol. This clearly shows the size
selectivity performed by the DEN-13-G1a catalyst; ergoster-
ol is not able to enter into the dendrimer structure so as to
locate its double bonds onto the NP surface (see Figure 4).
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Conclusion


A full account of the synthesis and characterization of a va-
riety of novel click dendrimers is provided in this article.
The engineering of these novel ligand-containing dendrimers
and precise redox sensing of PdII coordinated to the triazole
ligands, leads to the production of various dendrimer-encap-
sulated PdNPs (DENs) with a pre-organized number of Pd
atoms that is confirmed by TEM data for first- and second-
gernation dendrimers (G1 and G2). The TEM data also con-
firm that 12-G0 is too small to encapsulate PdNPs, and the
PdNPs are stabilized by several dendrimers around the
PdNPs (DSNs) in this case.
This study provides precise DENs and DSNs that are


highly efficient, stable, and size-selective hydrogenation cat-
alysts, and the various structural influences on the catalytic
performances are rationalized. The dramatic and specific
structure-dependent role of the reductant is clearly elucidat-
ed, which leads to a significant improvement in our under-
standing of the catalytic reactions with PdNPs. The results
will be useful for comparison with other types of catalysis,
and the parameters obtained here should serve further for
the design of highly selective heterobimetallic hydrogena-
tion catalysts of industrial relevance.


Experimental Section


General data : Reagent-grade diethyl ether (used in hydrosilylation reac-
tions) was predried over Na foil and distilled from sodium/benzophenone
under nitrogen immediately prior to use. Syntheses of the NPRs were car-
ried out by using Schlenk techniques with degased solvents. PAMAM-
NH2-G4 was purchased from Sigma-Aldrich and modified with 1,2-epoxy-
dodecane according to reference [29]. Ethynylferrocene, phenylacetylene,
and all the olefinic substrates were purchased from Sigma-Aldrich. Ergo-
sterol was purchased from Alfa Aesar.


Cyclic voltammetry measurements : All electrochemical measurements
were recorded under nitrogen atmosphere. Conditions: solvent: CHCl3/
MeOH; temperature: 20 8C; Supporting electrolyte: [nBu4N] ACHTUNGTRENNUNG[PF6] 0.1m ;
working and counter electrodes: Pt; reference electrode: Ag; internal
reference: FeCp2* (Cp*=h5-C5Me5); scan rate: 0.200 Vs


�1.


Transmission electron microscopy (TEM): Samples were prepared plac-
ing a drop of a 4.41P10�4m solution (CHCl3/MeOH 2:1) of PdNP (con-
centration in mol Pd) on a holey-carbon-coated Cu TEM grid. The size
of the nanoparticles was measured using the software sigmascanpro (for
each sample, about 100 nanoparticles were measured).


General procedure for the hydrosilylation reactions : The polyolefin den-
drimer, diethyl ether, dimethylchloromethylsilane (2 equiv per branch)
and Kartsted catalyst (0.1%) were successively introduced into a
Schlenck flask under a nitrogen atmosphere. The reaction solution was
stirred at 25 8C for 16 h. For dendrimers containing triazole units, several
additions of catalyst and longer time reactions were needed to complete
reactions (due to possible partial complexation of Pt0 of the catalyst by
the triazole units). The reaction was followed by 1H NMR spectroscopy;
at the end of the reaction, the solvent was removed under vacuum, the
catalyst residue was removed by flash chromatography, and the dendri-
mer was precipitated using dichloromethane/pentane.


General synthesis of azido dendrimers : The chloroalkyl-dendrimer and
sodium azide (2 equiv per branch) were heated at 80 8C for 16 h in dry
DMF. The solvent was removed under vacuum; the crude product was
dissolved in dichloromethane, washed twice with water, dried with
sodium sulfate, and filtered over paper; and the solvent was removed


Table 4. Hydrogenation of olefins catalyzed by DEN-13-G1a/method 2.


Substrate Products[a] Yield [%] TOF[b]


100 1620


100 1160


43
57


1800
2400


78
22


810
230


100 1150


100 530


100 130


480[c]


no hydrogenation –


[a] Reactions are performed at 25 8C/1 atm H2; followed by GPC in the
case of styrene and by NMR spectroscopy in all other cases. [b] TOF
values are determined on basis of the yield of formation of the final
product. [c] The NMR data do not allow to determinate the relative
quantities of the two isomers formed. [d] Ergosterol was left under hy-
drogenation conditions during four days.


Figure 4. Schematic representation of the size selectivity of DEN-13-G1a.
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under vacuum. The dendrimer was precipitated with dichloromethane/
methanol.


General procedure for the “click” reactions : The azido dendrimer
(1 equiv) and the alkyne (1.5 equiv per branch) were dissolved in tetrahy-
drofuran (THF) and water was added (1:1 THF/water). At 20 8C, CuSO4
was added (1 equiv per branch, 1m aqueous solution), followed by the
dropwise addition of a freshly prepared solution of sodium ascorbate
(2 equiv per branch, 1m aqueous solution). The solution was allowed to
stir for 30 min at room temperature. After removing THF under vacuum,
dichloromethane and an aqueous ammonia solution were added. The
mixture was allowed to stir for 10 min in order to remove all the CuI


trapped inside the dendrimer as CuACHTUNGTRENNUNG(NH3)6
+ . The organic phase was


washed twice with water, dried with sodium sulphate, and filtered, and
the solvent was removed under vacuum. The product was washed with
pentane in order to remove the excess of alkyne and precipitated using
dichloromethane/pentane.


Synthesis of 4 : The 9-azido dendrimer 4 was synthesized from 3 (0.190 g,
0.130 mmol) by using the general procedure for azido dendrimers. The
product 4 was obtained as a colorless waxy product in 99% yield
(0.196 g, 0.129 mmol). 1H NMR (CDCl3, 300 MHz): d=6.94 (s, 3H; arom
CH), 2.72 (s, 18H; CH2N3), 1.62 (s, 18H; SiCH2CH2CH2), 1.07 (s, 18H;
SiCH2CH2CH2), 0.58 (s, 18H; SiCH2CH2CH2), 0.042 ppm (Si ACHTUNGTRENNUNG(CH3)2);
13C NMR (CDCl3, 75.0 MHz): d=145.7 (arom Cq), 121.5 (arom CH), 43.9
(SiCH2CH2CH2), 41.9 (Cq), 41.1 (CH2N3), 17.7 (SiCH2CH2CH2), 15.0
(SiCH2CH2CH2), �4.04 ppm (Si ACHTUNGTRENNUNG(CH3)2); 29Si NMR (CDCl3, 59.62 MHz):
d=3.33 (Si ACHTUNGTRENNUNG(CH3)2CH2N3); elemental analysis calcd (%) for C63H129N27Si9:
C 49.86, H 8.57; found: C 49.31, H 8.30. IR: ñ=2093 cm�1 (N3).


Synthesis of 5 : The phenoltriallyl dendronic brick p-HOC4H4C(CH2CH=


CH2)3 (1.02 g, 4.46 mmol) and Cs2CO3 (2.18 g, 6.69 mmol) were intro-
duced in a Schlenck flask and acetone (30 mL) and propargyl bromide
(0.58 mL of a 80% solution in toluene, 5.36 mmol) were added. The mix-
ture was refluxed at 65 8C for 16 h. The solvent was removed under
vacuum, the crude product was dissolved with dichloromethane and
washed with water. The organic layer was dried with sodium sulfate, fil-
trated, and the solvent was removed under vacuum. The product was pu-
rified by silica column chromatography using pentane as eluent. A color-
less oil was obtained (1.178 g, 99% yield). 1H NMR (CDCl3, 300 MHz):
d=7.27, 6.98 (2d, J=11 Hz, 4H; p-C6H4), 5.60 (m, 3H; HC=CH2), 5.05
(m, 6H; HC=CH2), 4.69 (s, 2H; CH2CCH), 2.54 (s, 1H; CCH), 2.46 ppm
(d, J=10 Hz, 2H; CH2HC=CH2);


13C NMR (CDCl3, 75.0 MHz): d=154.2
(OCq), 137.3 (arom Cq), 133.2 (HC=CH2), 126.3, 113.0 (arom CH), 116.3
(HC=CH2), 77.5 (CH2CCH), 74.1 (CH2CCH), 54.4 (CH2CCH), 41.4
(C(CH2HC=CH2)3), 40.6 ppm (CH2HC=CH2); elemental analysis calcd
(%) for C19H22O: C 85.67, H 8.32; found: C 85.82, H 8.62.


Synthesis of 6 : The 27-allyl dendrimer 6 was synthesized from 4 (0.127 g,
0.0835 mmol) and 5 (0.334 g, 1.25 mmol) by using the general procedure
for “click” reactions. The product 6 was obtained as a colorless waxy
product obtained in 92% yield (0.300 g, 0.0768 mmol). 1H NMR (CDCl3,
300 MHz): d=7.50 (s, 9H; triazole CH), 7.20, 6.91 (2d, J=11 Hz, 36H;
p-C6H4), 5.53 (m, 27H; CH=CH2), 5.10 (s, 18H; CH2O), 4.97 (m, 54H;
CH=CH2), 3.86 (s, 18H; SiCH2N), 2.40 (d, J=10 Hz, 54H; CH2CH=


CH2), 1.64 (s, 18H; CH2CH2CH2Si), 1.10 (s, 18H; CH2CH2CH2Si), 0.64 (s,
18H; CH2CH2CH2Si), 0.039 ppm (s, 54H; Si ACHTUNGTRENNUNG(CH3)2);


3C NMR (CDCl3,
75.0 MHz): d=156.2 (OCAr), 143.9 (Cq of triazole), 138.3 (substituted
arene core C), 136.9 (arom Cq of the dendron), 134.6 (inner C=C), 127.7,
114.2 (unsubstituted arene C of the dendron), 123.7 (CH of triazole),
117.5 (outer C=C), 62.0 (CH2O), 43.9 (CH2CH2CH2Si), 42.7 (SiCH2N),
41.9 (CH2-CH=CH2), 41.0, 40.4 (benzylic Cq of the core and dendron),
17.7 (CH2CH2CH2Si), 14.9 (CH2CH2CH2Si), �3.83 ppm (SiACHTUNGTRENNUNG(CH3)2);


29Si
NMR (CDCl3, 59.6 MHz): d=2.81 (SiACHTUNGTRENNUNG(CH3)2CH2N); MALDI-TOF: m/z
calcd for C234H327N27O9Si9: 3915.05; found: 3937.42 [M+Na]+ ; elemental
analysis calcd (%) for C234H327N27O9Si9: C 71.79, H 8.42; found: C 71.03,
H 8.28.


Synthesis of 7: The 27-chloro dendrimer 7 was synthesized from 6
(0.180 g, 0.0460 mmol) by using the general procedure for hydrosilylation
reactions. The product 7 was obtained as a colorless waxy product in
71% yield (0.192 g, 0.0327 mmol). 1H NMR (CDCl3, 300 MHz): d=7.51
(s, 9H; triazole CH), 7.15, 6.89 (2d, J=10 Hz, 36H; p-C6H4), 5.11 (s,


18H; CH2O), 3.86 (s, 18H; SiCH2N), 2.71 (s, 54H; CH2Cl), 1.59 (s, 72H;
CH2CH2CH2Si), 1.06 (s, 72H; CH2CH2CH2Si), 0.57 (s, 72H;
CH2CH2CH2Si), 0.041 ppm (s, 216H; Si ACHTUNGTRENNUNG(CH3)2CH2Cl);


13C NMR (CDCl3,
75.0 MHz): d=156.0 (OCAr), 143.9 (Cq of triazole), 140.1 (substituted
arene core C), 136.9 (arom Cq of the dendron), 127.4, 114.1 (unsubsti-
tuted arene C of the dendron), 123.6 (CH of triazole), 62.1 (CH2O), 44.0
(CH2CH2CH2Si), 41.8 (SiCH2N), 41.0 (benzylic quaternary C of the core
and dendron), 17.5 (CH2CH2CH2Si), 14.4 (CH2CH2CH2Si), �3.81 (Si-
ACHTUNGTRENNUNG(CH3)2CH2N), �4.46 ppm (Si ACHTUNGTRENNUNG(CH3)2CH2Cl);


29Si NMR (CDCl3,
59.6 MHz): d =3.54 (SiCH2Cl), 2.80 ppm (SiCH2N).


Synthesis of 8 : The 27-azido dendrimer 8 was synthesized from 7
(0.120 g, 0.0204 mmol) by using the general procedure for azido dendri-
ACHTUNGTRENNUNGmers. The product 8 was obtained as a colorless waxy product in 92%
yield (0.132 g, 0.0188 mmol). 1H NMR (CDCl3, 300 MHz): d=7.51 (s,
9H; tri ACHTUNGTRENNUNGazole CH), 7.16, 6.89 (2d, J=11 Hz, 36H; p-C6H4), 5.11 (s, 18H;
CH2O), 3.86 (s, 18H; SiCH2N), 2.71 (s, 54H; CH2Cl), 1.61 (s, 72H;
CH2CH2CH2Si), 1.07 (s, 72H; CH2CH2CH2Si), 0.55 (s, 72H;
CH2CH2CH2Si), 0.023 ppm (s, 216H; Si ACHTUNGTRENNUNG(CH3)2CH2Cl);


13C NMR (CDCl3,
75.0 MHz): d=156.0 (OCAr), 143.9 (Cq of triazole), 140.1 (substituted
arene core C), 136.9 (arom Cq of the dendron), 127.4, 114.1 (unsubsti-
tuted arene C of the dendron), 123.6 (CH of triazole), 60.3 (SiCH2O),
43.1 (CH2CH2CH2Si), 41.8 (SiCH2N), 41.0 (benzylic quaternary C of the
core and dendron), 17.5 (CH2CH2CH2Si), 14.9 (CH2CH2CH2Si), �3.86
(Si ACHTUNGTRENNUNG(CH3)2CH2N), �4.41 ppm (SiACHTUNGTRENNUNG(CH3)2CH2N3);


29Si NMR (CDCl3,
59.6 MHz): d=3.33 (SiCH2N3), 2.80 ppm (SiCH2N); elemental analysis
calcd (%) for C315H570N108O9Si36 : C 53.85, H 8.18; found: C 53.25, H 8.00;
IR: ñ =2093 cm�1 (N3).


Synthesis of 9 : The 81-allyl dendrimer 9 was synthesized from 8 (0.050 g,
0.00712 mmol) and 5 (0.230 g, 0.865 mmol) by using the general proce-
dure for “click” reactions. The product 9 was obtained as a colorless
waxy product in 67% yield (0.069 g, 0.00477 mmol). 1H NMR (CDCl3,
300 MHz): d=7.41 (s, 81H; triazole CH), 7.18, 6.90 (br s, 144H; p-C6H4),
5.52 (m, 81H; CH=CH2), 5.13 (s, 72H; CH2O), 4.96 (br s, 162H; CH=


CH2), 3.84 (s, 72H; SiCH2N), 2.41 (br s, 162H; CH2CH=CH2), 1.59 (s,
72H; CH2CH2CH2Si), 1.07 (s, 72H; CH2CH2CH2Si), 0.57 (s, 72H;
CH2CH2CH2Si), 0.029 ppm (s, 54H; Si ACHTUNGTRENNUNG(CH3)2);


13C NMR (CDCl3,
75.0 MHz): d=156.2 (OCAr), 143.8 (Cq of triazole), 138.2 (substituted
arene core C), 136.6 (arom Cq of the dendron), 134.6 (inner C=C), 127.7,
114.2 (unsubstituted arene C of the dendron), 123.8 (CH of triazole),
117.6 (outer C=C), 62.1 (CH2O), 43.8 (CH2CH2CH2Si), 42.7 (SiCH2N),
41.9 (CH2�CH=CH2), 41.1, 40.3 (benzylic Cq of the core and dendron),
17.5 (CH2CH2CH2Si), 14.7 (CH2CH2CH2Si), �3.99 ppm (SiACHTUNGTRENNUNG(CH3)2);


29Si
NMR (CDCl3, 59.6 MHz): d=2.86 ppm (Si ACHTUNGTRENNUNG(CH3)2CH2N); elemental anal-
ysis calcd (%) for C828H1164N108O36Si36 : C 69.95, H 8.25; found: C 69.06, H
8.12.


Synthesis of 10 : The 81-chloro dendrimer 10 was synthesized from 9
(0.050 g, 0.00345 mmol) by using the general procedure for hydrosilyla-
tion reactions. The product 10 was obtained as a colorless waxy product
in 59% yield (0.047 g, 0.00203 mmol). 1H NMR (CDCl3, 300 MHz): d=


7.50 (s, 81H; triazole CH), 7.15, 6.89 (2d, J=11 Hz, 144H; p-C6H4), 5.11
(s, 72H; CH2O), 3.86 (s, 72H; SiCH2N), 2.71 (s, 162H; CH2Cl), 1.59 (s,
234H; CH2CH2CH2Si), 1.06 (s, 234H; CH2CH2CH2Si), 0.57 (s, 234H;
CH2CH2CH2Si), 0.041 ppm (s, 702H; Si ACHTUNGTRENNUNG(CH3)2CH2Cl);


13C NMR (CDCl3,
75.0 MHz): d=156.1 (OCAr), 143.8 (Cq of triazole), 140.4 (substituted
arene core C), 137.1 (arom Cq of the dendron), 127.3, 114.1 (unsubsti-
tuted arene C of the dendron), 123.3 (CH of triazole), 62.0 (CH2O), 44.1
(CH2CH2CH2Si), 41.7 (SiCH2N), 41.0 (benzylic Cq of the core and den-
dron), 17.6 (CH2CH2CH2Si), 14.5 (CH2CH2CH2Si), �3.84 (Si-
ACHTUNGTRENNUNG(CH3)2CH2N), �4.51 ppm (Si ACHTUNGTRENNUNG(CH3)2CH2Cl);


29Si NMR (CDCl3,
59.6 MHz): d =3.57 (SiCH2Cl), 2.83 ppm (SiCH2N).


Synthesis of 11: The 81-azido dendrimer 11 was synthesized from 10
(0.047 g, 0.00203 mmol) by using the general procedure for azido den-
drimers. The product 11 was obtained as a colorless waxy product with
91% yield (0.043 g, 0.00185 mmol). 1H NMR (CDCl3, 300 MHz): d=7.42
(s, 81H; triazole CH), 7.16, 6.90 (2d, J=11 Hz, 144H; p-C6H4), 5.11 (s,
72H; CH2O), 3.86 (s, 72H; SiCH2N), 2.71 (s, 162H; CH2Cl), 1.61 (s,
234H; CH2CH2CH2Si), 1.07 (s, 234H; CH2CH2CH2Si), 0.55 (s, 234H;
CH2CH2CH2Si), 0.023 ppm (s, 702H; Si ACHTUNGTRENNUNG(CH3)2CH2Cl);


13C NMR (CDCl3,
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75.0 MHz): d=156.1 (OCAr), 143.7 (Cq of triazole), 140.2 (substituted
arene core C), 136.7 (arom Cq of the dendron), 127.3, 114.2 (unsubsti-
tuted arene C of the dendron), 123.6 (CH of triazole), 62.0 (CH2O), 43.1
(CH2CH2CH2Si), 41.6 (SiCH2N), 41.1 (benzylic quaternary C of the core
and dendron), 17.5 (CH2CH2CH2Si), 14.6 (CH2CH2CH2Si), �3.90 (Si-
ACHTUNGTRENNUNG(CH3)2CH2N), �4.39 ppm (Si ACHTUNGTRENNUNG(CH3)2CH2N3);


29Si NMR (CDCl3,
59.6 MHz): d=3.33 (SiCH2N3), 2.81 ppm (SiCH2N); elemental analysis
calcd (%) for C1071H1893N351O36Si117: C 54.62, H 8.10; found: C 53.67, H
8.01; IR: ñ =2093 cm�1 (N3).


Synthesis of 12-G0 : The 9-ferrocenyltriazole dendrimer 12-G0 was synthe-
sized from 4 (0.100 g, 0.0659 mmol) and ethynylferrocene (0.187 g,
0.890 mmol) by using the general procedure for “click” reactions. The
product 12-G0 was obtained as an orange powder in 94% yield (0.211 g,
0.0619 mmol). 1H NMR (CDCl3, 300 MHz): d=7.38 (s, 9H; triazole CH),
6.91 (s, 3H; Ar core), 4.70, 4.27, 4.04 (s, 81H; Cp), 3.83 (s, 18H;
SiCH2N), 1.59 (s, 18H; CH2CH2CH2Si), 1.06 (s, 18H; CH2CH2CH2Si),
0.59 (s, 18H; CH2CH2CH2Si), 0.045 ppm (s, 54H; Si ACHTUNGTRENNUNG(CH3)2);


13C NMR
(CDCl3, 75.0 MHz): d =146.1 (Cq of triazole), 120.0 (CH of triazole), 75.7
(Cq of Cp), 69.5, 68.6, 66.5 (CH of Cp), 43.8 (CH2CH2CH2Si), 41.7 (ben-
zylic Cq of the core), 40.8 (CH2N), 17.6 (CH2CH2CH2Si), 14.8
(CH2CH2CH2Si), �3.74 ppm (Si ACHTUNGTRENNUNG(CH3)2);


29Si NMR (CDCl3, 59.6 MHz):
d=2.90 ppm (Si ACHTUNGTRENNUNG(CH3)2CH2N); MS (MALDI-TOF): m/z calcd for
C171H219N27Si9Fe9: 3408.12; found: 3408.18 [M]


+ ; elemental analysis calcd
(%) for C171H219N27Si9Fe9: C 60.26, H 6.48; found: C 59.47, H 6.67; poly-
dispersity obtained by SEC <1.02.


Synthesis of 13-G1a : The 27-ferrocenyltriazole dendrimer 13-G1a was syn-
thesized from 8 (0.040 g, 0.00569 mmol) and ethynylferrocene (0.048 g,
0.230 mmol) by using the general procedure for “click” reactions. The
product 13-G1a was obtained as an orange waxy product in 71% yield
(0.051 g, 0.00404 mmol). 1H NMR (CDCl3, 300 MHz): d=7.50 (s, 9H;
inner triazole CH), 7.29 (s, 27H; outer triazole CH), 7.14, 6.87 (br s, 36H;
p-C6H4), 5.08 (s, 18H; CH2O), 4.70, 4.26, 4.03 (s, 243H; Cp), 3.82 (s,
54H; SiCH2N), 1.56 (s, 72H; CH2CH2CH2Si), 1.04 (s, 72H;
CH2CH2CH2Si), 0.57 (s, 18H; CH2CH2CH2Si), 0.053 ppm (s, 54H; Si-
ACHTUNGTRENNUNG(CH3)2);


13C NMR (CDCl3, 75.0 MHz): d=156.1 (OCAr), 146.2 (Cq of
outer triazole), 143.7 (Cq of inner triazole), 139.8 (aromatic Cq of the
dendron), 127.4, 114.2 (unsubstituted arene C of the dendron), 123.7 (CH
of inner triazole), 119.7 (CH of outer triazole), 75.7 (Cq of Cp), 69.5,
68.6, 66.5 (CH of Cp), 62.1 (CH2O), 43.1 (CH2CH2CH2Si), 41.8, 40.9
(benzylic quaternary C of the core and dendron), 40.8 (SiCH2N), 17.4
(CH2CH2CH2Si), 14.8 (CH2CH2CH2Si), �3.86 ppm (Si ACHTUNGTRENNUNG(CH3)2); 29Si NMR
(CDCl3, 59.6 MHz): d =2.97 ppm (Si ACHTUNGTRENNUNG(CH3)2CH2N); polydispersity ob-
tained by SEC <1.02.


Synthesis of 14-G2a : The 81-ferrocenyltriazole dendrimer 14-G2a was syn-
thesized from 11 (0.030 g, 0.00128 mmol) and ethynylferrocene (0.033 g,
0.156 mmol) by using the general procedure for “click” reactions. The
product 14-G2a was obtained as an orange waxy product in 56% yield
(0.029 g, 0.000715 mmol). 1H NMR (CDCl3, 300 MHz): d=7.59 (s, 36H;
inner triazole CH), 7.29 (s, 81H; outer triazole CH), 7.13, 6.89 (br s,
144H; p-C6H4), 5.12 (s, 72H; CH2O), 4.69, 4.26, 4.03 (s, 729H; Cp), 3.82
(s, 162H; SiCH2N), 1.57 (s, 234H; CH2CH2CH2Si), 1.04 (s, 234H;
CH2CH2CH2Si), 0.57 (s, 234H; CH2CH2CH2Si), 0.056 ppm (s, 54H; Si-
ACHTUNGTRENNUNG(CH3)2).


13C NMR (CDCl3, 75.0 MHz): d =156.1 (OCAr), 146.5 (Cq of
outer triazole), 143.1 (Cq of inner triazole), 138.3 (aromatic Cq of the
dendron), 127.4, 114.2 (unsubstituted arene C of the dendron), 123.7 (CH
of inner triazole), 120.0 (CH of outer triazole), 76.1 (Cq of Cp), 69.9,
68.9, 66.7 (CH of Cp), 62.1 (CH2O), 43.1 (CH2CH2CH2Si), 40.4 (benzylic
Cq of the dendron), 40.6 (SiCH2N), 17.4 (CH2CH2CH2Si), 14.8
(CH2CH2CH2Si), �3.82 ppm (Si ACHTUNGTRENNUNG(CH3)2);


29Si NMR (CDCl3, 59.6 MHz):
d=2.97 ppm (Si ACHTUNGTRENNUNG(CH3)2CH2N); polydispersity obtained by SEC <1.02;
hydrodynamic diameter obtained by DLS: 12�0.5 nm.
Synthesis of 15 : The 27-azido dendrimer 15 was synthesized from 27-
chloro-dendrimer (0.100 g, 0.0163 mmol) by using the general procedure
for azido dendrimers. The product was obtained as a colorless waxy prod-
uct in 99% yield (0.101 g, 0.0161 mmol). 1H NMR (CDCl3, 300 MHz):
d=7.16, 6.89 (2d, J=11 Hz, 36H; p-C6H4), 3.53 (s, 18H; SiCH2O), 2.71
(s, 54H; CH2N3), 1.62 (s, 72H; CH2CH2CH2Si), 1.09 (s, 72H;
CH2CH2CH2Si), 0.55 (s, 72H; CH2CH2CH2Si), 0.0061 (s, 54H; Si-


ACHTUNGTRENNUNG(CH3)2CH2O), 0.043 ppm (s, 162H; Si ACHTUNGTRENNUNG(CH3)2CH2N3);
13C NMR (CDCl3,


75.0 MHz): d=159.2 (OCAr), 139.1 (arom Cq of the dendron), 127.2,
113.6 (unsubstituted arene C of the dendron), 60.3 (SiCH2O), 43.1 (ben-
zylic quaternary C of the core and dendron), 41.1 (CH2CH2CH2Si), 29.8
(SiCH2N3), 17.6 (CH2CH2CH2Si), 15.0 (CH2CH2CH2Si), 0.0023 (Si-
ACHTUNGTRENNUNG(CH3)2CH2O), �3.99 ppm (Si ACHTUNGTRENNUNG(CH3)2CH2N3);


29Si NMR (CDCl3,
59.6 MHz): d=3.33 (SiCH2N3), 0.52 ppm (SiCH2O); IR: ñ=2093 cm�1


(N3).


Synthesis of 16 : The 81-azido dendrimer 16 was synthesized from the 81-
chloro dendrimer (0.100 g, 0.0050 mmol) by using the general procedure
for azido dendrimers. The product was obtained as a colorless waxy prod-
uct in 99% yield (0.102 g, 0.0049 mmol). 1H NMR (CDCl3, 300 MHz):
d=7.16, 6.86 (2d, J=11 Hz, 144H; p-C6H4), 3.53 (s, 72H; SiCH2O), 2.71
(s, 162H; CH2N3), 1.62 (s, 234H; CH2CH2CH2Si), 1.09 (s, 234H;
CH2CH2CH2Si), 0.55 (s, 234H; CH2CH2CH2Si), 0.0062 (s, 216H; Si-
ACHTUNGTRENNUNG(CH3)2CH2O), 0.039 ppm (s, 486H; Si ACHTUNGTRENNUNG(CH3)2CH2N3);


13C NMR (CDCl3,
75.0 MHz): d=159.5 (OCAr), 139.0 (aromatic Cq of the dendron), 127.4,
113.9 (unsubstituted arene C of the dendron), 60.6 (SiCH2O), 43.4 (ben-
zylic Cq of the core and dendron), 41.4 (CH2CH2CH2Si), 30.1 (SiCH2N3),
17.9 (CH2CH2CH2Si), 15.6 (CH2CH2CH2Si), 0.0027 (Si ACHTUNGTRENNUNG(CH3)2CH2O),
�3.74 ppm (Si ACHTUNGTRENNUNG(CH3)2CH2N3);


29Si NMR (CDCl3, 59.6 MHz): d =3.32
(SiCH2N3), 0.51 ppm (SiCH2O); IR: ñ =2093 cm�1 (N3).


Synthesis of 17-G1b : The 27-ferrocenyltriazole dendrimer 17-G1b was
synthesized from 15 (0.050 g, 0.0079 mmol) and ethynylferrocene using
the general procedure for “click” reactions. The product was obtained as
an orange waxy product in 89% yield (0.084 g, 0.0070 mmol). 1H NMR
(CDCl3, 300 MHz): d=7.30 (s, 27H; triazole CH), 7.13, 6.86 (2d, J=


11 Hz, 36H; p-C6H4), 4.70, 4.26, 4.04 (s, 243H; Cp), 3.50 (s, 18H;
SiCH2O), 3.82 (s, 54H; SiCH2N), 1.58 (s, 72H; CH2CH2CH2Si), 1.10 (s,
72H; CH2CH2CH2Si), 0.57 (s, 18H; CH2CH2CH2Si), 0.050 ppm (s, 54H;
Si ACHTUNGTRENNUNG(CH3)2);


13C NMR (CDCl3, 75.0 MHz): d=159.0 (OCAr), 146.2 (Cq of
triazole), 139.1 (aromatic Cq of the dendron), 127.2, 113.6 (unsubstituted
arene C of the dendron), 119.8 (CH of outer triazole), 76.1 (Cq of Cp),
69.6, 68.6, 66.5 (CH of Cp), 60.3 (SiCH2O), 43.1 (benzylic Cq of the core
and dendron), 40.8 (CH2CH2CH2Si), 30.3 (SiCH2N), 17.4
(CH2CH2CH2Si), 15.3 (CH2CH2CH2Si), 0.0023 (Si ACHTUNGTRENNUNG(CH3)2CH2O), �3.8,
�4.4 ppm (Si ACHTUNGTRENNUNG(CH3)2);


29Si NMR (CDCl3, 59.6 MHz): d=2.97 (SiCH2N),
0.54 ppm (SiCH2O); elemental analysis calcd (%) for
C612H840O9N81Si36Fe27: C 61.28, H 7.06; found: C 61.70, H 7.16.


Synthesis of 18-G2b : The 81-ferrocenyltriazole dendrimer 18-G2b was
synthesized from 16 (0.060 g, 0.0029 mmol) and ethynylferrocene by
using the general procedure for “click” reactions. The product was ob-
tained as an orange waxy product in 86% yield (0.095 g, 0.0025 mmol).
1H NMR (CDCl3, 300 MHz): d =7.30 (s, 27H; triazole CH), 7.13, 6.86
(br s, 36H; p-C6H4), 4.70, 4.26, 4.04 (s, 243H; Cp), 3.50 (s, 18H; SiCH2O),
3.82 (s, 54H; SiCH2N), 1.58 (s, 72H; CH2CH2CH2Si), 1.10 (s, 72H;
CH2CH2CH2Si), 0.57 (s, 18H; CH2CH2CH2Si), 0.050 ppm (s, 54H; Si-
ACHTUNGTRENNUNG(CH3)2);


13C NMR (CDCl3, 75.0 MHz): 159.0 (OCAr), 146.2 (Cq of tri-
ACHTUNGTRENNUNGazole), 139.1 (aromatic Cq of the dendron), 127.2, 113.6 (unsubstituted
arene C of the dendron), 119.8 (CH of outer triazole), 76.1 (Cq of Cp),
69.6, 68.6, 66.5 (CH of Cp), 60.3 (SiCH2O), 43.1 (benzylic quaternary C
of the core and dendron), 40.8 (CH2CH2CH2Si), 30.3 (SiCH2N), 17.4
(CH2CH2CH2Si), 15.3 (CH2CH2CH2Si), 0.0023 (Si ACHTUNGTRENNUNG(CH3)2CH2O), �3.8,
�4.4 ppm (Si ACHTUNGTRENNUNG(CH3)2);


29Si NMR (CDCl3, 59.6 MHz): d=2.97 (SiCH2N),
0.54 ppm (SiCH2O); elemental analysis calcd (%) for
C612H840O9N81Si36Fe27: C 61.28, H 7.06; found: C 61.70, H 7.16.


Synthesis of 19 : The phenoltriallyl dendron 3 (0.194 g, 0.851 mmol), dry
diethyl ether, tripropylsilane (0.808 g, 5.11 mmol, 2 equiv per branch) and
the Kartsted catalyst (0.1%) were successively introduced into a
Schlenck flask under a nitrogen atmosphere. The reaction solution was
stirred at 25 8C for 15 days (several additions of catalyst were necessary
to complete the reaction). The solvent was removed under vacuum, and
the product was purified by silica chromatography by using pentane/di-
ethyl ether (95.5) as eluent. The product was obtained as a colorless oil
(0.238 g, 0.338 mmol) with 40% yield. 1H NMR (CDCl3, 300 MHz): d=


7.13, 6.76 (d, J=11 Hz, 4H; aromatic CH), 4.90 (s, 1H; OH), 1.59 (m,
6H; CqCH2), 1.29 (m, 18H; SiCH2CH2CH3), 1.03 (m, 6H;
CH2CH2CH2Si), 0.93 (m, 27H; SiCH2CH2CH3), 0.48 ppm (m, 18H;
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CH2SiCH2CH2CH3);
13C NMR (CDCl3, 75.0 MHz): 152.8 (C-OH), 140.3


(aromatic Cq), 127.6, 114.5 (aromatic CH), 43.2 (Cq), 42.4
(CH2CH2CH2Si), 18.6 (SiCH2CH2CH3), 17.8 (SiCH2CH2CH2), 17.4
(SiCH2CH2CH3), 15.4 (SiCH2CH2CH3), 13.5 ppm (SiCH2CH2CH2);


29Si
NMR (CDCl3, 59.62 MHz): d=2.16 ppm (SiCH2CH2CH3); elemental
analysis calcd (%) for C43H86OSi3: C 73.42, H 12.32; found: C 73.50, H
12.02.


Synthesis of 20 : The dendron 19 (0.230 g, 0.327 mmol) and Cs2CO3
(0.160 g, 0.490 mmol) were introduced in a Schlenck flask and acetone
(30 mL) and propargyl bromide (0.05 mL of a 80% solution in toluene,
0.399 mmol) were added. The mixture was refluxed at 65 8C for 16 h. The
solvent was removed under vacuum, the crude product was dissolved
with dichloromethane and washed with water. The organic layer was
dried with sodium sulfate and filtered over paper; the solvent was re-
moved under vacuum. The product was purified by silica column chroma-
tography with pentane as eluent. A colorless oil was obtained (0.237 g,
98% yield). 1H NMR (CDCl3, 300 MHz): d =7.20, 6.90 (d, J=10 Hz, 4H;
aromatic CH), 4.67 (s, 2H; CH2CCH), 2.49 (CH2CCH), 1.61 (m, 6H;
CqCH2), 1.26 (m, 18H; SiCH2CH2CH3), 1.04 (m, 6H; CH2CH2CH2Si),
0.93 (m, 27H; SiCH2CH2CH3), 0.45 ppm (m, 18H; CH2SiCH2CH2CH3);
13C NMR (CDCl3, 75.0 MHz): d=155.0 (arom C�O), 141.0 (arom Cq),
127.3, 113.9 (aromatic CH), 78.8 (CH2CCH), 75.0 (CH2CCH), 55.7
(CH2CCH), 43.1 (Cq), 42.3 (CH2CH2CH2Si), 18.5 (SiCH2CH2CH3), 17.8
(SiCH2CH2CH2), 17.3 (SiCH2CH2CH3), 15.3 (SiCH2CH2CH3), 13.4 ppm
(SiCH2CH2CH2);


29Si NMR (CDCl3, 59.62 MHz): d=4.34
(SiCH2CH2CH3); elemental analysis calcd (%) for C46H88OSi3: C 74.52,
H 11.96; found: C 74.67, H 11.82.


Synthesis of 21-G1c : The dendrimer 21-G1c was synthesized from 16
(0.030 g, 0.0048 mmol) and the dendron 20 (0.141 g, 0.190 mmol) by using
the general procedure for “click” reactions. The product 21-G1c was puri-
fied by precipitation in dichloromethane/methanol, and was obtained as
a colorless waxy product in 97% yield (0.123 g, 0.0046 mmol). 1H NMR
(CDCl3, 300 MHz): d=7.46 (s, 27H; triazole CH), 7.18, 6.89 (br s, 144H;
arom CH), 5.13 (s, 54H; triazole-CH2O), 3.86 (s, 54H; SiCH2N), 3.54 (s,
18H; inner-CH2O), 1.59 (m, 234H; CH2CH2CH2Si), 1.26 (m, 486H;
SiCH2CH2CH3), 1.04 (m, 234H; CH2CH2CH2Si), 0.91 (m, 729H;
SiCH2CH2CH3), 0.65 (m, 234H; CH2CH2CH2Si), 0.45 (m, 486H;
SiCH2CH2CH3), 0.070 ppm (s, 216H; Si ACHTUNGTRENNUNG(CH3)2);


13C NMR (CDCl3,
75.0 MHz): d =156.2 (OCAr), 141.1 (Cq of triazole), 139.8 (arom Cq of the
dendron), 127.8, 114.3 (arom CH of the outer dendron), 125.9, 113.8
(arom CH of the inner dendrons), 123.7 (CH of triazole), 75.5 (triazole-
CHO), 62.6 (inner CH2O), 43.6 (CH2CH2CH2Si), 42.8 (benzylic quaterna-
ry C of the dendrons), 38.5 (SiCH2N), 19.0 (SiCH2CH2CH3), 17.8
(SiCH2CH2CH3), 17.4 (CH2CH2CH2Si), 14.2 (CH2CH2CH2Si), 13.9
(SiCH2CH2CH3), �3.58 ppm (Si ACHTUNGTRENNUNG(CH3)2); elemental analysis calcd (%) for
C1530H2919O36Si117N81: C 69.83, H 11.18; found: C 69.11, H. 11.16.


Synthesis of 22-G1d : The dendrimer 22-G1d was synthesized from 16
(0.050 g, 0.0079 mmol) and phenylacetylene (0.033 g, 0.321 mmol) by
using the general procedure for “Click” reactions. The product 22-G1d
was obtained as a colorless waxy product in 95% yield (0.068 g,
0.0075 mmol). 1H NMR (CDCl3, 300 MHz): d=7.79, 7.37 (m, 135H;
arom CH of phenyl), 7.53 (s, 27H; triazole CH), 7.12, 6.83 (br s, 36H;
arom CH), 3.85 (s, 54H; SiCH2N), 3.50 (s, 18H; inner-CH2O), 1.58 (m,
72H; CH2CH2CH2Si), 1.08 (m, 72H; CH2CH2CH2Si), 0.56 (m, 72H;
CH2CH2CH2Si), 0.050 ppm (s, 216H; Si ACHTUNGTRENNUNG(CH3)2);


13C NMR (CDCl3,
75.0 MHz): d =159.1 (Cq of phenyl), 135.7, 130.8, 125.5 (CH of phenyl),
151.5 (OCAr), 147.3 (Cq of triazole), 139.8 (aromatic Cq of the dendron),
127.8, 113.5 (arom CH of dendron), 125.5 (CH of triazole), 60.3 (CH2O),
43.9 (CH2CH2CH2Si), 42.9 (benzylic quaternary C of the dendrons), 34.2
(SiCH2N), 17.4 (CH2CH2CH2Si), 14.2 (CH2CH2CH2Si), �3.88 ppm (Si-
ACHTUNGTRENNUNG(CH3)2);


29Si NMR (CDCl3, 59.6 MHz): d =2.97 ppm (Si ACHTUNGTRENNUNG(CH3)2); elemen-
tal analysis calcd (%) forC504H705N81Si36O9: C 66.86, H 7.85; found: C
66.17, H 7.81.


General procedure for the preparation of the PdNPCs (the procedure is
described using preparation of DSN-12-G0 as an example)


Method 1: A solution of dendrimer 12-G0 (2.0 mg, 5.87P10
�4 mmol) in


chloroform (2 mL) was placed in a Schlenk flask under nitrogen. A solu-
tion of Pd ACHTUNGTRENNUNG(OAc)2 (1.2 mg, 5.28P10


�3 mmol, 1 equiv per triazole) in


chloroform (1.2 mL) was added. Chloroform (0.8 mL) and methanol
(2 mL) were added in order to obtain a solution 8.82P10�4m in Pd, 2:1
(CHCl3/MeOH). The solution was stirred for 5 min, NaBH4 (2 mg,
5.87x10�2 mmol, 10 equiv per Pd) was added, and the yellow solution
turned to golden brown indicating the nanoparticle formation.


Method 2 : A solution of dendrimer 12-G0 (2.0 mg, 5.87x10
�4 mmol) in


chloroform (2 mL) was introduced into a Schlenk flask under nitrogen.
of a 4.5x10�3m A solution of Pd ACHTUNGTRENNUNG(OAc)2 (1.2 mg, 5.28x10


�3 mmol, 1 equiv
per triazole) in chloroform (1.2 mL) was added. Chloroform (0.8 mL)
and methanol (2 mL) were added in order to obtain a solution 8.82P
10�4m in Pd, 2:1 (CHCl3/MeOH). The solution was stirred for 16 h and
turned from yellow to golden brown indicating the nanoparticle forma-
tion.


Hydrogenation reactions : The nanoparticles were freshly prepared in a
Schlenck flask in order to obtain a solution 8.82P10�4m (in Pd), in
CHCl3/MeOH (2:1), and 1000 equiv of the substrate was added. The
Schlenck flask was filled with H2 (1 atm) and the solution was allowed to
stir at 25 8C. For re-use of the catalyst, the substrate was added to the re-
action solution until the catalyst was no longer active. Calculation of the
turn over frequency (TOF) was carried out by using several samples of
the solution that were extracted at different reaction times and analyzed.
Calculation of the turn over number (TON) was carried out by using the
sum of substrate that reacted in all the catalytic cycles, after analyzing
the final reaction solution.
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Alkali-Metal-Mediated Manganation(II) of Functionalized Arenes and
Applications of ortho-Manganated Products in Pd-Catalyzed Cross-Coupling
Reactions with Iodobenzene
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Introduction


Recently we added manganese(II) to the growing list of un-
likely metals that can perform direct metalation of aromatic
compounds, when driven by alkali-metal mediation.[1] Such


metalations (metal–hydrogen exchange reactions) are usual-
ly the domain of highly reactive, highly polar organometal-
lics, most typically alkyllithium or lithium amide com-
pounds.[2] Previously, to bind MnII to a carbon atom of an ar-
omatic compound would normally require a prelithiation
step, followed by a salt metathesis (commonly with a MnII


halide).[3] However, despite its widespread applicability, this
two-step approach is not all-conquering as lithiation suffers
from limited functional group tolerance and low kinetic sta-
bility, while the ionicity of metal halide salts can lead to sol-
ubility problems in common organic solvents. On their own,
organomanganese(II) complexes, as comparatively low-po-
larity organometallics, are generally too weakly basic to
effect C�H deprotonation at a reasonable rate, but when
paired with an alkali metal in a heterobimetallic ate, they
can transform into super-manganating reagents. This alkali-


Abstract: Extending the recently intro-
duced concept of “alkali-metal-mediat-
ed manganation” to functionalised
arenes, the heteroleptic sodium manga-
nate reagent [(tmeda)Na ACHTUNGTRENNUNG(tmp)(R)Mn-
ACHTUNGTRENNUNG(tmp)] (1; TMEDA=N,N,N’,N’-tetra-
methylethylenediamine, TMP=2,2,6,6-
tetramethylpiperidide, R=CH2SiMe3)
has been treated with anisole or N,N-
diisopropylbenzamide in a 1:1 stoichi-
ometry in hexane. These reactions af-
forded the crystalline products
[(tmeda)Na ACHTUNGTRENNUNG(tmp)(o-C6H4OMe)Mn-
ACHTUNGTRENNUNG(tmp)] (2) and [(tmeda)NaACHTUNGTRENNUNG(tmp){o-
{C(O)N ACHTUNGTRENNUNG(iPr)2C6H4}Mn ACHTUNGTRENNUNG(CH2SiMe3)] (3),
respectively, as determined from X-ray
crystallographic studies. On the basis of
these products, it can be surmised that
reagent 1 has acted, at least partially
and ultimately, as an alkyl base in the


first reaction liberating the silane
Me4Si, but as an amido base in the
second reaction liberating the amine
TMPH. Both of these paramagnetic
products 2 and 3 have contacted ion-
pair structures, the key features of
which are six-atom, five-element
(NaNMnCCO) and seven-atom, five-
element (NaNMnCCCO) rings, respec-
tively. Manganates 2 and 3 were suc-
cessfully cross-coupled with iodoben-
zene under [PdCl2ACHTUNGTRENNUNG(dppf)] (dppf=1,1’-
bis(diphenylphosphino)ferrocene) cat-
alysis to generate unsymmetrical biaryl
compounds in yields of 98.0 and


66.2%, respectively. Emphasizing the
importance of alkali-metal mediation
in these manganation reactions, the bi-
salkyl Mn reagent on its own fails to
metalate the said benzamide, but in-
stead produces the monomeric, donor–
acceptor complex [Mn(R)2 ACHTUNGTRENNUNG{(iPr)2-
ACHTUNGTRENNUNGNC(Ph)(=O)}2] (5), which has also
been crystallographically characterised.
During one attempt to repeat the syn-
thesis of 2, the butoxide-contaminated
complex [{(tmeda)Na(R)ACHTUNGTRENNUNG(OBu)(o-
C6H4OMe)Mn}2] (6) was obtained. In
contrast to 2 and 3, due to reduced
steric constraints, this complex adopts a
dimeric arrangement in the crystal, the
centrepiece of which is a twelve atom
(NaOCCMnC)2 ring.
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metal-mediated manganation (AMMMn) and alkali-metal-
mediated metalation (magnesiation, zincation, alumina-
tion)[4] in general can potentially circumvent the obstacles
stated above, but they are profoundly more than direct alter-
native methods to indirect metathetical manganations (mag-
nesiations etc.), being synergic metalations capable of deliv-
ering unprecedented products and structures inaccessible by
means of metathesis. The initial examples of AMMMn dem-
onstrate this emphatically, producing in the case of benzene,
the tetrasodium dimanganese amido inverse crown with a
benzenediide core [Na4Mn2ACHTUNGTRENNUNG(tmp)6ACHTUNGTRENNUNG(C6H4)],


[5] (TMP=2,2,6,6-
tetramethylpiperidide) and with ferrocene, the dilithium di-
manganese trinuclear ferrocenophane [(tmeda)2Li2Mn2{Fe-
ACHTUNGTRENNUNG(C5H4)2}3] (TMEDA=N,N,N’,N’-tetramethylethylenedi-
amine).[1] Describing here the first study in which AMMMn
has been applied to functionalised arenes, we report the sur-
prising finding that the synergic heteroleptic base employed
reacts differently, seemingly depending on the directing abil-
ity (in a directed ortho-metalation (DoM) sense) of the sub-
stituent group on the aryl ring. Furthermore, we reveal the
structures of these sodium arylmanganated intermediates,
the first structures of their type, and show how they can be
successfully cross-coupled with iodobenzene under palladi-
um catalysis to generate unsymmetrical biaryls.


Results and Discussion


The sodium monoalkyl–bisamidomanganate [(tmeda)Na-
ACHTUNGTRENNUNG(tmp)(R)MnACHTUNGTRENNUNG(tmp)] (1; R=CH2SiMe3) was used as the
AMMMn reagent in the new reactions. Only one previous
reaction of 1 has been reported,[5] namely with benzene, in
which it acted as an alkyl (R) base to produce the phenyl
derivative [(tmeda)NaACHTUNGTRENNUNG(tmp)(Ph)Mn ACHTUNGTRENNUNG(tmp)] and tetramethyl-
silane. Here, prepared in situ in hexane, 1 was treated with a
molar equivalent of the appropriate functionalised arene
(anisole or N, N-diisopropylbenzamide; Scheme 1) selected
on the basis of their respective contrasting weak and strong
DoM ability.[6] Both reactions afforded a crystalline product
in yellowish-green [(tmeda)NaACHTUNGTRENNUNG(tmp)(o-C6H4OMe)MnACHTUNGTRENNUNG(tmp)]
(2) and orange [(tmeda)NaACHTUNGTRENNUNG(tmp){o-[C(O)N-
ACHTUNGTRENNUNG(iPr)2]C6H4}Mn(R)] (3), respectively. Isolated yields were 66
and 31%, respectively.


In both 2 and 3, the arene molecules have been selectively
ortho-deprotonated, with a MnII atom occupying the vacated
hydrogen site (see structures below); thus, to the best of our
knowledge these syntheses represent the first examples of
directed ortho-manganations of substituted arenes.[7] Howev-
er, there is a major distinction between 2 and 3. Following
the benzene precedent, 1 operates ultimately as an alkyl
base towards anisole, generating tetramethylsilane and 2,
which consequently has a monoaryl–bisamido composition.
In contrast, 1 exhibits amido basicity towards the tertiary
amide, leading to the monoalkyl–monoaryl–monoamido 3
with concomitant elimination of TMPH. This unexpected
result establishes that 1 is a versatile manganating reagent
with a basicity switch (potentially tuneable to alkyl or


amido) seemingly dependent on the nature of the aromatic
substrate. Clearly distinct mechanisms must therefore be
available to 1 in its reactions with anisole and N,N-diisopro-
pylbenzamide. Of course, at this stage all we can definitely
conclude from structurally characterizing the products from
these reactions is that manganating reagent 1 functions ulti-
mately as an alkyl base towards anisole and as an amido
base towards benzamide. Thermodynamically the loss of
volatile Me4Si from such manganations is likely to be greatly
preferred. However, as recently discussed in the context of
alkyl–TMP–zincates,[8] there may be an additional inter-
mediate step in which TMP acts firstly as the base, but then
re-enters the coordination sphere of the alkali metal as
TMP(H) ligand, before reacting with the alkyl ligand to
eliminate alkane and to restore the TMP anion to the heter-
obimetallic structure. Thus the distinction between 2 and 3
may be attributed to kinetic factors. Intriguingly, subjecting
the same tertiary amide to the related zincate base
[(tmeda)Na ACHTUNGTRENNUNG(tmp) ACHTUNGTRENNUNG(tBu)Zn ACHTUNGTRENNUNG(tBu)], induces ortho-zincation ul-
timately not through amido (TMP) basicity, but through
alkyl (tBu) basicity.[9] Thus the basicity switch in these syner-
gic metalations is also dependent on the identity of the s-
bonding divalent metal (and coligand set) within the base,
as changing these parameters will also change the kinetic
profile of the metalation reaction.


Due to the paramagnetic nature of 2 and 3, NMR spec-
troscopy could not be used for their characterisation. We
therefore turned to X-ray crystallography. The molecular
structures of 2 and 3 (Figure 1 and Table 1) share common


Scheme 1. Ambibasic behaviour of reagent 1 towards anisole and N,N-
diisopropylbenzamide affording the ortho-manganated products 2 and 3,
respectively.
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general features. Classifiable as contacted ion pairs, both
structures display a trigonal planar Mn coordination (N,N,C
in 2 ; C,N,C in 3) comprising one terminal (TMP in 2, R in
3) and two bridging ligands (TMP in both; o-deprotonated
anisole and benzamide in 2 and 3, respectively). Defining
the metalations as manganations, the deprotonated ortho-C
atoms form s bonds with the Mn atoms, but do not interact
with the Na atoms. Instead the aryl ligands bridge to Na
through their O-heteroatoms to close six-membered
(NaNMnCCO) and seven-membered (NaNMnCCCO) rings
in 2 and 3, respectively, with bidentate TMEDA ligands
completing the distorted tetrahedral (N,N,N,O) environ-
ments of Na. A search of the Cambridge Structural Data-
base[10] revealed 2 and 3 to be unique with no hits found for
ether- or amide-substituted aryls with ortho-MnII atoms[11] or
indeed in the latter case with any ortho-transition-metal
atoms. Furthermore alkali-metal-arylmanganated structures
of any type are surprisingly rare with no sodium examples at
all (besides those previously made by AMMMn[1,5]). Power


has reported[12] three lithium examples, significantly all syn-
thesised from metathesis reactions, and only one, [Li ACHTUNGTRENNUNG(thf)4]-
ACHTUNGTRENNUNG[MnMes3], has trigonal planar Mn, but in a very different
(cf. 2 and 3) solvent-separated ion-pair arrangement. Un-
fortunately, disorder within 3 limits the precision of its met-
rical parameters, though the connectivities are definite, and
the main features of its two independent molecules are simi-
lar to those of 2. The best comparison with 2 is provided by
the unsubstituted phenyl analogue [(tmeda)Na-
ACHTUNGTRENNUNG(tmp)(Ph)Mn ACHTUNGTRENNUNG(tmp)][5] (4). Lack of aryl substitution gives 4 a
smaller four-membered (NaNMnC) ring with a modestly
longer Mn�C bond (2.207(4) P to ipso-C cf. 2.189(2) P to
ortho-C in 2) made by the Mn atom lying almost coplanar
with the aryl ring plane (deviation 0.339 P cf. 0.558 P in 2 ;
0.221 and 0.220 P for the two independent molecules of 3).
With respect to the MnN2C planes, the aryl rings have dihe-
dral angles of exactly 908 by symmetry in 4 and 71.48 in 2. A
long Na�ipso-C bond in 4 (2.731(4) P) is replaced by a sig-
nificantly shorter Na�O(Me) bond in 2 (2.5357(16) P), re-
flecting the greater bond strength of donor–acceptor dative
interactions versus cation–p interactions;[13] the Na�O
bonds in 3 are even shorter, at 2.313(6) and 2.309(5) P.


It is worth emphasising that the organomanganese reagent
Mn ACHTUNGTRENNUNG(CH2SiMe3)2 on its own failed to metalate either anisole
or N,N-diisopropylbenzamide and did not act as a nucleo-
phile towards the latter. Thus, no reaction was observed at
all when the bisalkyl reagent was mixed with anisole, where-
as the reaction with N,N-diisopropylbenzamide afforded the
Lewis acid/Lewis base association complex [Mn-


Figure 1. Molecular structures of 2 (top) and 3 (bottom) with 30% proba-
bility displacement ellipsoids. H atoms have been omitted for clarity. In
addition for 3, minor disorder components have been omitted for clarity,
and only one of two crystallographically independent molecules is shown.


Table 1. Key bond lengths [P] and angles [8] for 2,3, 5 and 6.


2 3[c] 5 6


Mn�N (TMP) 2.0930(17)[a]


2.0298(17)[b]
2.102(4)[a]


2.093(4)[a]
– –


Mn�C (R) – 2.158(5)[b]


2.159(6)[b]
2.159(2)
2.165(2)


2.177(2)


Mn�C (Aryl) 2.189(2) 2.171(5)
2.172(5)


– 2.177(2)


Mn�O – – 2.1724(14)
2.1415(15)


2.1333(15)
2.1318(16)


Na�N (TMP) 2.5387(19) 2.493(5)
2.495(5)


– –


Na�O 2.5357(16) 2.313(6)
2.309(5)


– 2.3997(18)
2.2982(17)[d]


Na�C (R) – – – 3.047(3)


N-Mn-N 133.36(6) – – –
N-Mn-C (R) – 122.8(2) – –
N-Mn-C (Aryl) 111.19(7)[a]


115.44(7)[b]
115.08(18) – –


C-Mn-C – 120.7(2) 127.43(11) 126.08(9)
O-Mn-O – – 96.96(6) 84.42(6)
O-Mn-C (R) – – 111.73(9)


103.76(8)
102.66(8)
110.26(8)


110.10(8)
102.37(7)


O-Mn-C (Aryl) – – – 110.05(7)
115.92(7)


[a] Bridging. [b] Terminal. [c] Two molecules in asymmetric unit. [d] O-
nBu; R=CH2SiMe3.
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ACHTUNGTRENNUNG(CH2SiMe3)2 ACHTUNGTRENNUNG{(iPr)NC(Ph)(=O)}2] (5) as orange crystals in a
24% yield, which could be improved to 63% when the reac-
tion was carried out with two molar equivalents of the ben-
zamide (Scheme 2). Determined by X-ray crystallography,


the molecular structure of 5 (Figure 2 and Table 1) has a Mn
atom in a distorted tetrahedral environment made up of two
alkyl groups and two neutral benzamide ligands, which coor-


dinate to the metal through their oxygen atoms. To the best
of our knowledge the only precedent for a crystallographi-
cally characterised homometallic[14] compound containing a
neutral tertiary aromatic amide coordinated to a metal is
the tris ACHTUNGTRENNUNG(alkyl) gallium complex [tBu3GaACHTUNGTRENNUNG{O=C(Ph)NMe2}].


[15]


The Mn�C bond lengths in 5 (2.159(2), 2.165(2) P) are
nearly identical to those found in the related monomeric
complex [Mn ACHTUNGTRENNUNG(CH2SiMe3)2{(�)-sparteine}][16] (2.1582(18),
2.165(17) P). In addition, the Mn�O bond length
(2.1724(14), 2.1415(15) P) are similar to that in the THF
adduct of the related manganese bis ACHTUNGTRENNUNG(alkyl) species [Mn{CH-
ACHTUNGTRENNUNG(SiMe3)2}2 ACHTUNGTRENNUNG(thf)] (2.19(2) P),[17] although in the latter the Mn
centre is tricoordinate due to the heavier silylation of the
ligand, whereas in 5 there are four ligands around the metal.
The structure of the unsolvated manganese compound is
known to be a polymer,[18] thus the formation of 5 illustrates
the superior Lewis basicity of N,N-diisopropylbenzamide


relative to that of anisole, which cannot accomplish the
same cleavage of polymeric [Mn ACHTUNGTRENNUNG(CH2SiMe3)2]1. Cocomplex-
ation of the bis ACHTUNGTRENNUNG(alkyl)manganese reagent, or fragment there-
of, with an alkali metal amide leads to a discrete molecular


structure as seen with 1, hence
the problem of having to cleave
a polymeric structure is not an
issue. This is one advantageous
factor of the mixed-metal syner-
gy inherent in reagents such as
1.


To the best of our knowledge
alkali metal arylmanganates
have not been previously stud-
ied in the context of transition-
metal-catalysed cross-coupling
reactions with aryl halides.


Precedents exist for organomanganese(II) halides of general
formula ArMnX in excellent work reported by Cahiez.[19]


Since 2 and 3 have covalent Mn�C (aryl) bonds within
anionic ate-activated structures, we reasoned they could
make excellent coupling agents as playing only a secondary,
Lewis acidic role in the structures, sodium should not be
det ACHTUNGTRENNUNGrimental even though ionic arylsodium reagents are not
generally suitable for coupling applications. Test reactions
with iodobenzene in hexane in the presence of 2% [PdCl2-
ACHTUNGTRENNUNG(dppf)] (Scheme 3; dppf=1,1’-bis(diphenylphosphino)ferro-


cene) confirmed this analysis. In the case of 2, the coupled
product 2-methoxybiphenyl was obtained in an impressive
isolated yield of 98.0%. Coupling was also successful with 3,
though the yield of isolated N,N-diisopropyl-2-phenylbenza-
mide was lower at 66.2%. Interestingly when the experi-
ment with 2 was repeated in the absence of the Pd catalyst
direct coupling was still observed albeit in a reduced yield
(32.0%). The same catalyst-free experiment with 3 was even
more successful with a less reduced yield of 47%.


High purity in the reagents employed and complete exclu-
sion of oxygen in the system are crucially important for the
success of these metalation applications. Thus, when the re-
action that afforded 2 was repeated with a sample of n-bu-
tylsodium contaminated by n-butoxide, compound
[{(tmeda)Na(R) ACHTUNGTRENNUNG(OBu)(o-C6H4OMe)Mn}2] (6) was serendipi-
tously obtained (Scheme 4). This new heterotrianionic com-


Scheme 2. Contrasting reactivity of [Mn ACHTUNGTRENNUNG(CH2SiMe3)2]1 towards anisole and N,N-diisopropylbenzamide.


Figure 2. Molecular structure of 5 with 30% probability displacement el-
lipsoids. H atoms and minor disordering have been omitted for clarity. Scheme 3. Palladium-catalysed cross-coupling reactions of 2 and 3 with


iodobenzene.
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pound bears a resemblance to 2, as both contain a molecule
of anisole selectively ortho-manganated and a [Na ACHTUNGTRENNUNG(tmeda)]+


ion. However they differ in the rest of the anionic ligands
supporting the Mn atom. Thus, for 2 two TMP ligands are
found, whereas in 6 there is an alkyl and a butoxide anion.
A plausible pathway that could account for the synthesis of
6 would involve the initial formation of a heteroleptic man-
ganate species “ ACHTUNGTRENNUNG[(tmeda)Na ACHTUNGTRENNUNG(tmp) ACHTUNGTRENNUNG(OBu)Mn ACHTUNGTRENNUNG(CH2SiMe3)]”
that would react with anisole as an amido base liberating
TMPH as coproduct of the reaction. However we must men-
tion that all the attempts to prepare this potentially new
mixed-metal reagent have been unsuccessful to date.


The centrosymmetric molecular structure of 6 (Figure 3
and Table 1) was successfully determined by X-ray crystallo-
graphic studies. Unlike 2 and 3 which are monomeric struc-


tures, 6 comprises two identical bridging cationic
{(tmeda)NaMn ACHTUNGTRENNUNG(OBu)(o-C6H4OMe) ACHTUNGTRENNUNG(CH2SiMe3)} units di-
merised through alkoxide and alkyl bridges. This structure
can be envisaged as a cationic twelve-membered
[(NaOCCMnC)2]


2+ ring hosting in its interior two butoxide


ligands (Figure 4). This structural motif is reminiscent of
that previously found for the series of inverse crown com-
plexes [{M1M2


ACHTUNGTRENNUNG(NiPr2)2}2X2] (M1 =Li or Na; M2 =Mg; X=


OR, H),[20] [{(tmeda)MMg(Bu)2}2ACHTUNGTRENNUNG(OtBu)2] (7) (M=Na, K)[21]


(Figure 4), and [K2Ca2{OC ACHTUNGTRENNUNG(=CH2)Mes}6ACHTUNGTRENNUNG(thf)2] (Mes=mesi-
tyl)[22] and for several other homometallic and heterometal-
lic systems.[4] These compounds exhibit a cationic eight-
membered ring hosting two anionic ligands. Due to the am-
bidentate nature of the ortho-metalated anisole ligand, C-
bonding to Mn and O-bonding to Na, an expansion in ring
size from eight atoms in 7 to twelve atoms in 6 is observed.


This 12-membered ring adopts a pseudo-chair conforma-
tion (Figure 5) with the sodium atoms displaced on either


side of the plane defined by C(1)Mn(1)C(18)···
C(1A)Mn(1A)C ACHTUNGTRENNUNG(18A). The oxygen atoms of the anisole
groups are also slightly out of this plane as shown by the tor-
sion angle O(1)-C(2)-C(1)-Mn(1), 17.18. The sodium atoms
achieve pentacoordination by bonding to two anionic (C of
the alkyl; O of the alkoxide) ligands, the neutral oxygen
atom of the metalated anisole, and the two TMEDA nitro-
gen atoms. There is a slight contraction of the Na�O ACHTUNGTRENNUNG(nBu)
bond length (2.2982(18) P) relative to that for the OMe
group of the anisole ligand (2.3997(18) P), reflecting the
anionic nature of the former even though the latter oygen
atom has a lower coordination number. Surrounded by four
anionic ligands, the Mn atom has a distorted tetrahedral en-


Scheme 4. Possible reaction pathway for the formation of butoxide-con-
taining 6.


Figure 3. Molecular structure of 6 with 30% probability displacement el-
lipsoids. H atoms have been omitted for clarity. The dashed line repre-
sents the dimerisation junction. Symmetry operator A: �x+1, �y+1,
�z.


Figure 4. Comparison between the structural motifs of 6 and 7.


Figure 5. Core of 6 highlighting its pseudo-chair conformation of the
[(NaOCCMnC)2] ring.
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vironment comprising two OnBu, one ortho-aryl C and one
alkyl C atoms. The Mn�O bond lengths (2.1333(15) and
2.1318(16) P) are modestly longer than the ones found in
the mixed Li/MnII alkoxides[23] [Li{Mn(N ACHTUNGTRENNUNG(SiMe3)2-
ACHTUNGTRENNUNG(OCtBu3)2}] (2.019(4), 1.984(4) P) and [Li2ACHTUNGTRENNUNG{MnBr2-
ACHTUNGTRENNUNG(OCtBu3)2 ACHTUNGTRENNUNG(thf)2}] (2.019(7) P), which can be attributed to
the dimeric nature of 6, in which each butoxide ligand is tri-
coordinated, whereas the other structures have two-coordi-
nate alkoxide ligands being monomers. The Mn�C ACHTUNGTRENNUNG(anisole)
(2.177(2) P) bond length is similar to the one found in 2
(2.189(2) P).


Conclusion


In conclusion, the new concept of AMMMn has been suc-
cessfully applied to arenes functionalised with electron-do-
nating (MeO) or electron-withdrawing {C(O)N ACHTUNGTRENNUNG(iPr)2}
groups. Probing the structural changes that accompany the
MnII–H exchange reactions revealed that the mixed-metal
reagent can function ultimately as an alkyl or amido base
depending on the specific arene. When the alkali metal is
absent from the solution mixture, the bisalkyl Mn reagent
can no longer metalate the benzamide, but instead forms a
coordination complex with it. With sodium tamed within a
cage of heteroatoms distant from the active carbanion–Mn
centre, the bimetallic products of AMMMn can in turn be
successfully cross-coupled with iodobenzene to form unsym-
metrical biaryls. Overall these results serve to broaden sig-
nificantly the opportunities for synthesizing new compounds
and building new structures in organomanganese(II) chemis-
try. The sensitivity of these mixed-metal organometallic
compounds to air and moisture was demonstrated through
the serendipitous synthesis of an n-butoxy derivative. The


adventitious presence of the nBuO anion, which has good
bridging capabilities and is not sterically demanding, leads
to an increase in aggregation number (monomer to dimer)
of the mixed-metal complex and to coordination expansion
about the manganese atom (trigonal planar to tetrahedral).


Experimental Section


All reactions were carried out under a protective argon atmosphere by
using standard Schlenk techniques. Hexane was distilled from sodium/
benzophenone. 1H NMR spectra were recorded on a Bruker DPX
400 MHz spectrometer; data for X-ray crystal structure determination
were obtained with a Nonius Kappa CCD and a Bruker SMART 1 K
CCD diffractometer using graphite monochromated MoKa radiation (l=


0.71073 P). Selected crystallographic data for compounds 2, 3, 5 and 6
are given in Table 2. CCDC 656944 (2), 656945 (3), 663055 (5) and
661429 (6) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
The IR-spectra were recorded on a Nicolet Avator 360 FT-IR spectrome-
ter and elemental analyses were carried out on a Perkin Elmer 2400 ele-
mental analyser. Melting/decomposition points were measured with a
BSchi Melting Point B-545 apparatus.


ACHTUNGTRENNUNG[(tmeda)Na ACHTUNGTRENNUNG(tmp)(o-C6H4OMe)MnACHTUNGTRENNUNG(tmp)] (2): NaTMP was prepared in
situ by reaction of BuNa (0.16 g, 2 mmol) with TMPH (0.34 mL,
2 mmol). MnACHTUNGTRENNUNG(CH2SiMe3)2 (0.46 g, 2 mmol), TMPH (0.34 mL, 2 mmol)
and TMEDA (0.30 mL, 2 mmol) were then introduced and the mixture
was stirred for 30 min affording a pale yellow solution. At this stage ani-
sole (0.22 mL, 2 mmol) was added and the resulting bright yellow solu-
tion was stirred for 18 h at room temperature. The solution was concen-
trated by removing some solvent under vacuum. Storage of this solution
at room temperature afforded a crop of yellow-green crystals after two
days (0.76 g, 66%); one of them was employed in an X-ray diffraction
experiment. M.p. 128 8C (decomp); elemental analysis calcd (%) for
C31H59MnN4NaO (581.75): C 64.00, H 10.22, N 9.63; found: C 64.00, H
10.45, N 9.23.


ACHTUNGTRENNUNG[(tmeda)Na ACHTUNGTRENNUNG(tmp){o-[C(O)N ACHTUNGTRENNUNG(iPr)2]C6H4}Mn(R)] (3): Following the same
experimental procedure as described for 2, compound 1 was prepared in


Table 2. Selected crystallographic data for compounds 2, 3, 5 and 6.[a]


2 3 5 6


formula C31H59MnN4NaO C32H63MnN4NaOSi C34H60MnN2O2Si2 C42H86Mn2N4Na2O4Si2
Mr [gmol�1] 581.75 625.88 639.96 923.19
crystal system triclinic orthorhombic triclinic triclinic
space group P1̄ Pca21 P1̄ P1̄
a [P] 10.059(3) 21.854(4) 9.9826(3) 10.949(2)
b [P] 11.212(4) 11.239(3) 10.9135(3) 11.583(3)
c [P] 15.952(5) 31.590(8) 20.2736(6) 12.071(3)
a [8] 75.986(5) 90 100.345(2) 72.369(3)
b [8] 74.632(5) 90 95.144(2) 67.101(3)
g [8] 87.910(5) 90 113.836(2) 84.003(3)
V [P3] 1682.3(9) 7759(3) 1954.91(10) 1343.8(5)
Z 2 8 2 1
1calcd [gcm�3] 1.148 1.072 1.087 1.141
m ACHTUNGTRENNUNG(MoKa) [mm�1] 0.433 0.409 0.427 0.568
measured reflns 11833 17286 39613 7472
independent reflns 5782 8970 8595 4469
observed reflns[b] 5325 7363 5987 3962
parameters 356 1085 405 310
R1[c] (R1 all data) 0.039 (0.043) 0.054 (0.068) 0.0469 (0.0861) 0.0378 (0.0442)
wR2[d] (wR2 all data) 0.0959 (0.0986) 0.1299 (0.1396) 0.0859 (0.1000) 0.0962 (0.1036)
max/min peaks [eP�3] +0.84/�0.40 +0.49/�0.29 +0.609/�0.398 +0.55/�0.40


[a] All data were collected at 150 K using MoKa(l=0.71073 P) radiation. [b] Observation criterion: I>2s(I). [c] R1=� j jFo j� jFc j j /� jFo j . [d] wR2=


{�[w(F2
o�F2


c)
2]/�[w(F2


o)
2]}1/2.
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situ by reaction of BuNa (0.16 g, 2 mmol), TMP(H) (0.68 mL, 4 mmol),
Mn ACHTUNGTRENNUNG(CH2SiMe3)2 (0.46 g, 2 mmol) and TMEDA (0.30 mL, 2 mmol). N,N’-
diisopropylbenzamide (0.41 g, 2 mmol) was then introduced and the mix-
ture was stirred for 18 h affording a bright orange solution that was fil-
tered and concentrated by removing some solvent under vacuum. Storage
of this filtrate at room temperature afforded a crop of orange crystals
(0.41 g, 31%) after two days; one of them was employed in a X-ray dif-
fraction experiment. M.p. 148 8C (decomp); IR (nujol): ñ=1592.7 cm�1


(C=O); elemental analysis calcd (%) for C32H63MnN4NaOSi (625.88): C
61.41, H 10.15, N 8.95; found: C 61.40, H 10.08, N 8.45.


Cross-coupling of 2 with iodobenzene : Iodobenzene (0.44 mL, 4.0 mmol)
was added to a crude hexane solution of 2 (2.0 mmol), followed by
[PdCl2 ACHTUNGTRENNUNG(dppf)] (32.6 mg, 0.04 mmol). After stirring for 18 h under reflux
conditions, the mixture was quenched with a saturated NH4Cl (5 mL) so-
lution, hexane (15 mL) and distilled water (15 mL). The crude bilayer
was filtered through Celite into a separating funnel, with the aqueous
layer subsequently discarded. The organic layer was then washed with
distilled water (15 mLU3), dried under anhydrous MgSO4 for 1 h and
then filtered through Celite to produce a clear yellow solution. The sol-
vent was next removed in vacuo and then dissolved in the minimum
volume of hexane, which was purified by SiO2 column chromatography
with pure hexane as the eluant to give 2-methoxybiphenyl (0.36 g,
98.0%). The same reaction was repeated following the same experimen-
tal procedure in the absence of the Pd catalyst, obtaining 2-methoxybi-
phenyl in a reduced yield (0.12 g, 32%). 1H NMR (400 MHz, CDCl3,
20 8C, TMS): d=7.59 (d, J=7.2 Hz, 2H), 7.45 (t, J=7.3 Hz, 2H), 7.32–
7.41 (m, 3H), 7.07 (t, J=7.4 Hz, 1H), 7.02 (d, J=8.0 Hz, 1H), 3.88 ppm
(s, 3H).


Cross-coupling of 3 with iodobenzene : Iodobenzene (0.44 mL, 4.0 mmol)
was added to a solution of crude 3 (2.0 mmol) in hexane, followed by
[PdCl2 ACHTUNGTRENNUNG(dppf)] (32.6 mg,0.04 mmol). After stirring for 18 h under reflux
conditions, the mixture was quenched with a saturated NH4Cl solution
(5 mL), and THF (15 mL) was added to produce a clear organic layer.
The organic layer was then washed with distilled water (10 mLU3), dried
under anhydrous MgSO4 for 1 h and then filtered through Celite to pro-
duce a clear brown solution. The solvent was next removed in vacuo and
subsequent addition of hexane (10 mL) to the residue produced a suspen-
sion, which was treated to standard filtration techniques. The fitrate from
this second filtration was purified by SiO2 column chromatography with
AcOEt/hexane (1:6) as an eluant to give N,N-diisopropyl-2-phenylbenz-
ACHTUNGTRENNUNGamide (0.37 g, 66.0%). The same reaction was repeated following the
same experimental procedure in the absence of the Pd catalyst, obtaining
N,N-diisopropyl-2-phenylbenzamide in a reduced yield (0.26 g,
47%).1H NMR (400 MHz, CDCl3, 20 8C, TMS): d =7.55–7.57 (m, 2H),
7.27–7.41 (m, 7H), 3.43 (septet, J=6.7 Hz, 1H), 3.22 (septet, J=6.8 Hz,
1H), 1.52 (d, J=6.8 Hz, 3H), 1.28 (d, J=6.9 Hz, 3H), 0.89 (d, J=6.7 Hz,
3H), 0.33 ppm (d, J=6.7 Hz, 3H).


[Mn ACHTUNGTRENNUNG(CH2SiMe3)2{(C(O)N ACHTUNGTRENNUNG(iPr)2)C6H5}2] (5): Mn ACHTUNGTRENNUNG(CH2SiMe3)2 (0.23 g,
1 mmol) was suspended in dry hexane (20 mL). N,N-diisopropylbenz-
ACHTUNGTRENNUNGamide (0.41 g, 2 mmol) was added to give an orange solution which was
allowed to stir at room temperature for 5 h. The solution was allowed to
stand at room temperature overnight to furnish 5 as a crop of yellow
crystals (0.40 g, 63%). M.p. 79.2 8C; elemental analysis calcd (%) for
C34H60N2O2 (639.96): C 63.81, H 9.44, N 4.37; found: C 63.81, H 9.38, N,
4.57.


ACHTUNGTRENNUNG[{(tmeda)Na ACHTUNGTRENNUNG(nBuO)Mn(m-C6H4-OMe) ACHTUNGTRENNUNG(CH2SiMe3)}2] (6): Following the
same methodology described for 2, the mixed-metal reagent [(tmeda)Na-
ACHTUNGTRENNUNG(m-tmp)(m-CH2SiMe3)Mn ACHTUNGTRENNUNG(tmp)] was prepared in situ by reaction of
NaTMP (2 mmol), Mn ACHTUNGTRENNUNG(CH2SiMe3) (0.46 g, 2 mmol), TMPH (0.34 mL,
2 mmol) and TMEDA (0.31 mL, 2 mmol) affording a yellow solution.
Next, anisole (0.22 mL, 2 mmol) was added and the resulting yellow solu-
tion allowed to stir at room temperature for 12 h. The reaction solution
was filtered and the yellow filtrate concentrated in vacuo. The solution
was left to crystallise overnight at room temperature and a crop of
orange/yellow crystals was seen to give 6 (0.46 g, 49.8%). Elemental
analysis calcd (%) for C42H86Mn2N4Na2O4Si2 (923.19): C 54.64, H 9.38, N
6.07; found: C 54.87, H 9.48, N 5.80.
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Diplatinum Hexatriynediyl and Butadiynediyl Complexes in which the sp
Carbon Chains are Shielded by sp3 Carbon Chains: Towards Endgroup–
Endgroup Interactions
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Introduction


Assemblies in which sp carbon chains span two transition
metals, [(L)yMCxM’(L’)y’], have received much attention
from both fundamental and applied viewpoints.[1–3] The one-
dimensional Cx linkages very efficiently delocalize the odd
electrons of radical ions between the metal endgroups.[2]


They are much more effective than most other types of un-
saturated bridging ligands, which usually can be twisted out
of conjugation.[2] The Cx linkages also appear to be extend-
ACHTUNGTRENNUNGable to greater lengths[4–6] than in analogs with carbon- or
silicon-based endgroups.[7] A PtC28Pt adduct currently holds
the “record” for isolable compounds.[6]


As this field grows and evolves, attention is increasingly
being directed at “second generation” families of complexes
with special architectural features. One example would be
polygons; squares with Pt4C16 cores have been reported by
Youngs, Bruce, and Anderson.[8] Among our own efforts, we
have described extensive series of diplatinum polyynediyl or
[Pt ACHTUNGTRENNUNG(C�C)nPt] complexes (n=2, 3, 4, 5, 6, 8, 10, 12, 14).[5,6, 9,10]


These have been covalently linked in lateral arrays (“bun-
dles”)[11] and longitudinal arrays (e.g., [Pt ACHTUNGTRENNUNG(C�C)4]n’Pt oligo-
mers).[12]


As summarized in Scheme 1, we have also developed
two complementary routes to complexes of the formula
trans,trans-[(C6F5)ACHTUNGTRENNUNG{(Ar2P ACHTUNGTRENNUNG(CH2)mPAr2)}PtACHTUNGTRENNUNG(C�C)nACHTUNGTRENNUNG{Pt ACHTUNGTRENNUNG{(Ar2P-


Abstract: Sequential reactions of trans-
(C6F5)ACHTUNGTRENNUNG(p-tol3P)2Pt ACHTUNGTRENNUNG(C�C)3SiEt3 (PtC6-
ACHTUNGTRENNUNGSiEt3) with nBu4N


+ F� (THF/metha-
nol), PtCl, KPF6/tBuOK, and CuCl
give trans,trans-[(C6F5)ACHTUNGTRENNUNG{(p-tol3P)2}Pt ACHTUNGTRENNUNG(C�
C)3Pt ACHTUNGTRENNUNG{(Pp-tol3)2}ACHTUNGTRENNUNG(C6F5)] (PtC6Pt) in
95% yield on multigram scales. Reac-
tions of PtC6Pt and Ar2P ACHTUNGTRENNUNG(CH2)mPAr2
afford substitution products trans,trans-
[(C6F5) ACHTUNGTRENNUNG{(Ar2P ACHTUNGTRENNUNG(CH2)mPAr2)}Pt ACHTUNGTRENNUNG(C�C)3Pt-
ACHTUNGTRENNUNG{(Ar2P ACHTUNGTRENNUNG(CH2)mPAr2)} ACHTUNGTRENNUNG(C6F5)] (PtC6Pt-m/
Ar ; m/Ar=8/p-tol, 78%; 10/Ph, 82%;
11/Ph, 69%; 12/Ph, 57%; 14/p-tol,
57%; 14/p-C6H4-tBu, 71%), in which
the diphosphines span the square
planar platinum endgroups. An analo-
gous reaction with PEt3 gives a tetrakis


PEt3 complex Pt’C6Pt’ (72%). The
crystal structures of PtC6Pt, Pt’C6Pt’,
PtC6Pt-10/Ph, PtC6Pt-11/Ph, and
PtC6Pt-14/p-tol or solvates thereof are
compared. In PtC6Pt, the endgroups
can avoid van der Waals contact, and
define angles of 08. In PtC6Pt-14/p-tol,
the sp3 chains twist around the sp chain
in a chiral double-helical motif, with an
endgroup/endgroup angle of 1898. The
sp3 chains are too short to adopt analo-
gous conformations in the other com-


plexes, but laterally shield the sp chain.
NMR spectroscopy shows that the heli-
cal enantiomers of PtC6Pt-14/p-tol rap-
idly interconvert in solution at low
temperature. A crystal structure of
PtC4Pt shows endgroups that are in
van der Waals contact and define an
angle of 418. Reactions with Ar2P-
ACHTUNGTRENNUNG(CH2)8PAr2 give PtC4Pt-8/Ar (Ar=Ph,
53%; p-tol, 87%). Low-temperature
NMR spectroscopy establish non-heli-
cal chiral conformations. Electrochemi-
cal oxidations of the diplatinum com-
plexes are analyzed, the reversibilities
of which decrease with increasing sp
chain length.


Keywords: helical structures ·
NMR spectroscopy · platinum ·
self-assembly · structure elucidation
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(CH2)mACHTUNGTRENNUNGPAr2)} ACHTUNGTRENNUNG(C6F5)] (PtCxPt-m/Ar ; x=2n=8, 12).[13–15] One
involves phosphine ligand substitution, or “coordination-
driven self-assembly”, and the other an alkene metathesis/
hydrogenation sequence. The products contain endgroup-
spanning a,w-diphosphines that sterically shield the sp
carbon chains. In the cases with m/x/Ar=14/8/Ph, 14/8/p-tol,
14/8/p-C6H4-tBu, 20/8/Ph, and 18/12/Ph, crystal structures
show that the sp3 carbon chains wrap around the sp chains
in striking chiral double-helical conformations A that have
idealized D2 symmetry. The corresponding radical cations
became longer lived, inviting analogies to “insulated molec-
ular wires”.[16] At lower sp3/sp carbon ratios, formally achiral
conformations of the type B are observed.


However, it has proved difficult to definitively establish
that the conformations A dominate in solution. These fea-
ture, like most other helical species, a number of diastereo-
topic groups (e.g., PAr2, PCH2). Thus, two sets of NMR sig-
nals are observed with many helical molecules.[17] In favor-
ACHTUNGTRENNUNGable situations, the two sets coalesce to one at a higher tem-
perature.[17a] This normally requires the “untwisting” of the
helix to a formally achiral conformation, and subsequent re-
twisting to the opposite enantiomer (e.g., A!B!A’ in
Scheme 1). A net exchange of the diastereotopic groups re-
sults.[18]


All complexes of the type PtCxPt-m/Ar investigated to
date have exhibited only a single set of NMR signals, even
at very low temperatures. Phosphorus–platinum coupling is
always observed (JPPt�2600 Hz), and this indicates that dis-


sociation of the phosphorus donor atoms is slow. These re-
sults are consistent with several possibilities, including a) the
rapid interconversion of the enantiomeric double-helical
structures A/A’ by untwisting/retwisting mechanisms, or b) a
preference for achiral ground states (B) in solution. Accord-
ingly, we set out to develop analogs that might exhibit
higher barriers to enantiomer interconversion.


In one approach, described elsewhere, the sp3 chains were
functionalized.[15] In a parallel approach, and the subject of
this investigation, we sought to extend the above chemistry
from PtC8Pt and PtC12Pt systems to lower homologues with
shorter Cx bridges. It was thought that endgroup–endgroup
steric interactions would eventually destabilize the achiral
conformation B and slow the A/A’ equilibrium. This has
abundant precedent with biaryls, which (as illustrated in
Scheme 1, bottom) exhibit chiral non-planar ground states
that interconvert via achiral planar transition states.[19,20] The
barriers can be fine-tuned by introducing ortho substituents
of varying sizes. Some diarylethynes ArC�CAr have also
been engineered to adopt non-planar conformations.[21,22]


In this paper, we report 1) reactions of the hexatriynediyl
complex trans,trans-[(C6F5)ACHTUNGTRENNUNG{(p-tol3P)2}Pt ACHTUNGTRENNUNG(C�C)3PtACHTUNGTRENNUNG{(Pp-tol3)2}
(C6F5)] (PtC6Pt)


[5] with longer-chain diphosphines leading to
assemblies of the type A, 2) reactions of PtC6Pt with short-
er-chain diphosphines leading to assemblies of the type B,
3) parallel chemistry with the butadiynediyl complex PtC4Pt
leading to assemblies that have chiral ground states in solu-
tion but are conformationally distinct from A, 4) attendant


Scheme 1. Syntheses and limiting structures of complexes PtCxPt-m/Ar (x=2n) derived from C6F5Pt ACHTUNGTRENNUNG(C�C)nPtC6F5 units and termini-spanning a,w-di-
phosphines Ar2P ACHTUNGTRENNUNG(CH2)mPAr2 (top, middle), and approaches to destabilizing conformations with coplanar endgroups such as B (bottom).
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crystallographic, variable temperature NMR, and cyclic vol-
tammetry data, and 5) detailed analyses thereof. A portion
of this work has been communicated,[23] and additional de-
tails can be found elsewhere.[24]


Results


Syntheses and structures of unbridged butadiynediyl and
hexatriynediyl complexes : The complexes PtC6Pt and
PtC4Pt have been previously synthesized by means of CuCl-
catalyzed cross-couplings of polyynyl complexes PtCxH and
the chloride complex PtCl.[5] During the course of this study,
an improved protocol for PtC6Pt was developed. As shown
in Scheme 2, PtC6SiEt3 was first combined with the fluoride
salt nBu4N


+ F� in protic media to generate the labile com-
plex PtC6H. Interestingly, when the CuCl-catalyzed reaction
with PtCl was conducted in the presence of stoichiometric
amounts of KPF6 and tBuOK, the yield of PtC6Pt increased
from 34% to 95%.[25] Quantities exceeding two grams were
easily prepared. No PtC6Pt was obtained in the absence of
CuCl.


The relative sizes of different endgroups are most easily
visualized in adducts with modest endgroup separations.
Thus, a sample of PtC6Pt was treated with 4.5 equiv of PEt3.
As shown in Scheme 2, workup gave the four-fold phosphine
substitution product Pt’C6Pt’ in 72% yield. Analogous reac-
tions of the higher homologues PtC8Pt and PtC12Pt have
been reported previously.[5] The new complex Pt’C6Pt’ and
others were normally characterized by NMR (1H, 13C, 31P)
and IR spectroscopy, mass spectrometry, and microanalysis,
as summarized in the Experimental Section. Unless other-
wise noted, spectroscopic properties were similar to those of
related complexes described earlier.


Many PtACHTUNGTRENNUNG(C�C)nPt species can be crystallized.[3] Accord-
ingly, the crystal structures of PtC4Pt, a solvate of PtC6Pt,
and Pt’C6Pt’ were determined as summarized in Table 1 and
the Experimental Section. Views of the molecular structures,
the last two of which exhibit inversion centers at the mid-


points of the sp chains, are presented in Figures 1–3. Key
metrical parameters are summarized in Table 2.


In accord with the expectations given in the introduction,
the endgroups in PtC4Pt were not coplanar, as highlighted
in the partial structures in Figure 2. For quantifying
endgroup/endgroup angles, we prefer to use the planes de-
fined by the P-Pt-P linkage on one endgroup and the plati-
num atom on the other. These emphasize the twist defined
by the two P-Pt-P linkages, and are less affected by various
geometric non-idealities. However, an alternative measure
based on the platinum coordination planes is also included
in Table 2. The values are usually quite close (41.08–40.88)
for PtC4Pt, but can differ by as much 358 in certain bow-
shaped complexes.[13]


In contrast to PtC4Pt, the endgroups in PtC6Pt were co-
planar, as mandated by the inversion center. Both PtC6Pt
and PtC4Pt exhibited the C6H4R/C6F5/C6H4R p-stacking in-
teraction commonly seen in this series of com-
pounds.[5,11, 13–15,26] The average centroid–centroid distances
are also given in Table 2. Consistent with the inversion
center, the endgroups in Pt’C6Pt’ were also coplanar.[27] The
higher homologue Pt’C12Pt’ exhibits an analogous conforma-
tion.[5]


As illustrated by the space-filling representations C and D
in Figure 3, there are extensive van der Waals contacts be-
tween the endgroups in PtC4Pt, which appear to embrace.
In contrast, there are no van der Waals contacts in PtC6Pt
(see E, F). The shortest hydrogen-hydrogen distance is
2.71 R. As illustrated by G and H, the PEt3-substituted
endgroups in Pt’C6Pt’ are distinctly smaller than the Pp-tol3-
substituted endgroups in PtC6Pt. Significantly more of the
sp chain is exposed. For comparison, analogous views of the
longer-chain octatetraynediyl complex PtC8Pt are provided
(I, J).[5]


Syntheses of bridged hexatriynediyl complexes : Despite the
“near miss” with regard to endgroup/endgroup interactions
in crystalline PtC6Pt, reactions with a,w-diphosphines were
nevertheless investigated. It was hoped that 1) coordination-


Scheme 2. Syntheses of diplatinum hexatriynediyl complexes PtC6Pt and Pt’C6Pt’.
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driven self-assembly would occur to give molecules with the
connectivities A/B (Scheme 1), analogously to earlier results
with PtC8Pt,


[13] and 2) steric interactions that would raise


the energies of conformations with coplanar endgroups
might still somehow result.


Table 1. Summary of crystallographic data.[a]


PtC6Pt·4THF Pt’C6Pt’ PtC6Pt-10/Ph PtC6Pt-11/
Ph·2CH2Cl2


PtC6Pt-14/p-
tol·2CH2Cl2


PtC4Pt


empirical formula C118H116F10O4P4Pt2 C42H60F10P4Pt2 C86H80F10P4Pt2 C90H88Cl4F10P4Pt2 C104H116Cl4F10P4Pt2 C100H84F10P4Pt2
formula weight 2302.17 1268.96 1817.56 2015.46 2211.83 1989.73
crystal system triclinic monoclinic monoclinic triclinic triclinic triclinic
space group P1̄ P21/c C2/c P1̄ P1̄ P21/n
unit cell dimensions:
a [R] 13.4269(2) 15.6304(3) 42.6816(7) 12.5504(2) 15.0284(2) 14.8560(1)
b [R] 14.8625(3) 11.4513(3) 9.1247(2) 12.5639(2) 18.1876(2) 24.4690(2)
c [R] 14.9832(2) 13.6613(2) 22.0727(3) 15.6464(2) 21.3651(2) 25.6070(2)
a [8] 104.4233(8) 90 90 73.2385(8) 102.614(6) 90
b [8] 98.3223(9) 91.3330(14) 118.081(11) 73.6865(9) 103.327(6) 108.4530(4)
g [8] 114.8313(8) 90 90 65.1352(9) 112.551(5) 90
V [R3] 2520.08(7) 2444.55(9) 7584.4(2) 2106.86(5) 4932.71(10) 8829.83(12)
Z 1 2 4 1 2 4
1 calcd [Mgm�3] 1.517 1.724 1.592 1.589 1.489 1.497
m [mm�1] 2.909 5.913 3.839 3.586 3.071 3.305
F ACHTUNGTRENNUNG(000) 1162 1236 3608 1002 2228 3960
crystal size [mm] 0.20T0.20T0.10 0.15T0.15T0.01 0.30T0.15T0.10 0.20T0.20T0.10 0.30T0.30T0.20 0.30T0.20T0.20
V range 1.46 to 27.51 2.20 to 27.47 2.30 to 27.46 1.38 to 27.50 1.51 to 27.50 4.10 to 27.48
index ranges (h,k,l) �17,17; �19,19;


�19,19
�20,20; �14,14;
�17,17


�55,55; �11,11;
�28,28


�16,16; �16,16;
�20,20


�19,19; �23,23;
�27,27


�19,19; �31,30;
�33,33


reflections collected 21640 10722 16236 18265 42998 34705
independent reflections 11527 5585 8619 9643 22634 20060
R ACHTUNGTRENNUNG(int) 0.0201 0.0288 0.0259 0.0180 0.0250 0.0428
reflections [I>2s(I)] 10337 4432 7160 8906 17613 14087
completeness to V 99.4% (27.5) 99.9% (27.5) 99.2% (27.5) 99.5% (27.5) 99.8% (27.5) 99.1% (27.5)
data/restraints/parame-
ters


11527/0/622 5585/0/262 8619/0/460 9643/0/496 22634/4/1125 20060/0/1045


goodness-of-fit on F2 1.066 1.034 1.030 1.115 1.034 1.005
R indices (final) [I>2s(I)]
R1 0.0286 0.0306 0.0333 0.0246 0.0303 0.0402
wR2 0.0706 0.0727 0.0820 0.0633 0.0732 0.0923
R indices (all data)
R1 0.0346 0.0457 0.0450 0.0283 0.0475 0.0701
wR2 0.0772 0.0788 0.0887 0.0691 0.0811 0.1028
largest diff. peak/hole
[eR�3]


1.344/�1.181 1.470/�1.841 1.578/�2.394 0.968/�1.332 1.630/�1.081 4.180/�1.606


[a] Data common to all structures: T=173(2) K; l=0.71073 R; refinement method: full-matrix least-squares on F2 ; Bruker-AXS Smart 1000 diffractome-
ter.


Table 2. Key crystallographic distances [R] and angles [8].


PtC6Pt·4THF[a] Pt’C6Pt’
[a] PtC6Pt-10/Ph


[a] PtC6Pt-11/Ph·2CH2Cl2
[a] PtC6Pt-14/p-tol·2CH2Cl2 PtC4Pt


Pt···Pt 10.3610(3) 10.3829(3) 10.3705(16) 10.2928(2) 10.3966(4) 7.7668(2)
sum of bond lengths, Pt1 to Pt2 10.365 10.388 10.391 10.326 10.404 7.784
Pt1�C1/Pt2�C6 1.995(3) 2.000(4) 1.998(4) 1.986(3) 2.001(3)/2.006(3) 1.986(5)/1.937(7)[b]


C1�C2/C5�C6 1.213(4) 1.213(6) 1.219(6) 1.212(4) 1.226(5)/1.216(5) 1.212(7)/1.272(7)[c]


C2�C3/C4�C5 1.371(4) 1.371(6) 1.376(6) 1.362(4) 1.370(5)/1.364(5) 1.377(7)[d]


C3�C4 1.207(6) 1.220(9) 1.205(8) 1.206(6) 1.221(5) –
Pt1-C1-C2/Pt2-C6-C5 177.4(3) 178.5(4) 174.5(4) 173.6(3) 175.8(3)/178.5(3) 174.7(4)/172.7(4)[e]


C1-C2-C3/C6-C5-C4 178.7(4) 178.6(5) 177.2(5) 176.0(3) 178.8(4)/177.6(4) 176.1(5)/178.8(6)[f]


C2-C3-C4/C5-C4-C3 178.7(5) 178.7(7) 179.6(8) 179.3(5) 179.4(5)/177.8(5) –
average Pt-Csp-Csp 178.3 178.6 177.1 176.3 178.0 176.2
average Csp-Csp-Csp 178.7 178.7 178.4 177.7 178.4 177.5
average sp/sp3 distance[g] – – 4.865 4.034 4.422 –
average p stacking[h] 3.665 – 3.631 3.705 4.197 3.981
P-Pt-P/Pt angle[i] 0 0 0 0 189.3 41.0
Pt+P+P+Ci+C1 angle[i] 0 0 0 0 190.0 40.8


[a] This complex exhibits an inversion center at the midpoint of the PtC6Pt chain. [b] Pt1�C1 and Pt2�C4; [c] C1�C2 and C3�C4. [d] C2�C3. [e] Pt1-C1-
C2 and Pt2-C4-C3. [f] C1-C2-C3 and C4-C3-C2. [g] Average distance from every CH2 group to the Pt�Pt vector. [h] Distance between midpoints of the
C6F5 and C6H4R rings. [i] Angle between planes defined by these atoms on each endgroup.
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As summarized in Scheme 3 (top), solutions of PtC6Pt in
THF were treated with a series of diphosphines Ar2P-
ACHTUNGTRENNUNG(CH2)mPAr2 (m/Ar=8/p-tol, 10/Ph, 11/Ph, 12/Ph, 14/p-tol,
14/p-C6H4-tBu, 16/Ph, 18/Ph).[28,29] In each case, the target
complexes with endgroup-spanning diphosphines, trans,-
trans-[(C6F5) ACHTUNGTRENNUNG{(Ar2PACHTUNGTRENNUNG(CH2)mPAr2)}Pt ACHTUNGTRENNUNG(C�C)3Pt ACHTUNGTRENNUNG{(Ar2PACHTUNGTRENNUNG(CH2)mACHTUNGTRENNUNGP-
Ar2)} ACHTUNGTRENNUNG(C6F5)] (PtC6Pt-m/Ar), formed. For the first six reac-
tions, workups gave PtC6Pt-m/Ar as light yellow solids in
57–82% yields. For the last two, 31P NMR spectra of the re-
action mixtures suggested complete conversion to PtC6Pt-
16/Ph and PtC6Pt-18/Ph. However, the solids isolated (64%
in the former case) would not dissolve again. This is charac-
teristic of oligomers that sometimes form upon sample con-
centration.[30] Similar behavior is seen if PtC8Pt is combined
with diphosphines with m�16, or PtC12Pt with diphosphines
with m�19.[13]


As noted with other complexes of the type PtCxPt-m/
Ar,[13–15] the mass spectra of PtC6Pt-m/Ar exhibited intense
molecular ions. The PtC�CC 13C NMR spectroscopy signals
of these diarylalkylphosphine adducts (PtC�C, 95.7–


Figure 1. Thermal ellipsoid plots (50% probability level) of PtC4Pt (top),
PtC6Pt·4THF (middle; solvate molecules omitted), and Pt’C6Pt’
(bottom) (ellipsoids: purple=platinum, orange=phosphorus, green= flu-
orine, gray=carbon).


Figure 2. Partial views of the molecular structure of PtC4Pt (ellipsoids/
spheres: purple=platinum, orange=phosphorus, green= fluorine, gray=


carbon).


Figure 3. Space filling representations of PtC4Pt (top), PtC6Pt·4THF
(second row), Pt’C6Pt’ (third row), and PtC8Pt (bottom) parallel (left)
and perpendicular (right) to the planes of the C6F5 ligands with solvate
molecules omitted (spheres: purple=platinum, orange=phosphorus,
green= fluorine, red= sp carbon chain).
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94.6 ppm; PtC�CC, 61.7–60.3 ppm, CDCl3) were very close
to those of the triarylphosphine and trialkylphosphine
models PtC6Pt (95.8, 98.4, 61.1 ppm)[5] and Pt’C6Pt’ (91.7,
99.5, 60.2 ppm). The IR spectra showed a single weak ñC�C
band (2100–2123 cm�1), comparable to those of PtC6Pt
(2106 cm�1) and Pt’C6Pt’ (2101 cm


�1). The UV/Visible spec-
tra of representative complexes were recorded in CH2Cl2
[l(e)=313–323 (51000–30000), 345–343 (19000–13000),
370–368 nm (12000–8000 m


�1 cm�1); see Experimental Sec-
tion]. The band patterns were similar to that of PtC6Pt
(l(e)=315 (44000), 345 (15000), 358 (11000), 369 nm
(9000 m


�1 cm�1));[5] the underlying electronic transitions are
analyzed in detail elsewhere.[9]


Structures of bridged hexatriynediyl complexes : The crystal
structures of PtC6Pt-10/Ph, PtC6Pt-11/Ph, and PtC6Pt-14/p-
tol, or CH2Cl2 disolvates thereof, were determined. Most
data are incorporated into
Tables 1 and 2. Torsion angles
associated with the sp3 chains
are summarized in Table 3 and
discussed below. Views of the
molecular structures, the first
two of which exhibit inversion
centers at the midpoints of the
sp chains and coplanar
endgroups, are presented in
Figure 4 and Figure 5. Two
methylene groups of PtC6Pt-14/
p-tol are disordered (79:21 and
46:54 occupancy ratios), and
only the dominant conforma-
tion is depicted.


The sp3 chains in PtC6Pt-10/
Ph are not long enough to twist
into the double-helical confor-
mation A (Scheme 1). Rather, a
(CH2)7 segment in each (C3-


C9) runs roughly parallel to the sp chain in an “all-anti”
conformation, laterally shielding two “sides” as in B (see
Figure 4, top, or K in Figure 5). The sp3 chains in PtC6Pt-11/
Ph exhibit more curvature. Nonetheless, each returns to its
hemisphere of origin (Figure 4, middle), avoiding a helical
conformation.


The longer sp3 chains in PtC6Pt-14/p-tol are able to wrap
around the sp chain in a double-helical conformation A.
The endgroups define an angle of 189.38—more than a half
twist. Both enantiomers are present in the unit cell. The sp
chain is highly shielded, visible only through the bowl-like
cavity highlighted in P in Figure 5. This view also reveals
that the sp and sp3 chains are not in van der Waals contact.
Interestingly, the average C6H4R/C6F5/C6H4R stacking dis-
tances are somewhat greater than in the other complexes
(Table 2 and Figure 5; compare O with K and M). Addition-
al features are analyzed below.


Scheme 3. Syntheses of diphosphine-bridged diplatinum hexatriynediyl and butadiynediyl complexes.


Table 3. Torsion angles [8] involving sp3 carbon atoms of Ar2P ACHTUNGTRENNUNG(CH2)mPAr2-bridged complexes.[a]


PtC6Pt-10/Ph
[b] PtC6Pt-11/Ph·2CH2Cl2


[b] PtC6Pt-14/p-tol·2CH2Cl2
[c]


Pt1-P1-C1-C2 176.0 40.0 60.3/37.9
P1-C1-C2-C3 152.0 177.5 �165.0/�156.7 (�89.0)
C1-C2-C3-C4 55.2 �179.0 �57.9/69.1 (�67.3)
C2-C3-C4-C5 58.9 59.4 �63.3/170.3 (�119.6)
C3-C4-C5-C6 167.4 54.2 �179.7/167.2 (�136.3)
C4-C5-C6-C7 165.8 59.8 174.1/78.0
C5-C6-C7-C8 170.1 175.2 64.3/164.8 (�158.4)
C6-C7-C8-C9 163.9 177.6 179.0/177.6 (�79.7)
C7-C8-C9-C10 �79.4 �173.5 174.6/�145.7 (166.2)
C8-C9-C10-P2 (-C11)[d] 168.6 75.2 �171.5/34.5 (�55.0)
C9-C10-P2-Pt2 (-C11-P2, -C11-C12)[d] �179.0 �165.8 �64.3/�175.8
C10-C11-P2-Pt2 (-C12-C13)[d] – 41.3 �55.8/176.5
C11-C12-C13-C14 – – �56.5/70.4
C12-C13-C14-P2 – – �169.2/�174.4
C13-C14-P2-Pt2 – – 43.2/56.9


[a] The carbon atoms are numbered consecutively beginning at one terminus. [b] As this molecule exhibits an
inversion center at the midpoint of the PtC6Pt chain, the two sp3 chains are symmetry equivalent. [c] The sp3


chains in this molecule are not equivalent. The torsion angles for both are presented starting from the same
platinum atom. The values in parentheses correspond to disordered segments and represent the minor confor-
mer. [d] The first four atoms indicate the torsion angle for the first entry, and the atoms in parentheses indicate
replacements for subsequent entries.
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The structure of PtC6Pt-14/p-tol was probed in solution.
As noted above, the aryl groups and PCH2 protons are dia-
stereotopic in the helical conformation A. However, when
NMR spectra were recorded in CDClF2 at �135 8C,[31] only
a single set of aryl 13C or PCH2


1H signals were observed. In
connection with another structural issue below, 31P NMR
spectra were recorded in [D8]THF at low temperature. Al-
though the signal broadened at �110 8C, no decoalescence
occurred.


Syntheses and structures of bridged butadiynediyl com-
plexes : Similar reactions of the butadiynediyl complex
PtC4Pt and the diphosphines Ar2P ACHTUNGTRENNUNG(CH2)8PAr2 (Ar=Ph, p-
tol)[28,29] were investigated. As shown in Scheme 3 (bottom),
workups gave the target complexes PtC4Pt-8/Ph and
PtC4Pt-8/p-tol in good yields. However, the purifications
were more difficult. With the former, chromatography was
required. With the latter, small amounts of unidentified by-


products could not be removed. The yield represents materi-
al of �97% spectroscopic purity.


Given the non-coplanar endgroups in PtC4Pt, it was
hoped that the barriers for interconverting enantiomeric
double-helical conformations of PtC4Pt-8/Ar would be
higher. Thus, 1H, 13C, and 31P NMR spectra of both com-
plexes were recorded at low temperature. To our initial de-
light, 1H NMR spectra exhibited two signals for the PCH2


protons at 193 K and below. The decoalescence of aryl pro-
tons was also apparent. With PtC4Pt-8/p-tol, two methyl sig-
nals were also observed.


However, as depicted for PtC4Pt-8/Ph in Figure 6, low-
temperature 31P NMR spectra also exhibited two signals.
The phosphorus atoms in the helical conformation A are ho-
motopic (exchangeable by the three orthogonal C2 axes)
and should give only one signal. Alternative conformations
consistent with these data are proposed in the discussion
section. Key 31P NMR data for both complexes are summar-
ized in Table 4. Standard protocols gave the simulation at
the bottom of Figure 6, and DG� values of 7.8–8.0 kcalmol�1


or 32.6–33.6 kJmol�1 for the process that renders the phos-
phorus atoms equivalent.[33]


Thermal and oxidative stabilities : When the products in
Scheme 3 were heated in capillaries, no melting was ob-
served. Rather, solid-state decomposition (darkening) oc-
curred at temperatures ranging from 160 to 255 8C. The


Figure 4. Thermal ellipsoid plots (50% probability level) of PtC6Pt-10/Ph
(top), PtC6Pt-11/Ph·2CH2Cl2 (middle), and PtC6Pt-14/p-tol·2CH2Cl2
(bottom) with solvate molecules omitted (ellipsoids: purple=platinum,
orange=phosphorus, green= fluorine, gray=carbon).


Figure 5. Space filling representations of PtC6Pt-10/Ph (top), PtC6Pt-11/
Ph·2CH2Cl2 (middle), and PtC6Pt-14/p-tol·2CH2Cl2 (bottom) parallel
(left) and perpendicular (right) to the planes of the C6F5 ligands with sol-
vate molecules omitted (spheres: purple=platinum, orange=phosphorus,
green= fluorine, red= sp carbon chain).
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hexatri ACHTUNGTRENNUNGynediyl complexes PtC6Pt-8/p-tol, PtC6Pt-10/Ph,
PtC6Pt-12/Ph and PtC6Pt-14/p-tol were further character-
ized by TGA and DSC. There was no appreciable mass loss
below 270 8C. Endotherms were observed at 291, 214, 225,
and 165 8C (Te),


[34] respectively, roughly paralleling the capil-
lary behavior. The preceding observations suggest that the
stabilities decrease with increasing sp3 chain length.


All of the diplatinum complexes were stable for extended
periods in air. As summarized in Table 5, cyclic voltammo-
grams of representative adducts were recorded under condi-
tions employed for related complexes earlier.[5,6,11–15] Partial-
ly reversible oxidations were observed, as reflected by the
ic/a and DE values. Mixed-valent platinum(II)/platinum ACHTUNGTRENNUNG(III)


radical cations were presumed to form.[35] The unbridged
complexes PtCxPt exhibited thermodynamically more favor-
able oxidations (less positive E8 values) with shorter sp
chain lengths, which parallel the HOMO energies, as ana-
lyzed in detail previously.[5,9] Concurrently, the reversibilities
improved.


When the Pp-tol3 ligands in PtC4Pt were replaced by the
diphenylalkylphosphine ligands in PtC4Pt-8/Ph, oxidations
became thermodynamically less favorable. The higher ho-
mologues PtC6Pt/PtC6Pt-m/Ph (Table 5) and PtC8Pt/
PtC8Pt-m/Ph[13,14] behaved similarly. With PtC4Pt and
PtC4Pt-8/Ph, the reversibilities were comparably high. In
contrast, the bridged complexes PtC6Pt-10/Ph and PtC6Pt-
12/Ph gave somewhat more reversible oxidations than
PtC6Pt. Unexpectedly, PtC6Pt-14/p-tol exhibited a much less
reversible oxidation—the first time such a trend has been
found for a complex that can adopt helical conformation A.
Plati ACHTUNGTRENNUNGnum ACHTUNGTRENNUNG(III) species can decompose by means of solvent
interaction with an axial coordination site.[35] However, as il-
lustrated by O and K in Figure 5, the axial sites in PtC6Pt-
14/p-tol are much more sterically shielded than those in
PtC6Pt-10/Ph. Perhaps the larger ring size in PtC6Pt-14/p-tol
labilizes the resulting radical cation.


Discussion


Syntheses : The new syntheses in Scheme 3 parallel those re-
ported earlier for the bridged octatetraynediyl complexes
PtC8Pt-m/Ar (m=10, 11, 12, 14) and dodecahexaynediyl
complex PtC12Pt-18/Ph.


[13] Thus, this approach to sterically
shield the unsaturated assemblies that connect two electro-
active groups has considerable generality. Efforts by other
researchers have largely focused on various types of den-
drimers or rotaxanes.[16] These often contain reactive func-
tional groups, whereas our assemblies are encased by the
equivalent of polyethylene. The protocol in Scheme 3 can be
regarded as a one-dimensional analog of the coordination-
driven self-assembly processes used by Stang and Fujita to
access two- and three-dimensional polypalladium and poly-
platinum complexes with other types of rigid spacers.[36]


For an sp chain of x carbon atoms, there must be a mini-
mum sp3 chain length of m carbon atoms. The data for
PtC6Pt (Scheme 3) and PtC8Pt


[13] establish that m can be as
little as x+2. For such species, conformations of the type B


Figure 6. Variable-temperature 31P{1H} NMR spectra of PtC4Pt-8/Ph
(162 MHz, [D8]THF; * denotes a platinum satellite).


Table 4. Key 31P{1H} NMR data for PtC4Pt-8/Ph (Figure 6) and PtC4Pt-8/
p-tol (162 MHz, [D8]THF, AB spin systems).


PtC4Pt-8/Ph PtC4Pt-8/p-tol


PA (s, 163 K) 16.16 ppm 14.75 ppm
PB (s, 163 K) 9.32 ppm 7.96 ppm
Dn (163 K) 1108.9 Hz 1098.2 Hz
jJAB j (163 K) 404.0 Hz 405.7 Hz
TC 188 K 193 K
kC 3302 s�1 3290 s�1


DG�(TC) 32.6 kJmol�1 33.6 kJmol�1


7.8 kcalmol�1 8.0 kcalmol�1


Table 5. Cyclic voltammetry data.


Complex[a] Ep,a [V] Ep,c [V] E8 [V] DE [mV] ic/a


PtC4Pt 0.940 0.862 0.901 78 0.98
PtC4Pt-8/Ph 1.054 0.976 1.015 78 0.94
PtC6Pt 1.156 1.066 1.111 90 0.71
PtC6Pt-10/Ph 1.245 1.160 1.203 85 0.82
PtC6Pt-12/Ph 1.225 1.150 1.188 75 0.84
PtC6Pt-14/p-tol 1.238 1.121 1.180 117 0.45


[a] Conditions: 22.5�1 8C, CH2Cl2 solutions (7–9)T10
�5


m in complex and
0.1m in nBu4N


+ BF4
� ; Pt working and counter electrodes, potential vs.


Ag wire pseudoreference; scan rate, 100 mVs�1; ferrocene=0.46 V.
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are clearly the only energetically reasonable possibilities.
There also seems to be an upper limit on the sp3 chain
length, at least from an operational standpoint. In the case
of PtC12Pt, essentially, only oligomers can be isolated if the
sp3 chain is >50% longer than the sp chain (m>18). With
PtC8Pt, the corresponding limit is >75% (m>14). With
PtC6Pt, the practical limit appears to be >133% (m>14),
although higher homologues (m=16, 18) clearly form in
situ. With PtC4Pt, the sp3 chains can be 200% longer than
the sp chain. However, given the non-coplanar endgroups
and different conformational motif of the products, we view
results in this series (where the sp3 chain length has not yet
been varied) as less comparable.


The other synthetic approach to bridged complexes
PtCxPt-m/Ar in Scheme 1 – the metathesis/hydrogenation
sequence – has so far only been applied to complexes with
x=8 and 12. Although overall yields are lower, it is a more
reliable protocol for these sp chain lengths. Importantly, it
has proved possible to isolate PtC8Pt-16/Ph, PtC8Pt-18/Ph,
PtC8Pt-20/Ph, PtC12Pt-18/Ph, and PtC12Pt-20/Ph—all of
which are inaccessible from PtCxPt and the corresponding
diphosphines. Thus, these complexes are not intrinsically un-
stable towards oligomerization. It therefore remains possible
that PtC6Pt-16/Ph and PtC6Pt-18/Ph, which similarly decom-
pose under the workup conditions in Scheme 3, are isolable
molecules. Perhaps oligomerization is promoted by some
component of the reaction mixture, such as the displaced
Pp-tol3 or any excess Ar2PACHTUNGTRENNUNG(CH2)mPAr2.


Structures of bridged hexatriynediyl complexes : The three
structurally characterized bridged hexatriynediyl complexes
PtC6Pt-m/Ar (Figure 4, 5) are best analyzed with reference
to octatetraynediyl analogs PtC8Pt-m/Ar,[13–15] key data for
which are summarized in Table 6. The latter crystallize in
non-helical conformations B when m=10 or 12 (Ar=Ph),
and double-helical conformations A when m=14 (Ar=Ph,
p-tol, p-C6H4-tBu) and 20 (Ar=Ph). When m=10–14, the
endgroups are approximately coplanar. The angles defined
by the P-Pt-P/Pt planes in the helical species PtC8Pt-14/Ar


range from 189.98 to 196.68—slightly more than a half twist.
However, this angle significantly increases in the complex
with the longest sp3 chain, PtC8Pt-20/Ph, reaching 294.88, or
more than three-quarters of a twist.


As summarized in Table 2, the hexatriynediyl complexes
PtC6Pt-m/Ar also crystallize with coplanar or nearly copla-
nar endgroups. Like the octatetraynediyl complexes, non-
helical conformations B are found with lower values of m
(10, 11), and helical conformations A with higher values
(14). In the last case, the helix defines slightly more than a
half twist (P-Pt-P/Pt angle, 189.38). Computational studies of
non-bridged model compounds do not reveal any electronic
driving force for coplanar endgroups.[9] Hence, their prepon-
derance in the crystal structures might reflect some deep-
seated lattice packing preference.


For both helical and non-helical complexes, the average
distance of the sp3 carbon atoms from the platinum-plati-
num vector can be calculated. The values (Tables 2 and 6)
approximate the average sp3/sp distances. Those for the non-
helical octatetraynediyl complexes PtC8Pt-10/Ph and
PtC8Pt-12/Ph and helical analogs PtC8Pt-14/Ar are similar
(3.932–4.090 vs. 3.977–4.053 R), and slightly greater than the
sum of the van der Waals radii (3.48, or 1.78/1.70 R sp/
sp3).[32] When hydrogen atoms are included (van der Waals
radius 1.20 R), space-filling models show significant num-
bers of van der Waals contacts. A larger average sp/sp3 dis-
tance indicates a “looser” helix with a greater radius, which
should in turn have fewer van der Waals contacts. Further-
more, as the sp3 chains become longer, the contact surface
of the sp chain will eventually be saturated, requiring either
helices of greater radii or alternative conformations. Ac-
cordingly, the average sp/sp3 distance in PtC8Pt-20/Ph in-
creases to 4.133 R.


Upon going from octatetraynediyl to hexatriynediyl com-
plexes, the contact surface of the sp chain decreases. Thus,
the helical hexatriynediyl complex PtC6Pt-14/p-tol exhibits a
much greater average sp/sp3 distance than octatetraynediyl
homologues with identical sp3 chain lengths (PtC8Pt-14/Ar ;
4.422 vs. 3.977–4.053 R). As shown in P in Figure 5, van der


Table 6. Key crystallographic data for bridged octatetraynediyl complexes PtC8Pt-m/Ar.


Complex[13–15] Conformation[a] P-Pt-P/Pt plane/ Average sp/sp3 Anti/gauche PAr2CH2CH2CH2,
plane angle [8][b] distance [R][b] CH2CH2CH2CH2


[c]


sp3 chain #1 sp3 chain #2


PtC8Pt-10/Ph· ACHTUNGTRENNUNG(toluene)4 B 0.2 3.932 8/1 (1:0) disorder[d]


PtC8Pt-10/Ph· ACHTUNGTRENNUNG(CHCl3)2 B 5.1 3.989 8/1 (1:0) 8/1 (1:0)
PtC8Pt-12/Ph· ACHTUNGTRENNUNG(CH2Cl2)2.5 B 12.9 4.090 8/3 (2:1) disorder[d]


PtC8Pt-14/Ph· ACHTUNGTRENNUNG(benzene)1.5 A 196.6 4.053 9/4 (4:0) 9/4 (2:2)
PtC8Pt-14/Ph· ACHTUNGTRENNUNG(toluene)1.5 A 196.5 3.977 9/4 (4:0) 10/3 (3:0)
PtC8Pt-14/p-tol A 189.9 4.042 10/3 (3:0) 9/4 (4:0)
PtC8Pt-14/p-C6H4-tBu· ACHTUNGTRENNUNG(toluene)5.5


[e] A 193.3 3.988 9/4 (4:0) 9/4 (4:0)
PtC8Pt-20/Ph A 294.8 4.133 12/7 (5:2) disorder[d]


PtC8Pt-16/Ph·MeOH[f] A 164.1 4.279 9/6 (4:2) 8/7 (4:3)


[a] See Scheme 1. [b] See Table 2 for definitions. [c] Segments with torsion angles between +308 and +908 or �308 and �908 are considered gauche; the
ratio of positive/negative gauche torsion angles is given in parentheses (arbitrary direction, as the ratio inverts for the enantiomer). [d] No attempt is
made to analyze disordered sp3 chains, although all torsion angles can be found in the original publications.[13–15] [e] Analogous data for the pseudopoly-
morph PtC8Pt-14/p-C6H4-tBu· ACHTUNGTRENNUNG(toluene)2 with conformation A : 0.08, 4.064 R, 8/5 (4:1), 8/5 (4:1). [f] The sp3 chain in this complex consists of two oxygen
atoms and fourteen CH2 groups.
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Waals contacts are dramatically diminished. The average sp/
sp3 distance in non-helical PtC6Pt-11/Ph (4.034 R) falls
within the range of the octatetraynediyl complexes. Howev-
er, that in PtC6Pt-10/Ph (4.865 R) is the longest found for a
PtCxPt-m/Ar species to date. The enhanced spacing is easily
seen in K in Figure 5. Curiously, PtC6Pt-10/Ph is the only
complex in which all of the PtPAr2CH2CH2 segments exhibit
anti conformations, as indicated by the torsion angles in
Table 3.[37] This extends the PCH2CH2 carbon atoms as far
from the sp chain as possible.


As highlighted in Figure 7 (top), gauche segments (torsion
angles between +308 and +908 or �308 and �908) are
chiral. Although the bridged polyynediyl complexes feature


other types of stereogenic units, the helical chirality is pri-
marily derived from the gauche segments associated with
the sp3 chains. A number of patterns are evident in the tor-
sion angles (Table 3 and Tables in earlier papers).[13–15] First,
despite the conformation of PtC6Pt-10/Ph, the
PtPAr2CH2CH2 segments are nearly always gauche.[37]


Second, the PAr2CH2CH2CH2 segments are nearly always
anti. This avoids 1,5-synperiplanar interactions[38] involving
the PAr2 groups as illustrated in Figure 7 (bottom). Third,
the neighboring CH2CH2CH2CH2 segments are nearly
always gauche, with the one exception in Table 3 involving
PtC6Pt-11/Ph.


Consider the PAr2CH2CH2CH2 and CH2CH2CH2CH2 seg-
ments of the non-disordered sp3 chain in PtC6Pt-14/p-tol.
Six are gauche (Table 3), as compared to three-four in the
four octatetraynediyl homologues PtC8Pt-14/Ar (Table 6).
Thus, it is intrinsically more kinked. Furthermore, the
gauche segments in each sp3 chain of PtC8Pt-14/Ar exhibit,
with a single exception, the same sign or handedness. How-
ever, the non-disordered chain in PtC6Pt-14/p-tol features
five gauche segments of one sign, and one of the other. The
situation with the helical octatetraynediyl complex with the


longest sp3 chain, PtC8Pt-20/Ph, is similar (five gauche seg-
ments of one sign, two of the other). The complex designat-
ed as PtC8Pt-16/Ph in Table 6, in which the phosphorus
atoms are spanned by fourteen methylene groups and two
oxygen atoms, also shares many of these properties.


We rationalize these trends as follows. If the endgroups
twist to the maximum degree allowed by the sp3 chain
lengths, all gauche segments should have the same sign or
helical chirality. The octatetraynediyl complexes PtC8Pt-14/
Ar are better able to approach this limit than PtC6Pt-14/p-
tol, as the (CH2)14 chains span a greater distance. Thus,
there is more “play” in the sp3 chains of PtC6Pt-14/p-tol, as
reflected by the greater average sp3/sp chain distance. Fur-
thermore, if there are too many gauche segments of the
same handedness, the sp3 chains would “overshoot” the
plane of the second endgroup, and would need to “double
back” by means of gauche segments of the opposite handed-
ness. This “correction” occurs in the middle of the non-dis-
ordered chain of PtC6Pt-14/p-tol (C5-C6-C7-C8). For both
PtC6Pt-14/p-tol and PtC8Pt-20/Ph, this phenomenon is
easily tracked on computer screens with standard visualiza-
tion programs.


Structures of bridged butadiynediyl complexes : Formally,
the generation of bridged derivatives of PtC4Pt involves the
removal of four aryl groups and the introduction of two sp3


chains. However, as is evident from views C and D of crys-
talline PtC4Pt (Figure 3), removing the aryl groups makes
only a modest amount of sp contact surface available.
Therefore, it is questionable whether a butadiynediyl core
can support double-helical conformations A. Nonetheless,
the fact that PtC4Pt-8/Ph and PtC4Pt-8/p-tol exhibit two
31P NMR signals at low temperature (Figure 6 and Table 4)
requires ground state conformations of lower symmetry
than B (point group D2h).


Consider the starting structures S and T of C2h and C2v


symmetry in Figure 8. These have coplanar endgroups—
which renders them improbable ground state conforma-
tions—and hence eclipsed P-Pt-P linkages. Each phospho-
rus-carbon bond is also eclipsed with a phosphorus-carbon
bond of the syn phosphorus atom on the opposite platinum
(blue/blue or red/red). The sp3 chains bridge two eclipsed
positions. In S, the sp3 chains are on opposite sides of the
endgroup planes (anti), and in T they are on the same sides
(syn). Although no aryl rings are depicted, note that the
aryl/C6F5/aryl stacking interactions can be maintained (these
would involve aryl groups in the wedged positions extending
in front and behind the plane of the paper).


Next consider the new conformations U and V generated
by rotating the planes of the front endgroups counterclock-
wise and rear endgroups clockwise. These are chiral and of
C2 symmetry. The former, which retains an anti sense, exhib-
its a C2 axis along the sp chain. The latter, which retains a
syn sense, exhibits a C2 axis perpendicular to the midpoint
of the sp chain. In both cases, aryl/C6F5/aryl stacking interac-
tions can be maintained (again involving wedged positions
in front and behind the plane of the paper).


Figure 7. Some conformational issues in double-helical complexes A. An
important step in enantiomer interconversion (top). Steric interactions as
a function of PAr2CH2CH2CH2 conformations (bottom).
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One way to interconvert U and V would involve contin-
ued endgroup rotation to the originally targeted chiral heli-
cal conformation W (D2 symmetry). This requires significant
platinum-phosphorus bond rotation and disruption of the
aryl/C6F5/aryl stacking interactions, as the participating PAr2
groups must be exchanged. There are additional possible
equilibria, as well as more exotic candidates for conforma-
tional ground states, as diagrammed elsewhere.[24] However,
the NMR data in Figure 6 and Table 4 are analyzed with re-
spect to the limiting conformations in Figure 8, which fea-
ture little if any contact between the sp and sp3 chains.


Alternative representations of U, V, and W are depicted
at the bottom of Figure 8 (U’, V’, W’). In the latter set,
phosphorus atoms that are homotopic are assigned identical
colors (orange or green). The two orange phosphorus atoms
in the chiral C2 conformations U and V can be exchanged
by C2 axes, as can the two green phosphorus atoms. Howev-
er, the orange and green atoms are diastereotopic, and
should give separate 31P NMR signals (AA’BB’ spin sys-
tems). As already noted for A above, all phosphorus atoms
in D2 helical conformations are homotopic, and should give
only one 31P NMR signal. For similar reasons, S and T (and
B) should give one 31P NMR signal (all phosphorus atoms
homotopic or enantiotopic).


Do any of the NMR spectroscopic data allow U and V to
be distinguished? Note that in V, the phosphorus atoms on
each termini are diastereotopic, and significant coupling
would be expected. In contrast, in U the phosphorus atoms
on each termini are homotopic; the diastereotopic phospho-
rus atoms occupy the other terminus. Therefore, a much
smaller coupling would be expected. Hence, given the large


404–406 Hz couplings (Figure 6 and Table 4), PtC4Pt-8/Ph
and PtC4Pt-8/p-tol are proposed to have the syn ground
state conformations V.[39] The dynamic process that renders
the phosphorus atoms formally equivalent might involve an
equilibrium with T, followed by endgroup twisting in the op-
posite direction, or an equilibrium with W.


Conclusion and Perspective


We have been able to extend coordination-driven self-as-
sembly reactions developed earlier for bridged diplatinum
octatetraynediyl and dodecahexaynediyl complexes[13,15] to
hexatriynediyl and butadiynediyl complexes PtCxPt-m/Ar
(Scheme 3). In accord with previous results, systems with
longer sp3 chains show a greater tendency towards oligo-
ACHTUNGTRENNUNGmerization. However, numerous adducts can be isolated and
in many cases structurally characterized.


The crystal structures of the bridged hexatriynediyl com-
plexes exhibit, depending upon the lengths of the sp3 chains,
either idealized chiral helical conformations A (m=14) or
formally achiral conformations B (m=10, 11). It was hoped
that endgroup/endgroup interactions might destabilize B rel-
ative to A, facilitating the definitive observation of A by
NMR in solution. However, model compounds lacking the
sp3 chains did not exhibit van der Waals contacts.


Therefore, butadiynediyl complexes with still shorter sp
chains were investigated. Now the endgroups of model com-
plexes lacking the sp3 chains showed marked van der Waals
contacts, resulting in plane/plane angles of �408. However,
the sp chain becomes nearly completely shielded, with little
contact surface to support helical sp3 chains. Hence, alterna-
tive conformations are necessary, and low-temperature
NMR data (m=8) are best modeled by a twisted chiral con-
formation in which both sp3 chains bow in a syn manner,
unlike the in-plane bow implied in B.[39]


In order for A to interconvert with enantiomer A’, each
chiral gauche segment in the sp3 chain must invert. The acti-
vation barrier for the conversion of gauche to anti butane is
�2.7 kcalmol�1. If the rate determining step featured one
such local transition state in each sp3 chain, the barrier
would be at least 5.4 kcalmol�1. However, these barriers
would in turn be derived from local minima lying apprecia-
bly above the ground state. Therefore, we continue to be-
lieve that it should be possible to render the equilibrium A/
A’ slow on the NMR timescale. Complexes in which the
platinum endgroups are spaced by five sp carbon atoms
would be ideal, but unfortunately this is not chemically fea-
sible. Alternatively, with much longer sp/sp3 chains, helical
conformations might be stabilized by additional van der
Waals and possibly CH/p interactions.


Other types of sterically shielded polyynediyl complexes,
certain of which may be able to address some of these
issues, remain under active investigation. These, together
with architecturally new types of assemblies based upon Pt-
ACHTUNGTRENNUNG(C�C)nPt building blocks, will be described in future publi-
cations.[40]


Figure 8. Selected limiting conformations for PtC4Pt-8/Ar.
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Experimental Section


General : Reactions were conducted under N2 atmospheres, and workups
in air. Chemicals were used as follows: hexane and THF, distilled from
Na/benzophenone; CH2Cl2, distilled from CaH2; methanol and ethanol,
distilled; CDCl3, stored over molecular sieves; CDFCl2, prepared by a lit-
erature procedure,[31] nBu4N


+ F� (trihydrate, Lancaster), dissolved in
THF containing 5 wt% H2O to give a 1.0m solution; [D8]THF (Aldrich),
CuCl (Aldrich, 99.99%), tBuOK (Fluka), KPF6 (Acros), and PEt3
(Strem, 10 wt% in hexane), used as received. Instrumentation, and pro-
cedures for recording DSC/TGA[34] and cyclic voltammetry data, were
identical to those in previous papers.[13–15]


All NMR spectra were recorded in at ambient temperature unless noted.
The solvent was CDCl3, except for the variable-temperature 31P data
measurements for which [D8]THF was used. All NMR spectra were re-
corded on either 300 or 400 MHz spectrometers.


trans,trans-[(C6F5) ACHTUNGTRENNUNG{(p-tol3P)2}PtACHTUNGTRENNUNG(C�C)3Pt ACHTUNGTRENNUNG{(Pp-tol3)2} ACHTUNGTRENNUNG(C6F5) (PtC6Pt):
[5] A


Schlenk flask was charged with PtC6SiEt3 (1.380 g, 1.194 mmol), degassed
THF (150 mL), methanol (150 mL), and nBu4N


+ F� (0.24 mL, 1.0m in
THF/5 wt% H2O, 0.24 mmol). The solution was stirred for 15 min, and
then PtCl (1.200 g, 1.174 mmol), KPF6 (0.240 g, 1.31 mmol), tBuOK
(0.160 g, 1.43 mmol), and CuCl (0.096 g, 0.096 mmol) were added. After
16 h, the precipitate was collected by filtration, washed with methanol
(2T30 mL), and air dried to give PtC6Pt as a yellow powder (2.240 g,
1.112 mmol, 95% based upon PtCl (limiting reagent), or 93% based
upon PtC6SiEt3).


31P{1H} NMR: d =17.8 ppm (s, 1JPPt=2684 Hz);[41] IR
(powder film): ñ=2106 cm�1 (brm, C�C).
trans,trans-[(C6F5) ACHTUNGTRENNUNG{(Et3P)2}Pt ACHTUNGTRENNUNG(C�C)3Pt ACHTUNGTRENNUNG{(PEt3)2} ACHTUNGTRENNUNG(C6F5) (Pt’C6Pt’): A
Schlenk flask was charged with PtC6Pt (0.200 g, 0.099 mmol), THF
(40 mL), and PEt3 (0.75 mL, 0.45 mmol, 10% wt in hexane). The mixture
was stirred (3 h) and concentrated (to �5 mL). Hexane (30 mL) was
added. The precipitate was collected by filtration, washed with ethanol
(2T10 mL), and dried by oil pump vacuum to give Pt’C6Pt’ as a yellow
solid (0.090 g, 0.071 mmol, 72%). 1H NMR:[42] d =1.78 (m, 24H; PCH2),
1.09 ppm (m, 36H; PCH2CH3);


13C{1H} NMR: d=147 (brdm, 1JCF=


218 Hz, 2JCF=22.2 Hz, o to Pt), 136 (dm, 1JCF=248 Hz, p/m to Pt), 120.3
(virtual t, 2JCF=121 Hz, i to Pt), 99.5 (br s, PtC�C),[43] 91.7 (s, PtC�C,
1JPtC=283 Hz),[41] 60.2 (s, PtC�CC, 3JPtC=40 Hz),[41] 16.0 (virtual t, 1JCP=


17.5 Hz, 2JPtC=70.7 Hz,[41] PCH2CH3), 8.2 ppm (s, 3JPtC=24.6 Hz,
PCH2CH3);


31P{1H} NMR: d=14.0 ppm (s, 1JPPt=2412 Hz).[41] IR (powder
film): ñ=2101 cm�1 (m, C�C); FAB-MS: m/z (%):[44] 1268 (100) [M]+ ,
788 (85) [M�Pt�PEt3�C6F5]


+ ; elemental analysis calcd (%) for
C42H60F10P4Pt2: C 39.75, H 4.77; found: C 39.85, 4.77.


trans,trans-[(C6F5) ACHTUNGTRENNUNG{(p-tol2PACHTUNGTRENNUNG(CH2)8Pp-tol2)}Pt ACHTUNGTRENNUNG(C�C)3Pt ACHTUNGTRENNUNG{(p-tol2P ACHTUNGTRENNUNG(CH2)8Pp-
tol2)}ACHTUNGTRENNUNG(C6F5)] (PtC6Pt-8/p-tol): A Schlenk flask was charged with PtC6Pt
(0.228 g, 0.113 mmol) and THF (75 mL). Solid p-tol2P ACHTUNGTRENNUNG(CH2)8Pp-tol2
(0.144 g, 0.272 mmol)[29] was added in one portion with stirring. After
36 h, the mixture was concentrated (to �20 mL) and ethanol (50 mL)
was added. The precipitate was collected by filtration, washed with etha-
nol (2T10 mL), and dried by oil pump vacuum to give PtC6Pt-8/p-tol as
a light yellow solid (0.165 g, 0.088 mmol, 78%), decomp point 255 8C (ca-
pillary, gradual darkening without melting). DSC: endotherm: Ti=277.4,
Te=291.3, Tp=302.6, Tc=309.4, Tf=309.7 8C; TGA (onset of mass loss):
Ti=298.3, Te=309.5, Tf=400.4 8C; 1H NMR:[42] d=7.27 (m, 16H; o to P),
7.03 (brd, 3JHH=7.7 Hz, 16H; m to P), 2.72 (m, 8H; PCH2), 2.32 (s, 24H;
CH3), 1.87 (m, 8H; PCH2CH2), 1.49 (m, 8H; PCH2CH2CH2), 1.35 ppm
(m, 8H; PCH2CH2CH2CH2);


13C{1H} NMR: d=146 (brm, o to Pt), 140.8
(s, p to P), 137 (brm, m/p to Pt), 133.4 (virtual t, 2JCP=5.8 Hz, o to P),
129.1 (virtual t, 1JCP=28.2 Hz, i to P), 128.9 (virtual t, 3JCP=5.3 Hz, m to
P), 95.7 (s, PtC�C),[43,45] 61.7 (s, PtC�CC), 32.3 (virtual t, 3JCP=7.3 Hz,
PCH2CH2CH2), 29.7 (s, PCH2CH2CH2CH2), 27.8 (virtual t, 1JCP=18.4 Hz,
PCH2), 25.8 (s, PCH2CH2), 21.3 ppm (s, CH3);


31P{1H} NMR: d=


11.8 ppm (s, 1JPPt=2567 Hz);[41] IR (powder film): ñ =2108 cm�1 (brw, C�
C); UV/Vis (CH2Cl2, 1.25T10�5m): l(e)=345 (19000), 370 nm
(12000 m


�1 cm�1); FAB-MS: m/z (%):[44] 1871 (100) [M�H]+; elemental
analysis calcd (%) for C90H88F10P4Pt2: C 57.69, H 4.73; found: C 56.97, H
4.74.


trans,trans-[(C6F5) ACHTUNGTRENNUNG{(Ph2P ACHTUNGTRENNUNG(CH2)10PPh2)}PtACHTUNGTRENNUNG(C�C)3Pt ACHTUNGTRENNUNG{(Ph2P ACHTUNGTRENNUNG(CH2)10PPh2)}-
ACHTUNGTRENNUNG(C6F5)] (PtC6Pt-10/Ph): A Schlenk flask was charged with PtC6Pt
(0.200 g, 0.099 mmol) and THF (40 mL). Solid Ph2P ACHTUNGTRENNUNG(CH2)10PPh2 (0.122 g,
0.238 mmol)[28] was added in one portion with stirring. After 12 h, the
mixture was concentrated (to �15 mL) and ethanol (20 mL) was added.
The solution was further concentrated (to �10 mL) and hexane (20 mL)
was added. The precipitate was collected by filtration, washed with
hexane (2T10 mL), and dried by oil pump vacuum to give PtC6Pt-10/Ph
as a light yellow solid (0.147 g, 0.081 mmol, 82%), decomp point 185 8C
(capillary, gradual darkening without melting). DSC: endotherm: Ti=


201.0, Te=214.0, Tp=232.5, Tc=243.6, Tf=249.2 8C; TGA (onset of mass
loss): Ti=294.3, Te=301.1, Tf=401.6 8C; 1H NMR:[42] d=7.43 (m, 16H; o
to P), 7.30 (m, 8H; p to P), 7.23 (m, 16H; m to P), 2.74 (m, 8H; PCH2),
2.09 (m, 8H; PCH2CH2), 1.57 (m, 8H; PCH2CH2CH2), 1.39 ppm (m,
16H; PCH2CH2CH2CH2CH2);


13C{1H} NMR: d =147 (brm, o to Pt), 137
(brm, m/p to Pt), 133.4 (virtual t, 2JCP=5.6 Hz, o to P), 132.5 (virtual t,
1JCP=27.6 Hz, i to P), 130.5 (s, p to P) 128.2 (virtual t, 3JCP=4.9 Hz, m to
P), 95.7 (s, PtC�C),[43] 95.2 (s, PtC�C), 60.9 (s, PtC�CC), 31.5 (virtual t,
3JCP=7.5 Hz, PCH2CH2CH2), 29.9 (s, CH2), 28.5 (virtual t, 1JCP=18.4 Hz,
PCH2), 28.3 (s, CH2), 25.6 ppm (s, PCH2CH2);


31P{1H} NMR: d=


14.5 ppm (s, 1JPPt=2594 Hz);[41] IR (powder film): ñ =2104 cm�1 (brw, C�
C); UV/Vis (CH2Cl2, 1.25T10�5m): l(e)=313 (51000), 343 (14000),
368 nm (8000 m


�1 cm�1); FAB-MS: m/z (%):[44] 1816 (100) [M�H]+ , 1649
(15) [M�C6F5]


+ , 703 (20) [PtPPh2 ACHTUNGTRENNUNG(CH2)10PPh2�2H]+ ; elemental analysis
calcd (%) for C86H80F10P4Pt2: C 56.86 H 4.44; found: C 56.90, H 4.66.


trans,trans-[(C6F5) ACHTUNGTRENNUNG{(Ph2P ACHTUNGTRENNUNG(CH2)11PPh2)}PtACHTUNGTRENNUNG(C�C)3Pt ACHTUNGTRENNUNG{(Ph2P ACHTUNGTRENNUNG(CH2)11PPh2)}-
ACHTUNGTRENNUNG(C6F5)] (PtC6Pt-11/Ph): A Schlenk flask was charged with PtC6Pt
(0.019 g, 0.0094 mmol) and CH2Cl2 (94 mL). A solution of Ph2P-
ACHTUNGTRENNUNG(CH2)11PPh2 (0.012 g, 0.023 mmol)[28] in CH2Cl2 (110 mL) was passed
through a silica gel pad (2 cm) directly into the Schlenk flask with stir-
ring. After 16 h, the mixture was concentrated (to �100 mL) and ethanol
(50 mL) was added. This step was repeated three times. The mixture was
concentrated (to �5 mL). The precipitate was collected by filtration,
washed with ethanol (3T3 mL), and dried by oil pump vacuum to give
PtC6Pt-11/Ph as a light yellow solid (0.012 g, 0.0065 mmol, 69%),
decomp point 208 8C (capillary, onset). 1H NMR:[42] d=7.39 (m, 16H; o
to P), 7.25 (m, 8H; p to P), 7.17 (m, 16H; m to P), 2.72 (m, 8H; PCH2),
2.07 (m, 8H; PCH2CH2), 1.58–1.25 ppm (m, 28H; remaining CH2);
13C{1H} NMR: d=133.0 (virtual t, 2JCP=5.8 Hz, o to P), 132.1 (virtual t,
1JCP=27.5 Hz, i to P), 130.0 (s, p to P), 127.8 (virtual t, 3JCP=5.1 Hz, m to
P), 94.6 (s, PtC�C),[43,45] 60.3 (s, PtC�CC), 30.5 (virtual t, 3JCP=7.7 Hz,
PCH2CH2CH2), 28.6 (virtual t, 1JCP=18.3 Hz, PCH2), 28.2 (s, CH2), 28.1
(s, CH2), 27.6 (s, CH2), 26.1 ppm (s, PCH2CH2);


31P{1H} NMR: d=


15.3 ppm (s, 1JPPt=2606 Hz).[41] IR (powder film): ñ=2108 cm�1 (w, C�
C); FAB-MS: m/z (%):[44] 1845 (100) [M]+ , 1678 (12) [M�C6F5]


+ .


trans,trans-[(C6F5) ACHTUNGTRENNUNG{(Ph2P ACHTUNGTRENNUNG(CH2)12PPh2)}PtACHTUNGTRENNUNG(C�C)3Pt ACHTUNGTRENNUNG{(Ph2P ACHTUNGTRENNUNG(CH2)12PPh2)}-
ACHTUNGTRENNUNG(C6F5)] (PtC6Pt-12/Ph): A Schlenk flask was charged with PtC6Pt
(0.114 g, 0.056 mmol) and THF (30 mL). Solid Ph2P ACHTUNGTRENNUNG(CH2)12PPh2 (0.073 g,
0.14 mmol)[28] was added in one portion with stirring. After 16 h, the mix-
ture was concentrated (to �10 mL) and ethanol (20 mL) was added. The
mixture was further concentrated (to �15 mL) and hexane (15 mL) was
added. The precipitate was collected by filtration, washed with hexane
(2T10 mL), and dried by oil pump vacuum to give PtC6Pt-12/Ph as a
yellow solid (0.063 g, 0.032 mmol, 57%), decomp point 171 8C (capillary,
gradual darkening without melting). DSC: endotherm: Ti=205.3, Te=


225.4, Tc=244.5, Tf=247.6 8C; TGA (onset of mass loss): Ti=271.1, Te=


283.0, Tf=401.8 8C; 1H NMR:[42a,46] d=7.40 (m, 16H; o to P), 7.19 (m,
24H; m/p to P), 2.65 (m, 8H; PCH2), 2.35 (s, 8H; PCH2CH2), 1.41 (m,
16H; PCH2CH2CH2CH2), 1.23 ppm (m, 16H; PCH2CH2CH2CH2-
ACHTUNGTRENNUNGCH2CH2);


31P{1H} NMR: d=16.3 ppm (s, 1JPPt=2609 Hz).[41] IR (powder
film): ñ =2123 cm�1 (brw, C�C); FAB-MS: m/z (%):[44] 1873 (100) [M]+ ,
1705 (5) [M�C6F5]


+ ; elemental analysis calcd (%) for C90H88F10P4Pt2: C
57.69, H 4.73; found: C 57.79, H 4.86.


trans,trans-[(C6F5) ACHTUNGTRENNUNG{(p-tol2PACHTUNGTRENNUNG(CH2)14Pp-tol2)}PtACHTUNGTRENNUNG(C�C)3Pt ACHTUNGTRENNUNG{(p-tol2P-
ACHTUNGTRENNUNG(CH2)14 ACHTUNGTRENNUNGPp-tol2)} ACHTUNGTRENNUNG(C6F5)] (PtC6Pt-14/p-tol): A Schlenk flask was charged
with PtC6Pt (0.090 g, 0.045 mmol) and THF (25 mL). Solid p-tol2P-
ACHTUNGTRENNUNG(CH2)14Pp-tol2 (0.066 g, 0.11 mmol)[29] was added in one portion with stir-
ring. After 6 h, the mixture was concentrated under vacuum and ethanol
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(30 mL) was added. The mixture was further concentrated (to �15 mL).
The precipitate was collected by filtration, washed with ethanol (2T
5 mL), and dried by oil pump vacuum to give PtC6Pt-14/p-tol as a yellow
solid (0.052 g, 0.025 mmol, 57%), decomp point 183 8C (capillary, gradual
darkening without melting). DSC: endotherm: Ti=154.0, Te=165.1, Tp=


181.5, Tc=209.3, Tf=209.3 8C; TGA (onset of mass loss): Ti=285.5, Te=


294.0, Tf=401.4 8C; 1H NMR:[42] d=7.26 (m, 16H; o to P), 6.97 (brd,
3JHH=7.8 Hz, 16H; m to P), 2.63 (m, 8H; PCH2), 2.27 (s, 24H; CH3),
1.98 (m, 8H; PCH2CH2), 1.50 (m, 8H; PCH2CH2CH2), 1.33 (m, 16H;
PCH2CH2CH2CH2CH2), 1.24 ppm (m, 16H; PCH2CH2CH2CH2CH2-
ACHTUNGTRENNUNGCH2CH2);


13C{1H} NMR: d=140.5 (s, p to P), 133.3 (virtual t, 2JCP=


5.9 Hz, o to P), 129.0 (virtual t, 1JCP=28.5 Hz, i to P), 128.8 (virtual t,
3JCP=5.2 Hz, m to P), 95.3 (s, PtC�C),[43,45] 60.8 (s, PtC�CC), 30.7 (virtual
t, 3JCP=7.7 Hz, PCH2CH2CH2), 29.2 (CH2), 28.7 (CH2), 28.6 (CH2), 28.5
(overlapping virtual t, PCH2), 28.3 (s, CH2), 26.1 (s, PCH2CH2), 21.6 ppm
(s, CH3);


31P{1H} NMR: d=14.2 ppm (s, 1JPPt=2578 Hz);[41] 19F{1H} NMR:
d=�117.8 (m, 4F, 3JFPt=282 Hz,[41] o to Pt), �166.0 (m, 4F, m to Pt),
�166.5 ppm (t, 2F, 3JFF=17 Hz, p to Pt); IR (powder film): ñ=2104 cm�1


(brw, C�C); UV/Vis (CH2Cl2, 1.25T10�5m): l(e)=323 (30000), 343
(13000), 367 nm (8000 m


�1 cm�1); FAB-MS: m/z (%):[44] 2041 (100) [M]+ ,
1874 (<1) [M�C6F5]


+ , 817 (15) [PtPtol2ACHTUNGTRENNUNG(CH2)14Ptol2]
+ ; elemental analy-


sis calcd (%) for C102H112F10P4Pt2: C 59.99, H 5.53; found: C 60.39, H
5.61.


trans,trans-[(C6F5){(p-tBuC6H4)2P ACHTUNGTRENNUNG(CH2)14P(p-C6H4-tBu)2}Pt ACHTUNGTRENNUNG(C�C)3Pt{(p-
tBuC6H4)2P ACHTUNGTRENNUNG(CH2)14P(p-C6H4-tBu)2} ACHTUNGTRENNUNG(C6F5)] (PtC6Pt-14/p-C6H4-tBu): A
Schlenk flask was charged with PtC6Pt (0.200 g, 0.099 mmol) and THF
(40 mL). Solid (p-tBuC6H4)2P ACHTUNGTRENNUNG(CH2)14P(p-C6H4-tBu)2 (0.200 g,
2.48 mmol)[29] was added in one portion with stirring. After 12 h, the mix-
ture was concentrated under vacuum and ethanol (30 mL) was added.
The mixture was further concentrated (to �15 mL). The precipitate was
collected by filtration, washed with ethanol (2T15 mL), and dried by oil
pump vacuum to give PtC6Pt-14/p-C6H4-tBu as a yellow solid (0.169 g,
0.071 mmol, 71%), decomp point 234 8C (capillary, some softening and
then gradual darkening). TGA (onset of mass loss): Ti=278.7, Tf=


401.3 8C; 1H NMR:[42a] d=7.35 (m, 16H; o to P), 7.20 (brd, 3JHH=7.9 Hz,
16H; m to P), 2.73 (m, 8H; PCH2), 2.00 (m, 8H; PCH2CH2), 1.53 (m,
8H; PCH2CH2CH2), 1.36 (m, 16H; PCH2CH2CH2CH2CH2), 1.33 (m,
16H; PCH2CH2CH2CH2CH2CH2CH2), 1.26 ppm (s, 72H; tBu);
31P{1H} NMR: d=13.9 ppm (s, 1JPPt=2566 Hz);[41] IR (powder film): ñ=


2100 cm�1 (brw, C�C); FAB-MS: m/z (%):[44] 2377 (90) [M]+ , 2210 (<1)
[M�C6F5]


+ , 984 (100) [(BuC6H4)2P ACHTUNGTRENNUNG(CH2)14P ACHTUNGTRENNUNG(C6H4Bu)2]
+ ; elemental anal-


ysis calcd (%) for C126H160F10P4Pt2: C 63.62, H 6.78; found: C 62.83, H
6.79.


trans,trans-[(C6F5) ACHTUNGTRENNUNG{(Ph2P ACHTUNGTRENNUNG(CH2)16PPh2)}PtACHTUNGTRENNUNG(C�C)3Pt ACHTUNGTRENNUNG{(Ph2P ACHTUNGTRENNUNG(CH2)16PPh2)}-
ACHTUNGTRENNUNG(C6F5)] (PtC6Pt-16/Ph): A Schlenk flask was charged with PtC6Pt
(0.143 g, 0.071 mmol) and THF (30 mL). Solid Ph2P ACHTUNGTRENNUNG(CH2)16PPh2 (0.101 g,
0.169 mmol)[28] was added in one portion with stirring. After 6 h, a
31P NMR spectrum was recorded (d=14.5, s).[47] The mixture was concen-
trated (to �10 mL) and ethanol (20 mL) was added. The mixture was
further concentrated (to �15 mL). The precipitate was collected by filtra-
tion, washed with hexane (2T10 mL) and dried by oil pump vacuum to
give oligomerized PtC6Pt-16/Ph as a light yellow insoluble solid (0.089 g,
0.045 mmol, 64%); IR (powder film): ñ =2108 cm�1 (brw, C�C); FAB-
MS: m/z (%):[44] 1986 (100) [M�H]+ ; elemental analysis calcd (%) for
C98H104F10P4Pt2: C 59.27, H 5.27; found: C 59.30, H 5.36.


trans,trans-[(C6F5) ACHTUNGTRENNUNG{(Ph2P ACHTUNGTRENNUNG(CH2)8PPh2)}Pt ACHTUNGTRENNUNG(C�C)2Pt ACHTUNGTRENNUNG{(Ph2P ACHTUNGTRENNUNG(CH2)8PPh2)}-
ACHTUNGTRENNUNG(C6F5)] (PtC4Pt-8/Ph): A Schlenk flask was charged with PtC4Pt (0.052 g,
0.026 mmol) and CH2Cl2 (52 mL). A solution of Ph2P ACHTUNGTRENNUNG(CH2)8PPh2


(0.031 g, 0.064 mmol)[28] in CH2Cl2 (32 mL) was passed through a silica
gel pad (2 cm) directly into the Schlenk flask with stirring. After 16 h, the
solvent was removed by oil pump vacuum. The residue was chromato-
graphed (25 cm silica gel column, 20:80 v/v CH2Cl2/hexanes). The solvent
was removed from the product-containing fractions by rotary evapora-
tion. The residue was recrystallized from hexanes and dried by oil pump
vacuum to give PtC4Pt-8/Ph as a light yellow solid (0.024 g, 0.014 mmol,
53%), decomp point 160 8C (capillary, onset). 1H NMR:[42] d =7.40 (m,
16H; o to P), 7.22 (m, 8H; p to P), 7.11 (m, 16H; m to P), 2.64 (m, 8H;
PCH2), 1.99 (m, 8H; PCH2CH2), 1.55 (m, 8H; PCH2CH2CH2), 1.42 ppm


(m, 8H; remaining CH2);
13C{1H} NMR: d=145.8 (dd, 1JCF=222 Hz,


2JCF=22 Hz, o to Pt), 136.1 (dm, 1JCF=240 Hz, m/p to Pt), 133.0 (virtual
t, 2JCP=5.5 Hz, o to P), 132.2 (virtual t, 1JCP=27.0 Hz, i to P), 129.7 (s, p
to P), 127.5 (virtual t, 3JCP=4.9 Hz, m to P), 99.9 (s, PtC�C),[43] 87.0 (s,
PtC�C),[43] 30.6 (virtual t, 3JCP=7.1 Hz, PCH2CH2CH2), 27.6 (virtual t,
1JCP=18.1 Hz, PCH2), 27.1 (s, PCH2CH2CH2CH2), 24.3 ppm (s,
PCH2CH2);


19F{1H} NMR: d =�117.11 (m, 3JFPt=286 Hz, 4F, o to Pt),
�164.5 to �165.1 ppm (m, 6F, m/p to Pt); 31P{1H} NMR: d=13.7 ppm (s,
1JPPt=2621 Hz).[41] IR (powder film): ñ=3057 (w), 2930 (m), 2856 (w),
1498 (s), 1455 (s), 1436 (vs), 1355 (w), 1262 (m), 1104 (m), 1054 (s), 1027
(m), 950 (vs), 787 (s), 737 (s), 687 (vs); UV/Vis (CH2Cl2, 1.25T10


�5
m):


l(e)=317 nm (20600 m
�1 cm�1); FAB-MS: m/z (%):[44] 1736 (63) [M]+ ,


1570 (8) [M�C6F5+H]+ , 675 (100) [PtACHTUNGTRENNUNG(Ph2P ACHTUNGTRENNUNG(CH2)8PPh2�2H]+ , 379 (41)
[Pt ACHTUNGTRENNUNG(Ph2P)�H]+ , 302 (82) [Pt ACHTUNGTRENNUNG(PhP)�H]+ .


trans,trans-[(C6F5) ACHTUNGTRENNUNG{(p-tol2PACHTUNGTRENNUNG(CH2)8Pp-tol2)}Pt ACHTUNGTRENNUNG(C�C)2Pt ACHTUNGTRENNUNG{(p-tol2P ACHTUNGTRENNUNG(CH2)8Pp-
tol2)}ACHTUNGTRENNUNG(C6F5)] (PtC4Pt-8/p-tol): A Schlenk flask was charged with PtC4Pt
(0.095 g, 0.050 mmol) and CH2Cl2 (100 mL). A solution of p-tol2P-
ACHTUNGTRENNUNG(CH2)8Pp-tol2 (0.067 g, 0.13 mmol)[29] in CH2Cl2 (65 mL) was passed
through a silica gel pad (2 cm) directly into the Schlenk flask with stir-
ring. After 12 h, the mixture was concentrated (to �80 mL), and ethanol
(50 mL) was added. This step was repeated three times. The solvent was
removed by oil pump vacuum. The residue was extracted with hexanes.
The extract was filtered through a silica gel pad (2 cm; hexanes, then
CH2Cl2). The solvent was removed by oil pump vacuum. The extraction,
filtration, and solvent removal steps were repeated twice to give PtC4Pt-
8/p-tol as a light yellow solid (0.080 g, 0.043 mmol, 87%; purity see text).
1H NMR:[42] d=7.29 (m, 16H; o to P), 6.92 (brd, 3JHH=7.8 Hz, 16H; m
to P), 2.60 (m, 8H; PCH2), 2.26 (s, 24H; CH3), 1.94 (m, 8H; PCH2CH2),
1.53 (m, 8H; PCH2CH2CH2), 1.40 (brm, 8H; remaining CH2);
13C{1H} NMR: d=145.9 (dd, 1JCF=225 Hz, 2JCF=22 Hz, o to Pt), 139.8 (s,
p to P), 136.3 (dm, 1JCF=247 Hz, m/p to Pt), 133.0 (virtual t, 2JCP=


5.9 Hz, o to P), 128.9 (virtual t, 1JCP=27.8 Hz, i to P), 128.2 (virtual t,
3JCP=5.1 Hz, m to P), 99.8 (s, 2JCPt=265 Hz,[41] PtC�C), 87.2 (s, 1JCPt=
970 Hz,[41] PtC�C), 30.7 (virtual t, 3JCP=7.3 Hz, PCH2CH2CH2), 27.8 (vir-
tual t, 1JCP=18.3 Hz, PCH2), 27.2 (s, PCH2CH2CH2CH2), 24.2 ppm (s,
PCH2CH2);


31P{1H} NMR: d=12.2 ppm (s, 1JPPt=2604 Hz);[41] IR
(powder film): ñ=2926 (m), 2856 (w), 1602 (w), 1498 (m), 1451 (m), 1100
(s), 1054 (s), 953 (s), 802 (vs), 710 cm�1 (m).


Crystallography :[48] A) A solution of PtC6Pt in THF was layered with
methanol and stored at room temperature. After three days, the resulting
yellow blocks that were produced were used for data collection as out-
lined in Table 1. Cell parameters were obtained from 10 frames using a
108 scan and refined with 10822 reflections. Lorentz, polarization, and
absorption corrections[49] were applied. The space group was determined
from systematic absences and subsequent least-squares refinement. The
structure was solved by direct methods. The parameters were refined
with all data by full-matrix-least-squares on F2 using SHELXL-97.[50]


Non-hydrogen atoms were refined with anisotropic thermal parameters.
The hydrogen atoms were fixed in idealized positions by means of a
riding model. Scattering factors were taken from the literature.[51] The
crystal contained four molecules of THF per molecule of PtC6Pt. The
structure exhibited an inversion center at the midpoint of the C6 chain.
B) A solution of Pt’C6Pt’ in CH2Cl2 was layered with hexane and stored
at room temperature. After two days, the yellow prisms were analyzed as
described for PtC6Pt (refined with 5841 reflections). The structure was
solved and refined in an identical manner, and exhibited an inversion
center at the midpoint of the C6 chain. C) A solution of PtC6Pt-10/Ph in
CH2Cl2 was layered with methanol and stored at room temperature.
After three days, the yellow blocks were analyzed as described for
PtC6Pt (refined with 8703 reflections). The structure was solved and re-
fined in an identical manner, and exhibited an inversion center at the
midpoint of the C6 chain. D) A solution of PtC6Pt-11/Ph in CH2Cl2 was
layered with methanol and stored at room temperature. After four days,
the yellow crystals were analyzed as described for PtC6Pt (refined with
9539 reflections). The structure was solved and refined in an identical
manner. The crystal contained two molecules of CH2Cl2 per molecule of
PtC6Pt-11/Ph. The structure exhibited an inversion center at the mid-
point of the C6 chain. E) A solution of PtC6Pt-14/p-tol in CH2Cl2 was lay-
ered with methanol and stored at room temperature. After three days,
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the yellow prisms were analyzed as described for PtC6Pt (refined with
21967 reflections). The structure was solved and refined in an identical
manner. The crystal contained two molecules of CH2Cl2 per molecule of
PtC6Pt-14/p-tol. The methylene groups C3a/C3a’ and C8a/C8a’ were dis-
ordered and refined to 79:21 and 46:54 occupancy ratios, respectively.
F) Ethanol vapor was allowed to diffuse into a solution of PtC4Pt in tolu-
ene at room temperature. After five days, the yellow prisms were ana-
lyzed as described for PtC6Pt (refined with 19142 reflections). The struc-
ture was solved and refined in an identical manner. A strong residual
electron density close to Pt2/C4 was considered to be an artifact of the
crystal quality, and affected the parameters for C4.
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Linking Two Distinct Layered Networks of Nanosized {Ln18} and {Cu24}
Wheels through Isonicotinate Ligands


Jian-Wen Cheng,[a] Jie Zhang,[a] Shou-Tian Zheng,[a] and Guo-Yu Yang*[a, b]


Introduction


In the past decade, nanoscale wheel clusters have attracted
extensive interest due to their fascinating structures and po-
tential applications in nanoscience,[1] host–guest chemistry,[2]


supramolecular chemistry,[3] and magnetochemistry[4,5] As a
result, many large homometallic cyclic clusters of transition
metals (TMs)[3–10] and lanthanides (Ln)[11] have been success-
fully synthesized. Recently, the synthesis of hetero-TM
wheels has undergone great progress, such as isolated
[Fe6Mn6],


[12] [CrmMn] (m=6–10, n=1–2),[13a–g] and dimeric
[Cr7Ni]2L (L=diamines), and [Cr7Ni]2[M2] (M=Cu, Ni, Co,
Ru).[13h,i] However, the analogous chemistry of hetero-Ln-
TM wheels is still underdeveloped.


Generally, the choice of ligands is critical to construct and
link metal clusters or wheels.[14] Previously we reported the
first Ln-TM frameworks, [Ln14ACHTUNGTRENNUNG(m6-O) ACHTUNGTRENNUNG(m3-OH)20(IN)22Cu6X4-
ACHTUNGTRENNUNG(H2O)8]·6H2O (Ln=Y, Gd, Dy, Er, Tb, X=Cl; Ln=Er, Gd,
Y, X=Br)[14a] and [Er7ACHTUNGTRENNUNG(m3-O) ACHTUNGTRENNUNG(m3-OH)6ACHTUNGTRENNUNG(bdc)3]ACHTUNGTRENNUNG(ina)9ACHTUNGTRENNUNG[Cu3X4]
(FJ-2, FJ =Fujian Institute of Research on the Structure of
Matter), X=Cl, Br; IN= ina: isonicotinate, bdc=1,2-benze-
nedicarboxylate).[14b] The former is based on the linkages of
nanosized hydroxo {Ln14} clusters and [Cu2X2]/Cu centers by
IN ligands; the latter is based on the links by ina ligands of
layered networks, built from {Er36} wheels and [Cu3X4] clus-
ter cores. Notably, the Ln clusters in the frameworks above
change from {Ln14} cores to networks made of {Er36} wheels
owing to the synergistic coordination between both ligands
of ina and bdc, whereas the TM clusters form dimeric
[Cu2X2] to trimeric [Cu3X4] cores containing one m3-X atom.
Based on this chemistry we were intrigued as to whether the
size of halogen atoms as inorganic ligands influence the ag-
gregation of metal-halide clusters and whether the larger
TM clusters, wheels, or networks of wheels could be intro-
duced in Ln cluster or Ln wheel-cluster polymers under ra-
tional conditions.


As a continuation of our search for new open-frameworks
built from Ln and TM clusters, we have introduced a larger
halogen, iodine, based on the following considerations: the
I� ion has a larger ionic radius than Cl� and Br�, and may


Abstract: A new series of
heterolanthanide ACHTUNGTRENNUNG(III)-copper(I) wheel-
cluster complexes [Ln6 ACHTUNGTRENNUNG(m3-O)2](IN)18-
ACHTUNGTRENNUNG[Cu8ACHTUNGTRENNUNG(m4-I)2ACHTUNGTRENNUNG(m2-I)3]·H3O (IN= isonicoti-
nate; Ln=Y 1, Nd 2, Dy 3, Gd 4, Sm
5, Eu 6, Tb 7) were prepared by hydro-
thermal reaction at low pH. X-ray crys-
tallographic studies reveal that two un-
usual trinuclear [Ln3ACHTUNGTRENNUNG(m3-O)] and tetra-
nuclear [Cu4 ACHTUNGTRENNUNG(m4-I)] cores are successful-
ly used as secondary building units to
make two different nanosized wheels
[Ln18 ACHTUNGTRENNUNG(m3-O)6ACHTUNGTRENNUNG(CO2)48]


6�, {Ln18}, and


[Cu24 ACHTUNGTRENNUNG(m4-I)6ACHTUNGTRENNUNG(m2-I)12]
6+ , {Cu24}, with 12-


rings and a diameter of 26.7 and
26.4 D, respectively. The wheels are
further assembled into two-dimensional
(2D) {Ln18} and {Cu24} networks, the
linkages between two distinct layered
networks of {Ln18} and {Cu24} wheels by


IN pillars along the c axis giving a
series of unprecedented three-dimen-
sional (3D) sandwich frameworks. To
our knowledge, compounds 1–7 are the
first examples containing two different
layered networks of nanosized Ln and
transition metal (TM) wheels in wheel-
cluster chemistry. The IR, UV/Vis,
thermogravimetric analysis (TGA), lu-
minescent, and magnetic properties of
these complexes were also studied.
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favor higher coordination numbers and versatile coordina-
tion modes, resulting in a larger TM-halide cluster than
[Cu2X2]


[14a] and [Cu3X4]
[14b] cores. Herein, we report seven


novel wheel-cluster polymers: [Ln6ACHTUNGTRENNUNG(m3-O)2](IN)18ACHTUNGTRENNUNG[Cu8ACHTUNGTRENNUNG(m4-I)2-
ACHTUNGTRENNUNG(m2-I)3]·H3O (FJ-4, Ln=Y 1, Nd 2, Dy 3, Gd 4, Sm 5, Eu 6,
Tb 7, respectively). The structures are the first sandwich
frameworks based on linkages of two distinct layered net-
works of nanosized wheels with 12-rings, [Ln18ACHTUNGTRENNUNG(m3-O)6-
ACHTUNGTRENNUNG(CO2)48]


6�, {Ln18}, and [Cu24ACHTUNGTRENNUNG(m4-I)6ACHTUNGTRENNUNG(m2-I)12]
6+ , {Cu24}, formed


by using IN ligands. To our knowledge, no systematic inves-
tigation has been conducted on wheel-cluster polymers in
which the distinct networks of metal wheels, especially
where two networks of Ln and TM wheels are linked to to-
gether by organic ligands, except for two Ln and two TM
wheel-cluster polymers containing layered networks of
{Er36},


[14b] {Mo154},
[15a] and {Mo152}


[15b] wheels.


Results and Discussion


Red prismatic crystals of 1–7 were obtained in the hydro-
thermal reaction of Ln2O3, CuI, HIN, and 2-pyrazinecarbox-


ylic acid (pca) in water in the presence of HClO4 (pH 2). In
addition, light yellow rectangular crystals were also obtained
at the same time.[16] X-ray structure analyses reveal that 1–7
are isomorphous and crystallize in the high-symmetry rhom-
bohedral space group R3̄c (Table 1). Therefore, only the
structure of 3 is described in detail. The asymmetric unit of
3 contains one unique Dy3+ , two Cu+ , two I� ions, and
three IN ligands with only one coordination mode (Fig-
ure 1a, Scheme 1). The Dy3+ ion is seven-coordinate and
has a capped trigonal prism coordination geometry: one m3-
O, and six carboxylate oxygen atoms (OCOO�) from six bridg-
ing IN ligands (Figure 1b). The Dy�O bond lengths range
from 2.261(5) to 2.372(5) D. The general trend of decreasing
Ln�O distances with increasing atomic number has been ob-
served throughout the series of compounds in line with the
lanthanide contraction effect (Table 2).


Three Dy3+ ions are linked by one m3-O group to give a
trinuclear core of [Dy3ACHTUNGTRENNUNG(m3-O)] that was further stabilized by
six carboxyl groups of six IN ligands, forming a [Dy3 ACHTUNGTRENNUNG(m3-O)-
ACHTUNGTRENNUNG(CO2)6], {Dy3}, cluster (Figure 2a,b). This type of corner-
sharing trimeric oxo-centered carboxylate-bridged cluster
formulated as [M3ACHTUNGTRENNUNG(m3-O) ACHTUNGTRENNUNG(O2CR)6]


+ is well known for Al3+


Table 1. Crystal data and structure refinements for complexes 1–7.


1 2 3 4


formula C108H75Cu8Y6I5N18O39 C108H75Cu8Nd6I5N18O39 C108H75Cu8Dy6I5N18O39 C108H75Cu8Gd6I5N18O39


Mr 3925.14 4257.12 4366.68 4335.18
crystal system rhombohedral rhombohedral rhombohedral rhombohedral
space group R3̄c R3̄c R3̄c R3̄c
a [D] 15.222(3) 15.3844(6) 15.2435(3) 15.2988(4)
c [D] 93.80(3) 93.975(8) 93.897(3) 93.559 (4)
V [D3] 18820(7) 19262(2) 18895.2(8) 18964.1(10)
Z 6 6 6 6
1 ACHTUNGTRENNUNG[g cm�3] 2.078 2.202 2.303 2.278
m ACHTUNGTRENNUNG[mm�1] 5.381 4.959 6.141 5.720
F ACHTUNGTRENNUNG(000) 11352 12108 12324 12252
GOF 1.15 1.237 1.238 1.174
collected reflns 44806 47404 16252 15593
unique reflns (Rint) 4816 ACHTUNGTRENNUNG(0.0556) 4920 ACHTUNGTRENNUNG(0.0493) 4791 ACHTUNGTRENNUNG(0.0305) 4803 ACHTUNGTRENNUNG(0.0302)
observed reflns [I>2s(I)] 4428 4688 4173 4134
refined parameters 278 278 279 278
R1


[a]/wR2
[b] [I>2s(I)] 0.0444/0.1433 0.0462/0.1129 0.0436/0.1203 0.0349/0.0978


R1
[a]/wR2


[b] (all data) 0.0567/0.1584 0.0489/0.1145 0.0556/0.1412 0.0449/0.1174


5 6 7


formula C108H75Cu8Sm6I5N18O39 C108H75Cu8Eu6I5N18O39 C108H75Cu8Tb6I5N18O39


Mr 4293.78 4303.44 4345.20
crystal system rhombohedral rhombohedral rhombohedral
space group R3̄c R3̄c R3̄c
a [D] 15.3539(4) 15.3029(4) 15.274(2)
c [D] 93.851(5) 93.566(5) 93.866(18)
V [D3] 19160.5(13) 18975.7(12) 18966(5)
Z 6 6 6
1 ACHTUNGTRENNUNG[g cm�3] 2.233 2.260 2.283
m ACHTUNGTRENNUNG[mm�1] 5.305 5.546 5.929
F ACHTUNGTRENNUNG(000) 12180 12216 12288
GOF 1.214 1.188 1.182
collected reflns 45604 12571 46783
unique reflns (Rint) 4892 (0.0428) 4843 (0.0306) 4850 (0.0473)
observed reflns [I>2s(I)] 4658 3885 4462
refined parameters 278 279 278
R1


[a]/wR2
[b] [I>2s(I)] 0.0420/0.1127 0.0420/0.1141 0.0316/0.0875


R1
[a]/wR2


[b] (all data) 0.0446/0.1143 0.0574/0.1388 0.0356/0.0898


[a] R1=� j jFo j� jFc j j /� jFo j . [b] wR2= {�[w(F2
o�F2


c)
2]/�[w(F2


o)
2]}1/2.
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and many trivalent TMs,[17] but
it is observed for the first time
in Ln chemistry. So far, only
several trimeric Ln complexes
with a different configuration
were reported, in which each
Ln ion shares a triangular face
with the other two.[18] Six {Dy3}
clusters are further linked by
twelve carboxyl groups of
twelve IN ligands to form a
nanosized {Dy18} wheel with a
12-ring and the diameter of
26.7 D (Figure 2c–e), which is
another novel nanosized Ln
wheel that remarkably differs
from the {Er36}


[14b] wheel in
linkage modes. Compared with
TM wheels containing trinu-
clear building blocks, the
{Ni24}


[5a]/ ACHTUNGTRENNUNG{Fe18}
[7b] wheels can be


described as an oligomer of
eight/six trinuclear building
blocks, whereas each {Dy18}
wheel is linked to the adjacent
wheels by sharing {Dy3} bridg-
ing building blocks, resulting in
a highly ordered layered {Dy18}
wheel-cluster network with
hexagonal, honeycomb arrays


(Figure 2 f). Notably, the previously reported Ln wheels are
formed not only by bridging organic ligands, but also by
sharing Ln ions. In {Ln8}/ACHTUNGTRENNUNG{Ln10}/ACHTUNGTRENNUNG{Ln12} wheels, for example,
the Ln ions are linked by ligands with the O atom donor to
form 8-/10-/12-rings in which the center is empty;[11a,f,g,h]


whereas in {Ln12}/ACHTUNGTRENNUNG{Ln15} wheels, four or five {Ln4} cores
share Ln vertices to form 4-/5-rings with one or two halide
ions in their central cavity.[11c,d] Remarkably, the construction
mode of the wheel-shaped {Dy18} reported here is signifi-
cantly different from the above-mentioned discrete Ln
wheels. The {Dy18} wheel with a 12-ring is made up of six


Figure 1. a) The asymmetrical unit of compound 3 ; b) the coordination environments of Dy atom in 3 ; c) the
coordination environments of the Cu1 atom: one I and three N atoms from three IN ligands with mode I.
Cu1�I1: 2.631(2), Cu1�N1: 2.122(6) D; d) the coordination environments of the Cu2 atom: two I and two N
atoms from two IN ligands with mode II and III, respectively. Cu2�I1: 2.801(1), Cu2�I2: 2.630(1), Cu2�N:
2.016(5)–2.039(5) D. Atoms with A, B, C, D, E, F, and G in their labels are symmetry-generated. Symmetry
code A: �x+y+1/3, y�1/3, z+1/6; B: �x+5/3, �y+7/3, �z+4/3; C: y+1/3, x+2/3, �z+7/6; D: �x+4/3,
�x+y+2/3, �z+7/6; E: x+1/3, x�y+5/3, z+1/6; F: �y+2, x�y+1, z ; G: �x+y+1, �x+2, z.


Scheme 1. Coordination modes of the IN and its three linking modes (I–
III) in 3. Modes I–III containing N1/O1/O2, N2/O3/O4, and N3/O5/O6
atoms, respectively.


Table 2. Selected bond lengths [D] for 1–7.[a]


1 2 3 4 5 6 7


Ln�O3#1 2.244(4) 2.386(5) 2.261(5) 2.300(5) 2.348(4) 2.319(5) 2.283(4)
Ln�O5#2 2.258(4) 2.381(5) 2.276(5) 2.312(4) 2.341(4) 2.323(5) 2.295(4)
Ln�O2#3 2.312(4) 2.401(5) 2.332(5) 2.355(4) 2.374(4) 2.360(5) 2.344(4)
Ln�O6 2.335(4) 2.453(5) 2.371(5) 2.401(5) 2.421(4) 2.415(5) 2.379(4)
Ln�O1#4 2.342(4) 2.437(5) 2.363(5) 2.386(4) 2.414(4) 2.389(5) 2.375(4)
Ln�O4#5 2.355(4) 2.460(5) 2.372(5) 2.404(5) 2.436(5) 2.409(5) 2.390(4)
Ln�O7 2.364(1) 2.436(2) 2.368(2) 2.391(2) 2.414(2) 2.397(2) 2.381(1)
Cu1�N1 2.129(4) 2.115(6) 2.122(6) 2.115(5) 2.109(5) 2.107(6) 2.118(4)
Cu1�I1 2.631(1) 2.615(2) 2.631(2) 2.619(2) 2.622(1) 2.618(2) 2.626(1)
Cu2�N2 2.008(4) 2.008(5) 2.016(5) 2.017(5) 2.020(5) 2.023(5) 2.018(4)
Cu2�N3 2.035(4) 2.047(5) 2.039(5) 2.043(5) 2.042(5) 2.036(5) 2.046(4)
Cu2�I2 2.6310(9) 2.628(1) 2.630(1) 2.624(1) 2.628(1) 2.625(1) 2.630(1)
Cu2�I1 2.798(1) 2.829(1) 2.801(1) 2.808(1) 2.816(1) 2.810(1) 2.804(1)


[a] Symmetry codes: #1: �x+y+1/3, y�1/3, z+1/6, #2: �x+5/3, �y+7/3, �z+4/3, #3: y+1/3, x+2/3, �z+7/6, #4: �x+4/3, �x+y+2/3, �z+7/6, #5:
x+1/3, x�y+5/3, z+1/6.
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{Dy3} cores linked by the bridging IN ligands, each {Dy18} is
linked to surrounding wheels by sharing [Dy3ACHTUNGTRENNUNG(m3-O)], form-
ing a highly ordered layered wheel-cluster network. Addi-
tionally, the layered {Dy18} wheel is also remarkably differ-
ent from the layered {Er36} wheel in FJ-2.[14b] The {Er36}
wheel in FJ-2 is made up of strictly alternating {Er4} and
{Er2} cores sharing m3-OH groups, whereas the bdc ligands
are trapped in the 18-ring to further stabilize the {Er36}
wheel. Each {Er36} wheel is linked to surrounding wheels by
sharing -Er1-OH-{Er2}2-OH-Er1- bridges, forming a highly
ordered layered wheel-cluster network.[14b]


Two Cu centers in 3 are four-coordinate in distorted tetra-
hedral geometries with different coordination environments,
comprising one m4-I1 and three N atoms from three bridging
IN moieties for Cu1N3I, and one m4-I1, one m2-I2, and two N
atoms from two bridging IN ligands for Cu2N2I2 tetrahedra
(Figure 1c,d, Figure 3a); the Cu�I and Cu�N bond lengths
range from 2.630(1)–2.801(1) D and 2.016(5)–2.122(6) D, for
the two tetrahedra, respectively.


Four Cu ions are bridged by corner-sharing one m4-I1
atom to form an unprecedented tetrameric I-centered tetra-
hedral [Cu4ACHTUNGTRENNUNG(m4-I)], {Cu4}, cluster core (Figure 3a,b) that dif-
fers from the reported tetragonal pyramid of {Cu4}, in which
the m4-I atom is the vertex.[19] Six {Cu4} cores are linked by
six m2-I2 atoms to form another nanosized {Cu24} wheel with
a 12-ring and a diameter of 26.4 D (Figure 3c–e). Compared
with the {Cu4} core here, the {Cu3} cores in FJ-2 are not
linked to each other.[14b] In addition, the cyclic {Cu24} cluster
is the largest halide-bridged Cu wheel to date.[6a] Notably,
six Cu1-centered tetrahedra are grouped into threes to form
triangles with reverse orientation that are linked on two
sides of the 12-ring in the ab plane. Adjacent {Cu24} wheels
are further linked to each other by m2-I2 atoms, forming an-
other layered network of {Cu24} wheels, with hexagonal hon-
eycomb arrays (Figure 3f, Figure 4). Generally, it is not pos-
sible to form a large 3d metal wheel with only one type of
bridging interaction.[5a,7c] For example, the famous “ferric
wheel” can be accurately described as [{FeACHTUNGTRENNUNG(OMe)2-
ACHTUNGTRENNUNG(O2CR)}10] (R=Me, CH2Cl, CH2CH2C(O)C6H4Me),[7a,c] a
series of CuII wheels can be summarized as [{Cu(OH)(pz)}n]
(pz=pyrazololato anion, C3H3N2


� ; n=6, 8, 9, 12, 14),[6b] and
a family of heterometallic octanuclear wheels can be formu-
lated as [M7M’F8 ACHTUNGTRENNUNG(O2CR)16] (M=a trivalent metal of Cr, Fe,
V, Al, Ga, or In; M’=a divalent metal of Mn, Fe, Co, Ni,
Mg, Zn, Cd; O2CR=one of around twenty carboxylates),[13j]


an so on, these discrete TM wheels are linked by two differ-
ent bridges. Therefore, the construction mode of the layered
wheel-shaped {Cu24} in FJ-4 is significantly different from
the above-mentioned discrete TM wheels. In FJ-4, the
{Cu24} wheel only bridged by I atoms is unprecedented. In
contrast to other TM wheels based on edge-sharing metal
tetrahedra,[7d,e] the {Cu24} wheel comprises two different tet-
rahedra of Cu1N3I and Cu2N2I2 through shared vertices.
Such a {Cu24} wheel with a 12-ring and corner-sharing tetra-
hedra is analogous to zeolite/zeolite-like open-frame-
works,[20] in which the O atoms are usually bi- or tricoordi-
nate. Unlike the I-centered tetrahedra in {Cu24} wheel net-


Figure 2. a) The trimeric {Dy3 ACHTUNGTRENNUNG(m3-O) ACHTUNGTRENNUNG(CO2)6} cluster unit. The pyridine
rings of IN ligands are omitted for clarity. b) The polyhedral view of co-
ordination environments of the trimeric [Dy3 ACHTUNGTRENNUNG(m3-O)] core in 3. Twelve IN
ligands: Three, three, and six IN ligands with modes I, II, and III, respec-
tively. c) Top view of the coordination environments of {Dy18} wheel clus-
ter. A 60-IN-ligand-linked single {Dy18} wheel: 18, 18, and 24 IN ligands
with modes I, II, and III, respectively. d) Polyhedral view of nanosized
{Dy18} wheels. The IN ligands were omitted for clarity. e) Side view of the
coordination environments of the {Dy18} wheel with 60 IN ligands.
f) Polyhedral view of layered network of {Dy18} wheels.
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works, tetrahedrally coordinated O atoms are unusually en-
countered in zeolite and oxide frameworks due to the small
size of the O atom.[21] Compared with our previously report-
ed Ln–organic–TM frameworks containing small TM–halide
clusters of [Cu2X2]


[14a] and [Cu3X4]
[14b] cores (X=Cl� and


Br�), the larger size of the I� ions is critical for the forma-
tion of the {Cu24} wheel networks of FJ-4. In addition, the
{Mo154}


[15a] and {Mo152}
[15b] wheels are formed based on the


linkages between polyhedra through sharing vertices and
edges, but all the polyhedra are octahedra and pentagonal
bipyramids, with no tetrahedra in such huge wheels. Also no
m4-O atoms and [OMo4] tetrahedra, unlike m4-I atoms and
[ICu4] tetrahedra in FJ-4, exist in the {Mo154}/ACHTUNGTRENNUNG{Mo152}


[15]


wheels because of steric effects, that is, the small/large size
for O/Mo atoms, respectively. Like
the {Er36} wheel-cluster networks
formed in FJ-2 due to the synergistic
coordination between two different
organic ligands,[14b] the {Cu24} wheel-
cluster networks in FJ-4 can also be
described as the generation under
the synergistic coordination between


Figure 3. a) The tetrameric [Cu4 ACHTUNGTRENNUNG(m4-I)] cluster core linked by corner-sharing a centered m4-I atom.
b) Side view of the coordination environment of [Cu4 ACHTUNGTRENNUNG(m4-I)] core in 3. Nine IN ligands: three, three,
and three with modes I, II, and III, respectively. c) Top view of the coordination environment of
{Cu24} wheel in 3 along the c axis. 54 IN ligands linkedto the single {Cu24} wheel: 18, 18, and 18 IN
ligands with modes I, II, and III, respectively. d) Polyhedral view of layered network of {Cu24}
wheels. Except for N atoms, other atoms of IN ligands are omitted for clarity. e) Side view of the
coordination environment of {Cu24} wheel with 54 IN ligands in 3. f) Polyhedral view of layered net-
work of {Cu24} wheels. Polyhedral centered by Cu1 (yellow) and Cu2 (cyan).


Figure 4. a) The I-centered tetrahedron of [ICu4] in 3. Purple denotes the
I1Cu4 tetrahedron. b) The coordination environment of I1 and I2 atoms
in 3. I1 and I2 atoms are four and two coordination numbers, respective-
ly. c) View of 2D layered honeycomb network of {Cu24} wheels made of
[ICu4] tetrahedra (purple) and I2 bridges with 12-rings along the c axis in
3.
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two kinds of ligands, inorganic
iodine and organic isonicoti-
nate.


The linkages between two
distinct layered networks of
{Ln18} and {Cu24} wheels by IN
pillars along the c axis, leads to
an unprecedented 3D sandwich
framework (Figure 5a,b) with
multidimensional channels
along the [481̄], [44̄1̄] , [841],
and [88̄1] directions (Fig-
ure 5c). The channels are filled
with protonated water mole-
cules for the charge balance.
In addition, the layered net-
works of {Dy18} and {Cu24}
wheels are stacked along the
[22̄1] direction to form two
types of hexagonal channels
that interpenetrate (Figure 6).
With one of the largest unit-
cell dimensions (c=93.975 D)
among all non-protein struc-
tures, both layered networks of
{Dy18} and {Cu24} wheels are
stacked in parallel with
-ABCDEF- alternations along
the c axis, each layer is shifted
by (�a/3+b/3+c/6) with re-
spect to the next one (Fig-
ure 5a,b). Remarkably, the
structure of 3 consists of strict-
ly alternating {Dy18} and {Cu24}
wheel-cluster networks pillared
by IN ligands to form a 3D
framework, in which adjacent
layered networks of
{Cu24}/ ACHTUNGTRENNUNG{Dy18} wheels have op-
posite orientations along the c
axis. The distance between two
adjacent layers of {Dy18}/ACHTUNGTRENNUNG{Cu24}
wheels, and between adjacent
layers of {Dy18} and {Cu24}
wheels is 15.65 and 7.82 D, re-
spectively (Figure 5b). As
many as 60 IN ligands are
bonded to the {Dy18} wheel:
six {Cu24} wheels cap two sides
of the {Dy18} wheel through 18
IN (mode I), and other 42 IN
ligands (modes II and III) are
bonded to Cu1 and Cu2 atoms.
Whereas six {Dy18} wheels cap
two sides of the {Cu24} wheel
through 54 IN ligands: 36 ina ligands (modes I and II) are
only coordinated to interior [Dy3ACHTUNGTRENNUNG(m3-O)] cores, which are


further bridged and linked through another 18 IN ligands
(mode III).


Figure 5. a) View of the layered networks of {Dy18} and {Cu24} wheels stacked in parallel with -ABCDEF- alter-
nations along the c axis, each layer is shifted by (�a/3+b/3+c/6) with respect to the next one, respectively.
Six layers of {Ln18} wheels, A–F, are represented in purple, green, yellow, blue, deep yellow, and red, respec-
tively, whereas each of five layered networks of {Cu24} wheels are located between two adjacent {Dy18} wheel
cluster layers shown in cyan for clarity. The pyridine rings of IN ligands are shown with white lines. b) The
sandwich framework based on linkages of layered networks of {Dy18} and {Cu24} wheels pillared by IN ligands
along the c axis. The pyridine rings are omitted for clarity. c) The multidimensional channels stacked by lay-
ered networks of {Dy 18}/ ACHTUNGTRENNUNG{Cu24} wheels in 3 along different directions, showing an alternate arrangement of the
layered networks of the {Dy18} and {Cu24} wheels. Only the channels along the [44̄1̄] direction are shown. From
left to right, six networks of {Dy18} wheels are represented in purple, green, green, yellow, blue, deep yellow,
and red, while five networks of {Cu24} wheels located between adjacent networks of {Dy18} wheels are repre-
sented in deep yellow, blue, cyan, green, and purple, respectively.


Figure 6. a) Polyhedral view of two types of hexagonal channels, stacked by the layered networks of {Dy18} and
{Cu24} wheels along the [22̄1] direction, that interpenetrate each other; a1/a2) Polyhedral view of the hexagonal
channels stacked by layered networks of {Dy18} and {Cu24} wheels in 3 along the [22̄1] direction, respectively;
b) topological view of two types of interpenetrating channels covered by red and purple nets are stacked by
the layered networks of {Dy18} and {Cu24} wheels along the [22̄1] direction, respectively. The {Dy3} and {Cu4}
cores act as three-connected nodes, respectively; b1/b2) topological view of the hexagonal channels stacked by
layered networks of {Dy18} and {Cu24} wheels in 3 along the [2�21] direction, respectively.
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Thermal properties : The thermal stabilities of 1–7 were ex-
amined by the TG analysis in dry-air atmosphere. On ac-
count of the isomorphic features of 1–7, 1 as a typical exam-
ple is described in detail. The TG curve of 1 shows a weight
loss of 0.65% (calcd 0.48%) from 30 to 300 8C, which corre-
sponds to the release of a protonated water molecule. Be-
tween 300 and 600 8C, the weight loss corresponds to the de-
composition of IN ligands and assuming that the residue
corresponds to 3Y2O3·8CuO, the observed weight (33.92%)
is in good agreement with the calculated value (33.47%).
The TG curves of 2–7 are similar to that of 1, the weight
loss of protonated water is 0.86, 1.23, 0.73, 1.1, 0.84, and
1.2%, for 2–7 (calcd 0.45, 0.43, 0.44, 0.44, 0.44, and 0.44%),
respectively. Assuming that the residue corresponds to
3Ln2O3·8CuO (Ln=Nd, Dy, Gd, Sm, Eu) and 3/
2Tb4O7·8CuO for 2–7, the residual weights of 39.61, 40.50,
38.61, 39.65, 38.66, and 39.69% in 2–7 are in good agree-
ment with the calculated values 38.66, 40.20, 39.76, 39.18,
39.32, and 40.46%, respectively (see Figure S1 in the Sup-
porting Information).


IR spectroscopy: The IR spectra of 1–7 are similar. The
characteristic features of the IN ligand dominate the IR
spectrum. The strong and broad absorption bands in the
range of 3000–3700 cm�1 in 1–7 are assigned as characteristic
peaks of OH vibrations. The strong vibrations appearing at
1582 and 1402 cm�1 correspond to the asymmetric and sym-
metric stretching vibrations of the carboxylate group, re-
spectively. The absence of strong bands in the range 1690–
1730 cm�1 indicate IN ligands are deproponated (see Fig-
ure S2 in the Supporting Information).


Optical properties : The optical absorption spectrum reveals
that 1–7 exhibit strong and similar optical absorption in the
visible region, with optical band gaps of 2.19, 2.17, 2.17,
2.12, 2.07, 2.21, and 2.23 eV, respectively, these band gap
sizes are significantly smaller than CuI (2.92 eV) (see Fig-
ure S3 in the Supporting Information). Thus, a much larger
fraction of visible light is absorbed by these lanthanide-con-
taining heterometallic complexes.


Luminescence properties : The profiles of the emission
bands for 2 are in agreement with previously reported spec-
tra of Nd3+ complexes.[22] Under excitation of 476 nm, 2 dis-
plays the characteristic emission bands for the Nd3+ ion in
the near-IR region: the strongest emission band is at
1058 nm (4F3/2!4I11/2) and a weak band is found at 1330 nm
(4F3/2!4I13/2). Compounds 3, 5, 7 show similar broad fluores-
cent emission spectra from 450 to 800 nm in the solid state,
with an intense emission occurring around 650 nm when ex-
cited at 420, 438, and 320 nm, respectively, at room tempera-
ture (Figure 7). According to the results of the similar cop-
per(I) halide clusters, the emission band might be assigned
to a combination of iodide-to-copper charge transfer
(LMCT) and d–s transitions by Cu–Cu interaction within
Cu24 clusters.


[23] The fluorescence spectrum of complex 6 was
also measured in the solid state at room temperature, the


excitation wavenumber was selected as the maximum of the
solid-state excitation spectrum at 280 and 357 nm, but no
useful emission spectra were observed.


Magnetic properties : The magnetic susceptibilities of pow-
dered samples of 1–4 were measured in the temperature
range 2–300 K. The molar magnetic susceptibility of 1 is
negative and independent of temperature within 50–300 K,
consistent with the assigned structure containing diamagnet-
ic Cu+ and Y3+ ions. At room temperature, the cMT value is
equal to 9.87, 84.9, and 46.62 cm3mol�1 K for 2–4 (Figure 8),
respectively, which are close to the expected values of 9.84,
85.02, and 47.28 cm3mol�1 K for six noninteracting Ln3+


ions. On lowering the temperature, the cMT value of 2 de-
creases monotonically and finally reaches 3.64 cm3mol�1 K
at 2 K. Such a magnetic behavior is typical for Nd3+ com-
plexes due to the populations of the Stark levels and a weak
antiferromagnetic interaction between Nd3+ ions.[24] For 3,
cMT decreases slowly with decreasing the temperature to
about 50 K and then more rapidly below 50 K, reaching a


Figure 7. Emission spectra of: a) Compound 2 ; b) Compounds 3, 5, and 7
in the solid state at room temperature when excited at 476, 420, 438, and
320 nm, respectively.
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value of 33.35 cm3mol�1 K at 2 K. This behavior might be
considered as a result of the ligand field splitting of the
Dy3+ ions together with a contribution from the weak anti-
ferromagnetic coupling within the {Dy18} cluster unit. The
thermal variation of cMT of 4 is similar to that of 3, and
almost obeys the Curie–Weiss law over the whole tempera-
ture range with a negative Weiss constant (q) of �0.61 K
and the Curie constant of 46.3 cm3mol�1 K. Considering the
shorter Gd···Gd separations within the m3-O bridged trinu-
clear core of {Gd18} cluster, and a stronger ability of m3-O
bridge to mediate magnetic coupling than that of syn–anti
carboxylate bridge linking trinuclear cores, the magnetic sus-
ceptibility data of 4 were analyzed approximately based on
the expression for the coupling system of trinuclear Gd3+ in
a triangular skeleton,[25] derived from the isotropic Hamilto-
nian h=�2J(Ŝ1·Ŝ2+Ŝ1·Ŝ3+ Ŝ2·Ŝ3). The intertrinuclear inter-
action was taken into account by using the mean field ap-
proximation (zj’).[26] The best fit for 4 leads to J=


�0.031 cm�1, g=1.98 and zj’=0.011 cm�1 (R=1.83T10�5).
The small and negative J value suggests a very weak antifer-
romagnetic interaction between Gd3+ ions.


The alternating current (ac) susceptibility measurements
of 4 performed under a zero direct current (dc) magnetic
field and a 3.0 Oe ac field oscillating in the frequency range
of 111–3511 Hz reveal that the in-phase signal (c0M) hardly
shows frequency dependence whereas the out-of-phase
signal (c00M) can be clearly increased with an increase of the
frequency, although no maximum was observed down to
2.0 K (Figure 9a). As the dc field increases at 2 K, the c0M
signals almost exhibit a continuous decrease up to 20 kOe,
but a maximum of c00M can be observed at around 3 kOe
(Figure 10). With the dc field constants held at 3 kOe, a
shoulder around 4 K for c0M and a peak at about 3 K for c00M
are observed in c0M(T) and c00M(T) curves, and are obviously
frequency-dependent (Figure 9b). There are antiferromag-
netically coupled triangular sublattices within the layered
Gd3+ wheel-cluster network. Such a frustrated spin geome-
try has ever been inferred to play a crucial role in the field-
induced frequency-dependent magnetic behaviors of some
lanthanide complexes.[27] However, with the development in
magnetochemistry of lanthanide complexes, this field-in-
duced relaxation process tends to be explained by the mag-
netic behavior of an isolated ion, the lifting of the Kramer


degeneracy by the applied magnetic field is responsible for
this magnetic phenomenon.[28] The exchange coupling con-
stant between the adjacent Gd3+ ions in 4 is �0.031 cm�1,
which is so small that the exchange coupling interaction can
be ignored, thus the latter mechanism is more reasonable
for explaining this frequency-dependent magnetic behavior
in the present system.


Conclusion


We have successfully made a series of novel 3D sandwich
frameworks under hydrothermal conditions that contain two
distinct layered networks of mixed {Ln18} and {Cu24} wheels.
The synthetic procedure has been well established. The
unique m4-I tetrahedral coordination in the structure plays a
key role in forming and stabilizing the {Cu24} wheel and its
network; whereas trinuclear [Ln3 ACHTUNGTRENNUNG(m3-O)] cores are responsi-
ble for the formation of the {Ln18} wheel and its network.
Furthermore, the synergistic coordination between IN and
m3-O ligands, as well as IN and m4-I ligands results in the for-
mation of two distinct networks of {Dy18} and {Cu24} wheel-
clusters. The linkages between layered {Ln18} and {Cu24}
wheel-cluster networks through IN ligands result in a series
of novel Ln-TM sandwich frameworks with multidimension-


Figure 8. Temperature dependence of the cMT product for 2, 3, and 4.
The solid line is the best fit of the data based on the model described in
the text for 4.


Figure 9. Temperature dependence of the in-phase (c0M) and out-of-phase
(c00M) signals of the ac susceptibility at: a) zero and; b) 3 kOe dc bias field
in the frequency range of 111–3511 Hz for 4.


Figure 10. Field-dependent ac magnetic susceptibility of 4 performed at
2 K and 3.0 Oe ac field with a frequency of 911 Hz.
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al channels. This is the first observation that two different
layered networks of nanosized Ln and TM wheels are pil-
lared by IN ligands in wheel-cluster chemistry. It is noticea-
ble that the unusual trinuclear [Ln3ACHTUNGTRENNUNG(m3-O)] and tetranuclear
[Cu4ACHTUNGTRENNUNG(m4-I)] cores are successfully used as building blocks to
make large oligomers of {Ln18} and {Cu24} wheels that fur-
ther link to 2D {Ln18} and {Cu24} networks, respectively, sug-
gesting that the “oligomerization of low-nuclearity building
blocks”[5a] may make larger wheels or wheel-cluster poly-
mers. Further work is in progress to make other new Ln-TM
wheels and wheel-cluster polymers by using either larger
oligomers of tri- or tetranuclear fragments, or oligomers of
higher nuclearity building blocks, whereas simultaneously
we are trying to make still larger wheels and wheel-cluster
polymers, especially mixed Ln and TM wheels, by selecting
another type of ligand or introducing second ligands.


Experimental Section


Materials and physical measurements : All chemicals were purchased
from commercial sources and were used without further purification. Ele-
mental analyses for C, H, N were performed on a Vario EL III elemental
analyzer. The FTIR spectra (KBr pellets) were recorded by using an
ABB Bomen MB 102 spectrometer, and the UV/Vis spectra by using a
Lambda900 spectrophotometer. Thermogravimetric analyses were per-
formed on a Mettler TGA/SDTA 851e analyzer with a heating rate of
10 8Cmin�1 under air atmosphere. Photoluminescence analyses were per-
formed by using an Edinburgh Instrument F920 fluorescence spectrome-
ter. The magnetic susceptibilities were measured by using a Quantum
Design MPMS-5S superconducting quantum interference device
(SQUID) magnetometer in the temperature range of 2–300 K, and the
experimental susceptibilities were corrected for the Pascal constants.


Syntheses of 1–7: A mixture of Ln2O3 (Y2O3 0.113 g, Nd2O3 0.168 g,
Dy2O3 0.189 g; Gd2O3 0.181 g; Sm2O3 0.174 g; Eu2O3 0.176 g; Tb4O7


0.187 g), HIN (0.246 g), pca (0.154 g), CuI (0.055 g), H2O (10 mL), and
HClO4 (0.385 mmol, pH 2) was sealed in a 30-mL teflon-lined bomb at
170 8C for seven days which was then slowly cooled to room temperature.
Red prismatic crystals of 1–7 and light-yellow rectangular crystals[16] were
recovered by filtration, washed with distilled water and dried in air, re-
spectively. Two phases could be manually separated. Interestingly, the
syntheses of 1–7 rely on subtle control over various hydrothermal param-
eters, especially the starting materials (not only pca, but also the I� ion).
It is noteworthy that pca played a critical role in the formation of 1–7,
though pca was not present in 1–7. When pca was removed from the re-
action system, attempts to make 1–7 were unsuccessful under same con-
ditions, except for phase-pure orange crystals which were isomorphous
with those in our previous work based on {Ln14} cores with iodine bridge-
s.[14a] In addition, a similar reaction that used Cl� and Br� ions as halide
sources could not produce the isomorphous products of 1–7, indicating
that the I� ion is indeed critical for the formation of the {Cu24} wheel and
its network. The larger size of I� ion induces a coordination number
easily up to 4, resulting in a tendency to form tetrahedral coordination.
Though the mechanism for forming the {Cu24} wheels of 1–7 was unclear,
the steric effects involving the size of halide atoms are likely to be re-
sponsible for the formation of {Cu24} wheel and its network. Compound
1: Yield (based on Ln2O3): 23%; IR (KBr pellet): ñ =3433(s), 1582(vs),
1541(s), 1439(s), 1402(s), 771 cm�1 (m); elemental analysis calcd (%) for
C108H75Cu8I5N18O39Y6: C 33.05, H 1.93, N 6.42; found: C 32.67, H 2.40, N
6.18. Compound 2 : Yield (based on Ln2O3): 29%; IR (KBr pellet):
ñ3449(s), 1584(vs), 1545(s) 1429(s), 1396 ACHTUNGTRENNUNG(v s), 770 cm�1 (m); elemental
analysis calcd (%) for C108H75Cu8I5N18Nd6O39: C 30.47, H 1.78, N 5.92;
found: C 30.02, H 2.22, N 5.73. Compound 3 : Yield (based on Ln2O3):
23%; IR (KBr pellet): ñ3440(s), 1581(vs), 1546(s), 1436(s) 1401(s),


771 cm�1 (m); elemental analysis calcd (%) for C108H75Cu8Dy6I5N18O39: C
29.70, H 1.73, N 5.77; found: C 29.51, H 2.17, N 5.67. Compound 4 : Yield
(based on Ln2O3): 15%; IR (KBr pellet): ñ3438(s), 1580(vs), 1546(s),
1434(s) 1397(s), 770 cm�1 (m); elemental analysis calcd (%) for
C108H75Cu8Gd6I5N18O39: C 29.92, H 1.74, N 5.82; found: C 29.85, H 2.13,
N 5.78. Compound 5 : Yield (based on Ln2O3): 14%; IR (KBr pellet):
ñ3444(s), 1587(vs), 1543(s), 1433(s) 1397(s), 770 cm�1 (m); elemental
ayalysis calcd (%) for C108H75Cu8Sm6I5N18O39: C 30.21, H 1.76, N 5.87;
found: C 29.96, H 2.16, N 5.73. Compound 6 : Yield (based on Ln2O3):
12%; IR (KBr pellet): ñ3450(s), 1581(vs), 1545(s), 1433(s) 1399(s),
770 cm�1 (m); elemental analysis calcd (%) for C108H75Cu8Eu6I5N18O39: C
30.14, H 1.76, N 5.86; found: C 29.90, H 2.16, N 5.79. Compound 7: Yield
(based on Ln2O3): 10%; IR (KBr pellet): ñ3445(s), 1582(vs), 1546(s),
1435(s) 1398(s), 771 cm�1 (m); elemental analysis calcd (%) for
C108H75Cu8Tb6I5N18O39: C 29.85, H 1.74, N 5.80; found: C 29.76, H 2.14,
N 5.76.


Crystallographic studies : The intensity data were collected by using a
Mercury or SMART-CCD diffractometer with graphite-monochromated
MoKa radiation (l =0.71073 D) at RT. All absorption corrections were
performed by using the multiscan or SADABS program. The structures
were solved by direct methods and refined by full-matrix least-squares on
F2 with the SHELXTL-97 program package. CCDC-620291, CCDC-
620292, CCDC-620297, CCDC-620295, CCDC-620293, CCDC-620294,
and CCDC-620296 for 1–7, respectively, contain the supplementary crys-
tallographic data for this paper. These data can be obtained free of
charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Introduction


The construction of systems able to generate channel-like
structures is a topic of intense research activity in several
scientific fields, such as material sciences, biochemistry, and
chemistry. Several strategies for their preparation exist; as
an arbitrary selection of examples, molecules that because
of the presence of suitable groups appended to a rigid elon-
gated skeleton are able to rearrange and initiate channels or
pores have been widely explored.[1] Alternatively, a channel-
like structure can be achieved through the self-assembly of
macrocyclic platforms.[2] Within this latter methodology, the
calix[4]arene platform has demonstrated its potential to
build up these systems.[3] In spite of its larger annulus, which
could host and possibly allow the passage (transit) of larger
species, the calix[6]arene platform has never been employed
within this aim.


We have, however, recently shown that the triphenylurei-
docalix[6]arene 1 (Scheme 1) can act as a three-dimensional
heteroditopic receptor that can be threaded selectively from
the upper rim by suitable axles derived from the 4,4’-bipyri-


Abstract: A synthetic study to disclose
the more appropriate manner by which
two calix[6]arene units could be con-
nected for the construction of an ex-
tended tubular structure was undertak-
en. As a result, a head-to-tail double
calix[6]arene having the structure of an
oriented nanotube that is about 2.6 nm
long and 1.6 nm wide was prepared
and characterized. This molecule is
able to act as a wheel-type host and
forms a supramolecular complex with
an axle-type molecule, derived from
4,4’-bipyridinium (viologen), through
very efficient self-assembly in solution.
The properties of such a pseudorotax-


ane-type complex, which is stabilized
by a combination of noncovalent inter-
actions, were investigated in solution
by UV/Vis absorption spectroscopy
and voltammetric methods. These ob-
servations provide a clue about the lo-
cation of the bipyridinium unit along
the nanotube. In the solid state, the
complex undergoes a further stage of
self-assembly, thereby initiating extend-


ed oriented tubular structures. Crystal-
lographic studies revealed that the po-
sitioning of the viologen dication in
this asymmetric wheel is addressed by
a complicated pattern of cooperative
noncovalent intermolecular interac-
tions that involve only one half of the
host, whereas the remaining (more
polar) half of the host is exploited to
create long-range structural order that
leads to a “secondary” structure of ex-
tended supramolecular channels that,
in turn, self-assemble in the lattice,
thus giving rise to a “tertiary” structure
of parallel sandwiches of nanotubes.
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dinium (viologen) unit to yield oriented pseudorotaxanes.[4]


These supramolecular assemblies are endowed with a high
thermodynamic stability that derives from the inclusion of
the cationic portion of the guest inside the electron-rich
cavity and by the interaction of the two counteranions with
the three urea moieties.[5] The type of counteranions of the
bipyridinium-based threads indeed play an important role in
the formation of the complex, as they affect both the ther-
modynamic stability of the complex and the rate of the
threading process. These pseudorotaxanes can be reversibly
decomposed through electrochemical stimuli.[6] This behav-
ior suggests that the calix[6]arene skeleton could be used to
build up an extended tubular structure with a wheel as a
wall, characterized by a functioning mode that could be
traced back to that of molecular machines[7] based on pseu-
dorotaxanes.


From analysis of the solid-state structure of the pseudoro-
taxane formed by 1 and an asymmetrical axle, it emerges
that the triphenylureidocalix[6]arene wheel possesses a
trigonal prism structure 1.65 nm in length with an internal
width of about 0.75 nm (estimated from interatomic distan-
ces).[5] We, therefore, envisaged that the ability of wheel 1 to
yield oriented pseudorotaxanes could be exploited for the
construction of oriented asymmetric channel-like structures.
However, if the calix[6]arene skeleton should be used to
build up a tubular structure, then its inner surface should be
extended to approach the length of a bilayer while maintain-
ing all the properties of an asymmetric heteroditopic wheel.
To this aim, we envisaged that the linkage of two calix[6]ar-
ene units with different hosting properties toward a viologen


guest, connected through an appropriate sequence of bind-
ing sites, could meet this criterion. Herein, we report the
design, synthesis, and properties of an asymmetric covalently
linked double calix[6]arene composed of two calix[6]arene
units characterized by the very different binding properties
of their inner surfaces.


Results and Discussion


Design, synthesis, and characterization of the tubular host :
To establish the most suitable connectivity and relative posi-
tion of the binding sites within a calixarene dimer, we pre-
liminarily verified whether the three ureido NH groups that
are present in 1 are essential in the threading process of the
calix[6]arene platform by viologen salts. Therefore, wheel 1
was fully methylated at the NH groups with CH3I in the
presence of an excess of NaH in THF to give 2 in 83%
yield to block the hydrogen-bond donor groups and thus
prevent its ability to act as a heteroditopic receptor toward
ion pairs (see Scheme 1).


The main features of the 1H NMR spectrum of 2 (re-
corded in solution with CDCl3) are the signals of the two
different N-methyl groups at d=3.04 and 2.70 ppm, the
latter being overlapped with the signals of the three me-
thoxy groups. The signals of all the other protons are broad,
and the axial and equatorial methylene protons give rise to
two very broad bands at about d=4.2 and 3.2 ppm, respec-
tively, thus suggesting a more flexible conformation of 2
with respect to 1. The ability of 2 to act as a receptor for
cations was tested in solution toward dimethyl- (MV2+) and
dioctylviologen (DOV2+) tosylates and monitored through
1H NMR spectroscopic analysis in CDCl3, C6D6, and
CD3CN. We found that 2, probably because of insufficient
preorganization and the lack of three binding sites for the
recognition of the two anions, could not take up the dialkyl-
viologen salts and form supramolecular complexes in an ob-
servable amount. These data suggest that under these condi-
tions the energy gain for complex formation between the
cationic portion of the salts employed and the calix[6]arene
cavity is not sufficient to overcome the energy needed to
separate the cation from the two counteranions in the ion
pair. Quite surprisingly, negative evidence of binding was
also obtained by adding an excess of 3, which is an efficient
host for the chloride ion,[8] to a suspension of 2 and MV2+


or DOV2+ as their chloride salts in CDCl3 (see Scheme 1),
thus indicating that the cation and anion binding with dis-
tinct hosts (dual-host strategy)[9] is less efficient than that af-
forded by an heteroditopic receptor.[10] Indeed the lack of
preorganization of 2 in solution was indirectly evidenced
from its structure in the solid state (see the Supporting In-
formation for a detailed structure description).


To verify whether the three phenylureido binding sites
that are positioned at the upper rim of 1 maintain their
function also when they are anchored at the lower rim of
the calixarene, derivative 5, which could in principle still
behave as an heteroditopic receptor because of the presence


Scheme 1. Reactions and conditions for the synthesis of calix[6]arene de-
rivatives 2 and 5: a) NaH, CH3I, THF, 70 8C, 4 h (83%); b) PhNCO,
CH2Cl2, 3 h (75%). Graphical representation of the receptor 3 for the
chloride ion.


Chem. Eur. J. 2008, 14, 98 – 106 A 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 99


FULL PAPER



www.chemeurj.org





of the calixarene cavity and the three hydrogen-bond donor
groups, was thus synthesized by treating the known
5,11,17,23,29,35-hexa-tert-butyl-37,39,41-trimethoxy-38,40,42-
tris(3-aminopropoxy)calix[6]arene (4)[11] with phenylisocya-
nate (see Scheme 1). Host 5 was submitted to complex for-
mation with MV2+ or DOV2+ ditosylate under the same ex-
perimental conditions adopted for 2. These attempts gave,
however, negative results as evidenced through NMR spec-
troscopic and ESI-mass-spectrometric analysis.


The lack of binding ability experienced by 5 and 2 toward
the same guests clearly demonstrates that not only are the
three urea binding sites essential for binding, but also that
they should be positioned in proximity to the calixarene
cavity. Thus, a double calix[6]arene should be assembled to
maintain the main structural and chemical information pres-
ent on the reference wheel 1. We, therefore, considered the
possibility of employing three urea moieties for the connec-
tion of two calix[6]arene units. From a synthetic point of
view, three possible methods exist by which two calixarenes
could be covalently connected (Figure 1).


On the basis of the aforementioned considerations, the
lower-rim/lower-rim linkage (Figure 1a) appears as the least
promising, since it bears the three ureido bridges positioned
at the lower rim of both calixarene subunits. On the other
hand, as also previously observed by us,[12] the upper-rim/
upper-rim linkage (Figure 1b) yields dimers that show quite
poor binding ability toward organic cations. The head-to-tail
connecting mode (Figure 1c) was then chosen for the syn-
thesis of a double calix[6]arene.


To assign the different binding abilities of the viologen
salts toward the two calix[6]arene units of the dimer, it was
decided to focus on the hydrogen-bond-acceptor ability of
one of the two calixarene units. Therefore, the double cal-
ix[6]arene 11 was synthesized in 40% yield starting from the
triaminocalix[6]arene derivative 8 and the triisocyanate 10
(see Scheme 2). In 11, a calix[6]arene unit that bears three
ureido moieties at its upper rim is connected through a
propyl spacer to the lower rim of a second calixarene unit
that bears three electron-withdrawing nitro groups at its
upper rim. The 1H NMR spectra of 11 recorded in several
deuterated solvents at room temperature is broad; neverthe-


Figure 1. Schematic representation of the three different bridging modes
between two calix[6]arenes that afford a tubular structure.


Scheme 2. Reactions and conditions for the synthesis of the double calix[6]arene 11: a) K2CO3, 3-(N-bromopropyl)phtalimide, CH3CN, reflux, 15 days
(30%); b) NH2NH2·H2O, EtOH, reflux, 12 h (90%); c) 10, CH2Cl2, 3 h (30%); d) triphosgene, toluene, reflux, 3 h (70%).
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less, in C6D6 at 330 K (see the Supporting Information) it is
sufficiently sharp to allow the complete assignment of all
the signals. Under these conditions, the spectrum clearly
shows the presence of two sets of signals for the two differ-
ent calixarene subunits, which both assume a cone confor-
mation on the NMR timescale. In particular, the two dou-
blets at d=4.47 and 4.62 ppm were assigned to the pseu-
doaxial methylene protons of the lower and upper subunits,
respectively. The methoxy groups of both subunits resonate
as broad singlets at d=3.1 and 3.4 ppm, respectively, thus in-
dicating that the methoxy groups of both subunits are ori-
ented inwards toward their corresponding calixarene cavi-
ties. As expected, because of the different substitutions of
the aromatic ring in the two calixarenes, the aromatic pro-
tons of the nitro-substituted unit resonate at d=8.20 ppm,
whereas those adjacent to the ureido groups resonate at d=


6.94 ppm. The six chemically different NH protons resonate
as two distinct broad signals at d=5.7 and 6.9 ppm. The
complete assignment of all the signals present in the spec-
trum of 11 was achieved through 2D NMR DQF-COSY and
ROESY techniques (see the Supporting Information).


The addition of the colorless DOV ACHTUNGTRENNUNG(TsO)2 (Ts= tosylate)
to a solution of 11 in apolar media (CDCl3 or C6D6) yielded
orange–red solutions from which it was not possible to es-
tablish the structure of the species that had formed by using
NMR spectroscopic techniques because of the extensive
overlapping and broadening of several signals.


UV/Vis absorption experiments: We recorded the absorp-
tion spectra of DOV ACHTUNGTRENNUNG(TsO)2, double calix[6]arene 11, and
calix[6]arenes 1 and 12 in CH2Cl2 at room temperature. The
latter two macrocycles can be taken as models for the elec-
tron-rich (lower half) and electron-poor (upper half) por-
tions of the double calixarene 11, respectively (see
Scheme 2). All these compounds show intense absorption
bands in the near-UV region (see the Supporting Informa-
tion) and no luminescence.


The absorption spectrum of a 1:1 mixture of calixarene 1
and DOV ACHTUNGTRENNUNG(TsO)2 differs from the sum of the spectra of the
separated species. Besides the changes in the UV absorption
bands of the molecular components, a new broad, weak ab-
sorption band of lmax =465 nm shows up in the absorption
spectrum of the mixture (Figure 2). Spectrophotometric ti-
trations point to the formation of a 1:1 complex with a sta-
bility constant of (2.0�0.5)O106


m
�1. The absorption band


typical of the supramolecular complex is attributed to
charge-transfer (CT) interactions between the electron-rich
diphenylureido units of 1 and the viologen unit of DOV2+ ,
as shown by control experiments carried out on mixtures of
DOV2+ and N,N-diphenylurea. In fact, we previously
showed[5] that 1, and a very similar triphenylureidocalix[6]ar-
ene,[13] forms a 1:1 pseudorotaxane-type complex with
DOV2+ in apolar solvents stabilized by 1) CT interactions
between the aromatic rings of the host and bipyridinium
guest, 2) hydrogen bonding between the counteranions of
the viologen dication and ureidic groups of the wheel, and
possibly 3) solvophobic effects on account of the very low
solubility of viologen salts in apolar solvents.


Similar behavior was observed in the case of a 1:1 mixture
of double calixarene 11 and DOV ACHTUNGTRENNUNG(TsO)2, whose absorption
spectrum exhibits a new tail centered at around 440 nm
(Figure 2). Spectrophotometric titrations (Figure 2, inset) in-
dicate that a 1:1 complex is formed with a stability constant
of (1.1�0.3)O106


m
�1.


As expected, no absorption changes were observed for a
1:1 mixture of host 12 and DOV ACHTUNGTRENNUNG(TsO)2 in comparison with
the sum of the spectra of the isolated components. The lack
of complexation of 12 towards DOV2+ may be related to
the fact that the former does not possess an electron-donat-
ing cavity (in fact 12 is an electron acceptor). Moreover, 12
is more flexible relative to 1 or 11 and hence poorly preor-
ganized as a host, as evidenced by its 1H NMR (CDCl3)
spectra, in which, for example, the twelve bridging methyl-
ene protons resonate as a singlet at d=4.0 ppm.


The above results are consistent with the inclusion of the
DOV2+ axle into the cavity of nanotube 11. The similarity
between the stability constants of the [1�DOV]ACHTUNGTRENNUNG(TsO)2 and
[11�DOV]ACHTUNGTRENNUNG(TsO)2 complexes indicates that the extension of
the host inner surface in 11 has not changed the binding effi-
ciency toward viologen salts and, taken together with the
lack of complexation of DOV2+ by 12, suggests that the vi-
ologen portion of the axle is surrounded by the electron-rich
calix[6]arene unit of 11 (the lower half in Scheme 2). All
these observations are in full agreement with the structure
observed for the [11�DOV] ACHTUNGTRENNUNG(TsO)2 complex in the solid
state (see below). It should be noted that the CT band of
the [11�DOV] ACHTUNGTRENNUNG(TsO)2 pseudorotaxane is displaced to higher
energy relative to that of the [1�DOV] ACHTUNGTRENNUNG(TsO)2 species
(Figure 2), presumably because in the double calixarene 11
the three N,N-diphenylureido moieties present in 1 are re-
placed by less electron-donating phenylureido units.


We also measured the rate constant for the threading of
DOV ACHTUNGTRENNUNG(TsO)2 into 11 by stopped-flow absorption spectrosco-
py. The absorption changes recorded over time (see the Sup-


Figure 2. Visible absorption spectra of a solution of the complexes
[1�DOV] ACHTUNGTRENNUNG(TsO)2 (full line) and [11�DOV] ACHTUNGTRENNUNG(TsO)2 (dashed line) in
CH2Cl2. The inset shows the absorption changes recorded at 460 nm
upon addition of DOV ACHTUNGTRENNUNG(TsO)2 to a 1.2O10�5


m solution of 11 in a cell
with an optical path length of 5 cm. The curve shows the fitting of the ex-
perimental data according to the formation of a 1:1 complex.
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porting Information) could be fitted according to a bimolec-
ular reaction model, thus yielding a second-order rate con-
stant of (1.4�0.1)O103


m
�1 s�1 at 293 K. This process is


much slower than that corresponding to the threading of
DOV ACHTUNGTRENNUNG(TsO)2 into a triphenylureidocalix[6]arene very similar
to 1 under the same conditions, for which the rate constant
was found to be (1.7�0.3)O106


m
�1 s�1.[6] Previous NMR


spectroscopic studies indicate that the insertion of the violo-
gen axle occurs from the upper rim of 1 in apolar solvents.[4a]


We also pointed out[6] that the dissociation of the tight ion
pairs between the cationic axle and counteranions and the
complexation of the latter by the ureidic units of the host
play a major role in determining the self-assembly rate. By
hypothesizing a similar process between DOVACHTUNGTRENNUNG(TsO)2 and
11, it could be reasonable to assume that the slower self-as-
sembly observed for [11�DOV] ACHTUNGTRENNUNG(TsO)2 derives from the fact
that the ureidic anion receptors are not located nearby the
entrance of the cavity in the double calixarene and thus
cannot efficiently assist the dissociation of the DOVACHTUNGTRENNUNG(TsO)2


ion pairs. The displacement of the viologen axle inside the
tubular host, that is, from the upper to lower calixarene moi-
eties, could not be observed in our experiments, most likely
because the displacement is too fast on the stopped-flow
timescale. Further speculations would be unsafe because we
did not investigate the self-assembly kinetics in sufficient
detail (e.g., the energy barrier was not determined).


Voltammetric experiments : Electrochemical techniques
are particularly useful for investigating the behavior of the
axle unit inside the calixarene wheels as a result of the val-
uable redox properties of the viologen salts.[14] It should be
noted that since the electrochemical experiments are carried
out in the presence of a large excess of tetrabutylammonium
hexafluorophosphate, used as a supporting electrolyte, the
cationic species are present in solution as ion pairs with the
PF6


� ions. DOV ACHTUNGTRENNUNG(PF6)2 shows[15] the two typical reversible
monoelectronic processes (E1/2 =�0.28 and �0.82 V versus
the saturated calomel electrode (SCE); Figure 3) and no ox-


idation processes. Calixarenes 1 and 12 and double calixar-
ene 11 exhibit several irreversible oxidation processes at po-
tentials higher than E=++1.0 V, assigned to the oxidation of
their electron-rich aromatic units.[16] Calixarene 1 shows no
reduction processes in the potential window examined,
whereas 11 and 12 exhibit irreversible processes at E<
�1.2 V, which we assigned to the reduction of their nitro-
substituted aromatic units.[16] For the sake of the discussion
and because of the irreversibility of the redox processes of
the hosts, we will consider only the reduction processes of
the viologen unit in the various compounds.


The electrochemical behavior of the [1�DOV]ACHTUNGTRENNUNG(PF6)2


pseudorotaxane on reduction (see the Supporting Informa-
tion) is nearly identical to that previously observed[6] for a
very similar system. The cyclic voltammetric wave for the
first reduction of the viologen unit in the complex is charac-
terized by a large separation between the cathodic and
anodic peaks. The cathodic wave (Ep =�0.63 V at a scan
rate of 0.3 Vs�1) is negatively shifted by more than 330 mV
with respect to that of DOV ACHTUNGTRENNUNG(PF6)2 alone, whereas the corre-
sponding anodic wave (Ep =�0.23 V) occurs at nearly the
same potential as that of free DOV ACHTUNGTRENNUNG(PF6)2. The second re-
duction process is reversible and takes place at a potential
(E1/2 =�0.82 V) identical to that of the free axle, thus indi-
cating that a one-electron reduction of the viologen unit
causes the dethreading from the host. The behavior ob-
served for the first reduction process of [1�DOV] ACHTUNGTRENNUNG(PF6)2 can
be accounted for by the fact that 1) the viologen dication is
stabilized by inclusion into the calixarene wheel and 2) the
(re)threading of the electrochemically regenerated DOV2+


axle into 1 is slow on the timescale of the voltammetric ex-
periment.[6]


The [11�DOV]ACHTUNGTRENNUNG(PF6)2 pseudorotaxane exhibits, as expect-
ed, the two monoelectronic reductions of its viologen axle
(E1/2 =�0.27 and �0.82 V; Figure 3). The fact that the violo-
gen unit is associated with the double calixarene host[17] is
reflected by the decrease in the current intensity of the vol-
tammetric waves, because of the smaller diffusion coefficient
of the complex. In contrast with the behavior of the mono-
calixarene pseudorotaxane described above, the first reduc-
tion process is reversible and occurs at a potential value
almost equal to that of the same process in the free axle.
The second reduction wave is affected by adsorption phe-
nomena; its potential appears to be not shifted relative to
the same wave in the free DOV2+ axle. The lack of a poten-
tial shift in the first reduction wave (Figure 3) is a somewhat
surprising result because the absorption data indicate that
the viologen unit is involved in CT interactions with the
host. Moreover, while we found that encapsulation of the vi-
ologen unit into a triphenylureidocalix[6]arene wheel causes
a decrease in the heterogeneous electron-transfer rate con-
stant,[6] the first reduction wave of DOV2+ complexed by 11
is electrochemically reversible under our conditions, thus in-
dicating a relatively fast heterogeneous electron-transfer
process.


These observations can be accounted for by the fact that
the viologen unit may exhibit some mobility along the tubu-


Figure 3. Cyclic voltammetric curves for the reduction of DOV2+ alone
(full line) and in the presence of one equivalent of the double calixarene
11 (dashed line). Conditions: CH2Cl2, 2.2O10�4


m, 0.02 m tetrabutylam-
monium hexafluorophosphate, 0.3 Vs�1, glassy carbon electrode. The re-
versible wave at +0.46 V versus SCE is ferrocene used as an internal ref-
erence.
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lar host, thereby spending some of its time close to the
region of connection of the two calixarene halves. Inspection
of molecular models (see also Figure 4) shows that in such a
position the viologen unit 1) is no longer surrounded by


electron-rich aromatic moieties, 2) is not effectively encap-
sulated because of the presence of relatively large portals
between the spacers that link the two calixarene halves,[18]


and 3) may come in contact with external molecules (solvent
or anions). Therefore, it can be expected that in such a
supramolecular conformation the electrochemical properties
of the viologen unit may not be affected too much by the
host (apart from the decrease in current intensity as a result
of the smaller diffusion coefficient). The fate of the complex
between 11 and the viologen axle upon reduction of the
latter is difficult to assess on the basis of the redox potential
values.


X-ray structure of the supramolecular complex : Crystals
suitable for X-ray analysis were obtained from the slow
evaporation of the reddish solution obtained by mixing 11
and DOV ACHTUNGTRENNUNG(TsO)2 in benzene/methanol.


In the solid state, four chemical species, namely, the neu-
tral host 11, DOV2+ , the two tosylate anions, and two water
molecules, self-assemble in a supramolecular complex (see
Figure 4) that belongs to the pseudorotaxane class and has
the shape of a trigonal prism of about 2.6O1.6 nm. In the
complex, the two aromatic domains are characterized by dif-
ferent hydrogen-bond-acceptor abilities and are also slightly
different in size and shape (see the Supporting Information
for an unequivocal description of the calix[6]arene confor-
mations).


The dicationic thread is positioned within the ABCDEF
cavity through a system of weak intermolecular attractive
interactions, and one of its octyl chains protrudes from the
lower rim of this latter subunit. The other octyl chain ex-


tends outside the dimer through the portals of the equatorial
plane of 11, probably because the cavity of the second cal-
ix[6]arene unit GHILMN is partially obstructed by the me-
thoxy groups of rings L and N and by the highly polar char-
acter of the inner surface of this latter macrocycle. Two ad-
ventitious water molecules are also present in the host,
while, as expected, the two tosylate anions are confined out-
side 11 in proximity to the three urea moieties. All compo-
nents are held together by the simultaneous cooperation of
strong, non-directional electrostatic interactions between the
charged species and weak, highly directional (and thus selec-
tive) intermolecular interactions, such as hydrogen bonds
and CH–p interactions. The geometrical parameters for the
weak attractive interactions in the complex are listed in the
Supporting Information.


A set of multiple weak attractions between the calixarene
ABCDEF and viologen units are responsible of the asym-
metric position of the guest within the cavity. The strongest
attraction is the hydrogen bond C9V�H···OlD (O1D···H=


2.207(9); C9V···O1D=3.156(9) Q). Contemporarily, the hy-
drogen atom on C7V points toward the centroid of the phe-
nolic ring A, thus giving rise to a CH–p interaction with the
hydrogen atom at 2.658(9) Q over the centroid of phenolic
ring A. This value is significantly shorter than the value of
2.84 Q calculated by Tsuzuki et al. in the high-level ab initio
calculation of the benzene/methane interaction in the gas
phase,[19] when the methane C�H bond is orthogonal to the
benzene centroid. A third (weaker) hydrogen bond C19V�
H···OlC (O1C···H=2.489(9); C19V···O1C=3.310(9) Q) in-
volves one hydrogen atom at the terminal aliphatic chain of
the guest and the phenolic oxygen atom of ring C. These in-
teractions are superimposed onto the electrostatic attrac-
tions that occur between the doubly charged guest and the
two tosylate anions. These latter species are also involved in
multiple weak attractive interactions involving simultane-
ously the host and the two water molecules inside the host
cavity and play different roles. In particular, anion Q forms
four hydrogen bonds with the urea chains of the host: two
of them through O3Q, which acts as acceptor of the two hy-
drogen bonds O3Q···H�N1Y (O3Q···H=2.058(9);
O3Q···N1Y=2.968(9) Q) and O3Q···H�N2Y (O3Q···H=


2.032(9); O3Q···N2Y=2.942(9) Q); the other two oxygen
atoms O1Q and O2Q act as acceptors of the two hydrogen
bonds O1Q···H�N2Z (O1Q···H=1.993(9); O1Q···N2Z=


2.937(9) Q) and O2Q···H�N1Z (O2Q···H=1.928(9);
O2Q···N1Z=2.846(9) Q). In any case the role of the urea
NH groups is crucial for the binding of the two tosylate
anions through hydrogen bonding. The tosylate Q simulta-
neously interacts with the urea groups of chains Y and Z
(Figure 4a), whereas the anion P interacts with the NH
groups of chain X.


The role of the second anion P is quite different and more
important in stabilizing the supramolecular architecture of
the complex. In fact, the oxygen atom O2P links the host
through the single hydrogen bond O2P···H�N2X (O2P···H=


1.978(9); O2P···N2X=2.927(9) Q). At the same time, the
oxygen atom O3P connects with the anion P, the two water


Figure 4. X-ray structure of the complex [11�DOV] ACHTUNGTRENNUNG(TsO)2 (the DOV2+


component is yellow). a) Partial stick view; b) partial space-filling view.
Only the hydrogen atoms involved in weak, attractive intermolecular in-
teractions are shown. The hydrogen bonds and CH–p interactions are de-
noted by green lines.
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molecules within the cavity, and the guest dication. In fact,
this oxygen atom accepts one hydrogen bond from the host,
O3P···H�N1X (O3P···H=1.961(9); O3P···N1X=


2.879(9) Q), and contemporarily shows a hydrogen-bond
contact with oxygen atom O1W of one of the two water
molecules, which in turn is linked to the host and dication
through two hydrogen-bond contacts: one with N1V of the
dication (O1W···N1V=3.170(9) Q) and a second with the
second water molecule O2W within the host cavity
(O1W···O2W=2.68(1) Q). The stability of the complex is
further enhanced by another hydrogen-bond contact be-
tween O2W and O1Z with a donor–acceptor distance of
2.952(8) Q. Through this way, the role of the two water mol-
ecules within the host cavity is only limited, thus enhancing
the stability of the complex and appearing unable to influ-
ence the position of the dioctylviologen within the host
cavity.


In the crystal, the asymmetry of the complex is responsi-
ble for the formation of a “secondary” structure that results
in the formation of an oriented “channel-like” structure. In
fact, the aliphatic chain that protrudes from the calixarene
ABCDEF of one complex acts as a dominant structure-di-
recting factor by entering into the calixarene GHILMN of
another complex, thus filling the space in the NO2 region
(Figure 5a). The “pitch” along a single channel is 22.424 Q,
and each adjacent parallel channel is shifted in that direc-
tion by one half of the pitch (11.212 Q).


A third structural motif (a “tertiary” structure) is ob-
served in the self-assembly of the channels (Figure 5b) in


the plane orthogonal to the axis of the tubules, thus giving
rise to a sandwich superstructure of segregated bilayers (of
about 19.5 Q in thickness, calculated as interatomic distan-
ces) of nanotubes. Although each bilayer is electrically un-
charged, the two surfaces of each bilayer are strongly polar
as a result of the presence of the external SO3


� groups.


Conclusions


We have shown that a tubular molecular host containing
predetermined chemical functionalities can be obtained by
appropriately linking two calix[6]arene units. The length of
this calixarene dimer is comparable to the thickness of a bi-
layer membrane, while its diameter is suitable for the encap-
sulation of aromatic rings. In fact, we have shown that this
compound is able to function as a dissymmetric heteropoly-
topic host, thus forming a fairly stable pseudorotaxane-type
complex with dioctylviologen in apolar solvents. In the solid
state, the supramolecular complexes self-assemble to yield a
“secondary” arrangement of extended channels, which in
turn give rise to a “tertiary” structure of parallel sandwiches
of nanotubes.


These results show that our approach is promising for the
construction of functional self-assembling structures at the
nanoscale. More specifically, pseudorotaxane-type com-
plexes based on extended and dissymmetric (oriented) tubu-
lar hosts may constitute a promising platform for the reali-
zation of artificial molecular channels that can be controlled
by external stimuli. Studies are undergoing in our laborato-
ries to exploit this approach and for the preparation of new
working tubular devices.


Experimental Section


General : All the reactions were carried out under nitrogen, and all the
solvents were freshly distilled under nitrogen and stored over molecular
sieves for at least 3 h prior to use. All the other reagents were of reagent-
grade quality as obtained from commercial suppliers and were used with-
out further purification. Column chromatography was performed on
silica gel (63–200 mesh). The NMR spectra were recorded in CDCl3
unless otherwise indicated. Mass spectra were determined in ESI mode.
The melting points are uncorrected. The elemental analyses were carried
out at the Laboratory of Microanalysis, Dipartimento Farmaceutico, Uni-
versity of Parma. Compounds 1,[20] 5,11,17,23,29,35-hexa-tert-butyl-
37,39,41-trimethoxy-38,40,42-tris(3-aminopropoxy)calix[6]arene (4),[11]


5,17,29-tri-tert-butyl-11,23,35-trinitro-37,39,41-trimethoxycalix[6]arene
(6),[20] 5,17,29-tri-tert-butyl-11,23,35-triamino-37,39,41-trimethoxy-
38,40,42-tris(2-ethoxyethoxy)calix[6]arene (9),[20] and 5,17,29-tri-tert-
butyl-11,23,35-trinitro-37,39,41-trimethoxy-38,40,42-tris(2-ethoxyethoxy)-
calix[6]arene (12)[20] were synthesized according to literature procedures.


N,N’-Hexamethyltriphenylureidocalix[6]arene (2): A solution of calix[6]-
arene 1 (0.23 g, 0.16 mmol) and NaH (60% in oil, 0.075 g, 1.88 mmol) in
dry THF (20 mL) was poured in a thick-walled glass autoclave and
heated at 70 8C for 30 min. The solution was cooled to room temperature,
and CH3I (0.26 g, 1.88 mmol) added. The resulting mixture was kept at
70 8C for a further 4 h, cooled to room temperature, diluted with ethyl
acetate (50 mL), and quenched with a 10% aqueous solution of HCl
(25 mL, CAUTION!). The separated organic phase was washed to neu-
trality with brine and dried over anhydrous Na2SO4. The solvent removed


Figure 5. a) Self-assembly in a columnar arrangement of the supramolec-
ular complexes in the nanotube “secondary” structure. Hydrogen atoms
have been omitted for clarity. b) Self-assembly of the nanotubes in the
crystal lattice give rise to a “tertiary” structure of sandwiched bilayers of
nanotubes (a bilayer is evidenced between the two horizontal yellow
lines).
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to dryness under reduced pressure. The crude brownish oily residue was
purified by column chromatography (hexane/ethyl acetate 1:1, then 4:6)
to afford 2 (0.20 g, 83%) as a yellowish solid. M.p. 108–110 8C; 1H NMR
(300 MHz, C6D6): d =1.14 (t, 3J ACHTUNGTRENNUNG(H,H)=7 Hz, 9H, OCH2CH3), 1.41 (s,
27H, C ACHTUNGTRENNUNG(CH3)3), 2.77 (bs, 9H, ArOCH3), 2.86 (s, 9H, Ar ACHTUNGTRENNUNG(calix)NCH3),
3.14 (s, 9H, PhNCH3), 3.2 (bs, 6H, ArCH2Ar, equatorial), 3.43 (q, 3J-
ACHTUNGTRENNUNG(H,H)=7 Hz, 6H, OCH2CH3), 3.61 (t, 3J ACHTUNGTRENNUNG(H,H)=5 Hz, 6H, Ar-
OCH2CH2O), 3.82 (t, 3J ACHTUNGTRENNUNG(H,H)=5 Hz, 6H, ArOCH2CH2O), 4.6 (bs, 6H,
ArCH2Ar axial), 6.3–6.8 and 7.4 ppm (m and bs, 27H, Ar ACHTUNGTRENNUNG(calix)-H and
Ph-H); 13C NMR (75 MHz, C6D6) d=15.6, 30.3, 31.9, 34.4, 38.9, 39.3,
60.7, 66.9, 70.1, 72.9, 124.4, 125.0, 125.9, 126.9, 127.2, 133.6, 135.0, 141.8,
146.0, 146.5, 151.6, 155.1, 160.5 ppm; ESI-MS: m/z (%): 797.5 (100) [M+


2Na+]/2, 1572.0 (15) [M+Na+].


Calix[6]arene (5): A solution of calix[6]arene 4 (0.48 g, 0.41 mmol) and
phenylisocyanate (0.24 g, 2 mmol) in CH2Cl2 (25 mL) was stirred at room
temperature. After 3 h, the solvent was completely evaporated under re-
duced pressure. Purification of the solid residue by column chromatogra-
phy (hexane/ethyl acetate 6:5) afforded 5 (0.47 g, 75%) as a white solid.
M.p. 205–208 8C; 1H NMR (300 MHz, CDCl3): d =0.93 (s, 27H, C ACHTUNGTRENNUNG(CH3)3),
1.25 (s, 27H, C ACHTUNGTRENNUNG(CH3)3), 1.8 (bs, 6H, OCH2CH2CH2NH), 2.65 (s, 6H,
OCH3), 3.41 (b s, 6H, OCH2CH2CH2NH), 3.46 (d, 6H, 2J ACHTUNGTRENNUNG(H,H)=15 Hz,
ArCH2Ar equatorial), 3.9 (bs, 6H, OCH2CH2), 4.47 (d, 6H, 2J ACHTUNGTRENNUNG(H,H)=


15 Hz, ArCH2Ar axial), 5.7 (b t, 3H, CH2NH), 6.80 (s, 6H, Ar(calix)-H),
6.96 (t, 3H, 3J ACHTUNGTRENNUNG(H,H)=7 Hz, Ph-H(para)), 7.04 (s, 3H, PhNH), 7.13 (s, 6H,
Ar(calix)-H), 7.2–7.3 ppm (m, 12H, Ph-H(ortho,meta));


13C NMR (75 MHz,
CDCl3): d=30.1, 30.3, 31.4, 31.7, 34.3, 34.5, 37.2, 60.8, 72.8, 120.5, 124.0,
125.8, 127.5, 129.1, 133.1, 133.5, 139.5, 146.4, 146.7, 152.0, 153.6,
168.5 ppm; ESI-MS: m/z (%): 1566 (100) [M+Na+]; elemental analysis
calcd (%) for C99H126N6O9 (1544.1): C 77.01, H 8.22, N 5.44; found: C
76.87, H 8.40, N 5.41.


Calix[6]arene (7): K2CO3 (1 g, 7.14 mmol) was added to a solution of cal-
ixarene 6 (1 g, 1.02 mmol) and N-(3-bromopropyl)phtalimide (2.5 g,
9.2 mmol) in acetonitrile (50 mL). The resulting heterogeneous mixture
was heated under reflux for 15 days, and then the solvent was evaporated
to dryness under reduced pressure. The solid residue was taken up with
CH2Cl2, and the resulting organic phase washed with a 10% aqueous so-
lution of HCl and water until neutral. The separated organic layer was
dried over Na2SO4, and the solvent evaporated to dryness under reduced
pressure. Purification of the solid residue by column chromatography
(hexane/ethyl acetate 6:4) afforded 7 (0.47 g, 30%) as a yellowish solid.
M.p. 257–260 8C; 1H NMR (300 MHz, CDCl3): d =1.31 (s, 27H, C ACHTUNGTRENNUNG(CH3)3),
2.25 (bs, 6H, OCH2CH2CH2N), 2.89 (s, 9H, ArOCH3), 3.5 (bs, 6H,
ArCH2Ar equatorial), 3.9 (bs, 12H, OCH2CH2CH2N), 4.3 (bs, 6H,
ArCH2Ar axial), 7.2 and 7.6 (2bs, 12H, Ar(calix)-H), 7.6–7.8 ppm (m, 12H,
Ar-H(phtal)) ;


13C NMR (75 MHz, CDCl3): d=29.4, 30.9, 31.4, 34.2, 35.2,
59.9, 71.3, 123.2, 127.4, 131.9, 132.0, 133.9, 135.9, 143.8, 146.9, 159.3,
168.2 ppm; ESI-MS: m/z (%): 1565 (100) [M+Na+], 1581 (45) [M+K+].


Calix[6]arene (8): N2H4·H2O (0.93 g, 18 mmol) was added to a suspension
of 7 (0.56 g, 0.36 mmol) in absolute ethanol (50 mL), and the resulting
mixture was refluxed overnight. The solvent was then removed under re-
duced pressure, and the solid residue taken up in CH2Cl2 (20 mL). The
resulting organic solution was washed with water and dried over Na2SO4.
The solvent was evaporated under reduced pressure to afford 8 (0.37 g,
90%) as a yellow solid. M.p. 162–165 8C; 1H NMR (300 MHz, CDCl3):
d=1.24 (s, 27H, C ACHTUNGTRENNUNG(CH3)3), 1.7–1.9 (m, 12H, OCH2CH2CH2NH2), 2.81 (t,
3J ACHTUNGTRENNUNG(H,H)=6 Hz, 6H, OCH2CH2CH2NH2) 2.96 (s, 9H, ArOCH3), 3.78 (t,
3J ACHTUNGTRENNUNG(H,H)=6 Hz, 6H, OCH2CH2CH2NH2), 3.87 (s, 12H, ArCH2Ar), 7.11
and 7.73 ppm (2 s, 12H, Ar(calix)-H); 13C NMR (75 MHz, CDCl3): d =30.7,
31.3, 33.5, 34.2, 38.8, 60.0, 71.7, 123.5, 127.0, 132.0, 135.9, 143.6, 146.8,
154.0, 160.1 ppm; ESI-MS: m/z (%): 1153 (60) [M+H+].


Calix[6]arene (10): A solution of calix[6]arene 9 (0.12 g, 0.11 mmol) in
dry toluene (50 mL) was dropwise added over a period of 1 h to a solu-
tion of bis(trichloromethyl)carbonate (0.04 g, 0.14 mmol) in dry toluene
(100 mL). The resulting mixture was refluxed for 3 h, and then the sol-
vent was completely evaporated under reduced pressure. The crude resi-
due was triturated with hot hexane (5 mL), and the solid suspension fil-
tered off. Removal of the solvent filtrate under reduced pressure afford-
ed 10 (0.09 g, 70%) as a white solid. M.p. 75–77 8C; 1H NMR (300 MHz,


CDCl3): d=1.19 (t, 3J ACHTUNGTRENNUNG(H,H)=7 Hz, 9H, OCH2CH3), 1.31 (s, 27H, C-
ACHTUNGTRENNUNG(CH3)3), 2.89 (s, 9H, ArOCH3), 3.55 (q, 3J ACHTUNGTRENNUNG(H,H)=7 Hz, 6H, OCH2CH3),
3.6–4.2 (m, 24H, OCH2CH2O, ArCH2Ar), 6.48 and 7.16 ppm (2 s, 12H,
Ar(calix)-H); 13C NMR (75 MHz, CDCl3): d=15.2, 30.3, 31.5, 34.2, 60.0,
66.6, 69.6, 72.3, 123.5, 125.5, 127.2, 128.4, 132.7, 136.0, 146.3, 152.1,
154.4 ppm; ESI-MS: m/z (%): 1028 (20) [M+Na+].


Biscalix[6]arene (11): A solution of 8 (0.21 mg, 0.18 mmol) in CH2Cl2
(100 mL) was added to a solution of 10 (0.2 g, 0.18 mmol) in CH2Cl2
(200 mL) with vigorous stirring. The resulting mixture was stirred at
room temperature for a further 3 h, and then the solvent was removed
under reduced pressure. Purification of the residue by column chroma-
tography (dichloromethane/ethyl acetate 4:6) afforded 11 (0.13 g, 30%)
as a white solid. M.p. 150 8C (decomp); 1H NMR (300 MHz, C6D6,
330 K): d=1.09 (s, 27H, Ar(calixdown)-CACHTUNGTRENNUNG(CH3)3), 1.25 (t, 3J ACHTUNGTRENNUNG(H,H)=7 Hz,
9H, OCH2CH3), 1.44 (s, 27H, Ar(calixup)-C ACHTUNGTRENNUNG(CH3)3), 1.9 (bs, 6H,
OCH2CH2CH2N), 3.09 (s, 9H, Ar(calixup)-OCH3), 3.35 (d, 2J ACHTUNGTRENNUNG(H,H)=15 Hz,
6H, ArCH2Ar(up) equatorial), 3.5 (bs, 15H, Ar(calixdown)-OCH3 and
OCH2CH2CH2N), 3.55 (q, 4J ACHTUNGTRENNUNG(H,H)=7 Hz, 6H, OCH2CH3), 3.6 (bs, 6H,
OCH2CH2CH2N), 3.7–3.8 (m, 12H, OCH2CH2O and ArCH2Ar(calixdown)


equatorial), 4.0 (bs, 6H, OCH2CH2O), 4.48 (d, 2J ACHTUNGTRENNUNG(H,H)=15 Hz, 6H,
ArCH2Ar(calixup) axial), 4.69 (d, 2J ACHTUNGTRENNUNG(H,H)=15 Hz, 6H, ArCH2Ar(calixdown)


axial), 6.9 (bs, 6H, Ar(calixdown)-H), 6.99 (s, 6H, Ar(calixdown)-H), 7.46 and
8.19 ppm (2 s, 12H, Ar(calixup)-H); 13C NMR (75 MHz, CDCl3): d =15.5,
31.2, 31.7, 34.3, 60.4, 61.2, 66.7, 70.1, 72.4, 72.8, 124.8, 125.6, 125.8, 125.9,
129.3, 132.1, 136.1, 144.2, 146.6, 147.2, 151.5, 153.8, 157.4, 160.2 ppm;
ESI-MS: m/z (%): 1193 (100) [M+2Na+]/2, 2363 (15) [M+Na+]; ele-
mental analysis calcd (%) for C138H171N9O24·H2O (2357.9): C 70.29, H
7.40, N 5.35; found: C 70.05, H 7.42, N 5.29.


UV/Vis absorption spectroscopy : Measurements were carried out at
room temperature (ca. 295 K) in air-equilibrated (Merck Uvasol) solu-
tions in CH2Cl2 in the concentration range 1O10�5–2O10�4


m. The UV/
Vis absorption spectra were recorded on a Perkin–Elmer l40 spectropho-
tometer. Reaction kinetic profiles were collected for air-equilibrated sol-
utions in CH2Cl2 at 293 K with an Applied Photophysics SX18MV stop-
ped-flow spectrophotometer interfaced to a PC. Under the conditions
employed, the time required to fill the observation cell (1-cm path
length) was experimentally determined to be <1.3 ms (based on a test re-
action). The concentration of the reactants after mixing was on the order
of 1O10�5


m. The absorption titration and kinetic curves were analyzed
with the SPECFIT software.[21] Experimental errors: wavelength values:
�1 nm; absorption coefficients: �10%. For more details, see ref. [6].


Voltammetric experiments : Cyclic voltammetric (CV) and differential-
pulse voltammetric (DPV) experiments were carried out in argon-purged
CH2Cl2 (Romil Hi-Dry) with an Autolab 30 multipurpose instrument in-
terfaced to a PC. The working electrode was a glassy carbon electrode
(Amel; 0.07 cm2), the counter electrode was a Pt wire (separated from
the solution by a frit), and an Ag wire was employed as a quasireference
electrode. Ferrocene was present as an internal standard. The concentra-
tion of the compounds examined was on the order of 2O10�4


m ; tetrabu-
tylammonium hexafluorophosphate (0.02m) was added as a supporting
electrolyte. Under these conditions, the observed potential window
ranged from �2.0 to +1.6 V versus SCE. Cyclic voltammograms were
obtained at sweep rates of 0.02–1 Vs�1. Differential-pulse voltammo-
grams were obtained at a sweep rate of 0.02 mVs�1, with a pulse height
of 75 mV and a duration of 40 ms. The IR compensation implemented
within the Autolab 30 was used, and every effort was made throughout
the experiments to minimize the resistance of the solution. In any in-
stance, the full electrochemical reversibility of the voltammetric wave of
ferrocene was taken as an indicator of the absence of uncompensated re-
sistance effects. For reversible processes, the half-wave potential values
were calculated from an average of the CV and DPV experiments, where-
as the redox potential values in the case of irreversible processes were es-
timated from the DPV peaks. Experimental errors: potential values:
�10 mV for reversible processes, �20 mV for irreversible processes. For
more details, see ref. [6].


X-ray crystallographic studies : Intensity data were collected using MoKa


radiation (l=0.71073) on a Bruker AXS Smart 1000 single-crystal dif-
fractometer, equipped with a CCD area detector at 293(2) K. The struc-
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ture was solved by direct methods using SIR97[22] and refined by full-
matrix least-squares methods using the SHELXL-97 program.[23] The
data reduction was performed using SAINT[24] and SADABS.[25] All the
non-hydrogen atoms were refined with anisotropic atomic displacements,
with the exclusion of the carbon atoms C21A and C22A at one lower
rim, two tert-butyl groups, and two terminal carbon atoms at the lower
rim chains, which were disordered over two different orientations with
occupancy factors of 0.5 and refined with isotropic atomic displacements.
The hydrogen atoms were included in the refinement at idealized geome-
tries and refined “riding” on the corresponding parent atoms with
common isotropic atomic displacements, which were refined, and with
isotropic temperature factors 1.5-fold of their parent atoms. Geometric
calculations and molecular graphics were performed with the PARST97
program.[26] Crystallographic data and experimental details for 2 and
pseudorotaxane [11�DOV] ACHTUNGTRENNUNG(TsO)2 are reported in the Supporting Infor-
mation.
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Synthesis, Spectroscopic and Electrochemical Characterization, and DFT
Study of Seventeen C70ACHTUNGTRENNUNG(CF3)n Derivatives (n=2, 4, 6, 8, 10, 12)
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Introduction


Prior to this work, the reactions of fullerene C70 with i) Ag-
ACHTUNGTRENNUNG(CF3CO2) at 320 8C followed by sublimation at 420–540 8C
and ii) CF3I at 390–470 8C had resulted in the isolation of 16
C70 ACHTUNGTRENNUNG(CF3)n derivatives with well-defined addition patterns
(n=2–18).[1–11] X-ray structures are known for 12 of the 16
compounds, and the structures of four others were previous-
ly determined by 19F NMR spectroscopy.[1–11] However, little
is known about their optical and electrochemical properties,
information that would need to be known before one or
more of these compounds could be used in the fabrication
of high-performance photovoltaic energy-conversion and
-storage devices.[12–14]


In this paper we report the isolation and characterization
of eight additional C70ACHTUNGTRENNUNG(CF3)n derivatives with n=2, 6, 10,
and 12, including four new isomers of C70 ACHTUNGTRENNUNG(CF3)10 and two
new isomers of C70 ACHTUNGTRENNUNG(CF3)12. The addition patterns for the new
compounds have been narrowed down to a most-probable
structure in each case by a combination of 19F NMR and
UV/Vis data and DFT calculations. A total of 17 C70ACHTUNGTRENNUNG(CF3)n
derivatives with n=2–12 are now available, and all of them
were studied by UV/Vis spectroscopy, DFT calculations, and
cyclic voltammetry in this work (the UV/Vis spectra of two
C70 ACHTUNGTRENNUNG(CF3)6 isomers were previously reported[2] and are not in-
cluded in this paper). The electrochemical results reveal up
to three reversible reductions for each compound and, sig-


Abstract: Eight new C70ACHTUNGTRENNUNG(CF3)n deriva-
tives (n=2, 6, 10, 12) have been syn-
thesized and characterized by UV/Vis
and 19F NMR spectroscopy, cyclic vol-
tammetry, and quantum chemical cal-
culations at the DFT level of theory.
Nine previously known derivatives of
C70 ACHTUNGTRENNUNG(CF3)n with n=2–12 were also stud-
ied by cyclic voltammetry (and seven
of them by UV/Vis spectroscopy for
the first time). Most of the 17 com-


pounds exhibited two or three reversi-
ble reductions at scan rates from
20 mVs�1 up to 5.0 Vs�1. In general, re-
duction potentials for the 0/� couple
are shifted anodically relative to the
C70


0/� couple. However, the 0/� E1/2


values for a given composition are


strongly dependent on the addition
pattern of the CF3 groups. The data
show that the addition pattern is as im-
portant, if not more important in some
cases, than the number of substituents,
n, in determining E1/2 values. An analy-
sis of the DFT-predicted LUMOs indi-
cates that addition patterns that have
non-terminal double bonds in penta-
gons result in derivatives that are
strong electron acceptors.


Keywords: C70 · electrochemistry ·
fullerenes · UV/Vis spectroscopy
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nificantly, demonstrate that E1/2 values for a given reduction
step for isomers of a given C70ACHTUNGTRENNUNG(CF3)n composition can vary
by up to 0.45 V. We also report the isolation, characteriza-
tion, and electrochemical behavior of an isomer of Cs-C70-
ACHTUNGTRENNUNG(CF3)4O.


Results and Discussion


The 17 C70 ACHTUNGTRENNUNG(CF3)n derivatives studied in this investigation are
listed, along with their abbreviations, in Table 1 (IUPAC
lowest locants[15] are also listed, including those for addition
patterns that are tentative at this time).[1–9,16,17] A Schlegel
diagram showing the IUPAC numbering for C70


[15] and a
structural diagram identifying the five types of cage carbon
atoms for this fullerene are both shown in Figure 1. The new
compounds are 70-2-2, 70-6-2, 70-10-2, -3, -4, and -5, and 70-
12-3 and -4, and represent a near doubling of the number of
known C70ACHTUNGTRENNUNG(CF3)n derivatives with n=2–12. 19F NMR chemi-
cal shifts and JFF values for all 17 compounds are listed in
Table 2. Six structurally-characterized C70ACHTUNGTRENNUNG(CF3)n derivatives
with n=14, 16, and 18 are also known,[10,11] but they were
not included in this study.


Improved synthesis of 70-10-1 and 70-8-1: In 2005 we report-
ed that the reaction of C70 and CF3I at 470 8C in a flow reac-
tor resulted in a 27% yield of 70-10-1 (based on converted
C70; this single isomer constituted about 40 mol% of all C70-
ACHTUNGTRENNUNG(CF3)n compounds in the crude reaction product).[5] The syn-
thesis involved a high-temperature reactor referred to as re-


actor 1 (see Experimental Section for details). We now
report that a 55% yield of 70-10-1 (based on converted C70)
can be obtained at 520 8C using reactor 1, as shown in
Figure 2 and Table 3. Figure 2 also demonstrates that signifi-
cant amounts of C70ACHTUNGTRENNUNG(CF3)12,14 isomers are formed at 470 8C
along with the major product C70ACHTUNGTRENNUNG(CF3)10, but no observable
amount of the composition C70ACHTUNGTRENNUNG(CF3)8 was formed. In addi-
tion, decreasing the temperature to 420 8C resulted in in-
creasing amounts of C70ACHTUNGTRENNUNG(CF3)n compounds with n=12–20, as
shown in Figure S1 in Supporting Information). The com-
pounds 70-12-1 and 70-12-2, which have been structurally
characterized by X-ray diffraction, were previously prepared
in this way at 420–450 8C.[6,8]


Significant improvements in both the yield and selectivity
of 70-10-1 were achieved by changing the reactor design and
reaction conditions. The hot-zone of reactor 2 was 40 cm
long instead of only 5 cm for reactor 1. Furthermore, the
flow rate of CF3I used with reactor 2 was half the rate used
with reactor 1. Both of these changes increased the resi-
dence time of C70 ACHTUNGTRENNUNG(CF3)n compounds in the hot zone. The
data in Table 3 show that these changes resulted in a yield
of C70 ACHTUNGTRENNUNG(CF3)n isomers with n=10 and 12 up to 68 mol%
(based on converted C70) and a yield of 70-10-1 up to 89
mol% (based on all C70ACHTUNGTRENNUNG(CF3)n products present (Trxn=


530 8C).
The seemingly counterintuitive result that higher temper-


atures result in lower values of n can be explained as fol-
lows. Compounds with low values of n are less volatile than
those with higher values of n. Therefore, compounds with
lower values of n will rapidly sublime out of the hot zone


Table 1. C70 ACHTUNGTRENNUNG(CF3)n derivatives (n=2–12).[a]


Compound Addition
pattern


Abbr. X-ray ref. UV/Vis
ref.


19F NMR
ref.


DFT rel.
energy
ACHTUNGTRENNUNG[kJmol�1][b]


DFT
LUMO
energy
[eV][c,d]


DFT
HOMO–
LUMO


gap [eV][c]


7,24-C70ACHTUNGTRENNUNG(CF3)2 C1-para (p) 70-2-1 tw [1], tw 0.0[1] �4.697 1.372
8,23-C70ACHTUNGTRENNUNG(CF3)2


[e] Cs-p 70-2-2 tw tw 5.1[1] �4.533 1.232
7,24,44,47-C70ACHTUNGTRENNUNG(CF3)4 C1-pmp 70-4-1 tw [1], tw 1.0[f], [1] �4.648 1.334
1,4,11,19,31,41-C70 ACHTUNGTRENNUNG(CF3)6 C2-p


5 70-6-1 [2] [1], tw 0.0[1,2] �4.731 1.333
1,4,11,23,31,44-C70 ACHTUNGTRENNUNG(CF3)6


[e] C1-p
3,p 70-6-2[g] tw tw 9.3[2] �4.758 1.304


1,4,10,19,25,41-C70 ACHTUNGTRENNUNG(CF3)6 C1-p
3mp 70-6-3 [2] [2] tw 12.6,[1] 12.3[2] �4.639 1.560


1,4,11,19,31,41,51,64-C70 ACHTUNGTRENNUNG(CF3)8 Cs-p
7 70-8-1 [3] tw [1], tw 0.0[1] �4.555 1.707


1,4,11,19,31,41,51,60-C70 ACHTUNGTRENNUNG(CF3)8 C2-p
7 70-8-2 tw [1], tw 6.0[1] �4.829 1.263


1,4,10,19,25,41,49,60,66,69-C70 ACHTUNGTRENNUNG(CF3)10 C1-p
7mp 70-10-1 [4] tw [5], tw 0.0[1] �4.351 2.071


1,4,11,19,31,41,49,60,66,69-C70 ACHTUNGTRENNUNG(CF3)10 C2-p
9 70-10-2 tw tw 12.3[1] �4.536 1.823


1,4,11,19,26,31,41,48,60,69-C70 ACHTUNGTRENNUNG(CF3)10 C1-p
7,p 70-10-3 tw tw 27.5[c] �4.588 1.679


1,4,10,19,23,25,44,49,66,69-C70 ACHTUNGTRENNUNG(CF3)10
[e] C1-p


2mpmp,p2 70-10-4 tw tw 19.5[c] �4.599 1.628
1,4,11,19,24,31,41,51,61,64-C70 ACHTUNGTRENNUNG(CF3)10


[e] C1-p
8,i 70-10-5 tw tw 14.3[c] �4.813 1.370


1,4,10,19,25,32,41,49,54,60,66,69-C70ACHTUNGTRENNUNG(CF3)12 C1-p
7mp,p-1 70-12-1 ACHTUNGTRENNUNG[6, 7] tw tw 0.0[c], [7] �4.664 1.700


1,4,10,14,19,25,35,41,49,60,66,69-C70ACHTUNGTRENNUNG(CF3)12 C1-p
7mp,p-2 70-12-2 ACHTUNGTRENNUNG[7, 8] tw [9] 1.0,[c] 2.5[7] �4.676 1.671


1,4,8,11,18,23,31,35,51,58,61,64-C70ACHTUNGTRENNUNG(CF3)12 C1-p
7mp,p-3 70-12-3 tw tw 3.9,[c] 3.7[7] �4.777 1.634


1,4,8,11,23,31,38,51,55,58,61,64-C70ACHTUNGTRENNUNG(CF3)12 C1-p
7mp,p-4 70-12-4 tw tw 3.9,[c] 2.5[7] �4.774 1.687


[a] Abbreviations: tw, this work; p, para ; m, meta ; i, an isolated CF3 group. [b] DFT-predicted energies relative to the lowest-energy isomer for each com-
position. These energies are for the lowest energy set of conformations of the CF3 groups found for each isomer. [c] This work. The DFT-predicted E-
ACHTUNGTRENNUNG(LUMO) value and HOMO–LUMO gap for C70 are �4.315 and 1.702 eV, respectively. [d] DFT-predicted LUMO energies relative to the LUMO energy
of C70. [e] This addition pattern is not certain and must be considered tentative. It is the lowest energy possibility consistent with the data discussed in
the text. [f] The lowest-energy isomer of C70 ACHTUNGTRENNUNG(CF3)4 is the as-yet unknown Cs-p


3 isomer with CF3 groups on three edge-sharing bb hexagons (see ref. [1]).
[g] An isomer of C70ACHTUNGTRENNUNG(CF3)6 was reported as “isomer II” in ref. [2], but nothing was reported about its structure or 19F NMR spectrum; it may or may not
be the same as 70-6-2.
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only at high temperatures. At lower temperatures, their resi-
dence time in the hot zone is increased to the point that
they are converted to compounds with higher values of n.


The HPLC traces in Figure 2 show that progressively more
C70 ACHTUNGTRENNUNG(CF3)8 isomers were formed when the temperature of re-
actor 1 was increased from 470 to 520 to 550 8C (the HPLC
peak for 70-8-2, at 52 min, is not shown in Figure 2). The in-
tegrated areas of the HPLC peaks labelled n=8 and 10 in
the 550 8C trace in Figure 3 are approximately 50:50. Since


these peaks correspond to pure 70-8-1 and 70-10-1, and
since their combined HPLC intensities are 73% of the total
for all isomers of C70 ACHTUNGTRENNUNG(CF3)8,10, the highest-yield synthesis of
70-8-1 to date, about 22% based on the amount of C70 start-
ing material, is the 550 8C synthesis using reactor 1.


Note that no observable amount of 70-8-1 was prepared
at 530 8C when reactor 2 was used (see Table 3). In this case,
the much longer hot zone increased the residence time so
much that even a temperature above 520 8C was insufficient
to remove 70-8-1 from the hot zone before it was converted
to compounds with higher n values.


Synthesis and characterization of new compounds : We have
isolated three new compounds from the reaction of C70 with


Figure 1. Schlegel diagram showing the IUPAC numbering of C70 (top)
and a drawing of the structure of C70 indicating the five different types of
cage carbon atoms (bottom).


Figure 2. HPLC traces (left) and S8-MALDI mass spectra (right) of the
crude C70 ACHTUNGTRENNUNG(CF3)n products obtained from the reactions of C70 and CF3I at
470 8C (top), 520 8C (middle), and 550 8C (bottom). Note that negative-
ion detection is shown in the mass spectra for the 470 and 520 8C reaction
products and that positive-ion detection is shown for the 550 8C reaction
products.


Figure 3. Schlegel diagrams of the 17 C70ACHTUNGTRENNUNG(CF3)n compounds studied by
cyclic voltammetry in this work. The black circles are the cage carbon
atoms to which the CF3 groups are attached. The isolated p-C6ACHTUNGTRENNUNG(CF3)2 hex-
agons and the ribbons of edge-sharing m- and p-C6 ACHTUNGTRENNUNG(CF3)2 hexagons are
highlighted, and the m-C6ACHTUNGTRENNUNG(CF3)2 hexagons are indicated with the letter m.
The compounds 70-12-3 and 70-12-4 are the first examples of an n=2–12
C70ACHTUNGTRENNUNG(CF3)n derivatives with a C5 ACHTUNGTRENNUNG(CF3)2 pentagon. The compound 70-10-5 is
the first example of any fullerene ACHTUNGTRENNUNG(CF3)n derivative with an isolated CF3


group. The diagrams do not depict the lowest locants relative to a fixed
numbering scheme. See Table 1 for a list of IUPAC lowest locants.
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AgCF3CO2 at 320 8C, 70-2-2, 70-6-2, and Cs-C70 ACHTUNGTRENNUNG(CF3)4O. De-
tails about their isolation and purification are given in the
Supporting Information. The improved C70/CF3I reactions
performed with reactor 2 resulted in narrower ranges of
compositions than with reactor 1 in addition to higher
yields. Scaling up the reactions to as high as 0.1 g of C70 re-
sulted in product mixtures in sufficient amounts so that pre-
viously-unknown, low-abundance isomers of C70ACHTUNGTRENNUNG(CF3)10,12
were isolated and characterized. Four new isomers of C70-
ACHTUNGTRENNUNG(CF3)10 and two new isomers of C70ACHTUNGTRENNUNG(CF3)12 are reported in
this work (see Table 1).


Electronic absorption (UV/Vis) spectra of all new com-
pounds and all but two of the previously known compounds
in the common solvent dichloromethane are collected in the
Supporting Information (Figure S2).


New C70(X)n addition patterns : The combination of
19F NMR spectroscopy, electronic absorption spectroscopy,
and DFT has proven to be almost as valuable as X-ray crys-
tallography for determining the structures (i.e., the addition
patterns) of fullereneACHTUNGTRENNUNG(CF3)n compounds. (At this writing
there are 26 published X-ray structures (fullerene=C60, C70,


Table 2. 19F NMR data for C70 ACHTUNGTRENNUNG(CF3)n compounds (n=2–12).[a]


70-2-1 70-2-2 70-4-1, C1-pmp 70-6-1, C2-p
5 70-6-3, C1-p


3mp
q: {68.9, 70.0 (12.4 Hz)} s: 71.8 as/qq: 67.0, 67.7 as/qq: 63.4, 63.8 as/qq: 61.4, 63.1, 65.1, 65.4


q: 68.2 (13.9 Hz), 70.4 (11.6 Hz) q: 67.9 (16.0 Hz) q: 68.1 (17.3 Hz),
72.1 (10.4 Hz)


70-6-2, C1-p
3,p 70-8-1, Cs-p


7 70-8-2, C2-p
7


as/qq: 66.4, 67.4 as/qq: 61.9, 62.0, 62.3 as/qq: 61.8, 62.4, 63.6
q: 68.7 (14.7 Hz),
{69.8, 70.1 (11.7 Hz)},
71.3 (16.5 Hz)


q: 66.4 (16.1 Hz) q: 69.2 (11.3 Hz)


70-10-1, C1-p
7mp 70-10-2, C2-p


9 70-10-3, C1-p
7,p


as/qq: 60.9, 62.9, 63.3 O2,
63.6 O2, 64.9, 65.5


as/qq: 63.6, 63.7, 63.9, 65.2 as/qq: 63.2, 63.4, 63.8,
64.7, 65.1, 65.8


q: 67.6 (15.9 Hz), 70.7 (10.3 Hz) q: 70.7 (15.0 Hz) q: 68.4 (16.6 Hz),
68.7 (16.6 Hz), {72.7, 72.8 (12.4)}


70-10-4, C1-p
2mpmp,p2 70-10-5, C1-p


9,i
as/qq: 61.4, 63.5, 64.4,
64.5, 67.0, 67.6


as/qq: 63.3 O3, 63.8,
64.1, 64.6, 64.9


q: 69.2 (14.9 Hz), 70.4 (11.4 Hz),
72.5 (11.4 Hz), 72.9 (9.7 Hz)


q: 68.5 (15.5 Hz), 71.9 (10.4 Hz)
s: 74.3


70-12-1, C1-p
7mp,p 70-12-2, C1-p


7mp,p
as/qq: 62.4, 62.7, 62.9, 63.4,
64.7, 65.2, 65.7, 66.1


as/qq: 62.6, 63.1, 63.4,
63.7, 64.0, 64.9, 66.4


q: 69.1 (16.9 Hz), 72.0 (9.8 Hz),
{72.6, 72.7 (12.4 Hz)}


q: 69.6 (15.8 Hz), 72.1 (10.2 Hz),
{72.6, 72.8 (12.0 Hz)}


70-12-3, C1-p
7mp,p 70-12-4, C1-p


7mp,p
um: 56.7 um: 56.2
as/qq: 61.8, 62.3, 62.5, 63.4, 64.3,
66.0, 68.2, 68.8


as/qq: 62.9, 63.2, 63.7, 63.8,
65.0, 65.8, 68.8, 69.1


q: 68.8 (13.7 Hz), 71.3 (13.4 Hz),
72.1 (9.7 Hz)


q: 68.8 (13.8 Hz), 69.4 (16.1 Hz),
72.0 (10.0 Hz)


[a] All data from this work; 376.5 MHz, CDCl3, C6F6 int. std. (d �164.9), 24 8C. Abbreviations: p, para ; m, meta ; i, isolated CF3 group; s, singlet; q, quar-
tet; as/qq, apparent septet or quartet of quartets; um, broad unresolved multiplet. The values listed are �d values; 7JFF values are shown in parentheses
(the precision to which the coupling constants are known is ca. �0.3 Hz); pairs of quartets enclosed in braces are assigned to CF3 groups coupled to one
another because they are on an isolated p-C6 ACHTUNGTRENNUNG(CF3)2 hexagon. Some NMR spectra in [D6]benzene were previously reported, but the CDCl3 data are listed
here to provide a complete set of chemical shift data for all 17 compounds in a common NMR solvent (the coupling constants are essentially the same in
both solvents).


Table 3. Effects of reaction conditions on C70 + excess CF3I reaction.[a]


Mass of
C70 [mg]


Reaction
temp. [8C]


Reaction
time [min]


Mass of C70-
ACHTUNGTRENNUNG(CF3)n [mg][b]


n
value


Yield
[mol%][c]


24 470 60 35 10,
12,
14


73
(27%[d])


26 520 120 35 8, 10 67
(55%[d])


31 520 120 44 8, 10 81
(55%[d])


50 550 180 41 8, 10 47
55 550 240 51 8, 10 59
30[a] 530 90 38 10,


12
68
(80%[d])


20[a] 530 90 20 10,
12


54
(89%[d])


[a] The first five rows refer to syntheses carried out using reactor 1; the
last two rows refer to syntheses carried out using reactor 2 (see Experi-
mental Section for details). [b] The total mass of C70 ACHTUNGTRENNUNG(CF3)n isolated (after
removal of I2 and, in some cases, a negligible amount of C70). [c] The
mol% of C70 ACHTUNGTRENNUNG(CF3)n isolated based the amount of C70 used (moles of C70-
ACHTUNGTRENNUNG(CF3)n were calculated using the weighted-average molar mass based on
HPLC integrated peak intensities of the C70ACHTUNGTRENNUNG(CF3)n components in the iso-
lated product). [d] Values in parentheses are the mol% of C70 ACHTUNGTRENNUNG(CF3)10 in
the isolated product.
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C74, C78) plus 23 other compounds the addition patterns of
which were determined by spectroscopy combined with
DFT-predicted relative energies and HOMO-LUMO gaps;
see Supporting Information in ref. [28] for a complete list of
references.) Studies in the past few years have repeatedly
demonstrated that i) CF3 groups in fullereneACHTUNGTRENNUNG(CF3)n deriva-
tives are generally arranged on p-C6ACHTUNGTRENNUNG(CF3)2 hexagons and/or
ribbons and/or loops of edge-sharing m- and/or p-C6 ACHTUNGTRENNUNG(CF3)2
hexagons (the shared edges are C ACHTUNGTRENNUNG(sp2)�C ACHTUNGTRENNUNG(sp3)
bonds);[1–11,18–22] ii) CF3 groups on contiguous cage carbon
atoms are rare for n=2–12 (only one example out of 38
well-characterized compounds before this work;[23] this ex-
ample is also the only case of three CF3 groups sharing the
same hexagon for n=2–12—note that all fullerenes have
precisely 12 pentagons); iii) two CF3 groups sharing the
same pentagon (i.e. , a 1,3-C5ACHTUNGTRENNUNG(CF3)2 pentagon) are rare for
n=2–12 derivatives (only two examples[5,22] out of 38 well-
characterized compounds); iv) terminal CF3 groups, and CF3


groups on isolated C6ACHTUNGTRENNUNG(CF3)2 hexagons, have always been
found to be para to their nearest-neighbor CF3 group, never
meta (but see below); v) stable exohedral fullerene(X)n de-
rivatives with substituents on triple-hexagon junctions and
without endohedral atoms are unknown for n < 38 (the
only known example for C70 is C70F38


[24]); vi) JFF coupling be-
tween CF3 groups is only observed for proximate CF3


groups on the same hexagon or pentagon;[1,5,9,25–27] vii) the
6JFF and


7JFF values for m-C6 ACHTUNGTRENNUNG(CF3)2 and p-C6 ACHTUNGTRENNUNG(CF3)2 hexagons,
respectively, depend upon the F···F distance between the
CF3 groups and on the F-C···C-F torsion angle (shorter dis-
tances and larger torsion angles lead to larger JFF
values);[1,9,27] and viii) 19F NMR �d values for the CF3 mul-
tiplets are less than 60 ppm only when the corresponding
CF3 groups are eclipsed or nearly eclipsed.[5,9, 25]


The number and types of 19F NMR multiplets can reveal
the symmetry and type of addition pattern, if not the exact
addition pattern, for a fullerene ACHTUNGTRENNUNG(CF3)n com-
pound.[1,5,9,22, 23,25,26] The types of multiplets range from sin-
glets,[9] quartets (for terminal CF3 groups), quartets of quar-
tets (for non-terminal CF3 groups in a ribbon or loop; these
can appear as unresolved multiplets or as apparent septets),
and quartets of quartets of quartets (for CF3 groups with
three nearest neighbor CF3 groups; these can appear as un-
resolved multiplets[5,22] or apparent dectets[23]). In the ab-
sence of an X-ray structure, the number and types of
19F NMR multiplets, “general observations” i)–viii) cited
above, DFT-predicted relative energies of isomers with a
given n value, and a comparsion of DFT-predicted HOMO–
LUMO gaps with UV/Vis spectra have been used,[9] and will
be used in this paper, to narrow the number of possible ad-
dition patterns for a given composition as much as possible,
usually to one “most probable” structure.


The certain, most-probable, or tentative addition patterns
for the n=2–12 C70ACHTUNGTRENNUNG(CF3)n compounds are shown as Schlegel
diagrams in Figure 3. The compounds 70-6-3, 70-8-1, 70-10-
1, 70-12-1, and 70-12-2 were previously characterized by X-
ray crystallography (see Table 1) and the addition patterns
of 70-2-1, 70-4-1, 70-6-1, and 70-8-2 were determined by


spectroscopy and DFT in a previous study.[1] The new com-
pounds in Figure 3 were assigned an addition pattern by
comparison of their 19F NMR spectra and DFT-predicted
relative energies and HOMO–LUMO gaps to known struc-
tures.


The 19F NMR spectra of 70-2-1 and 70-4-1 were first re-
ported in 2003 and 2004, respectively, but their addition pat-
terns were not correctly determined (the proposed struc-
tures included CF3 groups on contiguous cage carbon
atoms).[16,17] It is now virtually certain that 70-2-1, which
must have C1 symmetry if the CF3 groups are not on contig-
uous cage carbon atoms because its 19F NMR spectrum ex-
hibits two quartets, has a p-C6ACHTUNGTRENNUNG(CF3)2 pattern with one of the
CF3 groups bonded to a type a cage carbon atom (see
Figure 1 for a type key).[1] It is also virtually certain that 70-
4-1 has the pmp ribbon structure shown in Figure 3.[1] The
spectrum of 70-2-1 demonstrates that a terminal CF3 group
on a p-C6ACHTUNGTRENNUNG(CF3)2 hexagon spanning type a and type c cage
carbon atoms (an “ac hexagon”) can have a 7JFF value of
11.0�1.5 Hz (cf. 7JFF values of 10.4, 10.3, 12.4, and 12.0 Hz
for the terminal CF3 group on a type a carbon atom in 70-6-
3, 70-10-1, 70-12-1, and 70-12-2, respectively). However,
when the CF3 group on a type c carbon atom in an ac hexa-
gon is the terminal CF3 group, as in 70-4-1, the 7JFF value
can be as large as 13.9 Hz. The spectrum of 70-4-1 further
demonstrates that a terminal CF3 group on a bb hexagon
can have a 7JFF value of 11.9 Hz.


The proposed addition pattern of 70-2-2 cannot be deter-
mined using its 19F NMR spectrum. The observed singlet in-
dicates Cs or C2 symmetry (no C70 derivative can have Ci
symmetry) but does not indicate whether the two CF3


groups are on contiguous cage carbon atoms (violating gen-
eral observation ii), on a p-C6ACHTUNGTRENNUNG(CF3)2 hexagon (the most
likely possibility), on a 1,3-C5ACHTUNGTRENNUNG(CF3)2 pentagon (violating gen-
eral observation iii), or on non-adjacent carbon atoms from
different hexagons (i.e., two isolated CF3 groups). The latter
possibility is unlikely because the lowest-energy isomer of
C70 ACHTUNGTRENNUNG(CF3)2 with two isolated CF3 groups is more than
60 kJmol�1 higher than the most stable isomer of this com-
position, which is 70-2-1. The three possible symmetric p-C6-
ACHTUNGTRENNUNG(CF3)2 hexagon addition patterns are shown in Figure 4
along with their DFT-predicted relative energies.[1] The
isomer 1,11-C70 ACHTUNGTRENNUNG(CF3)2 can be ruled out as the correct struc-
ture for 70-2-2 since our DFT calculations show that its
HOMO–LUMO gap is 0.89 eV, much too small to account
for the UV/Vis spectrum of 70-2-2 even if the systematic un-
derestimation of HOMO–LUMO gaps by DFT[28] is taken
into account. The isomer 1,4-C70ACHTUNGTRENNUNG(CF3)2 can be ruled out be-
cause the UV/Vis spectrum of 70-2-2 is significantly differ-
ent than that of 1,4-C70Ph2 (see Figure S2, Supporting Infor-
mation).[29] Therefore, based on all of the evidence, we ten-
tatively propose that 70-2-2 has the Cs symmetry structure
with CF3 groups on a bb hexagon.


The addition pattern of 70-6-2 can be narrowed down to
one of a number of C1-p


3,p addition patterns, three of which
are shown in Figure 4 along with their DFT-predicted rela-
tive energies. The pair of CF3 groups that are coupled to
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one another by 11.7 Hz indicates that they are on an isolat-
ed ac, bb, or dd hexagon. The ribbon of four C6 ACHTUNGTRENNUNG(CF3)2 hexa-
gons is almost certainly a p3 ribbon on the equator with the
terminal CF3 groups on dd’ hexagons because their 7JFF
values are 14.7 and 16.5 Hz. These values all but rule out
the possibility of a pmp ribbon on one of the polar regions
of C70 (as in 70-4-1). They also rule out the alternate pmp
ribbon acdd’. Furthermore, structures having a p3 equatorial
ribbon ddd’d’, with terminal CF3 groups on a dd hexagon
and a d’d’ hexagon, can be ruled out as follows. The C2-p


7


compound 70-8-2 has terminal CF3 groups on two dd hexa-
gons and exhibits a 7JFF value of only 11.3 Hz for the termi-
nal quartets. On the other hand, the Cs-p


7 compound 70-8-1
has its terminal CF3 groups on dd’ hexagons and exhibits a
7JFF value of 16.1 Hz for the terminal quartet (cf. 7JFF values
of 16.0, 17.3, 15.9, 16.9, and 15.8 Hz for the terminal dd’
quartets in the spectra of 70-6-1, 70-6-3, 70-10-1, 70-12-1,
and 70-12-2, respectively). Therefore, a terminal dd’ quartet
exhibits a 7JFF value of 16.0�1.3 Hz, and the compound 70-
6-2 has two of them (there is one case we will propose later
for which the 7JFF value for a distorted terminal dd’ hexagon


is 13.4 Hz). The three shown in Figure 4 are the lowest
energy structures with either an isolated ac, bb, or dd hexa-
gon. We tentatively propose that the structure with an iso-
lated bb hexagon in Figure 4 is the likely structure for 70-6-
2 because it is the most stable, but this assignment is subject
to change as new data appear and as the thermodynamics
and kinetics of the high temperature addition of CF3 radicals
to fullerenes are better understood. In any event, all of the
aforementioned possible p3,p addition patterns are unprece-
dented for C70(X)6 derivatives. Note that the relative energy
of the proposed addition pattern for 70-6-2 is lower by
3.0 kJmol�1 than the DFT-predicted energy of the known
structure of 70-6-3[2] (the most stable isomer of this composi-
tion is 70-6-1[1,2]).


The compound 70-10-2, with only one quartet in its NMR
spectrum, has a single ribbon and either C2 or Cs symmetry.
Its terminal 7JFF value is 15.0 Hz, so it is almost certainly the
C2-symmetry structure shown in Figure 3, which happens to
be the most stable C70ACHTUNGTRENNUNG(CF3)10 isomer (12.3 kJmol�1) after 70-
10-1 (0.0 kJmol�1).[1] This addition pattern has been found
for the decakis ACHTUNGTRENNUNG(peroxo) derivative C2-C70ACHTUNGTRENNUNG(tBuOO)10 reported
by Gan and co-workers,[30] which, like the C70ACHTUNGTRENNUNG(CF3)n deriva-
tives, was prepared by the sequential addition of ten free
radicals to C70 (albeit at 25 8C


[30] instead of at 530 8C).
The 19F NMR spectra of 70-10-3 and 70-10-4 demonstrate


that they each have C1 symmetry and four terminal CF3


groups. In 70-10-3, two of the CF3 groups are on an isolated
ac, bb, or dd hexagon (7JFF=12.4 Hz) as shown in Figure 5.


Figure 4. Schlegel diagrams of some of the possible addition patterns of
the new compounds 70-2-2, 70-6-2, 70-10-4, and 70-10-5. The latter com-
pound is the first fullerene ACHTUNGTRENNUNG(CF3)n derivative with an isolated CF3 group
(i.e., one that does not share a pentagon or hexagon with another CF3


group). For each of these four compounds, the diagram on the left is con-
sidered the most likely addition pattern.


Figure 5. Fluorine-19 NMR spectra (376.5 MHz, CDCl3, 25 8C, C6F6 int.
std. (d �164.5) of 70-10-3 (inset; no decoupling) and 70-10-4 (with and
without homonuclear decoupling at d �70.4 ppm). The chemical shift
axes are to scale in all three spectra. The second-order nature of the two
“quartets” at d �72.7 and �72.8 in the spectrum of 70-10-3 indicates that
this compound has an isolated p-C6 ACHTUNGTRENNUNG(CF3)2 hexagon. The decoupling ex-
periment for 70-10-4 indicates that this compound does not have an iso-
lated p-C6 ACHTUNGTRENNUNG(CF3)2 hexagon.
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Both the bb and dd options can be ruled out since the re-
maining ribbon of eight CF3 groups, with independent 7JFF
values of 16.6 Hz, must be an equatorial ribbon identical to
the one in 70-8-1. Therefore, there is only one possible p7,p
addition pattern that fits the NMR data for 70-10-3, and it is
shown as a Schlegel diagram in Figures 3 and 5. In 70-10-4,
the decoupling experiment shown in Figure 5 proves that
the two quartets with 7JFF=11.4 Hz are not due to an isolat-
ed hexagon, leaving the possibilities that the two ribbons
have either five and five CF3 groups, six and four CF3


groups, or seven and three CF3 groups. In searching for pos-
sible addition patterns that fit the NMR data, we imposed
general observations i)–viii) and the untested requirement
that the relative energy of the most-probable addition pat-
tern for 70-10-4 would be within 40 kJmol�1 of 70-10-1.
Within the confines of these restrictions, the only isomer
that fits the NMR data was the “7+3” isomer shown in Fig-
ures 3 and 5. However, there are at least two other isomers
that qualitatively fit the NMR data, and they are shown in
Figure 4 along with their DFT relative energies. All three of
these possible 7+3 addition patterns are unprecedented for
C70(X)10 derivatives. Other 5+5, 6+4, 7+3, and 8+2 addition
patterns are shown as Schlegel diagrams in the Supporting
Information along with their DFT-predicted energies (Fig-
ures S3–S6).


The arbitrary limit of 40 kJmol�1 was chosen as follows.
We recently reported the X-ray structure of a C1 isomer of
C60 ACHTUNGTRENNUNG(CF3)12,


[22] made with CF3I at high temperature, that is
39 kJmol�1 higher in energy (using the same DFT code and
functional[22]) than the S6 isomer of this composition,[9,18] the
X-ray structure of which has also been reported.[18] This rep-
resents the least thermodynamically stable fullereneACHTUNGTRENNUNG(CF3)n
derivative isolated to date (i.e., the highest energy isomer of
a given fullerene ACHTUNGTRENNUNG(CF3)n composition). Before C1-C60ACHTUNGTRENNUNG(CF3)12
was reported, the highest energy isomer that had been iso-
lated was Cs-C60 ACHTUNGTRENNUNG(CF3)6,


[23] which was predicted to be only
14.4 kJmol�1 higher in energy than the C1 isomer.[31] All
other well-characterized fullerene ACHTUNGTRENNUNG(CF3)n isomers, including
all 16 previously reported C70 ACHTUNGTRENNUNG(CF3)n derivatives, had been
found to be either the most stable isomer or within
10 kJmol�1 of the most stable isomer. It is possible that a
mixture of products similar to a thermodynamic mixture of
products is obtained when sufficiently high temperatures are
used in fullerene/CF3I reactions (but this has not yet been
demonstrated). If this is true, it is sensible that isomers as
far from equilibrium as 40 kJmol�1 are only now being re-
ported, because only when large-scale (i.e. , 0.1 g of C70) re-
actions are carried out, as in this work, can low-abundance
isomers be collected in sufficient quantities for detailed
physicochemical characterization. For example, using the
relative energies of 0.0, 27.5, and 19.5 kJmol�1 for 70-10-1,
70-10-3, and 70-10-4, respectively, the 530 8C equilibrium
molar ratios 70-10-3/70-10-1 and 70-10-4/70-10-1 are 0.016
and 0.054, respectively.


We have examined more than 400 isomers of C70ACHTUNGTRENNUNG(CF3)10
with 5+5, 6+4, 7+3, 8+2, and 9+1 addition patterns. The
most stable of these are listed in Figures S3–S7 (see Sup-


porting Information). Some of them are within 15 kJmol�1


of 70-10-1 but do not fit the NMR spectra of any derivative
we have isolated. Until more is known about the depend-
ence of fullereneACHTUNGTRENNUNG(CF3)n product distributions on a variety of
thermodynamic and kinetic factors, proposed addition pat-
terns based on an arbitrary relative-energy limit such as
40 kJmol�1 must be considered tentative.


With one exception, all previous ribbons of edge-sharing
m- and/or p-C6ACHTUNGTRENNUNG(CF3)2 hexagons in fullereneACHTUNGTRENNUNG(CF3)n deriva-
tives have an even number of CF3 groups in the ribbon. The
exception is the proposed structure of Cs-(C76-Td)ACHTUNGTRENNUNG(CF3)12,
which has a p9 loop of nine CF3 groups and a p2 ribbon of
three CF3 groups.[9] Although it is uncertain at this time
whether 70-10-4 has ribbons of 3, 4, 5, 6, and/or 7 CF3


groups, it is certain that the fifth isomer of C70 ACHTUNGTRENNUNG(CF3)10, 70-10-
5, has a ribbon of nine CF3 groups and an isolated CF3


group (this is first example of an isolated CF3 group in a
fullereneACHTUNGTRENNUNG(CF3)n compound. The singlet at d �74.3 in this
asymmetric compound demonstrates that one CF3 group
does not share its pentagon or two hexagons with any of the
other nine CF3 groups, and the two quartets strongly suggest
a p8 ribbon on the equator of C70, starting with a dd’ hexa-
gon (7JFF=15.5 Hz) and ending with a dd hexagon (7JFF=


10.4 Hz).
While this manuscript was in preparation, the X-ray struc-


tures of seven isomers of C70 ACHTUNGTRENNUNG(C2F5)10 were published.[32] One
isomer exhibited the 70-10-1 addition pattern, but the other
six addition patterns were unique. They included two
pmp,p2pm isomers, a p4pm,p isomer, and a pmp,p2,p,i
isomer. Based on our NMR data, none of these unprece-
dented addition patterns are possible addition patterns for
70-10-2, -3, -4, or -5, but they do show that C70(Rf)n addition
patterns with pm ribbons or with isolated Rf groups can be
stable enough to be isolated.


The two C1 isomers of C70 ACHTUNGTRENNUNG(CF3)12 that have been structur-
ally characterized, 70-12-1 and 70-12-2,[6–8] are the most
stable and the second most stable isomers of this composi-
tion, respectively (relative energies 0.0 and 1.0 kJmol�1, re-
spectively (this work); our values are slightly different than
those published by Troyanov and co-workers[7]). The
19F NMR spectra of these compounds exhibit four quartets
and eight quartets of quartets (some of which are not fully
resolved). The four quartets, indicating that there are four
terminal CF3 groups, are consistent with the X-ray structures
of these derivatives (see Table 1). For example, the two
quartets assigned to the isolated p-C6ACHTUNGTRENNUNG(CF3)2 hexagon in 70-
12-2, which is an ac hexagon, have, as required, the same
7JFF value, 12.0(3) Hz. The quartet assigned to the terminal
CF3 group on a type a carbon atom (at the ac hexagon end
of the p7mp ribbon) has a typical 7JFF value of 10.2(3) Hz,
and the quartet assigned to the terminal CF3 group on the
end-of-ribbon dd’ hexagon has a typical JFF value of
15.8(3) Hz. (The JFF values for the terminal CF3 groups on
the p7mp ribbon in 70-10-1 are 10.3(2) and 15.9(2) Hz.) Sig-
nificantly, there are no multiplets with �d values lower than
60, and this indicates that there are no CF3 groups that are
eclipsed or nearly eclipsed with respect to the fullerene
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cage.[9,33] This too is consistent with the X-ray structures of
these compounds.


The two new isomers of C70 ACHTUNGTRENNUNG(CF3)12, 70-12-3 and 70-12-4,
have 19F NMR spectra that are significantly different than
those of 70-12-1 and 70-12-2 but are entirely consistent with
the proposed addition patterns shown in Figure 3 as well as
with the DFT-optimized geometries for these isomers. In ad-
dition, they are among the most stable isomers of the com-
position C70ACHTUNGTRENNUNG(CF3)12 (the DFT-predicted lowest-energy con-
formations for these addition patterns are both only
3.9 kJmol�1 above the energy of 70-12-1). They are the first
examples of C70 ACHTUNGTRENNUNG(CF3)n compounds with n=12 and with two
CF3 groups on the same pentagon, yet they are only 3–
4 kJmol�1 less stable than the alternative p7mp,p addition
patterns of 70-12-1 and 70-12-2 that have only one CF3 per
pentagon. There are only three quartets in each NMR spec-
trum, with JFF values of 13.7, 13.4, and 9.7 Hz for 70-12-3
and 13.8, 16.1, and 10.0 Hz for 70-12-4. Both spectra have
one unresolved multiplet with a �d value below 60, indicat-
ing that both compounds contain exactly one CF3 group that
is eclipsed or nearly eclipsed. Figure 6 shows fragments of
their structures in the region of the eclipsed CF3 groups. It
can be seen that the eclipsed group in 70-12-3, which is on a
terminal dd’ hexagon, should significantly affect the cou-
pling constant for the quartet assigned to its dd’ hexagon
neighbor. It was on this basis that the assignments of the


otherwise similar addition patterns of 70-12-3 and 70-12-4
were made.


Common and uncommon addition pattern motifs for C70-
ACHTUNGTRENNUNG(CF3)n compounds : The mechanism(s) by which multiple
CF3 radicals add to fullerenes at 300–600 8C are not known
at this time, and any attempt to rationalize observed addi-
tion patterns with either kinetic or thermodynamic argu-
ments (as we did above when discussing the 40 kJmol�1


energy limit for viable structures), must be greeted with a
dose of skepticism and therefore must be considered tenta-
tive. In this paragraph and the next, we will not argue
whether or not a particular C70 ACHTUNGTRENNUNG(CF3)n compound is a literal
precursor to a C70ACHTUNGTRENNUNG(CF3)n+2 product without rearrangement
of the original n CF3 groups on the surface of the fullerene.
However, it is useful to note the structural similarities
among the 17 compounds in this study in order to highlight,
for future workers in this field, particularly common motifs
that are ribbons of edge-sharing C6ACHTUNGTRENNUNG(CF3)2 hexagons. Interest-
ingly, the pmp pattern of 70-4-1 is not part of the addition
pattern of any of the other compounds except possibly for
70-10-4. In this regard, it is important to note that 70-4-1 is
not the only isomer of this composition present in product
mixtures, nor is it the most abundant isomer of C70ACHTUNGTRENNUNG(CF3)4. It
is simply the isomer that can be purified to 95 mol% purity,
and characterized, at this time.


A ribbon of edge-sharing dd
and dd’ p-C6ACHTUNGTRENNUNG(CF3)2 hexagons
on the equator of C70 is a very
common addition-pattern
motif. It is part of the proposed
addition patterns of 70-6-2, 70-
10-3, and 70-10-5, it is the
entire proposed addition pat-
tern of 70-6-1, 70-8-2, and 70-
10-2, and it is known from X-
ray crystallography to be the
addition pattern of 70-8-1.[3]


An equator-to-pole pxmp
ribbon of edge-sharing C6-
ACHTUNGTRENNUNG(CF3)2 hexagons is another
common motif. It is present in
70-6-3 (x=3), 70-10-1, 70-12-1,
and 70-12-2 (x=7) and is pro-
posed to be present in 70-12-3
and 70-12-4 (x=7). The p7mp
ribbon is also present in some
of the six structurally-charac-
terized C70 ACHTUNGTRENNUNG(CF3)n derivatives
with n=14.[10,11]


Reduction potentials and E-
ACHTUNGTRENNUNG(LUMO) values : Representa-
tive cyclic voltammograms for
eight of the 17 C70 ACHTUNGTRENNUNG(CF3)n deriv-
atives are shown in Figure 7.
The E1/2 values for reversible


Figure 6. Fragments of the DFT-optimized structures of 70-12-3 and 70-12-4. The CF3 groups on C66 and C25
define the beginning and the end, respectively, of the p7mp ribbon of edge-sharing C6ACHTUNGTRENNUNG(CF3)2 hexagons in both
C1-p


7mp,p compounds. The drawings show the predictions that i) the CF3 group on C66 is eclipsed in 70-12-3
(d �56.7) and lengthens the F···F distance between the CF3 groups on C66 and C49 relative to the analogous
distance in 70-12-4 and ii) the CF3 group on C4 is eclipsed in 70-12-4 (d �56.7) but, since C4 is not on a termi-
nal p-C6ACHTUNGTRENNUNG(CF3)2 hexagon, it does not affect the terminal F···F distances or coupling constants for the two termi-
nal ac hexagons relative to the respective distances and coupling constants for 70-12-3.
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reductions (i.e. , quasi-reversible waves with DEp=90 mV
for a scan speed of 20 mVs�1 and DEp=150 mV for scan
speeds greater than or equal to 0.5 Vs�1) are listed in
Table 4 for all 17 C70 ACHTUNGTRENNUNG(CF3)n compounds studied. The com-


pound 70-10-1 is unusual in that only the 2nd reduction ap-
pears to be electrochemically reversible. It will be discussed
in detail later. Thirteen of the remaining 16 compounds ex-
hibited three reversible reductions (in addition to 70-10-1,
the other exceptions were 70-6-3, 70-10-2, and 70-10-3,
which only exhibited reversible 1st and 2nd reductions).


There are four studies in the literature in which the effect
of addition pattern on E1/2 values was reported for two or
more isomers of a given C70(X)n composition. These are
listed in Table 5.[34–37] In three of the studies, the largest DE1/2


range reported was 0.05 V. The largest previously reported
DE1/2 range for the first reduction of C70(X)n compounds
(i.e., the range of 0/� DE1/2 values) is 0.15 V for three iso-
mers of C70(Bn)2.


[34] In contrast, the smallest 0/� DE1/2 range
for isomers of a given C70ACHTUNGTRENNUNG(CF3)n composition we are report-
ing here is 0.16 V for the two isomers of C70ACHTUNGTRENNUNG(CF3)2. The larg-
est range for any reduction step for any of the sets of C70-
ACHTUNGTRENNUNG(CF3)n isomers is 0.45 V for the �/2� E1/2 values of the five
isomers of C70ACHTUNGTRENNUNG(CF3)10. There is a general tendency for DE1/2


ranges to decrease from the first to the second to the third
reversible reduction for isomers of a given value of n, but
there are a few exceptions to this trend.


We recently reported an electrochemical, spectroscopic,
and DFT study of 18 C60ACHTUNGTRENNUNG(CF3)n derivatives with n=2–12.[28]


Table 4. Reversible E1/2 values for C70 ACHTUNGTRENNUNG(CF3)n Derivatives (n=2–12).[a]


Compound Relative E1/2 [V] vs C70
0/� {V vs Fe ACHTUNGTRENNUNG(Cp*)2


+ /0}
0/� couple �/2� couple 2�/3� couple


C70 0.00 {�0.48} �0.40 {�0.88} �0.80 {�1.28}
70-2-1 0.28 �0.14 �0.71
70-2-2 0.12 �0.26 �0.74
70-4-1 0.21 �0.18 �0.77
70-6-1 0.30 �0.14 �0.57[b]
70-6-2 0.34 �0.13 �0.48
70-6-3 0.17 �0.27 irreversible
70-8-1 0.04 �0.41 �1.04[c]
70-8-2 0.31 �0.21 �1.28[e]
70-10-1 �0.11[d] �0.66 irreversible
70-10-2 �0.01 �0.50 irreversible
70-10-3 0.04 �0.41 irreversible
70-10-4 0.08 �0.48 �0.86[e]
70-10-5 0.28 �0.21 �1.11[e]
70-12-1 0.09 �0.46 �0.91[c]
70-12-2 0.07 �0.47 �0.98[b]
70-12-3 0.26 �0.37 �0.90[e]
70-12-4 0.25 �0.41 �0.90[f]


[a] All data from this work. Reversible wave observed at 20 mVs�1


unless otherwise noted. Electrolyte=0.10m N ACHTUNGTRENNUNG(nBu)4BF4 in dichlorome-
thane; Fe ACHTUNGTRENNUNG(Cp*)2


+ /0 internal standard (E1/2=�0.48 V vs. C70
0/�). The


values shown in braces are E1/2 values vs Fe ACHTUNGTRENNUNG(Cp*)2
+ /0. In general, the E1/2


values were reproducible to�10 mV. [b] Scan rate=3.5 Vs�1. [c] Scan
rate=2.0 Vs�1. [d] Irreversible first reduction; the value shown is the
cathodic peak potential. [e] Scan rate=500 mVs�1. [f] This value is only
approximately known.


Figure 7. Representative cyclic voltammograms (CVs) for C70 ACHTUNGTRENNUNG(CF3)n de-
rivatives (dichloromethane, 0.1m TBA+BF4


�, glassy carbon or Pt working
electrode, 20 mVs�1 scan rate, Fe(Cp)2 or Fe ACHTUNGTRENNUNG(Cp*)2 internal standard
added immediately after the CV was recorded). Reversible third reduc-
tion potentials for some of the compounds could only be determined at
higher scan rates (0.5–3.5 V; not shown). The CV of a mixture of C70 and
Fe ACHTUNGTRENNUNG(Cp*)2 is shown at the top.


Table 5. Ranges of E1/2 values for C70(X)n isomers.[a]


composition no. of iso-
mers


DE1/2 [V]


0/�
couple


�/2�
couple


2�/3�
couple


C70(Bn)2
[b] 3 0.15 0.10 0.00


C70H2
[c] 2 0.01 0.04 0.03


C70ACHTUNGTRENNUNG(c-ONCR)2
[d] 3 ca. 0 ca. 0 ca. 0


C70(COOCH2-
COOMe)2


[e]
3 0.04 0.02 0.05


C70ACHTUNGTRENNUNG(CF3)2 2 0.16 0.12 0.03
C70ACHTUNGTRENNUNG(CF3)6 3 0.17 0.14 0.09[f]


C70ACHTUNGTRENNUNG(CF3)8 2 0.27 0.20 0.24
C70ACHTUNGTRENNUNG(CF3)10 5 0.35[g] 0.45 0.25[f]


C70ACHTUNGTRENNUNG(CF3)12 4 0.19 0.10 0.08
C60ACHTUNGTRENNUNG(CF3)6


h 2 0.33 0.25 0.09
C60ACHTUNGTRENNUNG(CF3)8


h 5 0.39 0.35 0.40
C60ACHTUNGTRENNUNG(CF3)10


h 6 0.50 0.40 0.20
C60ACHTUNGTRENNUNG(CF3)12


h 2 0.49


[a] Reversible couples only unless otherwise noted. The error on E1/2


values was generally �10 mV. All values for C70 ACHTUNGTRENNUNG(CF3)n compounds from
this work [b] Ref. [34]. [c] Ref. [37]. [d] Ref. [36]. [e] Ref. [35]. [f] Two
isomers only. [g] The hypothetical E1/2 value used for 70-10-1 for this cal-
culation was �0.07 V; omitting 70-10-1 changes this DE1/2 value from
0.35 V for five isomers to 0.29 V for four isomers. [h] Ref. [28].
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Ranges of E1/2 values up to 0.50 V for a given composition
were found, and these are also listed in Table 5. Prior to
that study, the largest variation in E1/2 values reported for
isomers of a given C60(X)n composition was 0.16 V for seven
isomers of C60(C ACHTUNGTRENNUNG(CO2Et)2)3.


[38]


The electrochemical data show that altering the addition
pattern for C70(X)n isomers can affect E1/2 values to a greater
extent than was previously known, at least when X is large
enough so that 1,4-additions are favored over 1,2-additions.
Even seemingly subtle changes in addition pattern have a
large effect for C70ACHTUNGTRENNUNG(CF3)n derivatives. For example, moving
one CF3 group from one end of the Cs-p


7 ribbon in 70-8-1 to
the other end, generating the C2-p


7 addition pattern of 70-8-
2, raises the first reduction potential by 0.27 V, and moving
one CF3 group by only two cage carbon atoms on its own
pentagon would change 70-10-1 into 70-10-5, raising the
second reduction potential by 0.45 V.


The only previous study in which a series of C70(X)n com-
pounds with the same substituent X but with different
values of n was studied by electrochemical techniques is for
X=Ph and n=2, 4, 6, 8, and 10 (one isomer each).[39] The
E1/2 values for the first and second reductions are shown
graphically in Figure 8 along with the corresponding E1/2


values for the 17 C70ACHTUNGTRENNUNG(CF3)n compounds studied in this work.
The lines connecting the data points represent structural re-
lationships, as defined above. Although the authors of the
X=Ph paper stated in that paper,[39] and in others,[29, 40] that
their isomer of C70Ph6 was the Cs-p


5 isomer, it has been re-
cently shown that it is much more likely that the isomer
they studied was in fact the C2-p


5 isomer of C70Ph6 (i.e. , the
isomer with the same addition pattern as 70-6-1).[1] On the
other hand, there is no doubt that C70Ph8,


[39] like the struc-
turally characterized compound C70Me8,


[41] has the same ad-
dition pattern as 70-8-1.[3] The 70-6-1 and 70-8-1 addition
patterns are the only two addition patterns that the C70-
ACHTUNGTRENNUNG(CF3)n and C70Phn sets of compounds have in common.


The solvent used in the X=Ph study was tetrahydrofuran,
as opposed to dichloromethane in this study, but that differ-
ence does not preclude comparisons of the two sets of re-
sults because all potentials in Figure 8 are referenced to the
C70


0/� potential in the solvent used for the respective C70(X)n
E1/2 measurements. The data in Figure 8 show that E1/2


values increase significantly when the substituent X is
changed from Ph to CF3 for a constant addition pattern, by
0.42 V for the first reduction and 0.51 V for the second re-
duction for the 70-6-1 addition pattern, and by 0.60 V for
the first reduction and 0.61 V for the second reduction for
the 70-8-1 addition pattern. Another way of appreciating the
difference, using the 70-6-1 addition pattern as an example,
is to note that adding six Ph groups to C70 to form C2-p


5-
C70Ph6 lowers the 0/� E1/2 value by 0.12 V but adding six
CF3 groups to C70 to form 70-6-1 raises the 0/� E1/2 value by
0.30 V.


The 0/� and �/2� E1/2 values for the X=Ph compounds
both show the same trend, a monotonic decrease with in-
creasing n. The authors of the X=Ph study concluded that
the trend is “the result of a competition between the elec-


tron-withdrawing effect exerted by the phenyl groups and
the destabilization of redox orbitals deriving from the satu-
ration of double bonds [in C70].”


[39] The observation that, in
general, fullerene(X)n reduction potentials decrease as n in-
creases has been made by many investigators and is perhaps
the most widely known paradigm in fullerene electrochemis-
try.[42–45] Nevertheless, it is now apparent that if one uses
substituents that are strongly electron withdrawing, like CF3


groups, this paradigm has little or no predictive value. We
will return to this point below.


Figure 9 displays DFT-predicted E ACHTUNGTRENNUNG(HOMO) and E-
ACHTUNGTRENNUNG(LUMO) values for 30 C70(X)n derivatives with the 70-2-1,
70-4-1, and 70-6-1 addition patterns (X=CH3, Ph, H, NH2,
CH2F, CHF2, CF3, F, NO2, and CN). Interestingly, for all
three addition patterns the E ACHTUNGTRENNUNG(HOMO) and E ACHTUNGTRENNUNG(LUMO)
values for the X=Ph compounds are higher, not lower, than
the corresponding orbital energies for the X=H compound.
Thus, a phenyl group does not appear to be a stronger elec-


Figure 8. First (top) and second (bottom) reduction potentials vs. n, the
number of X groups in C70(X)n (circles, X=CF3 (dichloromethane, this
work); squares, X=Ph (tetrahydrofuran, ref. [39])). The lines connecting
data points indicate structural, not mechanistic, relationships (i.e., the
structures of compounds represented by connected points are related by
the addition or removal of two X groups with no other changes to the ad-
dition patterns). For the C70 ACHTUNGTRENNUNG(CF3)n compounds, the isomers are (top to
bottom): 70-2-1 and 70-2-2; 70-6-2, 70-6-1, and 70-6-3; 70-8-2 and 70-8-1;
70-10-5, 70-10-4, 70-10-3, 70-10-2, and 70-10-1; 70-12-3, 70-12-4, 70-12-1,
and 70-12-2. This order is the same for both plots except that the points
for 70-10-3 and 70-10-4 are reversed in the plot of second reduction po-
tentials vs. n.
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tron-withdrawing group than a hydrogen atom, at least not
for fullerene(X)n derivatives with certain addition patterns
(this could be a combination of electronic and steric effects).
It is unfortunate that E1/2 values for the compounds Cs-p


7-
C70 ACHTUNGTRENNUNG(CH3)8


[41] and Cs-p
7-C70H8


[46] are not available in the liter-
ature in order to compare their E1/2 values to those of Cs-p


7-
C70Ph8.


The plots in Figure 9 also reveal an interesting finding
about 70-2-1, 70-4-1, and 70-6-1. For these three compounds,
the X=CF3 points nearly coincide, suggesting that the elec-
tron-withdrawing effect of a pair of CF3 groups just compen-
sates for the saturation of an additional double bond (but
note that all three of these E ACHTUNGTRENNUNG(LUMO) values are significant-
ly lower than E ACHTUNGTRENNUNG(LUMO) for C70). The near-coincidence of
the three E ACHTUNGTRENNUNG(LUMO) data points should result in similar 0/�
E1/2 values for these three compounds, with the potential for
70-6-1 slightly more positive than the potential for 70-2-1,
which in turn should be slightly more positive than the po-
tential for 70-4-1. Table 4 shows that the three E1/2 values in
question are 0.30, 0.28, and 0.21 V, respectively, relative to
C70


0/�. However, for a different choice of addition patterns, a
substituent to the right or left of CF3 in Figure 9 might rep-
resent the “crossover” substituent. Further DFT calculations
and E1/2 values for a wider range of C70(X)n compounds,
when they become available, will make such an analysis pos-
sible.


Plots of the E ACHTUNGTRENNUNG(LUMO) values for the 70-6-1 addition pat-
tern versus various sets of group electronegativities[47–49] are
shown in Figure S8 (see Supporting Information). They
clearly demonstrate that the effect of a particular substitu-
ent on shifting E ACHTUNGTRENNUNG(LUMO) up or down is not merely a func-
tion of the substituentTs ability to withdraw electrons from
the C70 cage. The anomalous E ACHTUNGTRENNUNG(LUMO) values for the
cyano derivatives shown in Figure 9 are a case in point. The
group electronegativity of CN is about the same as CF3,


[47, 48]


but the LUMO for the cyano analogue of 70-6-1 is stabilized
by about 0.5 eV relative to the LUMO for 70-6-1 itself.


Most importantly, the C70 ACHTUNGTRENNUNG(CF3)n electrochemical results
demonstrate conclusively that there is no simple correlation
between adding more substituents and the direction of
change in E1/2 values. It depends on the addition patterns of
the compounds in question. Ignoring structural relationships,
one can find virtually all possible trends imaginable for the
17 C70 ACHTUNGTRENNUNG(CF3)n data points in each plot in Figure 8. For exam-
ple, there is a steady decrease in 0/� E1/2 with increasing n
from 70-2-2 to 70-4-1 to 70-6-3 to 70-8-1 to 70-10-1 and an-
other steady decrease from 70-6-2 to 70-8-2 to 70-10-5 to 70-
12-1, but there is also a steady increase in 0/� E1/2 from 70-
2-2 to 70-4-1 to 70-6-1 to 70-8-2 and another steady increase
from 70-8-1 to 70-10-4 to 70-12-3. In addition, there is a
series of compounds with increasing n values that have, to
within �5 mV, a constant 0/� E1/2 value, from 70-2-1 to 70-
6-1 to 70-8-2 to 70-10-5 to 70-12-1. Finally, there is a series
of compounds with alternating lower and higher 0/� E1/2


values as a function of n, from 70-2-1 to 70-4-1 to 70-6-2 to
70-8-1 to 70-10-5 to 70-12-2. Whether E1/2 increases, decreas-
es, or remains the same when the degree of saturation of C70


increases from composition C70 ACHTUNGTRENNUNG(CF3)n to composition C70-
ACHTUNGTRENNUNG(CF3)n+2 depends on the ways that those substituents are
distributed on the surface of [70]fullerene, not on the
number of substituents. For each value of n from 2 to 10,
there is at least one C70 ACHTUNGTRENNUNG(CF3)n isomer that has a higher po-
tential, and one isomer that has a lower potential, than at
least one of the isomers that results when n is increased (by
any value up to n=12). This may be found to be true as
well for C70(X)n compounds with substituents other than
CF3 once multiple isomers of them become available.


In the recent electrochemical study of 18 C60 ACHTUNGTRENNUNG(CF3)n deriva-
tives, it was discovered that the 0/� E1/2 values were a linear
function of the corresponding DFT-predicted E ACHTUNGTRENNUNG(LUMO)
values (this plot is reproduced in the Supporting Informa-
tion as Figure S9).[28] The correlation coefficient for this plot
was 0.98, and the average deviation of the linear least-
squares calculated E1/2 values from the experimental E1/2


values was�20 mV.[28] Linear 0/� E1/2 values vs. E ACHTUNGTRENNUNG(LUMO)
plots have also been previously reported in three electro-
chemical studies of fullerene cycloadducts.[50–52] However, a
plot of experimental 0/� E1/2 values vs. E ACHTUNGTRENNUNG(LUMO) for the
C70 ACHTUNGTRENNUNG(CF3)n derivatives we have described in this paper was
not a single straight line. Instead, an approximately linear
plot was observed for each value of n with three or more
isomers, and these plots were approximately parallel but
were not co-linear, as shown in Figure 10. It is not clear at
this time why the individual plots in Figure 10 are not co-
linear, and this aspect of the electrochemical behavior of
C70 ACHTUNGTRENNUNG(CF3)n compounds will continue to be investigated in our
labs.


Two of the most important results of the recent CV/DFT
study of C60ACHTUNGTRENNUNG(CF3)n derivatives were that i) the energy of the
LUMO was related to the degree of delocalization of the
LUMO, an expected result, and ii) the LUMO itself was lo-
cated on a fragment of the remaining pi system that includ-
ed non-terminal double bonds in pentagons (nt-DBIPs), a
quite unexpected result.[28] An nt-DBIP is defined as a short


Figure 9. DFT-predicted E ACHTUNGTRENNUNG(HOMO) and E ACHTUNGTRENNUNG(LUMO) values for each of
ten C70(X)n compounds with the 70-2-1, 70-4-1, and 70-6-1 addition pat-
terns. The horizontal lines at �6.018 and �4.315 eV represent the DFT-
predicted E ACHTUNGTRENNUNG(HOMO) and E ACHTUNGTRENNUNG(LUMO) values, respectively, for C70.
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pent–hex junction that has two C ACHTUNGTRENNUNG(sp2) nearest neighbors.
Different addition patterns result in different numbers of nt-
DBIPs, and when the LUMO fragments associated with dif-
ferent nt-DBIPs in the same derivative overlap, E ACHTUNGTRENNUNG(LUMO)
is especially low and, consequently, the experimental E1/2


value was relatively high.[28] This is the basis for understand-
ing how the addition pattern of a fullerene(X)n derivative
determines the electron acceptor properties of the molecule.
It is ironic that DBIPs, which are destabilizing as far as the
total energy of a fullerene derivative is concerned,[53,54] are
exactly what is needed to lower the energy of its LUMO
and increase its electron affinity. However, DBIPs are nec-
essary but not sufficient. Many fullerene ACHTUNGTRENNUNG(CF3)n compounds
have terminal DBIPs (t-DBIPs), which have only one CACHTUNGTRENNUNG(sp2)
nearest neighbor, and these are generally among the short-
est C�C bonds in the cage.[4,5] Nevertheless, none of the
LUMOs we have examined for C60ACHTUNGTRENNUNG(CF3)n and C70ACHTUNGTRENNUNG(CF3)n de-
rivatives are associated with t-DBIPs.[28] Only nt-DBIPs gen-
erated low-energy p* fragments that were incorporated into
the LUMO.


The correspondence between the shape of C70ACHTUNGTRENNUNG(CF3)n
LUMOs, E ACHTUNGTRENNUNG(LUMO) values, and E1/2 values is more complex
than for C60 ACHTUNGTRENNUNG(CF3)n derivatives. Nevertheless, it appears that
the LUMOs for C70ACHTUNGTRENNUNG(CF3)n compounds, in general, are also
“anchored” to non-terminal double bonds in pentagons (nt-
DBIP). Note that two compounds with no nt-DBIPs, 70-10-
1 and 70-10-2, have negative first reduction potentials rela-
tive to C70


0/�. The analysis for one pair of isomers, 70-8-1
and 70-8-2, is straightforward and will be presented here.
Much of this analysis depends on the interpretation of cage
C–C distances predicted with the PBE functional, which is
used extensively in our work, and we have recently validat-
ed this functional by comparing predicted cage C-C distan-
ces with those available from the most precise fullerene-
ACHTUNGTRENNUNG(CF3)n X-ray structures.[28]


Fragments of the DFT-predicted structures of 70-8-1 and
70-8-2 are shown in Figure 11 along with the LUMOs for


these two molecules. The blue (+) and green (�) lobes of
the LUMOs of the derivatives are very similar to the
LUMOs of the planar aromatic hydrocarbons acenaphtha-
lene for 70-8-1 and naphthacene (i.e., linear tetracene) for
70-8-2.[55,56] The LUMO drawings in Figure 11 show that the
70-8-2 LUMO is more extensively delocalized than the 70-8-
1 LUMO, and we propose that this is the reason that E1/2


for 70-8-2 is more than 0.25 V more positive than E1/2 for
70-8-1.


The electrochemical behavior of 70-10-1 was significantly
different than that of the other 16 C70ACHTUNGTRENNUNG(CF3)n derivatives, as
shown in Figure 12. The first reduction was not electrochem-
ically reversible at any scan rate, from 10 mVs�1 to 50 Vs�1.
The i versus E pattern observed at 20 mVs�1 was virtually
unchanged up to 2 Vs�1. The re-oxidation peak was shifted
about 0.5–0.6 V from the position expected for a reversible
process. From 2 Vs�1 to the highest scan rate investigated,
an apparently normal re-oxidation peak was observed. Rela-
tive to the anodic current for the reduction peak, the current
for the new peak increased with increasing scan rate, as also
shown in Figure 12.


The position of the irreversible re-oxidation peak exhibit-
ed a significant scan-rate dependence, from about 0.4 V at
20 mVs�1 to 0.6 V at 20 Vs�1. It also depended on the poten-
tial at which the CV was reversed. For example, at 2 Vs�1 it
was observed at 0.57, 0.61, and 0.64 V when the potential
was reversed at �0.40, �0.90, and �1.4 V, respectively. Ex-
tending the potential range to more negative potentials also
resulted in a significant current increase for the irreversible


Figure 10. Fifteen first reduction potentials (0/� E1/2 values) vs. DFT-pre-
dicted LUMO energies. The limits of the x and y axes span 0.36 V and
0.36 eV, respectively. The E1/2 value for the first reduction of 70-10-1 was
omitted because this redox process is irreversible, and the E1/2 value for
70-4-1 was omitted because this is the only isomer of C70ACHTUNGTRENNUNG(CF3)4 that was
studied.


Figure 11. Fragments of the DFT-predicted structures and the DFT-pre-
dicted LUMOs for 70-8-1 and 70-8-2. The numbers in the structure frag-
ments are cage C-C distances in pm (the black circles indicate the cage C
atoms to which the CF3 groups are attached).
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re-oxidation at 0.6 V. In addition, multiple cycling at
0.5 Vs�1 revealed that the first reduction of 70-10-1, al-
though electrochemically irreversible, was chemically reversi-
ble. The reduction current recorded for multiple cycles re-
mained the same as long as the potential limits included
both the reduction and the re-oxidation peaks. We do not
know what product forms during the irreversible first reduc-
tion, but apparently 70-10-1 is regenerated during the irre-
versible re-oxidation. The increase in re-oxidation current
with more negative reverse potentials can be attributed to
the longer time available for the reduced species to undergo
the chemical transformation.


The second reduction of “70-10-1” (i.e. , the unknown spe-
cies that is formed reversibly when 70-10-1 was reduced by
one electron) was electrochemically reversible at all scan
rates. A third reduction wave of “70-10-1” was observed at
scan rates in excess of 2 Vs�1, but it was not electrochemi-
cally reversible even for a scan rate of 20 Vs�1. In ongoing
experiments, we are attempting to isolate and characterize
the product, possibly a dimer, formed by the first reduction
of 70-10-1.


Cs-C70 ACHTUNGTRENNUNG(CF3)4O : On the basis of the similarity of the
19F NMR spectra for this compound and for the structurally-
characterized compound Cs-C60ACHTUNGTRENNUNG(CF3)4O,[23] we believe that
Cs-C70 ACHTUNGTRENNUNG(CF3)4O also has a skew-pentagonal pyramid (SPP)
addition pattern.[23,30,57] This assignment is also supported by
the striking similarity of the UV/Vis spectra of C70ACHTUNGTRENNUNG(CF3)4O
and the compound C70ACHTUNGTRENNUNG(tBuOO)6 reported by Gan and co-
workers (which has been shown to have an SPP addition
pattern),[30] as shown in Figure S10 (see Supporting Informa-
tion). Cyclic voltammograms of Cs-C70ACHTUNGTRENNUNG(CF3)4O are shown in
Figure S11 (the 0/� E1/2 values for C60 and C70 differ by only
10 mV). In contrast to the majority of C70ACHTUNGTRENNUNG(CF3)n derivatives,
Cs-C70 ACHTUNGTRENNUNG(CF3)4O exhibited an irreversible first reduction (Ep=


0.06 V). There was no re-oxidation peak for the first reduc-
tion, but a new feature appeared at much more positive po-


tentials. The new feature was absent if the first cycle began
in the anodic range, as shown in the inset in Figure S11, and
it appeared to be reversible (E1/2=1.22 V). The identity of
the new species has not yet been ascertained.


The second and the third reductions of “C70 ACHTUNGTRENNUNG(CF3)4O” ap-
peared to be reversible (E1/2=�0.33 and �0.67 V, respec-
tively, vs. C70


0/�). Similar behavior was observed for Cs-C60-
ACHTUNGTRENNUNG(CF3)4O: it also exhibited an irreversible first reduction (i.e.,
the double peak at �0.05/-0.12 V vs. C70


0/�) and a new rever-
sible peak (E1/2=1.23 V vs. C70


0/�). The second and the third
reductions of “C60ACHTUNGTRENNUNG(CF3)4O” were observed at �0.47 and
�0.89 V, respectively. The peak potential for the first reduc-
tion can be compared with the 0/� E1/2 value of Cs-C60-
ACHTUNGTRENNUNG(CF3)6, �0.07 V vs C60


0/� (this compound also has the skew-
pentagonal pyramid structure[23]). The two isostructural com-
pounds are both reduced at about 0 V. These data are dis-
cussed further in the Supporting Information.[58,59]


Conclusion


The ranges of electrochemical potentials for isomers of C70-
ACHTUNGTRENNUNG(CF3)n derivatives can vary by up to 0.45 V depending on
the particular addition pattern of the isomer. Changes in E1/2


values this large can result by changing the position of only
one CF3 group for isomers of C70 ACHTUNGTRENNUNG(CF3)10. This parallels the
behavior recently published for C60ACHTUNGTRENNUNG(CF3)n derivatives and
demonstrates that the electronic tunability of the C70 cage in
C70(X)n derivatives is much more extensive than previously
observed, even with a given substituent X and a given value
of n. The addition pattern is as important, if not more im-
portant in many cases, than the number of substituents, n, in
determining E1/2 values of exohedral fullerene derivatives.
An initial analysis of C70 ACHTUNGTRENNUNG(CF3)8 isomers indicates that addi-
tion patterns that lead to non-terminal double bonds in pen-
tagons and extensive LUMO delocalization result in deriva-
tives that are strong electron acceptors, a conclusion that is
similar to that recently reported for C60 ACHTUNGTRENNUNG(CF3)n derivatives.


[62]


Experimental Section


Reagents, solvents, and C70ACHTUNGTRENNUNG(CF3)n derivatives: The reagents and solvents
CF3I (Apollo Scientific), C70 (Term USA), ferrocene ([Fe(Cp)2], Fluka)
and decamethylferrocene ([Fe ACHTUNGTRENNUNG(Cp*)2], Fluka), CDCl3 (Cambridge Scien-
tific), hexafluorobenzene (Sigma-Aldrich), and hexane, heptane and tolu-
ene for HPLC purifications (HPLC grade, Sigma-Aldrich) were used as
received. The following solvent and supporting electrolyte for cyclic vol-
tammetry were purified as indicated: dichloromethane (Fluka, puriss.
grade; stored in a nitrogen-filled glovebox over 4 U molecular sieves
(Merck)); tetrabutylammonium tetrafluoroborate (N ACHTUNGTRENNUNG(nBu)4BF4, Fluka
puriss. grade, stored in the glovebox after drying under vacuum at 70 8C
for 24 h). The following C70ACHTUNGTRENNUNG(CF3)n derivatives were prepared as previous-
ly described: 70-2-1, 70-4-1, and 70-6-1;[1] 70-6-3;[1,2] C60ACHTUNGTRENNUNG(CF3)4O.[23]


Improved synthesis of Cs-p
7-C70 ACHTUNGTRENNUNG(CF3)8 ACHTUNGTRENNUNG(70-8-1) and C2-p


7-C70ACHTUNGTRENNUNG(CF3)8 ACHTUNGTRENNUNG(70-8-
2): Finely ground C70 (55 mg, 0.065 mmol) was placed in a 0.8 cm I.D.
Pyrex tube connected to a gas handling system at one end and a mineral-
oil bubbler at the other. The portion of the tube containing C70 was
placed in a 5 cm long tube furnace (reactor 1). After purging the sample
with argon, it was heated to 550 8C and treated with 12 sccm of gaseous


Figure 12. Cyclic voltammograms (CVs) of 70-10-1 (dichloromethane,
0.1m TBA+BF4


�, Pt wire working electrode, 20 mVs�1 scan rate, Fe(Cp)2
or Fe ACHTUNGTRENNUNG(Cp*)2 internal standard added immediately after the CV was re-
corded). The inset shows CVs recorded at different scan rates.
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CF3I (ca. 0.05 mmolmin�1) for four hours (CAUTION : CF3I decomposes
in air above 300 8C and produces toxic HF, COF2, and I2; handle only in
a well-ventilated fume hood). Orange-brown C70ACHTUNGTRENNUNG(CF3)8,10 compounds and
purple I2 condensed inside the tube approximately 1 cm outside of both
ends of the furnace (i.e., in the cold zones). The two isomers of C70 ACHTUNGTRENNUNG(CF3)8
were purified by HPLC as follows (20 mm I.D.O250 mm Cosmosil Buck-
yprep column, Nacalai Tesque, Inc.; 330 nm UV detector; 18 mLmin�1


eluent flow rate): in the first stage, 1.8 mL injections were eluted with tol-
uene; in the second stage, 1.8 mL-injections of each fraction were eluted
with 20:80 toluene/hexane (the retention times were 32 min for 70-8-1
and 52 min for 70-8-2).


Synthesis and purification of C1-p
7mp,p-C70 ACHTUNGTRENNUNG(CF3)12-1 (70-12-1) and C1-


p7mp,p-C70ACHTUNGTRENNUNG(CF3)12-2 (70-12-2): These compounds were prepared in two
reactions at 420 and 450 8C using reactor 1 as described in the previous
paragraph. Figure S1 (Supporting Information) shows the MALDI mass
spectra of the crude reaction products. The two compound were isolated
and purified by HPLC as described above using heptane instead of 20:80
toluene/hexane (the retention times were 4.0 min for 70-12-1 and 4.5 min
for 70-12-2).


Improved synthesis of C1-p
7mp-C70ACHTUNGTRENNUNG(CF3)10 ACHTUNGTRENNUNG(70-10-1): Finely ground C70


(see Table 3 for amounts used) was placed in a 0.7 cm I.D. fused-silica
tube connected to a gas handling system as above. The portion of the
tube containing C70 was placed in a 40 cm long tube furnace (reactor 2).
After purging the sample with argon, it was heated to 530 8C and treated
with 6 sccm of gaseous CF3I (ca. 0.025 mmolmin�1) for 90 min. Orange-
brown C70ACHTUNGTRENNUNG(CF3)10,12 compounds and purple I2 condensed in the cold
zones. The 19F NMR spectrum of the crude product showed that 70-10-1
constituted 89 mol% of the C70ACHTUNGTRENNUNG(CF3)10,12 compounds present (only negli-
gible amounts of other C70 ACHTUNGTRENNUNG(CF3)n compositions were detected). The com-
pound 70-10-1 was isolated and purified by HPLC as follows (10 mm
I.D.O250 mm Cosmosil Buckyprep column, Nacalai Tesque, Inc.; 300 nm
UV detector; 5 mLmin�1 eluent flow rate): in the first stage, 1.5 mL in-
jections were eluted with toluene; in the second stage, the 3.6–3.9 min
fraction from the first stage was eluted with 60:40 toluene/heptane to
separate 70-10-1 from impurities of C70ACHTUNGTRENNUNG(CF3)8 and C70 ACHTUNGTRENNUNG(CF3)12. The
19F NMR spectrum showed that 70-10-1 prepared by this procedure is
98% pure.


Synthesis and purification of new isomers of C70 ACHTUNGTRENNUNG(CF3)10,12 : Several batches
of crude products from the improved synthesis of 70-10-1 were combined
and processed by HPLC as described in the previous paragraph. A third
stage of purification using heptane resulted in the isolation of (retention
times shown in parentheses) 70-12-3 (6.3 min), 70-12-4 (7.3 min), 70-10-3
(18.0 min), 70-10-4 (20.0 min), 70-10-5 (22.0 min), and 70-10-2 (24.0 min).
The compounds 70-12-3, 70-12-4, and 70-10-3 were obtained in 90+ %
compositional and isomeric purity. Fractions containing 70-10-2, -4, and
-5, which have HPLC peaks that partially overlap, were processed again
using heptane as the eluent to yield each compound in ca. 95–98% com-
positional and isomeric purity.


Physicochemical measurements : Cyclic voltammetry experiments were
carried out in a purified-dinitrogen-filled glovebox (water and oxygen
content below 1 ppm) in a one-compartment electrochemical cell. The
electrolyte solution was 0.1m N ACHTUNGTRENNUNG(nBu)4BF4 in dichloromethane. The work-
ing electrodes were either glassy-carbon, a platinum wire, or a platinum
wire terminated with a platinum plate (0.04 cm2). A platinum wire loop
and a silver wire served as the counter and reference electrodes, respec-
tively. The potentials were measured relative to the Fe(Cp)2


+ /0 or Fe-
ACHTUNGTRENNUNG(Cp*)2


+ /0 potential (i.e., either Fe(Cp)2 or Fe ACHTUNGTRENNUNG(Cp*)2 was added as an in-
ternal standard and the CV was re-recorded). The experiments were con-
trolled by an EG&G 263 or 273 A potentiostat/galvanostat. Electronic
absorption spectra of dichloromethane solutions of the C70ACHTUNGTRENNUNG(CF3)n com-
pounds (n=2–12) were recorded using either a Shimadzu 3100 or a
Varian Cary 500 spectrophotometer. The absorption spectra of C70-
ACHTUNGTRENNUNG(CF3)4O and all C70ACHTUNGTRENNUNG(CF3)n compounds studied in this work except for 70-
6-1 and 70-6-3, which have been published,[2] are collected in the Sup-
porting Information. Matrix-assisted laser-desorption-ionization time-of-
flight (MALDI-TOF) mass spectra were recorded using a Voyager-DE
PRO Workstation (Applied Biosystems). Sulfur was used as the matrix
material. It was mixed with the sample in toluene or toluene-hexane im-


mediately prior to deposition on the target. Nitrogen laser pulses of
337 nm wavelength, 0.5 ns duration, and 3 Hz frequency were used to
desorb the species into the gas phase. The negative or positive ions
formed were detected in reflectron mode. Atmospheric-pressure chemi-
cal-ionization (APCI) mass spectra were recorded using a ThermQuest
Finnigan LCQ-DUO spectrometer. Fluorine-19 NMR spectra were re-
corded using a Bruker INOVA-400 spectrometer operating at
376.48 MHz (CDCl3 solutions, 25 8C, C6F6 internal standard (d �164.9)).
Quantum chemical calculations : Geometry optimization of all structures
was done in vacuo with the use of the PBE functional[60] and the TZ2P-
quality basis set implemented in PRIRODA package,[61] as previously de-
scribed.[9,28] Evaluation of Coulomb and exchange-correlation terms was
accelerated by expansion of the electron density in an auxiliary basis
set.[61] The molecular geometry optimization using this methodology typi-
cally took two or three days with one Opteron CPU (in contrast, molecu-
lar geometry optimization with hybrid functionals such as B3LYP typical-
ly took weeks).
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On the Origin of the Stereoselectivity in Organocatalysed Reactions with
Trimethylsilyl-Protected Diarylprolinol
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Introduction


In the last few years, the research field of organocatalysis
has become a hot topic in organic chemistry.[1] The rediscov-
ery of the proline-catalysed direct aldol reaction by List,
Lerner and Barbas[2] was the starting point for a ground-
breaking development of highly stereoselective organocata-
lysed transformations. Since then, several different protocols
for carbon and heteroatom a-functionalisations of aldehydes
and ketones, including aldol[3] and Mannich[4] reactions, ami-
nation,[5] oxygenation,[6] fluorination,[7] chlorination,[8] bromi-
nation[9] and sulfenylation and selenylation[10] reactions have


been developed by using proline, as well as other chiral sec-
ondary amines and chiral imidazolidinones as the catalysts
(Scheme 1).


An important aspect of organocatalytic a-functionalisa-
tion reactions is to understand the activation of the carbonyl
compound, and in particular how the stereoselectivity is
controlled in the bond-forming step. The mechanism of the
organocatalysed electrophilic addition of carbonyl com-
pounds to the proline-enamine intermediate has been inves-
tigated by computational chemistry mainly by Houk et al.[11]


Abstract: The origin of the enantiose-
lectivity in the TMS-protected (TMS=


trimethylsilyl) prolinol-catalysed a-het-
eroatom functionalisation of aldehydes
has been investigated by using density
functional theory calculations. Eight
different reaction paths have been con-
sidered which are based on four differ-
ent conformers of the TMS-protected
prolinol–enamine intermediate. Opti-
misation of the enamine structures
gave two intermediates with nearly the
same energy. These intermediates both
have an E configuration at the C=C
bond and the double bond is posi-
tioned anti or syn, relative to the 2-sub-
stituent in the pyrrolidine ring. For the
four intermediates, the chiral TMS-pro-


tected-diaryl substituent effectively
shields one of the faces of the reacting
C=C bond in the enamine intermedi-
ate. A number of transition states have
been calculated for the enantioselective
fluorination by N-fluorobenzenesulfo-
nimide (NFSI) and based on the transi-
tion-state energies it has been found
that the enantioselectivity depends on
the orientation of the C=C bond, being
anti or syn, relative to the 2-substituent
on the pyrrolidine ring, rather than the
approach of the electrophilic fluorine


to the face of the reacting carbon atom
in the enamine which is less shielded
relative to the face with the highest
shielding. The calculated enantiomeric
excess of 96% ee (ee=enantiomeric
excess) for the fluorination reaction
corresponds well with the experimen-
tally found enantiomeric excess—
97% ee. The transition state for the a-
amination reaction with the same type
of intermediate has also been calculat-
ed by using diethyl azodicarboxylate as
the amination reagent. The implication
of the intermediate structures on the
stereoselection of a-functionalisation
of aldehydes is discussed.


Keywords: density functional
theory · enamine · enantioselection ·
mechanism · organocatalysis


[a] Dr. P. Din<r, Dr. A. Kjærsgaard, Dr. M. A. Lie,
Prof. Dr. K. A. Jørgensen
Danish National Research Foundation:
Center for Catalysis, Department of Chemistry
Aarhus University, DK-8000 Aarhus C (Denmark)
Fax: (+45)8919-6199
E-mail : kaj@chem.au.dk


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


Scheme 1. Organocatalytic carbon and heteroatom a-functionalisation of
aldehydes and ketones.
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The calculations show that the reaction proceeds by means
of a hydrogen-bond-directed Brønsted acid catalysis and
that the proton from the carboxylic acid group in proline is
important for the determining the stereochemical outcome
of the reaction. The hydrogen bonding in the transition state
directs the electrophile approach from above to the Re face
of the enamine intermediate, and hence, yields the R config-
uration of the optically active product formed (Figure 1a).


Recently, diarylprolinol ethers 1a–c were introduced as
new chiral secondary amine catalysts.[12–14] These new orga-
nocatalysts, including also the imidazolidinones developed


by MacMillan et al. ,[15] do not possess a Brønsted acid func-
tionality, but they still promote electrophilic additions and
substitutions via enamine intermediates. The diarylprolinol
ethers show a remarkable generality as organocatalysts as
they can catalyse a large number of different types of reac-
tions with excellent stereoselectivity.[12] These reactions in-
clude a-,[16] b-[17] and g-functionalisation of aldehydes,[18]


and also several multi-step and domino reactions.[19, 20] For
the direct a-functionalisation of aldehydes, it has been
postulated that the stereoselectivity is controlled by face-
shielding of the Re face of the
enamine intermediate leaving
the Si face available for attack
(Figure 1b), rather than induc-
ing the enantioselectivity by
means of hydrogen bonding
(Figure 1a).
Due to the recent success of


the TMS-protected diarylproli-
nol catalyst 1a, we found it in-
teresting to computationally in-
vestigate the origins of the ste-
reoselectivity by density func-
tional theory calculations.[21] In


this paper, we present a computational investigation of the
transition states involved in the stereoselective electrophilic
a-addition, by studying the a-fluorination of aldehydes with
N-fluorobenzenesulfonimide (NFSI) as the fluorination re-
agent, and also possible transition states for the a-amination
by using diethyl azodicarboxylate (DEAD; Scheme 2).


Results and Discussion


The stereochemical outcome of the a-functionalisations of
aldehydes depends on the approach of the electrophile to
the enamine and to which conformer of the enamine inter-
mediate the electrophile adds (Figure 2). For example, if the
electrophile approaches from below (Si face) the enamine
2a, with an E configuration of the double bond and with the
double bond anti to the 2-substituent in the catalyst, the re-
action yields a product with a S configuration. However, if
the electrophile attacks from the above face (Re face) of the
enamine 2a, the R product is obtained. As seen in Figure 2,
the enamine intermediate can be present in four different
conformers, which originate from the two possible configu-
rations of the double bond in the enamine, E or Z, and from
whether the reacting double bond is positioned syn or anti
relative to the 2-substituent in the pyrrolidine ring. This
gives a total of eight different diastereomeric transition
states for the electrophilic reaction with the enamine inter-
mediate as outlined in Figure 2.


Figure 1. a) Hydrogen-bonded stereocontrol. b) Face-shielded stereocon-
trol.


Scheme 2. Direct a-fluorination and a-amination by using TMS-protected
diarylprolinol catalyst 1a (ee=enantiomeric excess).


Figure 2. The four different enamine intermediates.
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Intermediates : Initially, we investigated the geometries and
energies of the different enamine intermediates 2a–d shown
in Figure 3 at the B3LYP/6-31G(d)[21,22] level of theory, to
eliminate some of the possible transition states that could be
involved in the reaction. The total energies of the enamine
conformers are given in Table 1.


The free energies of the different enamine intermediates
from propanal and catalyst 1a show that the enamines Me-
2a (0 kcalmol�1) and Me-2c (�0.1 kcalmol�1) containing an
E configuration of the double bond are more stable than the
enamines Me-2b (1.9 kcalmol�1) and Me-2d (5.6 kcalmol�1)
with a Z configuration. This difference in free energy origi-
nates from the steric repulsion between the methyl group
and the protons adjacent to the nitrogen atom in the pyrroli-
dine ring. This is confirmed by an increase in relative free
energy for enamine tBu-2b and tBu-2d compared to enam-
ine tBu-2a (7.5 and 12.1 kcalmol�1, respectively) upon ex-
changing of the methyl group with the much more sterically
demanding tert-butyl group. The calculations thus suggest
that the two major enamine conformers present in a reac-
tion mixture are the enamines intermediates 2a and 2c.
The optimised geometries of enamine intermediates 2b–d


presented in Figure 3 also show that the “upper face” of the
enamines is effectively shielded by the 2-substituent of the
catalyst and therefore an attack to this side by the electro-
phile was only considered to the enamine 2a. Furthermore,
the attack from below to enamine 2d was ruled out due to
the high energy of this enamine intermediate.


Fluorination : The organocatalytic direct enantioselective a-
fluorination of aldehydes was presented within a few weeks
in 2005 by four different research groups.[7a–d] The work by
Enders et al.[7a] focused on the use of Selectfluor for the a-
fluorination of both aldehydes and ketones, while the other
approaches for the direct enantioselective a-fluorination of
aldehydes used NFSI (see Scheme 2) as the fluorinating re-
agent.[7b–d] In the present work, we have investigated the
transition states involved in the a-fluorination of aldehydes
by using NFSI and catalyst 1a. Due to the volatile nature of
the fluorinated aldehyde compounds, the aldehydes used ex-
perimentally contained a bulky group and, therefore, 3,3-di-
methylbutanal was used in the computational investigation
of the a-fluorination. The intermediates used for the fluori-
nation reaction were 2a–c (R= tBu) and the four optimised
transition state structures are shown in Figure 4.
The transitions states were optimised at the B3LYP/6-


31G(d) level of theory. The transition states considered in-
clude three transition states in which the enamine inter-
mediates tBu-2a–c are attacked from the less shielded
“lower side”, and one transition state in which enamine tBu-
2a is attacked from the more shielded “upper side”. The ab-
solute and relative energies for the transition states are
given in Table 2. The calculations show that the lowest tran-
sition state energy (TS3a, �4495.64374 Hartree) involved in
the fluorination with NFSI, occurs by attack to the Si face
of the enamine tBu-2a, leading to the S configuration of the
chiral product. The second most stable transition state
found (TS3c) is 2.4 kcalmol�1 higher in energy than TS3a
and occurs by fluorination to the Re face of enamine tBu-
2c, leading to the (R)-configured product. The energy differ-
ence between TS3a and TS3c (2.4 kcalmol�1) corresponds
to an enantiomeric excess in favour of the S product of


Figure 3. Optimized structures of the four different intermediates.


Table 1. Electronic and free energies of the enamine conformers at the
B3LYP/6-31G(d) level of theory.


Eelec


ACHTUNGTRENNUNG[Hartree][a]
DEelec


[kcalmol�1]
G
ACHTUNGTRENNUNG[Hartree][a]


DG
[kcalmol�1]


Me-2a �2662.77511 0[b] �2662.348422 0 [b]


Me-2b �2662.77189 2.0[b] �2662.345334 1.9[b]


Me-2c �2662.77471 0.2[b] �2662.348587 �0.1[b]
Me-2d �2662.76656 5.3[b] �2662.339576 5.6[b]


tBu-2a �2780.71586 0 [c] �2780.208647 0 [c]


tBu-2b �2780.70466 7.0[c] �2780.196673 7.5[c]


tBu-2c �2780.71614 �0.2[c] �2780.207834 0.5[c]


tBu-2d �2780.69646 12.2[c] �2780.188082 12.1[c]


[a] Absolute energies and free energies for calculated compounds. [b] En-
ergies are given relative to Me-2a. [c] Energies are given relative to tBu-
2a.
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96% ee, which is in agreement with the experimentally ob-
tained result (97% ee).[7b]


In the transition states, the fluorine atom is transferred
from the nitrogen atom in NFSI to the carbon atom in the
enamine in a “SN2-like” substitution. The electrophilic fluo-
rine is only partly transferred in the transition state, that is,
the fluorine atom is positioned closer to the nitrogen atom
in NFSI than to the carbon atom in the enamine, 1.711 com-
pared to 2.190 P, respectively, in TS3a, which suggests an
early transition state. A major geometrical difference be-
tween the two most stable transition states leading to the S
and R products, is that the most stable transition state TS3a
has a staggered configuration of the substituents relative to
the C�F-forming bond and the F�N-breaking bond, while a
more eclipsed arrangement is seen for transition state TS3c.
The transition state TS3b, with a Z configuration of the en-
amine double bond is much higher in relative energy,
10.5 kcalmol�1, relative to transition state TS3a. This large
difference in relative energy reflects the difference in energy
that is calculated for the enamine intermediates. An attack


from the “upper side” (Re face) of the enamine tBu-2a is
also disfavoured (TS3d, 9.5 kcalmol�1) due to the effective
screening of the enamine-part of the molecule by the two
aryl and OTMS (TMS= trimethylsilyl) groups of the chiral
catalyst.
According to the energies of the two lowest transition


states for the a-fluorination reaction the two competing
pathways for the enantioselection are the addition of fluo-
rine from the less shielded face to the enamines 2a and 2c
(transition states TS3a and TS3c), rather than the enantio-
selectivity originating from a more favourable approach to
the Si face (“from below”) in 2a compared to the approach
from the more sterically shielded “upper” face (Re) in the
same intermediate. The two intermediates 2a and 2c can be
formed either directly by reaction of the TMS-protected dia-
rylprolinol 1a with the aldehyde or they can be intercon-
verted through a rotation of the N�C bond in the enamine.
We have calculated this rotation barrier to be 6.5 kcalmol�1


between the two enamine intermediates 2a and 2c. These
two intermediates have very similar energy (for R= tBu:
DG=0.5 kcalmol�1) and with the relatively low rotation bar-
rier, a fast interconversion between the 2a and 2c is feasi-
ble. In Scheme 3, the two enamines are schematically shown
along with the calculated transition-state energies of the two
different fluorinated iminium ions with opposite absolute
configuration.


Amination : The TMS-protected diarylprolinol 1a is also an
effective catalyst for the a-amination of aldehydes in high
yields and enantioselectivities,[13] leading to a slight improve-
ment in yield and enantioselectivity compared to the use of
proline as the catalyst.[5c,e]


To understand the mechanism for the a-amination of al-
dehydes by using 1a as the catalyst, we have also studied


Figure 4. Structures of four different transition states for the a-fluorination of 3,3-dimethylbutanal by using catalyst 1a at the B3LYP/6-31G(d) level of
theory. Hydrogen atoms are omitted for clarity.


Table 2. Electronic and free energies of the transitions states for the fluo-
rination and amination of enamine intermediates at the B3LYP/6-31G(d)
level of theory.


Eelec


ACHTUNGTRENNUNG[Hartree][a]
DEelec


[kcalmol�1]
G
ACHTUNGTRENNUNG[Hartree][a]


DG
[kcalmol�1]


TS3a �4495.64374 0[b] �4494.95051 0[b]


TS3b �4495.62701 10.5[b] �4494.93099 12.2[b]


TS3c �4495.63998 2.4[b] �4494.94589 2.9[b]


TS3d �4496.70807 9.5[b] �4494.93807 7.8[b]


TS4a �3347.09756 0[c] �3346.48961 0[c]


TS4b �3347.09731 0.2[c] �3346.48628 2.0[c]


[a] Absolute and free energies for calculated compounds. [b] Energies
are given relative to TS3a. [c] Energies are given relative to TS4a.
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the transition states for the amination of the enamine inter-
mediate for the addition of diethyl azodicarboxylate
(DEAD) to Et-2a in order to account for the experimental-
ly observed (S)-a-aminated aldehyde product.
The two transition states TS4a and TS4b shown in


Figure 5 correspond to two different approaches of the ni-
trogen atoms in DEAD in the addition step to the enamine
intermediate. In transition state TS4a, nitrogen atom N1 is
approaching the enamine from below with nitrogen atom
N2 pointing away from the catalyst, while in transition state
TS4b, nitrogen atom N1 is pointing towards the pyrrolidine
part of the catalyst. Transition state TS4a is an earlier tran-
sition state compared to TS4b as the forming C�N bond dis-
tance in the former transition state is 0.138 P closer com-
pared to the latter. The calculated energies of the transition
states show also that the early transition state TS4a has the
lowest free energy—2.0 kcalmol�1 lower than TS4b. The cal-
culated forming C�N bond length is similar to the calculated
C�N bond length in the transition states for the addition of
DEAD to the g-position to the dienamine intermediate
formed from the TMS-protected diarylprolinol 1a and an
a,b-unsaturated aldehyde.[18]


Conclusion


We have investigated the TMS-protected diarylprolinol-cat-
alysed a-functionalisation of aldehydes computationally at
the DFT level of theory. The calculation of the most stable
structures of the enamine intermediates, formed by reaction
of the TMS-protected diarylprolinol and aldehydes, show
that two intermediates, both with an E configuration of the


double bond, but in which the
reacting carbon atom in the
enamine part is oriented syn or
anti, relative to the 2-substitu-
ent of the catalyst, have nearly
similar energy. Calculation of
the transition-state structures
for the enantioselective fluori-
nation of these two intermedi-
ates, as well as others, gave the


lowest transition-state energy for fluorination of the (E)-anti
intermediate to be 2.9 kcalmol�1 lower in energy than fluori-
nation of the (E)-syn intermediate. These transition-state
energies were found to be significantly lower in energy than
the other transition structures calculated. The enantiomeric
excess, calculated to be 96% ee on the basis of the differ-
ence in transition-state energies, corresponds in enantiose-
lectivity to experimental observation (97% ee). The electro-
phile approaches the reactive carbon atom from the same
side (below) relative to the catalyst in the (E)-anti and (E)-
syn intermediates and it is suggested that the enantioselec-
tion originates from different populations of these two tran-
sition states, rather than from an approach of the electro-
phile from the more sterically shielded side (upper). The
mechanism for the direct a-amination has also briefly been
discussed.
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Highly Enantioselective Approach to Geminal Bisphosphonates by
Organocatalyzed Michael-Type Addition of b-Ketoesters


Marinella Capuzzi, Dario Perdicchia, and Karl Anker Jørgensen*[a]


Introduction


Geminal bisphosphonates are structural and stable ana-
logues of naturally occurring pyrophosphates and constitute
an important class of pharmacologically active molecules. A
significant number of these compounds are currently being
used for the treatment of several bone disorders such as
Paget�s disease, myeloma, bone metastases and osteoporo-
sis,[1] as well as in some childhood diseases.[2] Recently, bi-
sphosphonate drugs have also been found to have activity
against the in vitro proliferation of several protozoan para-
sites, including Trypanosoma brucei which causes African
trypanosomiasis or sleeping sickness in human and ani-
mals.[3] Consequently, the well-proven clinical utility of bi-
sphosphonates has fostered the development of several
methodologies for the preparation of novel derivatives;
structure–activity studies have actually indicated that bioac-
tivity is highly dependent on the nature of substituents
linked to the bisphosphonic skeleton.[4] Different synthetic
strategies have been proposed based on the alkylation of
tetraalkyl methylene bisphosphonate,[5] reaction of phospho-
rus electrophiles with enolates,[6] Diels–Alder reaction,[7] pal-
ladium catalysis[8] and radical chemistry.[9] Among these, the


Michael-type addition to ethylidene bisphosphonate esters is
a common and effective procedure affording methylene bi-
sphosphonate derivatives. Carbon nucleophiles,[10] as well as
nitrogen,[3,11] oxygen,[11,12] sulphur[11,13] and phosphorus[14] nu-
cleophiles undergo the Michael reaction in good yields. Sur-
prisingly, despite the importance of enantiomerically pure
compounds in the pharmaceutical industry, to our knowl-
edge, only the report of Alexakis and co-workers presenting
the conjugate addition of aldehydes to vinyl phosphonates,
which has been published concurrently with the preparation
of the present manuscript, deals with the synthesis of gemi-
nal bisphosphonate-based molecules, in an asymmetric fash-
ion.[15]


In this paper we wish to report a highly enantioselective
Michael-type addition of b-ketoesters to vinylidene bi-
sphosphonate 1 promoted by cinchona alkaloids as chiral-
base catalysts. The efficient and operationally simple proto-
col developed affords the corresponding bisphosphonate de-
rivatives bearing an all-carbon substituted quaternary ste-
reocenter with high enantioselectivities (up to >99% ee)
[Eq. (1)]. Importantly, the addition products belong to the
class of carbonyl-containing bisphosphonate esters which
are potent anti-inflammatory and antiarthritic agents.[10b, c]


Nowadays, the use of prochiral b-ketoesters in organoca-
talyzed asymmetric Michael additions[16] is a valuable strat-
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egy for the enantioselective construction of quaternary ste-
reogenic centers which still remains a great challenge to the
synthetic chemist. Moreover, the replacement of metal-
based catalysts with readily available and inexpensive orga-
nocatalysts[17] offers an environmentally-friendly approach
for the stereocontrolled synthesis of chiral molecules.


Results and Discussion


The feasibility of our organocatalytic asymmetric approach
to the bisphosphonate Michael adducts was first explored
employing 1-oxoindan-2-carboxylate 2a (see Figure 2) as
model nucleophile for the addition to tetraethyl ethylidene-
bisphosphonate 1a (Table 1) in presence of a catalytic
amount of cinchona alkaloid derivatives (Figure 1).


The reaction was initially carried out in CH2Cl2 (0.5m) at
�20 8C and the representative results of the catalyst screen-
ing are summarized in Table 1, entries 2–6. Although the ad-
dition of 2a to 1a occurred quantitatively in less than
10 min at room temperature without any catalyst (entry 1),
we were pleased to find that cinchona alkaloids were able to
promote chiral induction affording the addition product 3aa


with full conversion at the same reaction times. Quinine I
catalyzed the conjugate addition with higher enantioselectiv-
ity compared with cinchonidine II (entries 2, 3). However,
further explorations of other catalysts based on quinine skel-
eton clearly demonstrated the importance of the not pro-
tected C9-OH and the presence of methoxyl group on C6I


to induce high levels of stereoselectivity, since catalysts IV
and V gave 3aa with poor enantiomeric excess (entries 5, 6).
The commercially available dihydroquinine III proved to be
the most promising catalyst affording the addition product
with moderate enantioselectivity (entry 4). Further screen-
ing of temperatures, solvents and concentrations (entries 7–
12) indicated that toluene is the solvent of choice; more-
over, the decrease of both the temperature to �60 8C and
the concentration reaction to 0.1m improved significantly
the enantioselectivity to 87% ee, still maintaining short reac-
tion times.


With the optimized reaction conditions in hand, we then
studied the effect of modifying the ester group of the 2-car-
boxylate 1-indanone moiety on the enantioselectivity
(Table 2, entries 1–4). As expected, the bulkiness of the
ester substituent had a pronounced influence on the enan-
tiocontrol,[18] since with the bulkier tert-butyl ester 2d the
enantioselectivity was remarkably enhanced to 97% ee
(entry 4) compared with analogous methyl, benzyl and iso-
propyl esters 2a–c (entries 1–3). Importantly, the use of
“pseudoenantiomer” dihydroquinidine allowed access to the


Table 1. Organocatalytic asymmetric addition of model substrate 2a to
1a : Screening of catalysts and reaction conditions.[a]


Entry Catalyst[b] Solvent (c [m])[c] T [8C] Yield[d] [%] ee[e] [%]


1 –[f] CH2Cl2 (0.5) RT 86 –
2 I CH2Cl2 (0.5) �20 80 48
3 II CH2Cl2 (0.5) �20 72 24
4 III CH2Cl2 (0.5) �20 84 56
5 IV CH2Cl2 (0.5) �20 76 2
6 V CH2Cl2 (0.5) �20 78 38
7 III toluene (0.5) �20 82 60
8 III CH3CN (0.5) �20 79 40
9 III THF (0.5) �20 80 54
10 III toluene (0.5) RT 84 40
11 III toluene (0.5) �60 82 78
12 III toluene (0.1) �60 76 87


[a] The reactions were performed using 1a (0.2 mmol), 2a (0.22 mmol)
and the catalyst (0.04 mmol). [b] Structures of catalysts are reported in
Figure 1. [c] In brackets is reported the concentration of the reaction
mixture calculated on the basis of mmoles of 1a. [d] Isolated yields after
FC on silica gel. [e] The ee was determined by CSP-HPLC analysis.
[f] Reaction performed without catalyst.


Figure 1. Screened cinchona alkaloid catalysts.


Table 2. Enantioselective Michael-type addition of b-ketoesters 2a–m to
1a,b.[a]


Entry VBP[b] Nu[c] t [h] T [8C] Product Yield[d] [%] ee[e] [%]


1 1a 2a 0.8 �60 3aa 76 �87
2 1a 2b 0.8 �60 3ab 80 �84
3 1a 2c 0.6 �60 3ac 70 �87
4 1a 2d 0.6 �60 3ad 75 �97
5[f] 1a 2d 0.25 �60 ent-3ad 94 +96
6 1a 2e 0.2 �60 3ae 90 �97
7[g] 1a 2 f 0.6 �60 3af 97 �98
8 1a 2 i 24 �40 3ai 60 +84
9 1b 2 f 6 �60 3bf 84 �92
10 1a 2g 6 �60 3ag 83 �98[h]
11[f] 1a 2h 60 �40 3ah 75 �84
12 1a 2 j 8 �30 3aj 98 >�99
13 1a 2k 1 �60 3ak 93 �99
14 1a 2 l 2 �60 3al 95 >�99
15 1a 2m 0.25 �60 3am 72 �54


[a] The reactions were performed using 1 (0.2 mmol), 2 (0.22 mmol) and
the catalyst (0.04 mmol), unless otherwise specified. [b] Vinyl bisphosph-
onate (VBP) structures are indicated in the Scheme above. [c] Structures
of nucleophiles 2 are reported in Figure 2. [d] Isolated yields after FC on
silica gel. [e] The ee was determined by CSP-HPLC analysis. [f] Reaction
performed with dihydroquinidine. [g] The reaction was scaled-up using
1 mmol of 1a. [h] The ee was not directly determined for 3ag, see deriva-
tization into 5 (Scheme 1).
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opposite enantiomer of 3d with comparable enantioselectiv-
ity and in shorter reaction time (entry 5).


We subsequently investigated the scope of the reaction
performing a systematic study with variously functionalized


indanone structures as well as with different ester groups on
the electrophile. Experiments carried out with 1a and 5-sub-
stituted indanones 2e and f revealed that the enantioselec-
tivity is not influenced by electronic effects, since either with
electron-withdrawing or electron-donating substituents in
the aromatic ring, such as chlorine and methoxyl groups, re-
spectively, excellent enantioselectivities were achieved as
well (entries 6, 7). The addition of 2-indanone 2 i bearing a
tert-butyloxy carbonyl group at C-1 to 1a was slower com-
pared with analogous 1-indanones 2a–f, affording the
adduct 3ai after 24 h at �40 8C[19] in acceptable yield and
good enantioselectivity (entry 8).


The prospect of more complex conjugates, which would
arise from the linkage between a free hydroxyl group of the
phosphonate moiety and an organic unit, prompted us to
extend our protocol also to tetrabenzyl ethylidenebi-
sphosphonate 1b, in view of the possibility to remove selec-
tively only one benzyl group from the diphosphonate
ester.[20] The study of Michael addition performed with the
indanone derivative 2 f as nucleophile demonstrated that the
tetrabenzylated addition product 3bf can be obtained with-
out considerable loss of enantioselectivity (entry 9), com-
pared with tetraethyl ester 3af (entry 7), while at the same
time taking advantage of a more versatile protecting group.


It seemed also interesting to test the reactivity of heteroa-
tom-substituted indanone nucleophiles in the organocata-
lyzed addition to 1a, using the benzofuranone 2g and the
novel benzothiophenone 2h. In these cases, the correspond-
ing addition products 3ag and 3ah could be isolated after
prolonged reaction times with good levels of enantioselectiv-
ities (entries 10, 11). However, for the benzofuranone deriv-
ative 3ag we were not able to determine directly the enan-
tiomeric excess by chiral stationary phase-HPLC analysis.
Therefore, considering also the importance of polyhydroxyl-
ated dihydrobenzofuran skeleton in certain natural com-
pounds,[21] we envisaged the possibility to transform 3ag into
corresponding diol. The reduction of both carbonyl and tert-
butoxycarbonyl groups, performed with an excess of borane/
methylsulfide complex, afforded diol 4, derived from the
attack of the borane from the opposite side of the tert-bu-


toxycarbonyl group, in complete diastereoselectivity. Subse-
quent benzoylation of both hydroxyl functions allowed us to
determine the value of 98% ee for the derivative 5
(Scheme 1).


The absolute configuration of the optically active diol 4
was established to be (1R), (2R) by X-ray analysis
(Figure 3).[22]


Based on the absolute configuration of the product
formed and taking into account the role of the various
groups in the catalyst, we proposed the intermediate in-
volved and its approach to the bisphosphonate, as outlined
to the left in Figure 4, to account for the enantioselectivity
observed in the reaction. In the less-favored intermediate, to
the right in Figure 4, steric repulsion between the aromatic
part of the catalyst and the enolate of the b-ketoester is pro-
posed to disfavour this reaction path.


Moreover, we found that addition products 3 could be
useful precursors of synthetically valuable vinyl phospho-
nate derivatives.[23] Indeed, by Horner–Wadsworth–Emmons
olefination of 3ag, it was possible to isolate in good yields
the vinyl phosphonate 6, even if with a slight erosion of


Figure 2. b-Ketoesters used in the Michael-type addition to 1a,b.


Scheme 1. Reduction of bisphosphonate b-ketoester 3ag to diol 4 and
subsequent benzoylation to 5.


Figure 3. X-ray crystal structure of compound 4 (C gray, H white, O red,
P orange).
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enantiopurity, due to a inevitable partial retro-Michael reac-
tion under basic conditions (Scheme 2).


Next, in light of the considerable importance of cyclopen-
tenone-bearing compounds in anticancer drug design,[24] we
desired to study the reactivity and the enantioselective be-
havior of cyclic five-membered ring b-ketoesters in the orga-
nocatalyzed addition to 1a. We focused on three novel dif-
ferently functionalized tert-butyl esters of cyclopentenone
2 j, k and l, bearing a cyclic protected 1,3-diketone, a b-sus-
bstituted cyclopentenone and a cyclic protected 1,2-diketone
derivatives respectively.[25] With our satisfaction, the addi-
tion products 3aj, ak and al were isolated in very high yields
and excellent enantioselectivities (entries 12–14), providing
a valuable class of molecules that might contribute to the
development of novel therapeutic bisphosphonate deriva-
tives.


Also the acyclic a-fluorinated b-ketoester 2m was tested
in the organocatalyzed addition to 1a, but unfortunately, al-
though dihydroquinine catalyzed the reaction quantitatively
in only 15 min, only moderate enantioselectivity was ach-
ieved (entry 15). Change of catalyst and/or replacement
with a bulkier tert-butyl ester produced lower enantiomeric
excess.


After having demonstrated the feasibility of our asymmet-
ric approach leading to optically active bisphosphonate ester
derivatives, we have finally deemed it important to optimize
a procedure aimed to convert the bisphosphonic ester prod-
ucts into the corresponding bisphosphonic acids, due to the
large applications of the latter in the therapy of most bone
diseases.[1] To this purpose, the tetraethyl ester 3af, chosen
as model substrate, was treated with bromotrimethylsilane
in presence of N,O-bis(trimethylsilyl)acetamide (BSA).[26]


Successive methanolysis of the silyl esters afforded bisphos-
phonic acid 7 quantitatively. We were able to demonstrate
that this transformation occurs without any loss of enantio-


selectivity, as confirmed by the same value of ee measured
for the tetramethyl bisphosphonate 8, obtained in turn by
esterification of 7 with trimethylsilyldiazomethane in quanti-
tative yield (Scheme 3).


Conclusion


In summary, we have developed the first example of asym-
metric addition of b-ketoesters to vinyl bisphosphonate
esters, catalyzed by cheap and commercially available dihy-
droquinine. High yields and enantioselectivities were ach-
ieved under simple conditions for a wide range of indanone-
based b-ketoesters, as well as various unprecedented 5-tert-
butyloxycarbonyl cyclopentenones. Furthermore we have
demonstrated that the bisphosphonate adducts can be con-
veniently elaborated to other interesting derivatives and can
also be easily hydrolyzed to the corresponding acids. There-
fore, our protocol allows access to a class of new optically
pure geminal bisphosphonates, opening attractive prospects
in the field of asymmetric synthesis targeted to bisphospho-
nate derivatives.


Experimental Section


General methods : NMR spectra were acquired running at 400, 100 and
160 MHz for 1H, 13C and 31P NMR, respectively. Chemical shifts (d) are
reported in ppm relative to CHCl3 (d=7.26) for 1H NMR, relative to the
central resonance of CDCl3 (d =77.0) for 13C NMR and relative to exter-
nal H3PO4 85% (d =0.00) for 31P NMR, unless otherwise noted.
13C NMR spectra were acquired on a broad band decoupled mode. Mass
spectra were recorded using electrospray (ES+) ionization techniques.
Analytical thin layer chromatography (TLC) was performed using pre-
coated aluminium-backed plates and visualized by ultraviolet irradiation
or KMnO4 dip. Optical rotations were measured on a Perkin–Elmer 241
polarimeter and reported in degcm3g�1; concentrations are reported in
gcm�3. The enantiomeric excess (ee) of the products was determined by
chiral stationary phase HPLC (Daicel Chiralpak AD or Chiralcel OD
columns). Absolute configuration of the bisphosphonate derivative 4 was
established by single-crystal X-ray analysis. The same approach of the nu-
cleophile to ethylidene bisphosphonates 1a and b was assumed for as-
signing the absolute configuration for the rest of the compounds.


Materials : Analytical grade solvents and commercially available reagents
were used without further purification, unless otherwise noted. Tetrahy-
drofuran and trimethylsilylbromide were freshly distilled before use.
Chromatography was carried out by flash chromatography (FC) using


Figure 4. Proposed approach of the intermediates to the bisphosphonate.
On the left, the reaction path leading to the observed configuration and
on the right, the less-favored reaction path having steric repulsion.


Scheme 2. HWE reaction for the synthesis of vinyl phosphonate 6.


Scheme 3. Hydrolysis of the tetraethyl ester 3af to bisphosphonic acid 7
and subsequent esterification to 8.
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Merck silica gel 60, 230–400 mesh. The reactions were carried out in not
inert conditions, unless otherwise specified. Tetraethyl ethylidenebis-
phosphonate (1a) and tetrabenzyl ethylidenebisphosphonate (1b) were
prepared according to literature procedure.[10g,20] tert-Butyl b-ketoesters
2 f and i were prepared from the corresponding methyl esters by
Bu2SnO-catalyzed transesterification with tBuOH in refluxing toluene;
tert-butyl b-ketoesters 2j–l were prepared from the corresponding cyclo-
pent-2-enones by acylation with 1-(tert-butoxycarbonyl)-imidazole.[27]


Racemic samples were prepared using Et3N as catalyst.


General procedure of addition of b-ketoesters 2a–m to ethylidenebis-
phosphonate esters 1a,b : A cooled (�60 8C) solution of ethylidene bis-
phosphonate 1 (0.2 mmol) in toluene (0.5 mL) was added dropwise to a
stirred cooled (�60 8C, unless otherwise specified) solution of b-ketoester
2 (0.22 mmol) and DH-quinine (13 mg, 0.04 mmol) in toluene (1.5 mL).
The resulting clear solution was stirred until 1 was completely consumed
as indicated by TLC analysis. The reaction mixture was directly subjected
to FC (pentane/EtOAc 2:8) to give the desired addition product 3.


(R)-Methyl 2-(2,2-bis(diethoxyphosphoryl)ethyl)-1-oxo-2,3-dihydro-1H-
indene-2-carboxylate (3aa): The title compound was obtained from 1a
and 2a according to the general procedure after 50 min as a colorless oil
(77 mg, 76%). [a]20D = �45.1 (c=1.0, CHCl3, 87% ee); 1H NMR
(400 MHz, CDCl3, 25 8C): d =7.71 (d, J=7.3 Hz, 1H), 7.59 (t, J=7.3 Hz,
1H), 7.45 (d, J=7.3 Hz, 1H), 7.35 (t, J=7.3 Hz, 1H), 4.20–4.01 (m, 8H),
3.74 (A of AB, J=17.6 Hz, 1H), 3.65 (s, 3H), 3.51 (B of AB, J=


17.6 Hz), 2.94–2.80 (m, 1H), 2.68 (tt, J=24.1 Hz, J=5.1 Hz), 2.49–2.32
(m, 1H), 1.37–1.20 ppm (m, 12H); 13C NMR (100 MHz, CDCl3, 25 8C):
d=200.7, 170.0, 152.9, 135.1, 134.3, 127.3, 125.9, 124.3, 62.5–62.2 (m), 59.5
(t, J=4.6 Hz), 52.3, 36.4, 32.4 (t, J=132.7 Hz), 29.6 (t, J=4.6 Hz), 15.9–
15.8 ppm (m); 31P NMR (160 MHz, CDCl3, 25 8C): d =23.4, 23.2 ppm;
HRMS: m/z : calcd for C21H32NaO9P2: 513.1419, found: 513.1437
[M+Na]+ . The ee was determined by HPLC using a Chiralpak AD
column hexane/iPrOH 90:10); flow rate 1.0 mLmin�1; tminor=43.6 min,
tmajor=50.0 min (87% ee).


(R)-Benzyl 2-(2,2-bis(diethoxyphosphoryl)ethyl)-1-oxo-2,3-dihydro-1H-
indene-2-carboxylate (3ab): The title compound was obtained from 1a
and 2b according to the general procedure after 50 min as a colorless oil
(91 mg, 80%). [a]20D = �48.3 (c=1.0, CHCl3, 84% ee); 1H NMR
(400 MHz, CDCl3, 25 8C): d =7.68 (d, J=7.6 Hz, 1H), 7.55 (t, J=7.4 Hz,
1H), 7.40 (d, J=7.6 Hz, 1H), 7.31 (t, J=7.4 Hz, 1H), 7.25–7.15 (m, 5H),
5.07 (A of AB system, J=12.6 Hz, 1H), 5.02 (B of AB system, J=


12.6 Hz, 1H), 4.10–3.98 (m, 8H), 3.70 (A of AB system, J=17.7 Hz, 1H),
3.50 (B of AB system, J=17.7 Hz, 1H), 2.93–2.79 (m, 1H), 2.73–2.58 (m,
1H), 2.46–2.30 (m, 1H), 1.25–1.18 ppm (m, 12H); 13C NMR (100 MHz,
CDCl3, 25 8C): d=200.0, 169.0, 154.0, 135.2, 127.5, 126.2, 124.6, 82.0,
62.9–62.6 (m), 60.8 (t, J=4.6 Hz), 37.1, 33.0 (t, J=132.7 Hz), 29.5 (t, J=


4.6 Hz), 27.7, 16.3–16.2 ppm (m); 31P NMR (160 MHz, CDCl3, 25 8C): d=


23.3, 23.1 ppm; HRMS: m/z : calcd for C27H36NaO9P2: 589.1732, found:
589.1750 [M+Na]+ . The ee was determined by HPLC using a Chiralpak
AD column (hexane/iPrOH 90:10); flow rate 1.0 mLmin�1; t major=


55.0 min, tminor=64.2 min (84% ee).


(R)-Isopropyl 2-(2,2-bis(diethoxyphosphoryl)ethyl)-1-oxo-2,3-dihydro-
1H-indene-2-carboxylate (3ac): The title compound was obtained from
1a and 2c according to the general procedure after 40 min as a colorless
oil (72 mg, 70%). [a]20D = �47.2 (c=1.0, CHCl3, 87% ee); 1H NMR
(400 MHz, CDCl3, 25 8C): d =7.69 (d, J=7.7 Hz, 1H), 7.57 (t, J=7.5 Hz,
1H), 7.44 (d, J=7.6 Hz, 1H), 7.33 (t, J=7.6 Hz, 1H), 4.98–4.88 (m, 1H),
4.18–4.03 (m, 8H), 3.65 (A of AB system, J=17.8 Hz, 1H), 3.53 (B of
AB system, J=17.8 Hz, 1H), 2.91–2.76 (m, 1H), 2.68–2.53 (m, 1H), 2.46–
2.31 (m, 1H), 1.31–1.23 (m, 12H), 1.10 ppm (t, J=6.5 Hz, 6H); 13C NMR
(100 MHz, CDCl3, 25 8C): d=201.5, 169.5, 153.6, 135.3, 134.8, 127.5,
126.2, 124.6, 69.2, 62.8–62.5 (m), 60.0–59.9 (m), 36.8, 32.7 (t, J=


132.7 Hz), 29.6 (t, J=4.4 Hz), 21.4, 21.3, 16.2–16.1 ppm (m); 31P NMR
(160 MHz, CDCl3, 25 8C): d=23.6, 23.1 ppm; HRMS: m/z : calcd for
C23H36NaO9P2: 541.1732, found: 541.1732 [M+Na]+ . The ee was deter-
mined by HPLC using a Chiralpak AD column (hexane/iPrOH 90:10);
flow rate 1.0 mLmin�1; tminor=26.2 min, tmajor=31.4 min (87% ee).


(R)-tert-Butyl 2-(2,2-bis(diethoxyphosphoryl)ethyl)-1-oxo-2,3-dihydro-
1H-indene-2-carboxylate (3ad): The title compound was obtained from


1a and 2d according to the general procedure after 40 min as a colorless
oil (80 mg, 75%). [a]20D = �61.2 (c=1.0, CHCl3, 97% ee); 1H NMR
(400 MHz, CDCl3, 25 8C): d =7.72 (d, J=7.7 Hz, 1H), 7.59 (t, J=7.6 Hz,
1H), 7.46 (d, J=7.6 Hz, 1H), 7.35 (t, J=7.6 Hz, 1H), 4.21–4.06 (m, 8H),
3.65 (A of AB system, J=17.6 Hz, 1H), 3.55 (B of AB system, J=


17.6 Hz, 1H), 2.92–2.77 (m, 1H), 2.69–2.54 (m, 1H), 2.43–2.30 (m, 1H),
1.34–1.26 ppm (m, 21H); 13C NMR (100 MHz, CDCl3, 25 8C): d=200.0,
169.0, 154.0, 135.2, 127.5, 126.2, 124.6, 82.0, 62.9–62.5 (m), 60.8–60.7 (m),
37.1, 33.0 (t, J=131.6 Hz), 29.5 (t, J=4.1 Hz), 27.7, 16.4–16.2 ppm (m);
31P NMR (160 MHz, CDCl3, 25 8C): d=23.7, 23.2 ppm; HRMS: m/z :
calcd for C24H38NaO9P2: 555.1889, found: 555.1899 [M+Na]+ . The ee was
determined by HPLC using two Chiralpak AD columns combined in
series (hexane/iPrOH 90:10); flow rate 1.0 mLmin�1; tminor=35.1 min,
tmajor=43.3 min (97% ee).


(R)-tert-Butyl 2-(2,2-bis(diethoxyphosphoryl)ethyl)-1-oxo-2,3-dihydro-
1H-indene-2-carboxylate (ent-3ad): The title compound ent-3ad (enantio-
mer of 3ad) was obtained from 1a and 2d according to the general pro-
cedure after 15 min, using dihydroquinidine, as a colorless oil (100 mg,
94%). Spectral data were identical to compound 3ad. [a]20D = ++61.0 (c=


1.0, CHCl3, 96% ee). The ee was determined by HPLC using two Chiral-
pak AD columns combined in series (hexane/iPrOH 98:2); flow rate
1.0 mLmin�1; tminor=35.5 min, tmajor=43.3 min (96% ee).


(R)-tert-Butyl 2-(2,2-bis(diethoxyphosphoryl)ethyl)-5-chloro-1-oxo-2,3-di-
hydro-1H-indene-2-carboxylate (3ae): The title compound was obtained
from 1a and 2e according to the general procedure after 10 min as a col-
orless oil (102 mg, 90%). [a]20D = �59.6 (c=1.0, CHCl3, 97% ee);
1H NMR (400 MHz, CDCl3, 25 8C): d=7.63 (d, J=8.1 Hz, 1H), 7.45 (s,
1H), 7.32 (d, J=8.1 Hz), 4.20–4.06 (m, 8H), 3.62 (A of AB system, J=


17.9 Hz, 1H), 3.52 (B of AB system, J=17.9 Hz, 1H), 2.90–2.76 (m, 1H),
2.70–2.54 (m, 1H), 2.39–2.67 (m, 1H), 1.33–1.26 ppm (m, 21H);
13C NMR (100 MHz, CDCl3, 25 8C): d =200.5, 168.6, 155.4, 141.8, 133.3,
128.3, 126.4, 125.6, 82.3, 62.9–62.5 (m), 61.1–61.0 (m), 36.9, 33.0 (dd, J=


131.2 Hz, 133.8 Hz), 27.7, 16.3–16.2 ppm (m); 31P NMR (160 MHz,
CDCl3, 25 8C): d =23.5, 23.1 ppm; HRMS: m/z : calcd for
C24H37ClNaO9P2: 589.1499, found: 589.1511 [M+Na]+ . The ee was deter-
mined by HPLC using a Chiralpak AD column (hexane/iPrOH 90:10);
flow rate 1.0 mLmin�1; tminor=21.6 min, tmajor=26.6 min (97% ee).


(R)-tert-Butyl 2-(2,2-bis(diethoxyphosphoryl)ethyl)-5-methoxy-1-oxo-2,3-
dihydro-1H-indene-2-carboxylate (3af): The title compound was obtained
from 1a and 2 f according to the general procedure after 40 min as a col-
orless oil (103 mg, 92%). [a]20D = �71.6 (c=1.0, CHCl3, 97% ee);
1H NMR (400 MHz, CDCl3, 25 8C): d=7.63–7.60 (m, 1H), 6.89–6.83 (m,
2H), 4.20–4.04 (m, 8H), 3.84 (s, 3H), 3.59 (A of AB system, J=18.1 Hz,
1H), 3.50 (B of AB system, J=18.1 Hz, 1H), 2.92–2.74 (m, 1H), 2.70–
2.53 (m, 1H), 2.37–2.22 (m, 1H), 1.38–1.21 ppm (m, 21H); 13C NMR
(100 MHz, CDCl3, 25 8C): d=199.8, 169.2, 165.7, 157.1, 128.0, 126.2,
115.8, 109.0, 81.8, 62.8–62.4 (m), 61.1–61.0 (m), 55.5, 37.0, 33.1 (t, J=


131.7 Hz), 29.6, 27.7, 16.3–16.2 ppm (m); 31P NMR (160 MHz, CDCl3,
25 8C): d=23.5, 23.3 ppm; HRMS: m/z : calcd for C25H40NaO10P2:
585.1994, found: 585.1994 [M+Na]+ . The ee was determined by HPLC
using a Chiralpak AD column (hexane/iPrOH 90:10); flow rate
1.0 mLmin�1; tminor=30.1 min, tmajor=39.5 min (97% ee).


(S)-tert-Butyl 1-(2,2-bis(diethoxyphosphoryl)ethyl)-2-oxo-2,3-dihydro-
1H-indene-1-carboxylate (3ai): The title compound was obtained from
1a and 2 i according to the general procedure, at �40 8C after 24 h as a
colorless oil (64 mg, 60%). [a]20D = ++20.0 (c=1.0, CHCl3, 84% ee);
1H NMR (400 MHz, CDCl3, 25 8C): d = 7.33–7.16 (m, 4H), 4.12–3.86 (m,
8H), 3.67 (A of AB system, J=21.9 Hz, 1H), 3.59 (B of AB system, J=


21.9 Hz, 1H), 3.17–3.02 (m, 1H), 2.85–2.74 (m, 1H), 2.28–2.09 (m, 1H),
1.32–1.16 ppm (m, 21H); 13C NMR (100 MHz, CDCl3, 25 8C): d=211.1,
169.0, 139.4, 139.2, 128.4, 127.2, 125.1, 124.3, 82.5, 65.6–65.5 (m), 62.7–
62.4 (m), 43.5, 32.3 (t, J=135.7 Hz), 27.4, 26.5, 16.3–16.1 ppm (m);
31P NMR (160 MHz, CDCl3, 25 8C): d =23.7, 22.8 pppm; HRMS: m/z :
calcd for C24H38NaO9P2: 555.1889, found: 555.1893 [M+Na]+ . The ee was
determined by HPLC using a Chiralpak AD column (hexane/iPrOH
90:10); flow rate 1.0 mLmin�1; tminor=33.2 min, tmajor=26.9 min (84%
ee).
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(R)-tert-Butyl 2-(2,2-bis-(bisbenzyloxyphosphoryl)ethyl)-5-methoxy-1-
oxo-2,3-dihydro-1H-indene-2-carboxylate (3bf): The title compound was
obtained from 1b and 2 f according to the general procedure after 6 h as
a colorless oil (136 mg, 84%). [a]20D = �29.6 (c=1.0, CHCl3, 92% ee);
1H NMR (400 MHz, CDCl3, 25 8C): d=7.55 (d, J=8 Hz, 1H), 7.32–7.26
(m, 20H), 6.84–6.82 (d, J=8 Hz, 1H), 6.74 (s, 1H), 5.07–4.92 (m, 8H),
3.85 (s, 3H), 3.48 (A of AB system, J=18 Hz, 1H), 3.37 (B of AB
system, J=18 Hz, 1H), 3.07–2.79 (m, 2H), 2.54–2.41 (m, 1H), 1.30 ppm
(s, 9H); 13C NMR (100 MHz, CDCl3, 25 8C): d =200.1, 169.6, 165.9, 157.2,
136.3, 128.7–128.2, 126.6, 116.0, 109.4, 82.2, 68.7–68.5 (m), 68.4–68.3 (m),
61.2–61.1 (m), 55.9, 37.3, 34.0 (t, J=131.0 Hz), 29.7, 27.9 ppm; 31P NMR
(160 MHz, CDCl3, 25 8C): d=23.5, 23.2 ppm; HRMS: m/z : calcd for
C45H48NaO10P2: 833.2620, found: 833.2635 [M+Na]+ . The ee was deter-
mined by HPLC using a Chiralpak AD column (hexane/iPrOH 70:30);
flow rate 1.0 mLmin�1; tminor=21.4 min, tmajor=49.3 min (92% ee).


(S)-tert-Butyl 2-(2,2-bis(diethoxyphosphoryl)ethyl)-3-oxo-2,3-dihydroben-
zofuran-2-carboxylate (3ag): The title compound was obtained from 1a
and 2g according to the general procedure after 6 h as a colorless oil
(89 mg, 83%). [a]20D = �33.1 (c=1.0, CHCl3);


1H NMR (400 MHz,
CDCl3, 25 8C): d=7.65–7.61 (m, 2H), 7.18 (d, J=8.8 Hz, 1H), 7.10 (t, J=


8.8 Hz, 1H), 4.23–4.00 (m, 8H), 3.05–2.90 (m, 1H), 2.77–2.51 (m, 2H),
1.40 (s, 9H), 1.35–1.17 ppm (m, 12H); 13C NMR (100 MHz, CDCl3,
25 8C): d =195.6, 172.2, 164.0, 138.2, 124.7, 122.5, 119.6, 113.3, 89.4–89.3
(m), 83.8, 63.0–62.6 (m), 31.7 (t, J=133.7 Hz), 28.4, 27.6, 16.3–16.0 ppm
(m); 31P NMR (160 MHz, CDCl3, 25 8C): d=22.5, 22.3 ppm; HRMS: m/
z :calcd for C23H36NaO10P2: 557.1681, found: 557.1672 [M+Na]+ .


(S)-tert-Butyl 2-(2,2-bis(diethoxyphosphoryl)ethyl)-3-oxo-2,3-dihydroben-
zo-[b]thiophene-2-carboxylate (3ah): The title compound was obtained
from 1a and 2h (2 equiv) according to the general procedure after 60 h
at �40 8C, using dihydroquinidine, as a colorless oil (89 mg, 75%). [a]20D
= �83.7 (c=1.0, CHCl3, 84% ee); 1H NMR (400 MHz, CDCl3, 25 8C):
d=7.73 (d, J=7.7 Hz, 1H), 7.53 (t, J=7.7 Hz, 1H), 7.38 (d, J=7.7 Hz,
1H), 7.21 (t, J=7.7 Hz), 4.23–3.93 (m, 8H), 3.14–3.00 (m, 1H), 2.98–2.83
(m, 1H), 2.65 (tt, J=24.4 Hz, J=4.8 Hz, 1H), 1.35–1.29 ppm (m, 21H);
13C NMR (100 MHz, CDCl3, 25 8C): d =197.4, 167.2, 151.0, 135.6, 130.2,
126.9, 125.2, 123.9, 83.2, 67.3–67.0 (m), 63.0–62.3 (m), 33.4 (t, J=


134.0 Hz), 28.0, 27.4, 16.4–16.0 ppm (m); 31P NMR (160 MHz, CDCl3,
25 8C): d =23.4, 22.4 ppm; HRMS: m/z : calcd for C23H36NaO9P2S:
573.1453, found: 573.1458 [M+Na]+ . The ee was determined by HPLC
using two Chiralpak AD columns combined in series (hexane/iPrOH
90:10); flow rate 1.0 mLmin�1; t major=42.4 min, tminor=48.5 min (84%
ee).


(S)-tert-Butyl 1-(2,2-bis(diethoxyphosphoryl)ethyl)-4-methoxy-2-oxocy-
clopent-3-enecarboxylate (3aj): The title compound was obtained from
1a and 2j according to the general procedure, at �30 8C after 8 h as a
colorless oil (100 mg, 98%). [a]20D = �58.8 (c=1.0, CHCl3, > 99% ee);
1H NMR (400 MHz, CDCl3, 25 8C): d=5.18 (s, 1H), 4.19–4.08 (m, 8H),
3.82 (s, 3H), 3.12 (A of AB system, J=18.1 Hz, 1H), 3.03 (B of AB
system, J=18.1 Hz), 2.86–2.68 (m, 2H), 2.15–1.98 (m, 1H), 1.38–
1.26 ppm (m, 21H); 13C NMR (100 MHz, CDCl3, 25 8C): d =200.3, 191.3,
168.5, 101.0, 81.9, 62.8–62.4 (m), 59.7, 58.8, 38.9, 33.5 (t, J=133.4 Hz),
29.9, 27.7, 16.4–16.2 ppm (m); 31P NMR (160 MHz, CDCl3, 25 8C): d=


23.4, 23.3 ppm; HRMS: m/z : calcd for C21H38NaO10P2: 535.1838, found:
535.1832 [M+Na]+ . The ee was determined by HPLC using two Chiral-
pak AD columns combined in series hexane/iPrOH 90:10); flow rate
1.0 mLmin�1; tminor=67.1 min, tmajor=60.1 min (> 99% ee).


(S)-tert-Butyl 1-(2,2-bis(diethoxyphosphoryl)ethyl)-3-methyl-2-oxocyclo-
pent-3-enecarboxylate (3ak): The title compound was obtained from 1a
and 2k according to the general procedure after 1 h as a colorless oil
(92 mg, 93%). [a]20D = �37.8 (c=1.0, CHCl3, 99% ee); 1H NMR
(400 MHz, CDCl3, 25 8C): d=7.34 (s, 1H), 4.20–4.07 (m, 8H), 3.99 (AB
system, J=19.4 Hz, 2H), 2.75–2.55 (m, 2H), 2.19–2.07 (m, 1H), 1.75 (s,
3H), 1.40–1.27 ppm (m, 21H); 13C NMR (100 MHz, CDCl3, 25 8C): d=


204.9, 168.8, 158.2, 139.3, 81.7, 62.8–62.4 (m), 58.2–58.1 (m), 37.8, 32.9 (t,
J=133.8 Hz), 29.6, 27.7, 16.3–16.2 (m), 10.4 ppm; 31P NMR (160 MHz,
CDCl3, 25 8C): d =23.7, 23.4 ppm; HRMS: m/z : calcd for C21H38NaO9P2:
519.1889, found: 519.1890 [M+Na]+ . The ee was determined by HPLC
using two Chiralpak AD columns combined in series (hexane/iPrOH


90:10); flow rate 1.0 mLmin�1; tminor=26.2 min, tmajor=27.7 min (99%
ee).


(S)-tert-Butyl 1-(2,2-bis(diethoxyphosphoryl)ethyl)-3-methoxy-4-methyl-
2-oxocyclopent-3-enecarboxylate (3al): The title compound was obtained
from 1a and 2 l according to the general procedure after 2 h as a colorless
oil (100 mg, 95%). [a]20D = �52.6 (c=1.0, CHCl3, >99% ee); 1H NMR
(400 MHz, CDCl3, 25 8C): d=4.14–4.01 (m, 8H), 3.74 (s, 3H), 2.78 (AB
system, J=19.1 Hz, 2H), 2.68–2.53 (m, 2H), 2.13–2.01 (m, 1H), 1.91 (s,
3H), 1.31–1.22 ppm (m, 21H); 13C NMR (100 MHz, CDCl3, 25 8C): d=


198.3, 168.8, 155.1, 150.6, 82.0, 63.0–62.7 (m), 58.6–58.4 (m), 57.0–56.0
(m), 38.5, 33.1 (t, J=132.1 Hz), 29.6, 27.9, 16.6–16.4 (m), 14.9 ppm;
31P NMR (160 MHz, CDCl3, 25 8C): d=23.6, 23.4 ppm; HRMS: m/z :
calcd for C22H40NaO10P2: 549.1994, found: 549.2007 [M+Na]+ . The ee
was determined by HPLC using two Chiralpak AD columns combined in
series (hexane/iPrOH 90:10); flow rate 1.0 mLmin�1; tminor=23.9 min,
tmajor=29.5 min (>99% ee).


tert-Butyl 2-acetyl-4,4-bis(diethoxyphosphoryl)-2-fluorobutanoate (3am):
The title compound was obtained from 1a and 2m according to the gen-
eral procedure after 15 min as a colorless oil (64 mg, 72%). [a]20D =


�16.0 (c=1.0, CHCl3, 54% ee); 1H NMR (400 MHz, CDCl3, 25 8C): d=


4.28–4.08 (m, 10H), 2.82–2.55 (m, 3H), 2.28 (d, J=4.5, 3H), 1.31–
1.29 ppm (m, 15H); 13C NMR (100 MHz, CDCl3, 25 8C): d=200.6 (d, J=


28.3 Hz), 165.7 (d, J=25.9 Hz), 99.2 (d, J=202.5 Hz), 62.9–62.8 (m), 30.6
(t, J=133.9 Hz), 28.6 (d, J=21.1 Hz), 25.6 (d, J=3.7 Hz), 16.2, 13.8 ppm;
31P NMR (160 MHz, CDCl3, 25 8C): d=22.5, 22.2 ppm; 19F NMR (CDCl3,
25 8C): d = �166.2 ppm (dt, J=19.1 Hz, J=2.8 Hz); HRMS: m/z : calcd
for C16H31FNaO9P2: 471.1325, found: 471.1312 [M+Na]+ . The ee was de-
termined by HPLC using a Chiralpak AD column (hexane/iPrOH
90:10); flow rate 1.0 mLmin�1; tminor=16.6 min, tmajor=18.3 min (54%
ee).


Reduction of 3ag into the corresponding diol 4 : A large excess of
borane/methylsulfide complex (1.5 mL, 15.8 mmol) was added dropwise
under an argon atmosphere to a stirred solution of bisphosphonate deriv-
ative 3ag (310.5 mg, 0.58 mmol) in anhydrous toluene (1 mL). After stir-
ring for 20 h at RT, the mixture was cooled to 0 8C and quenched with
EtOH (4 mL). The solvent was removed under reduced pressure and the
crude product (single diasteroisomer in the 1H NMR spectrum) was sub-
jected to FC (MeOH/EtOAc 2:98) to give the desired diol 4 as a white
solid (97 mg, 73%).


ACHTUNGTRENNUNG(2R,3R)-Tetraethyl 2-(3-hydroxy-2-(hydroxymethyl)-2,3-dihydrobenzofur-
an-2-yl)ethane-1,1-diyldiphosphonate (4): [a]20D = �8.5 (c=1.0, CHCl3);
1H NMR (400 MHz, CDCl3, 25 8C): d=7.39 (d, J=8.0 Hz, 1H), 7.20 (t,
J=8.0 Hz, 1H), 6.91 (t, J=8.0 Hz, 1H), 6.73 (d, J=8.0 Hz, 1H), 5.09
(br s, 1H), 5.04 (s, 1H), 4.44–3.70 (m, 10H), 3.57 (br s), 2.90–2.60 (m,
1H), 2.48–2.24 (m, 1H), 2.23–1.94 (m, 1H), 1.60–0.95 ppm (m, 12H);
13C NMR (100 MHz, CDCl3, 25 8C): d =158.4, 130.3, 127.5, 126.5, 121.1,
110.5, 90.3–90.2 (m), 77.6, 63.6–62.4 (m), 59.6, 30.7 (t, J=133.3 Hz), 28.1,
16.2 ppm; 31P NMR (160 MHz, CDCl3, 25 8C): d=25.5 (d, J=4.9 Hz),
22.5 ppm (d, J=4.9 Hz); HRMS: m/z : calcd for C19H32NaO9P2: 489.1419,
found: 489.1429 [M+Na]+ .


Benzoylation of diol 4 to the corresponding diester 5 : 3,5-Dinitrobenzoyl
chloride (92.2 mg, 0.4 mmol) was added to a stirred solution of diol 4
(46.6 mg, 0.1 mmol) in anhydrous CH2Cl2 (2 mL), and then Et3N
(0.2 mL) and a catalytic amount of DMAP (2 mg). After stirring for 1 h
at RT, the solvent was removed under reduced pressure and the crude
product was purified by FC (pentane/EtOAc 3:7) affording the corre-
sponding diester 5 as a yellow oil (70 mg, 82%).


ACHTUNGTRENNUNG(2R,3R)-2-(2,2-bis(diethoxyphosphoryl)ethyl)-2-((3,5-dinitrobenzoyloxy)-
methyl)-2,3-dihydro-benzofuran-3-yl 3,5-dinitrobenzoate (5): [a]20D =


�41.0 (c=1.0, CHCl3, 98% ee); 1H NMR (400 MHz, CDCl3, 25 8C): d=


9.25–9.10 (m, 2H), 9.05–8.98 (m, 2H), 8.95–8.88 (m, 2H), 7.55–7.30 (m,
2H), 7.10–6.85 (m, 3H), 4.89 (A of AB system, J=12.0 Hz, 1H), 4.84 (B
of AB system, J=12.0 Hz, 1H), 4.45–3.95 (m, 8H), 3.00–2.55 (m, 3H),
1.60–1.15 ppm (m, 12H); 13C NMR (CDCl3): d = 162.3, 161.9, 159.3,
148.7, 148.6, 133.1, 132.7, 132.3, 129.3, 126.6, 123.0, 122.9, 122.8, 122.6,
122.5, 122.2, 110.7, 88.8–88.6 (m), 80.5, 64.9, 63.4–62.6 (m), 31.3 (t, J=


134.1 Hz), 29.8, 16.3 ppm; 31P NMR (160 MHz, CDCl3, 25 8C): d=22.3 (d,
J=3.0 Hz), 22.2 ppm (d, J=3.0 Hz); HRMS: m/z : calcd for
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C33H36N4NaO19P2: 877.1347, found: 877.1343 [M+Na]+ . The ee was deter-
mined by HPLC using a Chiralcel OD column (hexane/iPrOH 50:50);
flow rate 0.5 mLmin�1; tmajor=62.9 min, tminor=84.3 min (98% ee).


Derivatization of 3ag into the corresponding vinyl phosphonate 6 by
Horner-Wadsworth-Emmons reaction : In a 2-necked flask a solution of
bisphosphonate derivative 3ag (88 mg, 0.16 mmol) in anhydrous THF
(5 mL) was cooled at �40 8C under an argon atmosphere. In a separate
two-necked flask paraformaldehyde (2 g) was placed under argon and
subsequently heated to 200 8C to promote paraformaldehyde depolymeri-
zation. Formaldehyde gas was collected by cannula to the flask contain-
ing the cooled solution of 3ag until complete saturation, then a solution
of LHMDS (0.18 mmol, 1.06m in THF) was added dropwise over 15 min.
After stirring at �40 8C for 10 min, the mixture was quenched with water
and extracted with diethyl ether (3Q20 mL). The combined organic
layers were dried over anhydrous Na2SO4, filtered and evaporated under
reduced pressure. Purification of the crude mixture by FC (pentane/
EtOAc 1:1) afforded the vinyl phosphonate 4 as colorless oil (50 mg,
76%).


(S)-tert-Butyl 2-(2-diethoxyphosphoryl)allyl)-3-oxo-2,3-dihydrobenzofu-
ran-2-carboxylate (6): [a]20D = �33.0 (c=1.0, CHCl3, 88% ee); 1H NMR
(400 MHz, CDCl3, 25 8C): d =7.64–7.60 (m, 2H), 7.17 (d, J=8.7 Hz, 1H),
7.09 (t, J=7.6 Hz, 1H), 6.19–6.00 (m, 2H), 4.11–3.94 (m, 4H), 3.36–3.25
(m, 1H), 2.79–2.73 (m, 1H), 1.39 (s, 9H), 1.31 (t, J=7.1 Hz, 3H),
1.24 ppm (t, J=7.1 Hz, 3H); 13C NMR (100 MHz, CDCl3, 25 8C): d=


195.3, 172.3, 163.8, 138.5, 133.9, 132.4–132.2 (m), 124.8, 122.5, 119.0,
113.4, 90.6, 83.8, 61.9–61.7 (m), 34.4 (d, J=12.9 Hz), 27.5, 16.3–16.1 ppm
(m); 31P NMR (160 MHz, CDCl3, 25 8C): d=18.0 ppm; HRMS: m/z :
calcd for C20H27NaO7P: 433.1392, found: 433.1392 [M+Na]+ . The ee was
determined by HPLC using a Chiralpak AD column (hexane/iPrOH
90:10); flow rate 1.0 mLmin�1; tminor=14.4 min, tmajor=16.4 min (88%
ee).


Hydrolysis of 3af into the corresponding bisphosphonic acid 7: Under
argon, freshly distilled TMSBr (0.6 mL) was added dropwise to a stirred
solution of tetraethyl bisphosphonate 3af (0.3 mmol), previously dried-up
under vacuum over P2O5 for 12 h, in BSA (1.5 mL). The mixture was
stirred at RT for 24 h. The residue was first evaporated at reduced pres-
sure, then co-evaporated with o-xylene (5 mL) three times. The crude
mixture was treated with MeOH (5 mL) and the resulting mixture stirred
overnight. Evaporation of the solvent at reduced pressure afforded pure
bisphosphonic acid 7 as a white solid (133 mg, 99%).


(R)-2-(2-(tert-Butoxycarbonyl)-5-methoxy-1-oxo-2,3-dihydro-1H-inden-2-
yl)ethane-1,1-diyldiphosphonic acid (7):[28] [a]20D = �71.1 (c=1.0,
MeOH); 1H NMR (400 MHz, CD3OD, 25 8C): d=7.63 (d, J=8.5 Hz,
1H), 7.05 (d, J=2 Hz, 1H), 6.96 (dd, J=8.5 Hz, J=2 Hz, 1H), 3.90 (s,
3H), 3.67 (A of AB system, J=17.9 Hz, 1H), 3.58 (B of AB system, J=


17.9 Hz, 1H), 2.98–2.76 (m, 1H), 2.58–2.38 (m, 1H), 2.35 (m, 1H), 1.36
(s, 9H); 13C NMR (100 MHz, CD3OD, 25 8C): d =202.6, 171.0, 167.8,
159.3, 128.9, 127.2, 117.2, 110.4, 83.1, 62.9–62.7 (m), 56.5, 38.4, 35.6 (t, J=


125.7 Hz), 30.9, 28.1; 31P NMR (160 MHz, CD3OD, 25 8C): d =21.2,
20.7 ppm; HRMS: m/z : calcd for C17H24NaO10P2: 473.0742, found:
473.0740 [M+Na]+ .


Esterification of bisphosphonic acid 7 to the corresponding tetramethyl
ester 8 : A solution of TMSCHN2 2m in hexane (1.1 mL) was added drop-
wise to a stirred solution of bisphosphonic acid 7 (0.1 mmol) in MeOH
(2 mL). After stirring for 15 min at RT the solvent was evaporated at re-
duced pressure affording pure tetramethyl bisphosphonate 8 as a color-
less oil (49 mg, 98%).


(R)-tert-Butyl 2-(2,2-bis(dimethoxyphosphoryl)ethyl)-5-methoxy-1-oxo-
2,3-dihydro-1H-indene-2-carboxylate (8): [a]20D = �69.9 (c=1.0, CHCl3,
98% ee); 1H NMR (400 MHz, CDCl3, 25 8C): d=7.64 (d, J=7.5, 1H),
6.94–6.85 (m, 2H), 3.87 (s, 3H), 3.84–3.69 (m, 12H), 3.60 (A of AB
system, J=17.6 Hz, 1H), 3.40 (B of AB system, J=17.6 Hz, 1H), 2.90–
2.68 (m, 2H), 2.39–2.21 (m, 1H), 1.35 ppm (s, 9H); 13C NMR (100 MHz,
CDCl3, 25 8C): d=199.7, 169.1, 165.8, 156.9, 127.9, 126.3, 115.9, 109.1,
82.0, 60.9–60.8 (m), 55.6, 53.6–52.8 (m), 37.3, 32.2 (t, J=131.4 Hz), 29.7,
27.7 ppm; 31P NMR (160 MHz, CDCl3, 25 8C): d=24.9, 24.5 ppm;
HRMS: m/z : calcd for C21H32NaO10P2: 529.1368, found: 529.1364
[M+Na]+ . The ee was determined by HPLC using two Chiralpak AD


columns combined in series (hexane/iPrOH 80:20); flow rate
0.7 mLmin�1; tminor=89.3 min, tmajor=95.7 min (98% ee).
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Introduction


There has been considerable interest in building bionanos-
tructures at surfaces for sensing purposes. The main factors
are to control orientation, functionality, and specificity of
protein adsorption.[1–8] Examples of complex bionanostruc-
tures at surfaces are, for example, the development of a
human chorionic gonadotropin sensor by Knoll et al. ,[9] and
the sensor types described in a review by Wilchek and
Bayer.[10]


Antibodies (ABs) are often present in sensors because
they can be used as medical diagnostic tools.[11,12] Control
over orientation when immobilizing ABs to surfaces for
sensor purposes is of the utmost importance because this


constitutes, for a large part, the effectiveness of the ABs to
detect antigens.[13–18] One way to achieve this is by using Fc
(fragment crystallizable) receptors, such as protein A (PA),
protein G (PG), or protein A/G (PA/G).[19–22] An AB binds
with its Fc fragment to PA or PG, and therefore, the Fab
(fragment antigen binding) fragments of the AB are direct-
ed towards the solution, and as such, are capable of binding
antigens from solution.
The strive for miniaturization is important in biological


assays because it allows faster diagnostics with small
amounts of sample, and therefore, lower costs. There are
currently numerous applications for these microchips.[23–25]


Microchips can be used in medical diagnostic systems in
which all of these criteria are important.[26,27] Protein func-
tionality and the inhibition of nonspecific adsorption are
key issues in this field. Immunoassays, which involve the im-
mobilization of ABs in microchannels, are an important
class of biological assays because small quantities of anti-
gens can be detected.[28–33]


We have previously shown that it is possible, by means of
host–guest chemistry, to control the binding properties of
proteins to b-cyclodextrin (b-CD) monolayers[34] by using or-
thogonal linkers.[35] Such linkers can be designed with differ-
ent numbers of guest groups, which results in protein com-
plexes with a varying number of interactions, and thereby, a
tunable binding strength to the b-CD monolayer. Protein–
linker complexes with a low number of interactions (e.g., 2)
to the surface can be removed from the surface in a compe-
tition experiment with b-CD in solution (b-CDl), whereas a


Abstract: b-Cyclodextrin (b-CD) mon-
olayers have been immobilized in mi-
crochannels. The host–guest interac-
tions on the b-CD monolayers inside
the channels were comparable to the
interactions on b-CD monolayers on
planar surfaces, and a divalent fluores-
cent guest attached with a comparable
binding strength. Proteins were at-


tached to these monolayers inside mi-
crochannels in a selective manner by
employing a strategy that uses strepta-
vidin and orthogonal linker molecules.


The design of the chip, which involved
a large channel that splits into four
smaller channels, allowed the channels
to be addressed separately and led to
the selective immobilization of anti-
bodies. Experiments with labeled anti-
bodies showed the selective immobili-
zation of these antibodies in the sepa-
rate channels.
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higher number of interactions (=4) yields very stable sys-
tems.[35] This method also allows control over the orientation
of the proteins to the surface because the linker can be de-
signed in such a way that it will bind to a specific region of
the protein. Protein adsorption onto the host–guest binding
platform can be conducted with complete suppression of
nonspecific interactions, by employing a monovalent oligo-
(ethylene glycol) masking molecule during the adsorption.[36]


Herein, we show that microchannels can be functionalized
in a stepwise manner with b-CD monolayers. We have
shown that it is possible to exploit the host–guest chemistry,
developed for planar substrates, in microchannels. Subse-
quently, previously introduced protein immobilization pro-
cedures were applied to the attachment of ABs in these mi-
crochannels. Furthermore, the addressability of individual
channels for localized AB assembly was investigated, and
the selectivity of the AB recognition was studied.


Results and Discussion


For the immobilization of b-CD monolayers and the subse-
quent specific attachment of proteins separately inside these
channels, a microchip was fabricated with one large channel
(width 390 mm, height 50 mm) that splits into four smaller
channels (width 60 mm, height 50 mm), which are separated
by 50 mm (Figure 1). The chip was made of glass on silicon.
The compounds used in this study are depicted in Figure 2.


Figure 1. Design of the chip used in this study.


Figure 2. Compounds used in the chip study: lissamine–rhodamine dendritic wedge (1), divalent adamantyl biotin linker (2), biotin-4-fluorescein (3),
Atto 565-biotin (4), human IgG-fluorescein (5), goat Alexafluor 568-IgG (6), bt-PA, and bt-PG.
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The immobilization of b-CD monolayers in the micro-
channels was carried out in three subsequent reaction steps
(Scheme 1) similar to the procedure previously described.[37]


Cleaning was performed by flushing the channels with pira-
nha solution then water and drying with N2. Functionaliza-
tion was achieved by subsequent treatment with N-[3-(tri-
methoxysilyl)propyl]ethylenediamine (TPEDA), 1,4-phenyl-
ene diisothiocyanate (DITC), and b-CD-heptamine. No
blocked channels that result from polymerization were ob-
served by microscopy at any stage.
To test whether or not b-CD immobilization in the chan-


nels was successful, static contact angles were recorded after
every functionalization step (Figure 3). The results of these


measurements are listed in Table 1. The contact angles mea-
sured followed the same trend as the advancing contact
angles measured on planar substrates described by Onclin
et al.[37] The absolute values are, however, smaller. This is in
part owing to the static nature of the measurement, but pos-
sibly also owing to a larger surface roughness[38] as a result
of the lithographic fabrication method.


Sulforhodamine B acid chloride was used to prove the for-
mation of the amino monolayer. From Figure 4a and b it


can be concluded that the sulforhodamine B acid chloride
reacted with the NH2 groups of the silane monolayer and
the silanol groups present at the piranha-cleaned surface
inside the microchannels. Therefore, monolayers of dodecyl-
triethoxysilane, which has similar adsorption properties to
TPEDA with regards to the reactivity of the silane head
group and the length of the backbone, were formed inside
the microchannels. The CH3 head group did not react with
sulforhodamine B acid chloride (Figure 4c). This observation


Scheme 1. Synthetic scheme for the preparation of b-CD monolayers inside microchannels composed of SiO2 and glass: i) piranha solution, followed by
TPEDA in freshly distilled toluene, RT, 4 h, ii) DITC in ethanol, iii) RT, 2 h, b-CD-heptamine in Millipore water pH 8.5, RT, 2 h.


Figure 3. Contact angles measured in a) an unfunctionalized microchan-
nel, b) after cleaning with piranha solution, c) after subsequent function-
alization with a TPEDA, d) after subsequent functionalization with
DITC, and e) after subsequent functionalization with b-CD-heptamine
(see Scheme 1).


Table 1. Static water contact angles of the monolayers in the microfluidic
channels.


Monolayer q [8]


NH2 36�2
NCS 42�2
b-CD 23�2


Figure 4. Fluorescence microscopy images (left) and intensity profiles
(right) of the attachment of sulforhodamine B acid chloride onto NH2-
functionalized (a), piranha-cleaned (b), and CH3-functionalized (c) mi-
crofluidic channels.
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indirectly proves that a silane
monolayer, and also a TPEDA
monolayer, is formed inside
the microchannels.
To test whether or not host–


guest interactions of b-CD
monolayers inside microchan-
nels are comparable to those
on planar substrates, adaman-
tyl-terminated dendritic wedge
1 was immobilized in the chan-
nels by rinsing a solution of 1
(0.1 mm) in b-CD (1 mm)
through the channels for
30 min. The fluorescence
image that was recorded after
subsequent rinsing for 10 min
with water (Figure 5a) shows
clearly that 1 is present in the
channels. Subsequently, rinsing
with b-CD (1 mm) was carried
out for 10 min, followed by
rinsing with water for 10 min.
The fluorescence image after
this treatment (Figure 5b)
showed a slightly lower inten-
sity. Subsequently, b-CD
(10 mm) flowed through the
chip for 20 min followed by a
water rinse for 10 min. The
fluorescence image that was
recorded thereafter (Figure 5c)
showed that the intensity had
dropped significantly, but 1
was not completely removed.
Rinsing for 10 min with etha-
nol did not result in significant
changes (Figure 5d), and the
fluorescence of the channels
dropped to almost zero only
after rinsing with methanol for
10 min followed by rinsing
with water for 10 min (Fig-
ure 5e). These results are com-
parable to the results obtained
from experiments in which di-
valent adamantyl guests were
attached to b-CD monolayers
on gold and glass.[39,40] The
possibility of disrupting the host–guest assemblies by organic
solvents, such as methanol, has also previously been
shown.[41] Therefore, it can be concluded that the interaction
between 1 and the channel wall is governed by supramolec-
ular interactions, which also strongly indicates the presence
of the b-CD monolayer inside the channel.
The binding constant of the host–guest interaction of 1 to


the b-CD monolayer was studied in a fluorescence titration


experiment (Figure 6a). Fitting of the data (Figure 6b) to a
sequential binding model[42] (see the Experimental Section)
yielded an intrinsic binding constant for the surface (Ki,s ;
which represents the binding of one of the adamantyl
groups of 1 to the b-CD monolayer in an overall independ-
ent divalent binding mode) of 2.5K104m


�1, which is in good
agreement with the literature.[39] From these results, it can
be concluded that immobilization and the properties of the


Figure 5. Fluorescence microscopy images after the attachment of 1 onto b-CD monolayers inside the channels
(30 min), and the sequential flow of a) water (10 min), b) b-CD (1 mm ; 10 min) and water (10 min), c) b-CD
(10 mm ; 20 min) and water (10 min), d) ethanol (10 min) and water (10 min), and e) methanol (10 min) and
water (10 min) through the microchannels.


Chem. Eur. J. 2008, 14, 136 – 142 G 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 139


FULL PAPERProtein Binding in Microchannels



www.chemeurj.org





b-CD monolayers in the channels are comparable to b-CD
monolayers on planar substrates.
Immobilization of streptavidin (SAv) at the b-CD mono-


layers was performed as described before (see Scheme 2).[35]


Linker 2, which consists of two adamantyl functionalities to
ensure binding to b-CD monolayers and a biotin functionali-
ty to ensure binding to SAv, was washed over the surface
followed by a wash with SAv. This assembly process leaves
two biotin binding pockets available for further functionali-
zation with, for example, fluorescently labeled biotin moiet-


ies (3 and 4 ; Scheme 2a), or biotinylated protein A (bt-PA)
or protein G (bt-PG), which in turn can bind to fluorescent-
ly labeled human-IgG (5) and goat-IgG (6), respectively
(Scheme 2b and c).
To show that the channels can be addressed individually,


SAv was assembled in all channels through divalent linker 2.
The latter was adsorbed from inlet A (see Figure 1) and
from the same side SAv subsequently flowed through the
channel. Two different fluorescently labeled biotin deriva-
tives (3 and 4) were introduced from the small inlets at
side B through alternating channels to create assemblies ac-
cording to the procedure shown in Scheme 2a. The flow rate
in this experiment was set such that there was sufficient
back-pressure to prevent mixing or back-diffusion of the dif-
ferent biotin derivatives in the small channels. After 30 min
Millipore water was washed through the channels, also from
side B.
Imaging with green excitation light showed that 3 was im-


mobilized in two channels (Figure 7). Imaging the channels
with blue excitation light showed that 4 was immobilized in
the other two channels. The combined image shows the four
channels, with alternating 3 and 4, which proved the possi-
bility of individual channel functionalization by using in-
trinsically reversible supramolecular interactions.
Similarly, according to Scheme 2b and c, 5, which was la-


beled with a fluorescein isothiocyanate (FITC) label, and 6,
which was labeled with Alexa
fluor-568, were assembled
through bt-PA and bt-PG, re-
spectively.
To achieve this, bt-PA and


bt-PG were simultaneously in-
troduced into the channels
from side B on the SAv–2-
coated b-CD monolayer, in the
alternating fashion shown
above for 3 and 4. Subsequent-
ly, compounds 5 and 6 were si-
multaneously passed through
the channels in an alternating
fashion from side B. The re-
sults of these experiments are
depicted in Figure 8a. Similar
to the results obtained from
the previous experiment, there
is a clear difference between
the different channels, which
indicates that these more com-
plex bionanostructures can
also be selectively immobilized
in different channels.
For protein assays it is im-


portant to show that only spe-
cific ABs are detected. This
prevents the appearance of, for
example, false positives. To
prove that this is possible in


Figure 6. Fluorescence microscopy images and fluorescence intensity pro-
files of the adsorption of 1 onto a molecular printboard in a microchan-
nel at different concentrations (a; from left to right: 0.001, 0.002, 0.005,
0.01, 0.02, 0.04, 0.08, and 0.1 mm). Fluorescence titration data points (^)
and the fit to the sequential binding model (c) of 1 on molecular
printboards in a microfluidic device at different concentrations (b).


Scheme 2. The attachment of proteins to b-CD monolayers: the attachment of SAv through 2, and the subse-
quent attachment to SAv of a a) fluorescently labeled biotin derivative (3, 4), or of b) IgG 5, or c) IgG 6
through biotinylated PA or PG.
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our system, divalent linker 2 and SAv were immobilized in
the b-CD-covered channels from side A followed by the im-
mobilization of bt-PA also from this side, which results in all
channels being covered with bt-PA (Scheme 2b). Subse-
quently, compounds 5 and 6 were simultaneously introduced
through alternating channels of the chip in the reverse direc-
tion (from side B) for 30 min. After rinsing with water for
20 min it became apparent that only two channels had been
modified with a fluorescent IgG (Figure 8b): only immobili-
zation of 5 was observed. Compound 6 was not immobilized,
as expected, because 6 does not bind to PA. These experi-
ments showed that the channels can be addressed separately
and that the channels can be modified in such a manner that
the immobilization of ABs is specific.


Conclusion


We have shown that b-CD monolayers can be assembled in
microchannels, and that the host–guest recognition proper-
ties of these b-CD monolayers are comparable to those on
planar substrates. The assembly of bionanostructures inside


microchannels was proven by fluorescence microscopy, and
the separate addressability of the four small channels was
also shown. ABs were shown to attach in a specific manner.
The tools presented herein can potentially be used for the
development of more complex diagnostic systems to be
used, for example, in medical or environmental applications.


Experimental Section


General : All chemicals were used as received. Compounds 1, 2, and b-
CD-heptamine were synthesized as described previously.[35,39, 43] Freshly
distilled toluene was used for microchannel functionalization. SAv- and
FITC-labeled IgG from human serum were obtained from Sigma Al-
drich. Alexa-fluor 568 labeled goat anti-rabbit IgG (H+L) was obtained
from Invitrogen, the Netherlands. bt-PA and bt-PG were obtained from
Sigma Aldrich. PBS (10 mm, pH 7.5) that contained NaCl (150 mm) was
used during experiments.


Microchips : The microchip used for this study is composed of one large
channel (width 390 mm, height 50 mm) that splits into four smaller chan-
nels (width 60 mm, height 50 mm), which are separated by 50 mm.


Microchips were prepared as follows: After standard cleaning and treat-
ment with HNO3, a silicon wafer (<100> , p-type) was coated with pho-
toresist (1.7 mm; Olin 907.17) and baked for 90 s at 90 8C. Subsequently,
contact photolithography with an exposure time of 4 s was performed,
followed by a 1 min post-exposure bake at 120 8C. The photoresist layer
was developed by immersion of 30 s in “dirty” developer and 25 s in
“clean” developer. Subsequently, the Bosch process[44] was applied at a
rate of 20 mmmin�1. Photoresist stripping was carried out by rinsing with
acetone, followed by treatment with HNO3 for 20 min, and a few minutes
of O2 plasma exposure. To create the inlets, powder blasting foil (BF410)
was applied on the other side of the wafer by laminating it at 130 8C.
Photolithography through a mask was applied for 20 s. After this the pho-
toresist was developed for 3 min. The inlets were made by powder blast-
ing with Al2O3 grains (29 mm; viahole formation). The inlets had a size of
1 mm at the outside, and 360 mm at the bottom. The powder blasting foil
was stripped with acetone and soda. After this procedure the wafer was
cleaned in an ultrasonic bath in acetone (20 min) and standard cleaning.
Pyrex glass was cleaned by standard cleaning and attached by anodic
bonding at 400 8C for 3 min at 400 V, 3 min at 600 V, 3 min at 800 V, and
finally 10 min at 1000 V. Dicing to separate the microchips on the wafer
by a disco dicing saw was carried out after laminating the wafer with a
transparent foil on the silicon side. After dicing, the foil was detached by
3 min UV irradiation for final cleaning.


Microchip holders were fabricated from black Delrin blocks and Teflon.
The chip was placed in a black Delrin custom-made holder onto which
syringes could be connected by nanoports to create pressure drives flow
with a CMA/102 Microdialysis Pump on which 250 mL flat Hamilton sy-
ringes were mounted. Syringes were connected to fused silica capillaries
(100 mm in diameter) by means of nanoports. The applied flow rate was
2 mLmin�1 in the experiments for the assembly of the b-CD monolayer.


Functionalization of the microchip channels : In a preceding cleaning pro-
cedure, fresh piranha solution (approximately 250 mL) was flushed
through the chip every 5 min for 45 min. After the last piranha flush,
water was flushed through the channels followed by drying in a stream of
N2. Thereafter, freshly distilled toluene was flushed through the chip for
10 min. Subsequently, a solution of TPEDA (5 mm) in toluene was passed
through the chip for 4 h at room temperature. After this step, distilled
toluene was flushed through for 15 min, followed by drying of the chan-
nels in a stream of N2. No blocked channels that result from polymeri-
zation were observed by microscopy. The channels were flushed with eth-
anol, followed by DITC (10 mm) in ethanol for 2 h at room temperature
and rinsed with ethanol. After drying the chip, Millipore water was
passed through the chip, followed by b-CD-heptamine (10 mm) in Milli-
pore water at pH 8.5 for 2 h at room temperature. This was again fol-
lowed by rinsing with water, and drying the channels in a stream of N2.


Figure 7. Fluorescence microscopy images recorded with blue (left) and
green (center) excitation light of the chip functionalized with biotin de-
rivatives (3 and 4) in alternating channels (Scheme 2a). The combined
image is also shown (right).


Figure 8. Fluorescence microscopy images recorded with blue (left) and
green (center) excitation light of the chip functionalized with a) bt-PA–5
and bt-PG–6 in alternating channels (Scheme 2b and c), and b) with bt-
PA+5 and bt-PA+6 in alternating channels. The overlaid images are
also shown (right).
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Thermodynamic data modeling : The intrinsic binding constant Ki,s of the
divalent guest to the b-CD monolayer inside the microchannels was de-
termined by using a stepwise adsorption model implemented in a spread-
sheet.[42] In this model, a stepwise binding of the divalent guest to the
monolayer is expected in which both binding events are considered to be
independent. The increased stability of the divalent guest bound to the b-
CD surface (b-CDs) when compared with the binding between the diva-
lent guest and b-CD in an aqueous solution (b-CDl) is caused by the
higher effective concentration of b-CDs compared with b-CDl.


[42]


Protein binding to b-CD monolayers inside microchannels : All protein
concentrations used in the experiments in which protein binding to the
monolayer inside the channels was the target were 1K10�7m. For the as-
sembly of the different proteins and biotin derivatives a flow rate of
4 mLmin�1 for 30 min was used. In between and after the different assem-
bly steps, PBS buffer (see above) was passed through the chip at a rate
of 2 mLmin�1.


Optical microscopy : For optical microscopy an Olympus BH-2 micro-
scope equipped with a CCD camera was used.


Fluorescence microscopy : Fluorescence microscopy images were made
by using an Olympus inverted research microscope IX71 equipped with a
mercury burner U-RFL-T as a light source and an Olympus DP70 digital
camera (12.5 million pixel cooled digital color camera) for image acquisi-
tion. Blue excitation (450�lex�480 nm) and green emission (lem�
515 nm) was filtered by using a U-MWB Olympus filter cube. Green ex-
citation (510�lex�550 nm) and red emission (lem�590 nm) was filtered
by using a U-MWG Olympus filter cube.
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Isomeric Control of Protein Recognition with Amino Acid- and Dipeptide-
Functionalized Gold Nanoparticles
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Introduction


Protein-surface recognition features prominently in applica-
tions in broad fields of science and technology, such as con-
trol of cellular processes,[1,2] construction of biological sen-
sors,[3] and creation of hybrid materials.[4] To date, various
strategies to target protein–protein interactions have been
proposed.[5] Macromolecules such as functionalized macro-
cyclic compounds,[6] polymers,[7] and dendrimers[8] have been
used as artificial receptors in protein surface recognition,
showing varying levels of ability to modulate the structures
and functions of their protein targets.


Monolayer-protected nanoparticles (NPs) provide attrac-
tive scaffolds for the creation of protein surface receptors,
since multiple functionalities could readily be introduced
onto the convex NP surface to provide a versatile platform
for biomacromolecule binding.[9] For example, multiple man-
nose-encapsulated gold NPs show affinities to concanavali-
n A 10–100 times higher than those of monovalent mannose
ligands, due to the cooperativity of the adjacent ligands.[10]


Our recent investigations have demonstrated that monolay-
er-protected NPs can bind to protein surfaces through
simple charge-complementary interactions.[11] For instance,


amino acid-functionalized gold NPs have shown tunable in-
hibition and stabilization/denaturation of a-chymotrypsin
(ChT).[12,13] These preliminary results revealed that increas-
ing the hydrophobicity of the NP ligands increases their
binding affinity and the stability of the protein adsorbed on
the NP surface,[12] a result substantiated in our recent calori-
metric studies of nanoparticle–protein interactions.[14] In all
cases there was little evidence for structural control of affin-
ity, an important prerequisite for the specific recognition re-
quired for therapeutic applications.


Recent studies have shown that the surface chirality plays
an important role in the interactions of proteins with solid
surfaces.[15] In similar fashion, the use of enantiomeric and
diastereotopic ligands on the surfaces of nanoparticles
should provide a direct probe for examination of the role of
side-chain structure on particle–protein interactions. To this
end, we have fabricated a series of functionalized gold NPs
featuring amino acid- and dipeptide-terminated monolayers
displaying hydrophobic leucine and/or phenylalanine resi-
dues in their d and l forms.


ChT and cytochrome c (CytC) were chosen as target pro-
teins. These two proteins feature positive surface charges
(pI=8.75 for ChT and pI 10.7 for CytC) but different sur-
face characteristics. As shown in Figure 1, the ChT surface
features hydrophobic “hot spots”, while the CytC surface
mainly consists of charged and uncharged hydrophilic resi-
dues. In this investigation we have explored the hydrophobic
and chiral effects of the end-groups on complex formation.
These studies demonstrate that subtle structural changes in
the end-groups lead to substantial alterations in the particle
affinity, with up to 20-fold differences observed between
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particles with side-chains of identical hydrophobicity. These
results demonstrate the feasibility of engineering nanoparti-
cle–protein interfaces through use of the control provided
through organic synthesis.


Results and Discussion


Synthesis of ligands and fabrication of nanoparticles : Dipep-
tide-functionalized gold NPs were prepared in a straightfor-
ward fashion as shown in Scheme 1. In these ligands, the
alkyl chain (C11) enhances the NP stability, and the tetra-
ACHTUNGTRENNUNG(ethylene glycol) (TEG) linker improves both the water sol-
ubility and the biocompatibility of the resultant NPs.[16] Di-


peptides 2 were synthesized by coupling of tert-butoxycar-
bonyl-protected amino acids and amino acid methyl or ethyl
esters in the presence of dicyclohexylcarbodiimide (DCC).
Trityl-protected thiol ligands 3 were then obtained in good
yields (�70%) through the use of combinations of 1,1,1-tri-
phenyl-14,17,20,23,26-pentaoxa-2-thiaoctacosan-28-oic acid
(1) and dipeptides 2, with activation by 1-ethyl-3-(3-dime-
thylaminopropyl)carbodiimide (EDC), N-hydroxybenzotria-
zole (HOBT), and diisopropylethylamine (DIPEA). Subse-
quently, treatment of compounds 3 with lithium hydroxide
followed by trifluoroacetic acid (TFA) and triisopropylsilane
(TIPS) led to the desired ligands (4) with both thiol anchor
group and free carboxylic acid functionality. d-Amino acid-
functionalized thiol ligands were also synthesized by a simi-
lar procedure (for synthetic details and characterization, see
Supporting Information).


Thiol ligands 4 were subjected to place-exchange reaction
with pentane-1-thiol-coated gold NPs (C5-AuNP, d
�2 nm)[17] in dichloromethane to afford the target NPs. Al-
though ligands 4 and C5-AuNP are highly soluble in CH2Cl2,
the ligand-exchanged NPs precipitated from the solution,
due to the presence of multiple carboxylate end-groups on
the particle peripheries. Consequently, the target NPs could
readily be collected by centrifugation followed by thorough
rinsing with CH2Cl2. After drying under vacuum, the NPs
were well dispersed in water. UV/Vis investigation revealed
that their absorption features are consistent with their C5-
AuNP precursor and that no noteworthy surface plasma res-
onance band is present, indicating that no aggregation took
place during the ligand exchange. The 1H NMR spectra of
the NPs display the proton signals of the corresponding li-
gands, but with significant broadening (see Supporting Infor-
mation), typical for ligands anchored on NP surfaces. No
proton signal for methyl groups is observed in C5-AuNP, in-
dicating that the place-exchange proceeded almost quantita-
tively.


Circular dichroism of nanoparticles : Circular dichroism
(CD) spectra were recorded in order to evaluate the ar-
rangement of amino acid and dipeptide functionalities on
the NP surfaces. The aliphatic amino acid-/dipeptide-func-
tionalized gold NPs show essentially no CD signal in the
region from 600 to 190 nm. It has been demonstrated that
the immediate attachment of chiral molecules onto metallic
NPs can induce the corresponding CD responses in the par-
ticles.[18] In our case, however, the chiral centers of the
amino acids are far away from the NP surface, and as a
result do not affect the electron transitions of the gold cores.
The CD results likewise indicate that no substantial interac-
tion exists between the adjacent amino acid/dipeptide li-
gands, as a uniform arrangement of the amino acids organ-
ized through hydrogen bonding would be expected to gener-
ate CD signals in the far-UV region, as observed for mi-
celles formed by amphiphilic amino acid ligands.[19]


The above conclusion is also supported by the CD spectra
of aromatic amino acid-functionalized gold NPs: that is,
phenylalanine-containing NPs. As shown in Figure 2, NP_


Figure 1. a) Surface structural features of ChT and CytC. b) Chemical
structures of amino acid- and dipeptide-functionalized gold NPs.


Scheme 1. Synthesis of dipeptide-functionalized thiol ligands and fabrica-
tion of the corresponding gold NPs: a) EDC, HOBT, DIPEA, CH2Cl2,
RT, 36 h, 70%; b) LiOH, THF/H2O, RT, 2 h, 100%; c) TFA, TIPS,
CH2Cl2, RT, 12 h, 50–75%; d) C5-AuNP, CH2Cl2, 2 d, quantitative.
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d-Phe and NP_l-Phe exhibit essentially the same CD spec-
tra as their small molecular counterparts Boc-d-Phe and
Boc-l-Phe, respectively, displaying a perfect mirror profile.
As no new Cotton effect was observed, the amino acid func-
tionalities on NP surfaces must have been behaving inde-
pendently. From Figure 2 it can also be noted that the ellip-
ticity (q) of 0.5 mm NP_d-Phe (or NP_l-Phe) is about twice
that of 25 mm Boc_d-Phe (or Boc_l-Phe). If the observed el-
lipticity is treated as the sum of the ellipticities of individual
amino acids, it can be estimated that there are ca. 100
amino acid ligands on each NP, which agrees well with the
previous conclusion that the ligand exchange is achieved
quantitatively.[20] Dipeptide-functionalized NPs also exhibit
mirror CD signals for the enantiomers, indicating that the
same amounts of enantiometric ligands are loaded onto the
respective NPs.


Isothermal titration calorimetry and binding stoichiometries :
Isothermal titration calorimetry (ITC) can directly deter-
mine three thermodynamic quantities (i.e., DG, DH, and
DS) through a single titration experiment. It has found ex-
tensive applications in evaluation of the energetics of bio-
molecular recognition.[21,22] Recently, ITC has been exploit-
ed to investigate the binding of amino acids and DNA bases
to bare gold NPs[23] and in our preliminary studies of the in-
teraction of amino acid-functionalized NPs with proteins.[14]


In our current ITC experiments, aliquots of the protein solu-
tion were titrated into the sample cell containing NPs, and
the heat change after each addition was recorded according-
ly. A representative heat change profile for the complexa-
tion of ChT with NP_l-Phe-d-Phe is depicted in Figure 3a.
It can be seen that a monotonic decrease in the exothermic
heat of binding occurs with successive injections until satu-
ration is reached. After subtraction of the heat of protein di-
lution, integration of the corresponding heat changes over
time generated a typical sigmoidal titration curve as shown
in Figure 3b. The ITC titration curve could be fitted into a
model of a single set of identical binding sites by nonlinear


least-squares regression, with the dissociation constants (KD)
and enthalpy changes (DH) simultaneously determined from
the curve-fitting analysis. The Gibbs free energy changes
(DG) and entropy changes (DS) were calculated from the
experimentally determined KD and DH values by use of
classical thermodynamic equations (Table 1).


The titration of CytC solution into NPs generated heat
output profiles drastically different from those obtained
with ChT. When CytC is added to NP_l-Leu-l-Leu an endo-
thermic process takes place, reaching a limiting value
(Figure 4). An exothermic binding event is subsequently ob-
served, approaching the second plateau. Models both of a
single set and of two sets of binding sites were used in
curve-fitting, but only the latter produces acceptable results.
For the CytC-NP_l-Leu-l-Leu complexation, one binding
event has a binding stoichiometry of 2.2, while the other
binding event possesses a binding stoichiometry of 19.4. The
thermodynamic quantities and the binding stoichiometries
are compiled in Table 1.


In contrast with the single set of equivalent binding fea-
tures for NP–ChT interactions, the complexation of CytC
with the NPs studied featured two binding events: one is a
stronger interaction with binding stoichiometries of 1.6–2.9,
while the other is relatively weaker, with binding stoichio-
metries from 9.6 to 23.6. The origin of this bimodal binding
is not currently known, but could arise either from the po-
tential anisotropicity of the particle,[24] or through variation


Figure 2. CD spectra of amino acid- and dipeptide-functionalized gold
NPs containing d- or l-phenylalanine residues (0.5 mm) in sodium phos-
phate buffer (pH 7.4, 5 mm) at 25 8C (10 mm quartz cuvette). CD spectra
of tert-butoxycarbonyl-protected d/l-phenylalanine (25 mm) are also de-
picted for comparison.


Figure 3. Isothermal titration calorimetry measuring the binding of ChT
to NP_l-Phe-d-Phe: a) the heat change when ChT (400 mm) is titrated
into NP_l-Phe-d-Phe (2.5 mm), and b) the integrated data (&) and the
best fit to a nonlinear function with the assumption of a single type of
binding sites (c).
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of the CytC binding geometry due to the possible protein–
protein interactions on the NP surface.[25]


The role of hydrophobicity in NP–protein complexation : In
our previous studies on amino acid-functionalized nanopar-
ticles, we observed a roughly linear correlation between the
free energy (DG) of the ChT–nanoparticle binding and the
hydrophobicity indices of the head-groups.[12] In the current
case, varying degrees of correlation were observed between
DG for the NP–protein interactions and the predicted octa-
nol/water partition coefficients (log P) of the dipeptides.[26]


A rough correlation between the free energy changes of
NP–ChT interactions and log P is observed, with the com-
plex stability increasing substantially with increasing hydro-
phobicity of the amino acid/peptide head-groups (Figure 5a).
In the case of CytC, however, there was little correlation be-
tween hydrophobicity and affinity. The Gibbs free energy
changes for the first binding event between CytC and NPs
range from �35.7 to �45.5 kJmol�1 (DDGmax=9.8 kJmol�1)
with essentially no correlation with log P values. For the
second binding event, the free energy changes vary less
(from �32.0 to �35.4 kJmol�1), but there is once again little
correlation between hydrophobicity and affinity.


The varying role of hydrophobicity in determining affinity
can be explained by the difference in the surface features of


ChT and CytC (Figure 1). ChT has 17 positively charged res-
idues (14 Lys and 3 Arg) and some hydrophobic “hot spots”
on the surface. The complexation between ChT and NPs is
therefore driven by multivalent electrostatic interactions
coupled with the assistance of hydrophobic interactions.
CytC is a smaller protein that possesses more positively
charged residues (i.e., 19 Lys and 2 Arg), with little surface
hydrophobicity. The complexation between CytC and NPs is
dominated by electrostatic interactions, with the contribu-
tion of hydrophobic interactions being less pronounced.


It is interesting to note that the complexation of ChT with
all NPs is enthalpy-driven, with various levels of entropic
loss observed. In contrast, the complex formation between
CytC and NPs is dominated by the entropic contribution,
which is attenuated by unfavorable enthalpy changes. Gen-
erally, it is believed that hydrophobic interactions are driven
by entropy.[27,28] The complexation of ChT with NPs affords
negative entropy changes, explicitly indicating that hydro-
phobic interaction acts as an accessory binding force. The
thermodynamic contribution of this interaction is masked by
other operations such as conformational restriction and sol-
vation/desolvation. The former case leads to entropy loss,
while desolvation is related to an entropy increase process.
Therefore, the observed thermodynamic parameters merely
reflect the overall outcomes of such compensatory effects.


Table 1. Dissociation constant (KD), thermodynamic parameters (in kJmol�1), and binding stoichiometry (n) for the complexation of ChT and CytC with
various nanoparticles in phosphate buffer (pH 7.4, 5 mm) at 30 8C.


Protein Nanoparticle[b] First binding event Second binding event
KD


1 [mm] DG DH TDS n KD
2 [mm] DG DH TDS n


ChT[a]


NP_Gly-Gly 2.14�0.20 �32.9 �37.1�1.9 �4.2 11.6 –
NP_l-Leu 2.45�0.34 �32.6 �46.6�2.5 �14.0 8.8 –
NP_d-Leu 1.38�0.07 �34.0 �47.0�0.3 �13.0 9.2 –
NP_l-Phe 2.29�0.05 �32.7 �54.9�2.8 �22.2 13.2 –
NP_d-Phe 1.12�0.16 �34.5 �59.3�0.9 �24.7 17.2 –
NP_l-Leu-l-Leu 1.32�0.12 �34.1 �36.0�0.6 �1.9 15.2 –
NP_l-Leu-d-Leu 1.05�0.12 �34.7 �47.6�1.6 �12.9 12.8 –
NP_l-Leu-l-Phe 0.81�0.02 �35.3 �56.0�1.0 �20.7 18.0 –
NP_l-Leu-d-Phe 0.58�0.05 �36.2 �49.1�0.5 �12.9 20.0 –
NP_l-Phe-d-Phe 0.82�0.07 �35.3 �55.1�1.6 �19.8 17.0 –
NP_d-Phe-l-Phe 1.17�0.15 �34.5 �46.9�3.6 �12.4 11.2 –
NP_d-Phe-d-Phe 0.44�0.05 �36.9 �44.4�1.3 �7.6 22.8 –


CytC


NP_Gly-Gly 0.023�0.004 �44.3 12.3�2.0 56.6 1.8 1.78�0.34 �33.4 4.9�1.2 38.2 13.6
NP_l-Leu 0.251�0.012 �38.3 189.6�3.0 227.9 2.0 1.95�0.09 �33.1 2.3�0.2 35.4 18.2
NP_d-Leu 0.044�0.008 �42.7 116.0�0.1 158.5 1.6 1.12�0.31 �34.5 6.6�0.6 41.2 11.8
NP_l-Phe 0.068�0.006 �41.6 28.8�0.1 70.4 2.2 1.51�0.21 �33.8 13.1�1.0 46.9 9.6
NP_d-Phe 0.015�0.005 �45.5 55.0�4.5 100.6 2.6 3.02�0.98 �32.0 13.8�0.5 45.8 14.6
NP_l-Leu-l-Leu 0.107�0.015 �40.4 59.1�1.6 99.5 2.2 1.29�0.42 �34.2 25.5�0.8 59.7 19.4
NP_l-Leu-d-Leu 0.692�0.034 �35.7 31.4�1.6 67.2 1.8 1.74�0.24 �33.4 21.7�0.2 55.2 13.6
NP_l-Leu-l-Phe 0.025�0.003 �44.2 34.8�0.7 78.9 2.9 1.62�0.22 �33.6 24.6�0.9 58.2 10.6
NP_l-Leu-d-Phe 0.525�0.097 �36.4 34.9�0.7 71.4 2.0 1.48�0.41 �33.8 21.2�0.2 55.1 23.6
NP_l-Phe-d-Phe 0.251�0.077 �38.3 49.2�3.2 87.6 2.2 0.98�0.23 �34.9 25.7�1.7 60.6 15.8
NP_d-Phe-l-Phe 0.245�0.114 �38.4 40.7�4.7 79.1 1.8 1.00�0.28 �34.8 21.2�0.2 56.0 18.6
NP_d-Phe-d-Phe 0.022�0.004 �44.4 36.0�2.6 80.3 2.6 0.79�0.26 �35.4 21.7�0.3 57.1 15.0


[a] The binding constants between ChT and NP_l-Leu or NP_l-Phe determined by ITC are smaller than the previously reported values, which were de-
termined through enzyme activity assays (ref. [12]). The deviation most likely arises from the difference between these two systems. In enzyme activity
assays, the solutions contained 8% v/v of ethanol/DMSO (90:10) in the 5 mm phosphate buffer used to dissolve the substrate. Moreover, N-succinyl-l-
phenylalanine p-nitroanilide (SPNA, 2 mm), which may interfere in the NP–protein interactions, was added in the latter case to serve as the enzyme sub-
strate. [b] The NP concentrations were determined on the basis of their average molecular weights by considering the size dispersion of the gold cores.
The binding stoichiometries between ChT and NP_l-Leu and NP_l-Phe are somewhat different from the previously reported values, where the NP con-
centrations were obtained according to the UV absorbance of 2 nm gold cores.
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Isomeric effects in the NP–protein interactions : Isomeric
systems, in particular enantiomers and diastereomers, pro-
vide excellent tools for discerning specific and nonspecific
interactions in complex systems.[29] From Table 1 and
Figure 5, it can be seen that the NPs presenting enantiomer-
ic or diastereoisomeric functionalities exhibit distinctly dif-
ferent binding affinities toward the proteins. For example,
NPs bearing d-amino acids generally afford more stable
complexes with ChT than their l isomer counterparts. The
molecular selectivities of NP_d-Leu/NP_l-Leu and NP_
d-Phe/NP_l-Phe are 1.8 and 2.0, respectively. An even
higher value of 2.5 is observed for the NP_d-Phe-d-Phe and
NP_d-Phe-l-Phe couple. The first binding event of NP–
CytC interactions displays a stronger isomeric dependence
on the NP functionalities. The highest selectivity of 21.4 is
obtained for the NP_l-Leu-l-Phe/NP_l-Leu-d-Phe couple,
while the second binding event of NP–CytC interactions af-
fords a less pronounced isomeric effect, exhibiting the high-
est selectivity of 2.0 for NP_l-Phe/NP_d-Phe.


The drastically different isomeric effect on the first and
the second binding events with CytC suggests that different
binding modes might be involved in these processes. We
have demonstrated that the NPs provide multivalent electro-
static interaction sites with the protein to form the supra-
molecular complexes, and that electrostatic forces govern
the complex formation. In this context, the isomeric selectiv-
ity may arise from the matter of whether or not the complex


formation is preferred with respect to the multiple electro-
static interactions. It is well documented that CytC can pro-
vide different binding domains upon complexation with its
native and artificial partners.[25, 30] It is thus reasonable to
propose that CytC molecules adopt different orientations on
different NP surfaces, in which the chiral amino acid side-
chains play an important role in control over the orientation
through steric repulsion and/or van der Waals attraction. In
other words, the amino acid side-chain acts as a modulator
to afford the isomeric selectivity.


It is interesting to compare the complex stabilities of en-
antiomers NP_l-Phe-d-Phe and NP_d-Phe-l-Phe with those
of proteins, as the functionalities of these two NPs possess
the same amino acid composition but inversed sequence.
For the complexation with ChT, the former exhibits 1.4-fold
higher binding affinity than the latter. This difference stems
from the greater enthalpy gain during the complexation of
NP_l-Phe-d-Phe. Upon binding to CytC, however, both NPs
afford apparently identical binding affinities for either the
first or the second binding events. In spite of the same
Gibbs free energy changes, the enthalpy and entropy
changes for these two NPs are completely different. That is,
the complexation of CytC with NP_l-Phe-d-Phe exhibits a


Figure 4. Isothermal titration calorimetry measuring the binding of CytC
to NP_l-Leu-l-Leu: a) the heat change when CytC (1.0 mm) is titrated
into NP_l-Leu-l-Leu (5 mm), and b) the integrated data (&) and the best
fit to a nonlinear function with the assumption of two sets of binding
sites (c). Figure 5. Correlation between Gibbs free energy changes (DG) for the


NP–protein interactions and the logarithms of the octanol/water partition
coefficient (log P) of NP functionalities. a) NP–ChT systems, b) first bind-
ing event for NP–CytC systems, and c) second binding event for NP–
CytC systems.
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more favorable entropy contribution, which is attenuated by
unfavorable enthalpy gain.


Isomeric effects and enthalpy–entropy compensation : From
the above discussion, it is clear that a compensatory rela-
tionship between enthalpy and entropy exists, a common
phenomenon that has been found in various complexation
processes.[27,31] Although the basis of such extrathermody-
namic relationships is still under debate,[27] some efforts
have been devoted to clarifying their physical signifi-
cance.[32,33] In Figure 6a, the TDS values for the NP–protein


interactions have been plotted against the DH values. An
excellent linear correlation (r=0.998) was obtained, leading
to a slope of 1.04 and an intercept of 36.1 kJmol�1, essential-
ly identical to the values observed with amino acid-function-
alized nanoparticles.[14] These coefficients can be taken as
quantitative measurements of conformational changes and
desolvation effects, respectively, during complex forma-
tion.[33] In our case, the near unit slope and the high value of
the intercept in enthalpy–entropy compensation indicate
that the system undergoes large conformational changes and
extensive desolvation, which is significantly different from


the “small” host–guest systems.[27,33] Thermodynamically, the
unit slope also reflects that the contribution of the enthalpic
gain by the system variation to the free energy change has
been fully eliminated by the accompanying entropic loss.


Moreover, it can be noted that nanoparticles bearing en-
antiomeric end-groups display completely different enthalpy
and entropy changes upon complexation with the same pro-
tein (i.e. , DH


d
¼6 DH


l
and TDS


d
¼6 TDS


l
) (Table 1). An impor-


tant question arises: how do the thermodynamic quantities
contribute to the isomeric selectivity over NP–protein inter-
actions? The isomeric selectivity is defined as the differen-
tial Gibbs free energy changes for enantiomeric (or diaste-
reoisomeric) NPs; a thermodynamic relationship can be
readily established by using Equation (1):


dðDGÞ
d=l ¼ DG


d
�DG


l
¼ dðDHÞ


d=l�TdðDSÞ
d=l ð1Þ


The physical meaning of isomeric selectivity is the exchange
efficiency of proteins from l isomer-functionalized NPs to
their d isomer counterparts, which can be expressed as
Equation (2):[34]


½NP
l
	 protein
þNP


d
Ð ½NP


d
	 protein
þNP


l
ð2Þ


In this expression, structural features other than the chirality
of the NP functionalities are cancelled, leaving only the con-
tribution arising from structural (i.e. , isomeric) differences.
According to Equation (1), the isomeric selectivity lies in
the compensation between d(DH)


d/l and Td(DS)
d/l. In the


case of a perfect compensation between these two parame-
ters, the value of d(DG)


d/l would be equal to zero, resulting
in no isomeric discrimination. Figure 6b shows the compen-
sation plot for the enantiomeric exchange enthalpy (d(DH)


d/l)
and entropy (Td(DS)


d/l). A linear correlation plot (Fig-
ure 6b) is obtained for these data points with a unit slope
and a small value of intercept (Td(DS)0=0.5 kJmol�1).


In comparison with the common enthalpy–entropy plot
(Figure 6a), an obviously more significant deviation from
linearity is observed for the first binding event of NP–CytC
interactions (Figure 6b), indicating that the large isomeric
effect for this interaction arises from the unmatched enthal-
py and entropy changes. In contrast, the smaller enthalpy–
entropy compensation for NP–ChT and the second binding
event of NP–CytC interactions lead to a reduced isomeric
effect. As we have proposed, the spatial arrangement of
CytC on the NP surface is different for the first and the
second binding events. Therefore, the orientations of the
proteins on the surface of NPs determine how the enantio-
meric thermodynamics are shaped. On the other hand, the
nanoparticles experience significant conformational changes,
as revealed by enthalpy–entropy compensation analysis. Ob-
viously, this process does not favor isomeric selectivity. In
this regard, appropriate reduction of ligand freedom either
by shortening the ligand length or by fastening the ligand
position should provide better isomeric selectivity, as well as
enhancement of the complex stability from the viewpoint of
enthalpy–entropy compensation.


Figure 6. a) Compensation plot of entropy (TDS) versus enthalpy (DH)
for NP–protein interactions. b) Compensation plot for the differential en-
tropy change (Td(DS)


d/l) against the differential enthalpy change
(d(DH)


d/l) upon complexation of NPs bearing enantiomeric (diastereo-
topic) end-groups with proteins. &: NP-ChT, *: NP-CytC (1); ~: NP-
CytC (2).
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Conclusion


In summary, we have prepared a series of functional gold
NPs bearing phenylalanine and/or leucine residues and have
investigated their interactions with ChT and CytC. It has
been demonstrated that the introduction of additional hy-
drophobic interaction sites can enhance the binding affinity
to the protein that bears surface hydrophobic “hot spots”
(ChT), with less pronounced effects on association with the
highly charged protein (i.e., CytC). ITC investigation re-
vealed that the NPs bearing enantiomeric and diastereoiso-
meric end-groups afford distinctly different binding affinities
toward protein targets. This isomeric control of protein rec-
ognition comes from the noncompensatory enthalpy and en-
tropy contributions. Clearly, the incorporation of chiral mol-
ecules onto monolayer-protected NPs through chemical ap-
proaches provides new opportunities for achieving specifici-
ty in the recognition of protein surfaces.


Experimental Section


Materials : a-Chymotrypsin (ChT, type I-S from bovine pancreas), cyto-
chrome c (CytC, from horse heart), tert-butoxycarbonyl-amino acids, and
amino acid methyl (or ethyl) esters were purchased from Sigma and used
as received. All other chemicals were obtained from Aldrich or Fisher.
Amino acid- and dipeptide-functionalized gold NPs were synthesized by
the procedures depicted in Scheme 1, and detailed reaction conditions
and characterization of the products can be found in the Supporting In-
formation. Disodium hydrogen and sodium dihydrogen phosphate were
dissolved in deionized, distilled water to make a phosphate buffer solu-
tion (5 mm) of pH 7.4, which was used as solvent in optical studies and
isothermal titration calorimetry.


Circular dichroism : The circular dichroism (CD) spectra of NPs (0.5 mm)
were measured on a JASCO J-720 spectropolarimeter with conventional
quartz cuvettes (light path length=10 mm) at 25 8C. The spectra were re-
corded as averages of three scans at a rate of 20 nmmin�1. The phosphate
buffer background was subtracted from the raw spectra to give the final
spectra.


Isothermal titration calorimetry : Microcalorimetric titrations were per-
formed at 30 8C on a Microcal VP-ITC microcalorimeter. Each microca-
lorimetric titration experiment consisted of 30 or 45 successive injections
of a constant volume (6 mL per injection) of ChT solution (400 mm) or
CytC solution (1 mm) into a reaction cell (1.4 mL) charged with a NP so-
lution (2.5 mm for ChT and 5.0 mm for CytC) in sodium phosphate buffer
(5 mm, pH 7.4). The dilution heat of the protein solution upon addition
to the buffer solution in the absence of NPs was determined in each run,
with use of the same number of injections and concentration of ChT or
CytC as in the titration experiments. The dilution enthalpies determined
in these control experiments were subtracted from the enthalpies mea-
sured in the titration experiments. The ORIGIN program (version 7.0)
supplied by Microcal Inc. was used to calculate the binding constants
(KD) and molar enthalpy changes (DH) of reaction from the titration
curve by use of a model of a single set of identical sites (for ChT) or two
sets of binding sites (for CytC). The molar Gibbs free energy changes
(DG) and entropy changes (DS) of reaction were calculated from the ex-
perimentally determined K and DH values by use of the thermodynamic
relationship of DG=RTln KD=DH�TDS. The reported thermodynamic
quantities are averages of two parallel titration experiments.
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Introduction


There has been an explosion of interest in the detection and
identification of proteins, using the techniques of mass spec-
trometry and database searching, with the aim of establish-
ing links to pathological conditions.[1] One of the preferred
approaches for protein identification in the ever-growing
field of proteomic research is peptide mass fingerprinting by
using matrix-assisted laser desorption ionization time-of-
flight mass spectrometry (MALDI-TOF MS). This tech-
nique involves the sequence-specific enzymatic cleavage of a
protein by a protease (for example, trypsin) obtained after
two-dimensional polyacrylamide gel electrophoresis (2D-
PAGE) liquid chromatography, or capillary zone electropho-


resis separation steps, and the subsequent identification of
the protein by using MALDI-TOF mass spectra by compar-
ing the peptide fragments to a theoretical digestion pattern
in a database.


A critical step in the detection and identification of pro-
teins is protein digestion prior to MS analysis. Conventional
in-solution or in-gel digestion is prone to such intrinsic limi-
tations as prolonged digestion time, autolysis, sample loss,
and so on, with negative effects on comprehensive proteo-
mic profiling.[2] Furthermore, the abundance distribution of
different proteins in a complex biological system is very
broad and still presents a major challenge. The use of immo-
bilized enzymatic reactors has been proposed to address
these issues. Enzymes immobilized in confined zones are
more stable and provide increased cleavage efficiency.[3–9]


Sol–gels, polymers, and inorganic materials are attractive
candidates for the immobilization of enzymes due to their
resistance to microbial contamination and good chemical,
mechanical, and thermal stability.[10–12] We have previously
described the immobilization of trypsin on nanozeolite,
polysaccharide, or gold nanoparticle assembled microchan-
nels and have demonstrated that these systems provide
rapid protein digestion.[13] Peterson and co-workers[14] re-
ported that trypsin immobilized on porous polymer mono-
liths by the formation of stable covalent bonds between azo-
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Abstract: A nanoreactor based on me-
ACHTUNGTRENNUNGsoporous silicates is described for effi-
cient tryptic digestion of proteins
within the mesochannels. Cyano-func-
tionalized mesoporous silicate (CNS),
with an average pore diameter of
18 nm, is a good support for trypsin,
with rapid in situ digestion of the
model proteins, cytochrome c and myo-
globin. The generated peptides were
analyzed by matrix-assisted laser de-
sorption ionization time-of-flight mass
spectrometry (MALDI-TOF MS). Pro-


teolysis by trypsin-CNS is much more
efficient than in-solution digestion,
which can be attributed to nanoscopic
confinement and concentration enrich-
ment of the substrate within the meso-
pores. Proteins at concentrations of
2 ngmL�1 were successfully identified
after digestion for 20 min. A biological


complex sample extracted from the cy-
toplasm of human liver tissue was di-
gested by using the CNS-based reactor.
Coupled with reverse-phase HPLC and
MALDI-TOF MS/MS, 165 proteins
were identified after standard protein
data searching. This nanoreactor com-
bines the advantages of short digestion
time with retention of enzymatic activi-
ty, providing a promising way to ad-
vance the development of proteomics.


Keywords: mass spectrometry ·
mesoporous materials · nanoreac-
tors · nanostructures · proteolysis
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lactone functional groups on the polymer and amine groups
of the enzyme achieved high proteolytic activity.


Features such as high surface area and large pore diame-
ters have made mesoporous materials attractive as supports
in a range of applications such as catalysis, adsorption, sen-
sors, and drug delivery.[15,16] Functionalized mesoporous sili-
cates (MPS) can provide a rigid, uniform and well-defined
open-pore microstructure, with the ability to adsorb proteins
with retention of physiological function.[17–20] In particular,
the MPS pore dimensions are readily adjustable to accom-
modate proteins of disparate sizes and the internal surface
can also show a specific affinity for the reactants.[5,6] The use
of the nanoscale volumes of the inner pores of these materi-
als as confined nanoreactors to perform enzyme-catalyzed
processes opens up promising possibilities in chemical engi-
neering and biotechnology.


In this study, a novel nanoreactor based on an MPS with
cyano functional groups (CNS) is described for the enzymat-
ic digestion of proteins. CNS is a mesoporous material with
an average pore diameter of 18 nm, a size sufficiently large
to accommodate proteins and enzymes. We have previously
shown that trypsin is readily adsorbed onto CNS, with up to
18 mmol trypsin adsorbed per gram CNS.[6] There have been
reports on the adsorption, desorption, activity, and stability
of MPS-immobilized enzymes.[5–9,21,22] However, few reports
on the use of the inner lumens of MPS as nanoconfined re-
actors for protein digestion have been published. With its
unique microscopic confinement, CNS is capable of per-
forming the multiple steps of protein capture and rapid in
situ digestion. Such a strategy can be applied to many tech-
niques in protein profiling, resulting in a CNS-based enzy-
matic nanoreactor for protein digestion. We used trypsin-
catalyzed protein digestion as a model reaction inside the
CNS mesopores. Compared with in-solution digestion, this
nanoreactor combines the advantages of shortened digestion
time (20 min) with the retention of enzymatic activity. To
examine the practical feasibility of the nanoreactor, proteol-
ysis of a biological complex sample, a protein mixture ex-
tracted from the cytoplasm of human liver tissue, was exam-


ined. Coupled with RP-HPLC and MALDI-TOF MS, 165
proteins were identified.


Results and Discussion


Figure 1 displays the process of nanopore-based digestion.
Trypsin was first absorbed in the nanopores of CNS by
mixing with a suspension of CNS in potassium phosphate
buffer. At pH 6.5, trypsin is positively charged and is rapidly
captured in the negatively charged nanochannels of CNS. It
has been reported that when the mesopore diameter is suffi-
ciently large to accommodate biomolecules, proteins pene-
trate into the mesoporous networks, as well as being ad-
sorbed onto the external surface.[7,21,22] Nitrogen adsorption
analysis indicates the presence of pores with an average di-
ameter of 18 nm and a total pore volume of 1.26 cm3g�1,
(Figure 1b). The pore entrances of CNS are much larger
than the diameter of trypsin molecules (�4 nm)[23] enabling
both trypsin and protein substrates to be entrapped within
the mesopores.


Enzyme autolysis is one of the most important drawbacks
of in-gel or in-solution proteolysis, as it can suppress the MS
signals of proteins and interfere in the positive identification
of proteins. Thus, the concentration of trypsin should be as
low as practicable to reduce the number of protease autodi-
gestion peptides. The isoelectric point of trypsin is about
8.23 and the digestion occurs in the medium buffer (pH 7.8).
Thus, during proteolysis, trypsin is likely to be attached to
the inner walls of the mesochannels of CNS by electrostatic
forces, restricting its degrees of freedom and ability to dif-
fuse and concomitant autolysis. Experiments show that no
trypsin autolysis could be observed when the enzyme/sub-
strate ratio was as high as 1:3. However, in-solution diges-
tion should be performed at an enzyme/substrate ratio of
1:30 to avoid enzyme autolysis, a ratio that is widely accept-
ed as standard in protein digestion.[24,25]


Cytochrome c and myoglobin, in the concentration range
of 2�200 ngmL�1, were selected as model substrates. Myo-


Figure 1. a) Schematic representation of in-nanopore substrate entrapment, in situ proteolytic digestion, and subsequent MS identification. b) Pore size
distribution of CNS.
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globin is known as a protein that is resistant to tryptic diges-
tion, whereas cytochrome c is much easier to digest.[2] Effi-
cient tryptic digestion could take place after trypsin-CNS
was placed into a protein solution for 20 min at 37 8C. The
resulting tryptic products generated from trypsin-CNS were
analyzed by using MALDI-TOF mass spectrometry. Proteol-
ysis efficiency was evaluated based on the results of protein
identification by using peptide-mass fingerprinting (PMF).


As the amount of adsorbed trypsin could affect subse-
quent protein identification, the optimal enzyme loading
was determined. Five enzyme loadings, ranging from 25 to
430 mgmg�1 (maximum load[6]) were prepared. Digestion of
cytochrome c (5 ngmL�1) was carried out at a protease/sub-
strate ratio of 1:3 at pH 7.8. The results demonstrate that


the CNS nanoreactor with a trypsin amount of 200 mgmg�1


had the highest proteolytic efficiency (Table 1 and Figure 2),
with 11 peptide fragments from cytochrome c successfully


Table 1. Comparison of the proteolytic efficiency of CNS-trypsin nano-
reactors with different trypsin loadings.


Trypsin
loading
[mg ACHTUNGTRENNUNG(mgCNS)�1]


Protein score Amino acid
sequence
coverage [%]


Peptide
matches


430 162 47 7
200 184 63 11
100 174 47 8
50 128 42 9
25 failed failed 4


Figure 2. PMF spectra of cytochrome c (5 ngmL�1) digested in CNS-trypsin nanoreactors with different trypsin loading amounts: a) 430 mg trypsin on
1 mg CNS; b) 200 mg trypsin on 1 mg CNS; c) 100 mg trypsin on 1 mg CNS; d) 50 mg trypsin on 1 mg CNS; e) 25 mg trypsin on 1 mg CNS.
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identified. Moreover, the MOWSE (MOlecular Weight
SEarch) score and amino acid sequence coverage also dem-
onstrated that the nanoreactor with this loading had optimal
proteolytic efficiency. By using these criteria, a loading of
200 mgmg�1 was selected to test the proteolytic ability of the
CNS-trypsin nanoreactor.


The PMF results of peptides obtained after proteolysis for
20 min inside the mesopores of CNS are much better than
those obtained by in-solution digestion (20 min) and are
comparable to the results obtained after proteolysis for 12 h
(Figures 3a–e). These results demonstrate that the reaction
rate can be significantly accelerated when proteolysis takes


place within the confined CNS nanoreactor. For myoglobin
(200 ngmL�1, without denaturation), the PMF spectrum of
protein digest generated in the trypsin-CNS shows confident
identification of 12 peptides with a MOWSE score of 222.
In contrast, the in-solution digestion (at an enzyme/substrate
ratio of 1:30) yields only one peptide peak at a very low
signal/noise (S/N) ratio after a reaction time of 20 min.
After overnight incubation, 12 peptides could be identified,
comparable to those obtained after proteolysis for 20 min by
using the CNS-based nanoreactor. Similarly, digestion of cy-
tochrome c (200 ngmL�1) in the CNS reactor yielded an
amino acid sequence coverage of 63% and a protein score


Figure 3. PMF spectra of myoglobin ((a) 200 ngmL�1) and cytochrome c ((b) 200 ngmL�1) proteolysis products from in-CNS-nanoreactor digestion
(20 min), myoglobin (200 ngmL�1) proteolysis products from in-solution digestion for 12 h (c) and 20 min (d), cytochrome c (e) 200 ngmL�1, some identi-
fied peaks are too small to be assigned) proteolysis products from in-solution digestion (12 h), and myoglobin (f) 200 ngmL�1) proteolysis products from
HMS-based (pore size 3.0 nm) reactor digestion (20 min).
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of 155, whereas a sequence coverage of 59% and a protein
score of 108 were obtained after overnight in-solution diges-
tion. The results show that when trypsin is confined within
the nanopores of CNS it retains its activity and can have an
increased efficiency of digestion on different substrates.


As previously reported, the proteolysis rate depends on
the concentrations of enzymes and substrates.[26] In the CNS
nanoreactor, trypsin and its substrates accumulate in the
nanoporous spaces at local concentrations which are dra-
matically increased in comparison with those in solution.
Thus, the digestion rate could be increased when the sub-
strates are confined in the inner pores. In this experiment,
the proteolysis rate in the mesopores of CNS is 35–70 times
faster than the in-solution digestion according to the PMF
results and the digestion time required to reach equilibrium.
It has also been reported that substrate unfolding in nano-
pores can also facilitate proteolysis in MPS-based nanoreac-
tors.[12] Due to these effects, location of the protease inside
the confined spaces of MPS can achieve far more rapid and
effective proteolysis.


To test whether the tryptic digestion occurred inside the
nanopores, a second MPS with smaller pore diameter
ACHTUNGTRENNUNG(�3 nm) was selected for the immobilization of trypsin.
Hexagonal mesoporous silicate (HMS) has an average pore
size of approximately 3 nm, which is too small for trypsin
ACHTUNGTRENNUNG(�4 nm) and proteins to diffuse into the channels. Proteoly-
sis yielded only one peptide peak at high signal-to-noise
ratio (S/N>80) and two peptide peaks at very low S/N (15,
18), as shown in Figure 3f. Due to the small entrance size of
the HMS, trypsin can only be adsorbed on the outer surface,
and the proteolytic efficiency of the HMS-trypsin is only a
little higher than in bulk solution (Figure 3d), but much
lower than in the nanopores (Figure 3a). Thus, the nanopo-
rous confinement is an important factor contributing to the
high proteolytic efficiency of the CNS-trypsin, where en-
zymes and protein samples are trapped in the CNS nano-
channels and the followed digestion occurs in confined
zones.


The low efficiency of protein digestion at low concentra-
tions is an unfavorable factor encountered in proteomics
which arises from the inherent kinetic limitations of most
proteases in solution.[27] On the basis of the unique meso-
scopic structure of CNS, the designed nanoreactor could not
only largely reduce the digestion time, but also avoid enzy-
matic autolysis. In this case, trypsin may be attached to the
inner walls of the mesochannels of CNS by electrostatic
forces restricting its degrees of freedom and concomitant au-
tolysis. With these advantages, trypsin-CNS can overcome
the major challenge of digestion of proteins at low concen-
trations. Proteolysis is still efficient when the concentration
of proteins is reduced to 2 ngmL�1 (Figure 4a and b), with
six peptides of myoglobin and six peptides of cytochrome c
identified after a digestion time of 20 min.


Proteolysis of a complex sample, a protein mixture ex-
tracted from the cytoplasm of human liver tissue, was uti-
lized to examine the practical feasibility of the system. After
digestion for 20 min, the tryptic products resulting from the


digestion of 5 mg protein mixture were separated on a m-C18


column followed by MALDI-TOF/TOF MS analysis. A total
of 165 proteins were unambiguously identified, with each
protein having at least two matched peptides (Supporting
Information, Table S1). The molecular weight of the majori-
ty of the identified proteins was between 20000 and 200000
and their isoelectric points ranged from 5 to 10 (Figure 5),
suggesting that this CNS-trypsin nanoreactor could be ap-
plied to a large range of substrates. Compared with the con-


Figure 4. PMF spectra of myoglobin ((a) 2 ngmL�1) and cytochrome c
((b) 2 ngmL�1) proteolysis products from in-CNS-nanoreactor digestion
(20 min).


Figure 5. Plot of PI of the identified proteins as a function of molecular
weight.
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ventional in-solution digestion time of approximately 12 h,
the trypsin-CNS reactor required only 20 min for the whole
digestion procedure, indicating that the mesopore-based di-
gestion protocol is a promising approach in the sensitive and
comprehensive analysis of cellular protein mixtures.


Conclusion


In summary, a CNS-based reactor for proteolysis has been
shown to be effective in proteomic analysis, with both nano-
scale confinement and protein enrichment effects being re-
sponsible for the highly efficient proteolysis. Furthermore,
when the concentration of protein was reduced to below mi-
cromolar levels, the CNS-based reactor could efficiently
digest the substrates due to protein enrichment within the
nanopores of CNS. Our findings also suggest that this reac-
tor can be used for the detection of proteins from biological
samples. This versatile system is a good example of proteo-
lytic reactions occurring in mesoporous silicates, where CNS
not only provides a support for the biocatalysts, but also
acts as a nanoreactor to facilitate protein digestion.


Experimental Section


2-Cyanoethyltriethoxysilane (CEOS, 98%) and tetraethoxysilane (TEOS,
98%) were purchased from Lancaster. Cetyltrimethylammonium bro-
mide (CTAB, 99%), n-hexadecylamine (98%), myoglobin (from horse
heart, 95%), cytochrome c (from horse heart, 95%), trypsin (from
bovine pancreas), a-cyano-4-hydroxycinnamic acid (CHCA, 99%), di-
thiothreitol (DTT 99%), iodoacetamide (IAA 99%), ammonium bicar-
bonate and potassium phosphate buffer were obtained from Sigma–Al-
drich. Acetonitrile (ACN, 99.9%) and trifluoroacetic acid (TFA, 99.8%)
were purchased from Merck. Tris base was obtained from Pharmacia Bio-
tech. Ammonium hydroxide solution (25�28%), isopropanol (�99.5%)
and hydrochloric acid (36–38%) was obtained from Shanghai No.4 Rea-
gent Company, Kunshan. All reagents were used as received without fur-
ther purification. Deionized water (18.4MWcm) used for all experiments
was obtained from a Milli-Q system (Millipore, Bedford, MA, USA).


Synthesis and characterization of MPS : CNS was synthesized as reported
previously.[6, 7] CTBA (50 g) was mixed with water (450 g) and the mixture
was heated to 30 8C until all the surfactant was dissolved. Then, TEOS
(50 mL), CEOS (6.25 mL), and NH4OH (2.5 mL) were added into the so-
lution. After heating at 105 8C for 24 h, the mixture was refluxed in a so-
lution containing 1.5% HCl and 2.5% H2O in methanol to remove the
surfactant until no change in mass was observed. The solid product was
calcined (ramp rate 1 8Cmin�1) and held at 650 8C for 6 h under a stream
of air (100 cm3min�1). Hexagonal mesoporous silicate (HMS) was synthe-
sized according to a published method.[28] A homogenous solution was
prepared by dissolving n-hexadecylamine in a solution of isopropanol
(100 mL), H2O (90 mL), and NH4OH (1.4 mL, 28%). Then, TEOS
(12 mL) was added, and the mixture was kept at ambient temperature
overnight. The resulting solid was extensively washed with deionized
water and was then calcined at 600 8C for 6 h to remove the surfactant.


Nitrogen gas adsorption/desorption isotherms were obtained by using a
Micromeritics Gemini ASAP 2000 system. Samples were pretreated by
heating at 150 8C under vacuum for 1 h to remove H2O. The thermody-
namics-based Barrett–Joyner–Halenda (BJH) method was used to ana-
lyze the pore size data by using the desorption branch of the isotherm
and the Brunauer–Emmett–Teller (BET) method was employed to mea-
sure surface areas.


Enzyme adsorption : The CNS-trypsin nanoreactors were generated by
mixing different amounts of trypsin (25–430 mg trypsin on 1 mg CNS)
with the CNS suspension (final concentration of 1 mgmL�1, in potassium
phosphate (25 mm), pH 6.5) in a beaker at room temperature for 16 h.[6, 7]


The suspension was centrifuged to remove excess trypsin and was then
washed (3 times) with NH4HCO3 (10 mm, pH 7.8) to remove externally
or weakly bound trypsin.


Preparation of the human liver cytoplasm sample : Samples were ob-
tained from the Human Liver Proteome Project (HLPP), which is one of
the initiatives launched by the Human Proteome Organization (HUPO)
and the first initiative on human tissues or organs.[29] The human liver cy-
toplasm sample was dissolved in a buffer containing urea (8m) and a mix-
ture of protease inhibitors and phosphatase inhibitors (1 mm PMSF,
0.2 mm Na2VO3, and 1 mm NaF), and was then vortexed for 30 min. The
suspension was centrifuged at 18000 g for 1 h (4 8C) and the extracted
proteins in the supernatant were reduced with DTT (20 mm) at 37 8C for
30 min and then alkylated with IAA (25 mm) for an additional 30 min at
room temperature in the dark. After these procedures, the samples were
freeze dried and stored in a refrigerator before use.


Nanopore-based digestion : CNS-trypsin particles were first immersed in
a solution (10 mm, NH4HCO3, pH 7.8) containing protein substrates
ACHTUNGTRENNUNG(myo ACHTUNGTRENNUNGglobin or cytochrome c) at different concentrations (2–200 ngmL�1)
for 20 min at 37 8C (the protease/substrate ratio was 1:3 (w/w)). The solu-
tion was centrifuged at 14000 rpm for 3 min. The supernatant was collect-
ed and directly used for subsequent MS analysis. The procedure for in-
nanopore proteolysis of the liver samples was similar, with the exception
that the concentration of protein was 1 mgmL�1. For comparison, the pro-
teins were digested in solution. Various amounts of myoglobin and cyto-
chrome c were dissolved in ammonium bicarbonate buffer (10 mm,
pH 7.8) and denatured at 100 8C for 5 min. The solutions were incubated
for 12 h at 37 8C with trypsin at an enzyme/substrate ratio of 1:30 (w/w).


Capillary LC separation of nanopore-based digests of the biological
sample: Capillary LC separation of the digest of the liver cytoplasm
sample from the CNS-trypsin nanoreactor was performed by using an
Agilent 1100 series capillary pumping system (DE, Germany) equipped
with the AccuSpot microfraction collector for MALDI plate spotting.
Samples (5 mL) were injected and captured on a trap column (Vydac C18,
5 mm, 300 L, 300 mm i.d. M5 mm), were then eluted and separated on an
analytical LC column (Vydac C18, 5 mm, 300 L, 300 mm i.d. M100 mm) by
using 0.1% TFA in water as mobile phase A and 0.1% TFA in acetoni-
trile as mobile phase B. The gradient was fixed at 5% B for 10 min to
elute salts in the sample, and then ramped linearly from 5 to 50% B over
30 min, then 50 to 75% B over the next 15 min, and 75 to 95% over the
following 10 min. At the end, the solvent composition was returned to
the start point in 5 min. The flow rate was 3 mLmin�1. Automatic
MALDI plate spotting commenced when the gradient change began, and
the time interval between two drops was 24 s.


Sample preparation and identification: The digestion products were spot-
ted on the MALDI sample plate (0.4 mL for each drop) and dried at
room temperature. Then, CHCA matrix (0.4 mL) was dropped and dried
under the same conditions. The CHCA matrix was a mixture (1:1 (v/v))
of diammonium citrate (0.4 mg) in a solution of ACN/H2O/TFA (50/49.9/
0.1% (v/v)) (1 mL) and CHCA (8 mg) in a solution of ACN/H2O/TFA
(50/49.9/0.1% (v/v)) (1 mL). Before sample identification, the MS instru-
ment was calibrated in external calibration mode by using tryptic pep-
tides of myoglobin. All tryptic digests were analyzed on an Applied Bio-
systems 4700 proteomics analyzer.


For standard proteins, proteolysis efficiency was evaluated by PMF (pep-
tide-mass fingerprinting), and the spectrum of each spot was obtained by
accumulation of 2000 laser shots by using a laser power set to 10%
above the threshold for ion formation. For the liver sample, an MS/MS
method (3800 laser shots per analysis, laser power set to 30% above the
threshold for ion formation) was used, and only peaks with S/N ratios
above 20 from the PMF spectrum were selected. GPS Explorer software
from Applied Biosystems with Mascot as a search engine and SwissProt
(Version 050303) as a database was employed for protein identification.
The peptide mass tolerance was set to 80 ppm, and the tandem mass tol-
erance was set to 0.5 Da.
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Introduction


As part of a program to develop a strategy for preparation
of cocrystals of crown ethers with dihydrogen bond donors
with a pre-designed structure,[1–5] we have carried out experi-


ments to co-crystallize phenyl
carbamate (PC) as hydrogen-
bond donor with crown ethers.
Carbamates, particularly phenyl
carbamate derivatives, are
known as compounds which ex-


hibit broad pharmacological activities.[6–9] During co-crystal-
lization experiments of crown ethers with PC we noticed
changes in the crystal habits, which prompted additional ex-
periments. These experiments have led to the discovery of
three previously unreported polymorphs of pure PC.


In this contribution, we report the results of studies con-
cerning the characterization of these newly discovered PC
polymorphs by a variety of methods including variable tem-
perature powder X-ray diffraction (PXRD), vibrational
spectroscopy (infrared and Raman), calorimetry (DSC) and
optical hot stage microscopy (HSM).


Results and Discussion


Crystallization : Traditional crystallization experiments were
carried out in which saturated solutions of PC were allowed
to evaporate from various solvents at slow evaporation rate
at room temperature. Crystallization from methanol and
acetonitile produced repeatedly form I in a few days and
crystallization from ethyl acetate produced form II in few
days. A suspected co-crystal of PC and benzo[18]crown-6
was obtained from solvent-drop grinding experiment[10] with
acetonitrile; the unknown substance is currently under in-
vestigation. Form III was observed only on the HSM,
PXRD and DSC when a sample of form II was heated. We
have not yet succeeded in producing a single crystal of this
form. The crystals of different habits are summarized in
Table 1.


Form I transforms to form II rapidly in methanolic solu-
tion in which the colorless square plates dissolve at the ex-
pense of the nearby growing colorless needles and plates.
The transformation proceeds until after 120 min the entire
sample has converted to the stable form (Figure 1). In other
cases the colorless square plates transformed directly and in-
stantaneously into form II (Figure 2).


Thus, form I undergoes both a solution-mediated phase
transformation and solid-state transformation to form II.[11]


In addition, form II transforms to form III by heating on the
HSM. The phase transformation was observed sequentially
as illustrated in Figure 3. The plate shaped form II was
heated from 25 to 147 8C. At 80.2 8C form II transforms to
form III. It is noteworthy that this observation is not in
agreement with the DSC result. The opaque plate of


Abstract: Crystallization experiments
with phenyl carbamate as a hydrogen-
bond donor with crown ethers have led
to the discovery of three unknown
polymorphs of phenyl carbamate. In
this contribution, we characterize the
phenyl carbamate polymorphs by a va-
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temperature powder X-ray diffraction
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frared and Raman), calorimetry (DSC)


and optical microscopy (HSM). The
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ated and solid state transformation
processes. Through comparison of the
two structures of form I and form II it
is possible to propose a mechanism for
the transformation.
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form III began to melt at 145.1 8C. The transformation pro-
cesses are summarized in Scheme 1 in accord with the DSC
observations.


Diffraction methods of analysis : The crystal structures of
form I and form II were determined by single-crystal X-ray
diffraction at room temperature. The ORTEP diagram and
atomic numbering for both forms are given in Figure 4.
Both structures are monoclinic centrosymmetric space
group P21/c with Z’=1. There are clear differences between
the unit cell parameters and the volume which are summar-
ized in Table 2. The calculated density of form II is higher
than from I by 4.6%. Thus, the two forms obey BurgerIs
density rule;[12] that is, the more stable form II has the


higher density. The molecular geometries of the two forms
are slightly different in terms of the torsion angle defined by
the phenyl ring and the carbamate oxygen. The most signifi-
cant structural difference between the two molecules in the
two forms is the torsion angle C7-O1-C1-C6 which is re-
duced from 98.4(4)8 in form I to 94.0(2)8 in form II.


PC has two proton donors and two oxygen acceptor that
can participate in hydrogen bond interactions. The hydrogen
bonding in the two forms may be compared conveniently
with the aid of graph set notation in order to understand the
structural similarities and differences of the hydrogen bond-
ing in the system and possibly shed some light on the rela-
tive stabilities of the different forms.[1,13–16] Tables 3 and 4
contain the geometric features and the lengths of the hydro-
gen bonds. Figure 5 shows the hydrogen bond motifs of the
two forms.


Form I is composed of ribbons along the c axis, with alter-
nating R2


2(8) and R4
16(16), due to the presence of the c glide.


In form II there is a translation relationship between mole-
cules along the a axis as shown in Figure 6, leading to a
ribbon composed of R2


2(8) alternating with R2
4(8). The hydro-


gen bonds perpendicular to these planes are similar, with
the two structures having identical C(4) and R2


2(8) motifs in
the first level graph set. The difference in the ribbon struc-
tures is consistent with the greater density of form II.


From the structural analysis of the two polymorphs it is
possible to propose a mechanism for the phase transforma-
tion. The rapid conversion from form I to form II in the
solid state is facilitated by the preservation of the hydrogen-
chain packing and the rearrangement of the carbamate
group to generate the more dense form. This would roughly
involve a flip of the phenyl ring in form I and the formation
of an additional R2


2(8) ring (and consequently the R2
4(8) ring)


with some additional relatively small rotational adjustment
of the molecules.


In this context, it is worth mentioning the resemblance of
PC and benzamide in their crystal structures and chemical
behavior. The disappearing polymorph of benzamide was


Figure 1. Solution-mediated phase transformation from form I to form II at room temperature.


Figure 2. Form II after solid-state phase transformation from form I at
room temperature.


Table 1. Various crystal habits of PC polymorphs.


Poly-
morph


Crystal descrip-
tion


Photograph


form I
colorless
square plates


form
II


colorless nee-
dles and plates


form
III


white needles
and plates
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one of the major challenges for chemical crystallographers
in the twentieth century.[17–25] Only recently the crystal struc-
ture of the metastable form was solved and the story was


completed.[26–28] Groth, who
summarized the earlier histori-
cal work in his 1917 compendi-
um of Chemical Crystallogra-
phy,[29] described the stable
form as a monoclinic prism.
The stable forms of both benza-
mide and PC are monoclinic,
P21/c. The stable form of benza-
mide also possesses the same
ribbon forming R2


4(8) and R2
2(8)


hydrogen-bond motifs as the
stable form of PC. Furthermore
the transformation process to
the stable form in both com-
pounds occurs via both solid-
state phase transformation and
solution-mediated phase trans-
formation.


The calculated PXRD of form I and form II is shown in
Figure 7. Variable temperature PXRD measurements indi-
cate that heating leads to transformation of form II to form
III as demonstrated in Figure 8.


IR and Raman spectra : The IR and Raman spectra
(Figure 9) provide spectral information corresponding to the
nature of the structural differences in hydrogen bonding in
the structures.[30] Major differences between the two poly-
morphs both at higher and lower wavenumbers in IR spec-
tra and higher wavenumbers in the Raman spectra are due
to changes in stretching and deformation vibrations of the
phenyl ring. In the spectral regions that are due to hydrogen


Figure 4. ORTEP diagram and atomic numbering of the molecule in
form II. Form I follows the same atomic numbering system.


Table 2. Crystallographic data of two PC polymorphs.


Form I Form II


crystal system monoclinic monoclinic
space group P21/c P21/c
a [K] 11.990(2) 5.119(3)
b [K] 6.352(1) 9.507(5)
c [K] 9.721(2) 14.436(7)
b [8] 103.01(3) 97.631(9)
V [K3] 721(2) 696.2(6)
Z’ 1 1
1calcd [Mgm�3] 1.263 1.309
R1 [%] 7.1 4.3


Table 3. Graph set matrices for the hydrogen-bond motifs of PC poly-
morphs.


Form II a b


a R2
2(8) –


b C1
2(4) C(4)


Form II a b


a R2
2(8) –


b R2
4(8) C(4)


Table 4. Hydrogen-bond lengths [K] of PC polymorphs.


Hydrogen bond a O2–H Hydrogen bond b O2–H


form I 2.11(3) 2.13(4)
form II 2.12(2) 2.14(2)


Figure 3. Phase transformation from form II to form III on a Kofler hot stage microscope. The onset of trans-
formation beginning at 80.2 8C in the second photograph is detected by the roughening of the crystal edge. At
145.1 8C form III begins to melt.


Scheme 1. The transformation processes of PC.
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bonding minor changes in the stretching vibrations of the
amide are observed at higher wavenumbers. The IR peak
positions are tabulated in Table 5.


The spectral differences are consistent with observation
that a significant difference between the two forms is associ-
ated mostly with the environment of the phenyl ring, while
the packing diagrams indicate that the hydrogen bonding in
both structures appears to be very similar, but the environ-
ment of the aromatic ring is indeed different.


Thermal methods of analysis : DSC traces of PC are given in
Figure 10. An endotherm of form I melting is observed at
141.7 8C (onset) with DHf=�3.684 kcalmol�1, and an endo-
therm of form III melting is observed at 144.4 8C (onset)
with DHf=�5.287 kcalmol�1. The transformation from form
II to form III occurs at 95.8 8C (onset) with DHt of


�0.3206 kcalmol�1 (Figure 10).
On cooling from the melt of
form III, an exothermic peak
corresponding to crystallization
of form III appears.


The appearance conditions of
PC polymorphs and the trans-
formation process emphasizes
the balance that exists between
kinetic and thermodynamic
conditions.[29] From these results
and the crystallization experi-
ments, we can conclude that
form I is the kinetically favored
form, form II is the stable form
at room temperature and form
III is the thermodynamically fa-
vored form only above 95.8 8C.


Conclusions


Co-crystallization experiments
of PC with crown ethers have
led to the serendipitous discov-
ery of three crystal forms of PC
which have been characterized
by a variety of techniques.
Forms I and II have been ob-


Figure 5. Hydrogen-bond motifs in PC polymorphs a) form I, b) form II.
The length of C(4) in form I is 2.13 K and in form II is 2.14 K.


Figure 6. Comparison of the hydrogen chain of a) form I and b) form II
of PC.
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tained from a number of solvents while form III was ob-
tained only by heating form II and was observed only transi-
ently in the DSC, HSM and PXRD. Form I transformed to
form II both through solution-mediated phase transforma-
tion and solid state transformation. A comparison of the
two structures of form I and form II provides a qualitative
model for the structural mechanism of the transformation.
The relatively small changes in IR and Raman peak posi-
tions imply that the major differences between the two
structures are associated with changes in the environment of
the phenyl ring as revealed in the single crystal structure
analysis.


Experimental Section


Phenyl carbamate was purchased from Alfa-Aesnar and used without fur-
ther purification.


Laboratory powder X-ray diffraction data were collected on a Huber
Guinier Camera 670 which was installed on an Ultrax 18-Rigaku X-ray
rotating Cu anode source, with a monochromator (focal length B=


360 mm) providing pure Ka radiation. A position sensitive image plate
camera was used for powder diffraction applying transmission geometry.


Single crystal X-ray diffraction data were collected on a Bruker SMART
1000 K diffractometer using MoKa radiation with a graphite monochro-
mator. The data were reduced by SAINT,[31] solved using SHELXS,[32]


and refined with SHELXL[33] in SHELXTL.[34] All the atoms (including
the hydrogen atoms) were located either in the structure solution or in
subsequent difference maps.


Optical microscopy studies were carried out on a Wagner and Munz
Kofler Hot Stage mounted on a Leica Galen III model microscope with
crossed polarized light.


IR measurements were performed using a Nicolet Impact 410 spectrome-
ter using a KBr disk.


Differential Scanning Calorimetry was carried out on Mettler Toledo
Star system. All measurements were run with heating and cooling rate of
5 8Cmin�1 in sealed Al pans.


Raman measurements were performed by placing the samples under a
microscope (Olympus, BX 41) interfaced to a confocal Raman spectrom-
eter (Jobin Yvon, Labram UV HR), driven by the Labspec 4.04 software.
Raman scattering was obtained following �10 mW diode laser excitation
at 784.79 nm. The dispersive spectrometer was equipped with a 600
linesmm�1 grating and combined with an air cooled charged coupled
device (CCD), containing 1024N256 pixels, for Raman signal detection.
A TV camera facilitated scanning the sample surface focusing the laser
beam on the point to be measured. Spectra were monitored by focusing
the laser beam manually or by employing a scannable x,y stage on partic-
ular points in the sample. The focusing was done by a X100/0.9 or a X50/
0.75 microscope objective to about a 1 mm spot diameter. A confocal pin-
hole of 100 mm diameter, before the entrance slit to the spectrograph, re-
jected fluorescence and Raman signals from out of focus planes. The
spectra were collected over 120 sec and accumulated twice from several
points in each sample.


Figure 7. Comparison between the calculated PXRD of form I and form
II at room temperature.


Figure 8. Variable temperature PXRD measurements for the transformation process of form II to form III. The black regions represent form II, the pale
gray region represents a transition state during the transformation (i.e., exhibiting both form II and form III) and the dark gray regions represent form
III with residue of form II.
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Figure 10. a) DSC thermogram of heating of Form II of PC. b) cooling of form III; c) heating of form I. Both
heating and cooling cycle at the rate of 5 8Cmin�1.
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Synthesis and Characterization of [Cu ACHTUNGTRENNUNG(NHC)2]X Complexes: Catalytic and
Mechanistic Studies of Hydrosilylation Reactions
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Introduction


The reduction of carbonyl and pseudocarbonyl functions is
an essential transformation in organic synthesis.[1] Main-
group metal hydrides, in particular those of boron and alu-
minum, can accomplish this transformation, but they are re-
quired in stoichiometric amounts, which renders them unat-
tractive from both practical and economic points of view.


Transition-metal catalysis has been successfully applied for
the reduction of olefins, alkynes, and many carbonyl com-
pounds by hydrogenation or hydrosilylation.[2] Hydrogena-
tion reactions often proceed in good yields, but only under
high pressure or elevated temperature. In contrast, since the
first report of a metal-catalyzed hydrosilylation of ketones
in the presence of the Wilkinson%s catalyst,[3] smooth reac-
tion conditions can be employed, and in consequence, over-
reduced products are rarely detected. A sequence of hydro-
silylation/hydrolysis reactions leads to the formation of alco-
hols and amines. Alternatively, the silyl group can also be
retained as a protecting group, a process that is of great in-
terest in organic synthesis. Moreover, this approach replaces
the use of hazardous dihydrogen with easy-to-handle hydro-
silanes.


Pioneering work by Stryker et al. showed that hexameric
[CuH ACHTUNGTRENNUNG(Ph3P)]6 was an efficient reagent in the conjugate re-
duction of a number of carbonyl derivatives, with high regio-
selectivity.[4] This stabilized form of copper hydride, which
was first reported by Osborn et al.,[5] put an end to the as-
sumption that Cu�H was too unstable to have any potential
applications in organic chemistry.[6] The combination of the
Stryker%s catalyst and a hydrosilane as a hydride source al-
lowed the regioselective conjugate reduction of carbonyl
compounds under mild conditions.[7] This methodology has


Abstract: The preparation of two series
of [CuACHTUNGTRENNUNG(NHC)2]X complexes (NHC=N-
heterocyclic carbene, X=PF6 or BF4)
in high yields from readily available
materials is reported. These complexes
have been spectroscopically and struc-
turally characterized. The activity of
these cationic bis-NHC complexes in
the hydrosilylation of ketones was ex-
amined, and both the ligand and the
counterion showed a significant influ-
ence on the catalytic performance.
Moreover, when compared with related


[CuACHTUNGTRENNUNG(NHC)]-based systems, these cat-
ionic complexes proved to be more ef-
ficient under similar reaction condi-
tions. The activation step of [Cu-
ACHTUNGTRENNUNG(NHC)2]X precatalysts towards hydro-
silylation was investigated by means of
1H NMR spectroscopy. Notably, it was
shown that one of the N,N’-bis(2,6-di-


isopropylphenyl)imidazol-2-ylidene
(IPr) ligands in [Cu ACHTUNGTRENNUNG(IPr)2]BF4 is dis-
placed by tBuO� in the presence of
NaOtBu, producing the neutral [Cu-
ACHTUNGTRENNUNG(IPr) ACHTUNGTRENNUNG(OtBu)]. This copper alkoxide is
known to be a direct precursor of an
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effects have been rationalized in light
of the species formed during the reac-
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been expanded to different hydrosilanes and ancillary li-
gands,[8] and developed asymmetrically.[9]


N-Heterocyclic carbenes (NHCs)[10] are an interesting al-
ternative to phosphines for the copper-catalyzed hydrosilyla-
tion of carbonyl groups. [CuCl ACHTUNGTRENNUNG(IPr)] (IPr=N,N’-bis(2,6-dii-
sopropylphenyl)imidazol-2-ylidene) is an efficient catalyst
for the hydrosilylation of unhindered ketones[11] and for the
conjugate reduction of tri- and tetra-substituted a,b-unsatu-
rated ketones and esters.[12] More challenging ketones can
be hydrosilylated in the presence of [CuCl ACHTUNGTRENNUNG(ICy)] (ICy=


N,N’-bis(cyclohexyl)imidazol-2-ylidene) or [CuCl ACHTUNGTRENNUNG(SIMes)]
(SIMes=N,N’-bis(2,4,6-trimethylphenyl)-4,5-dihydroimida-
zol-2-ylidene).[13] In addition, we recently reported the prep-
aration and application of [Cu ACHTUNGTRENNUNG(IPr)2]X complexes (1a : X=


PF6, 1b : X=BF4) in catalysis.[14] Herein, we describe the
preparation and characterization of two series of homoleptic
bis-NHC complexes, and explore their catalytic activity in
the hydrosilylation of ketones. The structures of the NHC li-
gands employed in this study are shown in Figure 1.


Results and Discussion


Synthesis of [Cu ACHTUNGTRENNUNG(NHC)2]X complexes : Two series of [Cu-
ACHTUNGTRENNUNG(NHC)2]X complexes (2a–7a, 2b–7b) were synthesized in
very good yields from the corresponding tetrakis(acetoni-
ACHTUNGTRENNUNGtrile)copper(I) and azolium salts in the presence of a strong
base (Table 1).[14] An excess of base was generally used to
ensure total conversion of the carbene precursor. However,
these conditions were avoided in the case of complexes 5
and 7, bearing ICy and ItBu ligands, because partial decom-
position of the expected products was observed if an excess
of base was used. The pure white complexes isolated are


highly stable to air and moisture with the exceptions of 7a
and 7b.[15] These ItBu-containing complexes decomposed
slowly over several weeks, but this could be avoided by
simply flushing the storage vial with an inert atmosphere,
for example, argon.


The 1H NMR spectra of complexes 3a, 3b, 5–7a, and 5–
7b, which contain unsaturated NHC ligands, are character-
ized by a single resonance signal for the two imidazole pro-
tons at low field (d=7.34–7.64 ppm), as well as signals that
are characteristic of their corresponding side chains. The
13C NMR spectra give rise to characteristic low-field reso-
nance signals for the carbenic carbon at around d=


175 ppm. Saturated complexes 2a, 2b, 4a, and 4b result in
1H NMR spectra with resonances at around d=4.00 ppm for
the protons in the imidazoline ring, and the expected signals
for the mesityl and isopropylphenyl side chains. For these
complexes, the 13C NMR spectroscopy data show one signal


Abstract in Spanish: Se presenta la preparaci�n de dos series
de complejos [Cu ACHTUNGTRENNUNG(NHC)2]X (NHC=carbeno N-heteroc$cli-
co, X=PF6 o BF4) en altos rendimientos a partir de materia-
les de f*cil acceso. Estos complejos han sido caracterizados
espectr�spica y estructuralmente. La actividad de estos com-
plejos cati�nicos bis-NHC en la hidrosililaci�n de cetonas ha
sido examinada y el ligando as$ como el contra-i�n mostra-
ron una influencia significativa en la eficacia catal$tica.
Adem*s, al compararlos con otros sistemas [Cu ACHTUNGTRENNUNG(NHC)] rela-
cionados, estos complejos cati�nicos mostraron ser m*s efi-
cientes bajo similares condiciones de reacci�n. La activaci�n
de los pre-catalizadores [Cu ACHTUNGTRENNUNG(NHC)2]X hacia la hidrosilila-
ci�n ha sido investigada mediante 1H RMN. En particular, se
ha mostrado que uno de los ligandos IPr en [Cu ACHTUNGTRENNUNG(IPr)2]BF4


es desplazado por tBuO� en la presencia de NaOtBu, produ-
ciendo el complejo neutral [Cu ACHTUNGTRENNUNG(IPr) ACHTUNGTRENNUNG(OtBu)]. Este alc�xido
de cobre es conocido como un precursor directo de un hidru-
ro de NHC-cobre, la verdadera especie activa en esta trans-
formaci�n. Asimismo, la influencia de la carga de reactivos y
del contra-i�n han sido racionalizados segffln las especies for-
madas en la reacci�n catal$tica.


Figure 1. Structures of the NHC ligands studied.


Table 1. Preparation of [Cu ACHTUNGTRENNUNG(NHC)2]X complexes.


NHC X Complex Base [equiv] t [h] Yield [%]


SIPr PF6 2a 1.3 15 68
SIPr BF4 2b 1.3 6 63
IMes PF6 3a 1.0 15 91
IMes BF4 3b 1.3 15 74
SIMes PF6 4a 1.3 15 86
SIMes BF4 4b 1.3 15 86
ICy PF6 5a 1.0 15 80
ICy BF4 5b 1.1 15 93
IAd PF6 6a 1.3 15 84
IAd BF4 6b 1.3 15 95
ItBu PF6 7a 1.1 6 99
ItBu BF4 7b 1.1 6 100
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for the carbenic carbon atoms at significantly lower field
(d=200 ppm) when compared with that of their unsaturated
analogues. No influence of the counterion in the NMR spec-
troscopic data was observed.


Crystallographic studies were carried out to unambiguous-
ly confirm the structures of these complexes. Crystals suit-
ACHTUNGTRENNUNGable for X-ray diffraction were grown for complexes 2a, 3a,
3b, 4a, 4b, 6a, 6b, and 7b. Repeated attempts to crystallize
the other complexes were unsuccessful and generally led to
the formation of decomposition products and the corre-
sponding azolium salt. Ball and stick representations of the
complexes are given in Figure 2 (3a, 3b, 4a, and 4b) and
Figure 3 (6a, 6b, 2a, and 7b). A comparison of selected
bond lengths and angles is provided in Tables 2 and 3 and
relevant crystallographic data for these complexes are sum-
marized in Table 4. All of the complexes have a two-coordi-
nate copper(I) atom in a near-linear environment with a C-
Cu-C angle very close to or equal to 1808. As seen for other
crystallographically characterized complexes that contain
NHC ligands with N-aryl substituents, the aryl groups are
twisted almost perpendicularly with respect to the imidazole
plane, which results in a favorable steric arrangement with


the metal center. For all com-
pounds, the Cu�C bond lengths
lie in the range of 1.87 to
2.00 P, comparable to the re-
ported Cu�C bond lengths in
bis-NHC complexes.[16] An in-
crease in the Cu�C distances as
a function of steric hindrance of
the N-aryl substituent was ob-
served. The bulkiness brought
by such substituents could also
be correlated to the torsion
angle between the ligands.
Complexes with the bulkiest li-
gands (IAd and ItBu; 6a, 6b,
and 7b) have the longest Cu�C
bond lengths and a torsion
angle between the NHC ligands
of close to 908 (Table 3, last
entry). Complexes 4 and 5,
which have the less hindering li-
gands IMes and SIMes, have
shorter Cu�C bond lengths and
smaller torsion angles. Complex
2a (Table 2), which has two
bulky SIPr ligands, has a long
Cu�C bond length, but the li-
gands are only slightly twisted.
In this particular case, the pres-
ence of two sp3 carbon atoms in
the heterocyclic ring allowed
the formation of torsion angles
of 15.7 and 8.7 8 in the saturated
backbones of the SIPr ligands.
Interestingly, SIMes complexes


4a and 4b do not show such a feature and the imidazoline
rings are planar. We assume that in the case of 2a, the steric
congestion around the metal center owing to the isopropyl
groups is preferentially released by the torsion of the imida-
zoline rings rather than by ligand twisting.


In 3b, the unit cell contains two independent half-mole-
cules of the [Cu ACHTUNGTRENNUNG(IMes)2]


+ cation and the BF4
� anion. The


geometries of each pair of cations and anions are constrain-
ed by a crystallographic two-fold rotation axis passing
through the copper and boron atoms, respectively. In 4a, the
PF6


� anion was disordered and the positions of the six inde-
pendent fluorine atoms were assigned fixed site occupancy
factors of 0.25 and refined by restraining the twelve F···F
distances along the edges of the octahedral array of fluorine
atoms to (2.24�0.02) P. On the other hand, both Cu(1) and
P(1) lie at the intersection of three orthogonal two-fold ro-
tation axes and the carbenic carbon, labeled C(1), lies on
one of the crystallographic C2 axes that passes through
Cu(1). Similarly, unusually large thermal ellipsoids were ob-
served for the independent fluorine atom of the tetrafluoro-
borate anion in 7b, which reflects significant vibrational
motion normal to the B�F bonds within this anion. Finally,


Figure 2. Ball and stick representations of [CuACHTUNGTRENNUNG(IMes)2]PF6 (3a), [CuACHTUNGTRENNUNG(IMes)2]BF4 (3b), [Cu ACHTUNGTRENNUNG(SIMes)2]PF6 (4a),
and [Cu ACHTUNGTRENNUNG(SIMes)2]BF4 (4b). Most hydrogen atoms have been omitted for clarity.
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short distances in space were
observed in several examples
between hydrogen atoms in the
NHC backbone and the fluo-
rine atoms in the counterion.
H···F distances of around 3 P
are present in 2a, 3a, 4a, 6a,
and 6b and the closest contacts
are 2.468, 2.695, or 2.314 P in
3a, 6a, and 6b, respectively.
These values are close to or
smaller than the sum of the van
der Waals radii of hydrogen
and fluorine (2.55 P), and
therefore, these data could
imply that there is some inter-
action. However, the distances
do not fall into the usual range
for hydrogen bonds.


Catalytic studies on the hydro-
silylation of ketones : We inves-
tigated the catalytic activity of
complexes 2–7 in the hydrosily-
lation of carbonyl compounds.
Cyclohexanone was used as a
model substrate under the reac-
tion conditions we previously
reported for complexes 1a and
2b.[14] The results are presented
in Table 5. Low conversions to
the silyl ether were obtained
with IMes-, SIMes-, and ItBu-


containing complexes; ICy-containing complexes 5a and 5b
and SIPr-containing complexes 2a and 2b led to good con-
version after relatively short reaction times. As often ob-
served, these screening results cannot be rationalized by
purely steric or electronic effects.[10f] The less bulky ligands,
IMes and SIMes, were not efficient in this transformation,
nor was the very bulky ItBu ligand. Furthermore, we ob-
served a significant counterion effect and the BF4


� com-
pounds were systematically superior to their PF6


� analogues.
The most important difference was observed with the bis-
IAd complexes: whereas reduction of cyclohexanone was


Figure 3. Ball and stick representations of [Cu ACHTUNGTRENNUNG(IAd)2]PF6 (6a), [Cu ACHTUNGTRENNUNG(IAd)2]BF4 (6b), [Cu ACHTUNGTRENNUNG(SIPr)2]PF6 (2a), and
[Cu ACHTUNGTRENNUNG(ItBu)2]BF4 (7b). Most hydrogen atoms have been omitted for clarity.


Table 2. Selected bond lengths [P] and angles [8] for complex 2a.


Cu(1)�C(1) 2.000(15) C(1)-Cu(1)-C(4) 179.0(7)
Cu(1)�C(4) 1.910(15) N(1)-C(1)-N(2) 109.2(12)
N(1)�C(1) 1.297(16) N(3)-C(4)-N(4) 104.9(11)
N(3)�C(4) 1.390(16) C(3)-C(2)-N(1) 101.7(11)
N(2)�C(1) 1.306(17) C(6)-C(5)-N(3) 101.7(10)
N(4)�C(4) 1.366(16) N(1)-C(1)-C(4)-N(3) 28.24
N(1)�C(2) 1.485(17)
N(3)�C(5) 1.488(16)
N(2)�C(3) 1.450(18)
N(4)�C(6) 1.519(18)
C(2)�C(3) 1.52(2)
C(5)�C(6) 1.50(2)
Cu(1)···P(1) 8.338


Table 3. Selected bond lengths [P] and angles [8] for complexes 3a, 3b, 4a, 4b, 6a, 6b, and 7b.


3a 3b[a] 4a 4b 6a 6b 7b


Cu(1)�C(1) 1.871(3) 1.884(2) 1.899(3) 1.896(4) 1.938(5) 1.933(5) 1.909(2)
N(1)�C(1) 1.353(3) 1.349(2) 1.328(2) 1.331(3) 1.367(4) 1.357(6) 1.360(2)
N(2)�C(1) 1.357(3) 1.349(2) 1.328(2) 1.331(3) 1.367(4) 1.368(6) 1.360(2)
N(1)�C(2) 1.382(4) 1.382(2) 1.483(3) 1.487(4) 1.394(5) 1.370(6) 1.376(2)
N(2)�C(3) 1.386(4) 1.383(2) 1.483(3) 1.487(4) 1.394(5) 1.388(6) 1.376(2)
C(2)�C(3) 1.337(4) 1.336(3) 1.531(5) 1.531(6) 1.335(7) 1.334(6) 1.337(4)
Cu(1)···P(1) or B(1) 7.961 7.586 7.332 7.151 7.092 7.746 7.475
C(1)-Cu(1)-C(1)’ 175.15(11) 179.88(9) 180.0 180.0 180.0 177.97(19) 180.0
N(1)-C(1)-N(2) 104.2(2) 104.33(15) 109.1(3) 109.2(4) 104.2(4) 104.2(4) 104.95(15)
C(3)-C(2)-N(1) 106.7(3) 106.34(17) 102.3(1) 102.36(16) 107.1(2) 107.9(4) 107.31(9)
N(1)-C(1)-C(1)’-N(1)’ 67.05 54.00 27.74 30.05 80.55 85.76 82.10


[a] Two molecular units are present.
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completed in 4 h in the presence of 6b, only 12% of the ex-
pected silyl ether was formed with 6a after 24 h.


We were also interested in the possible influence of the
NHC ligand and/or counterion on the diastereoselectivity of
the reaction. Cationic catalysts capable of reaching comple-


tion in the reaction with the model substrate were then
screened for the hydrosilylation of 2-methylcyclohexanone.
As shown in Table 6, no significant differences were ob-
served, which indicates that NHC ligands are moderately di-
astereo-directing for this particular reaction. The reactivity
trend depending on the counterion was also confirmed here,
although there was no influence on the diastereoselectivity.
For the sake of comparison, the reaction was also carried


Table 4. Crystallographic data for 2a, 3a, 3b, 4a, 4b, 6a, 6b, and 7b.


2a 3a 3b 4a 4b 6a 6b 7b


formula C54H76CuF6N4P C42H48CuF6N4P C42H48BCuF4N4 C42H52CuF6N4P C42H52BCuF4N4 C46H64CuF6N4P C49H70BCuF4N4 C22H40BCuF4N4


M [gmol�1] 989.70 817.35 759.19 821.39 763.23 881.52 881.44 510.93
T [K] 150(2) 150(2) 295(2) 223(2) 150(2) 150(2) 150(2) 295(2)
crystalline
system


monoclinic triclinic orthorhombic orthorhombic orthorhombic orthorhombic orthorhombic tetragonal


space group Cc P1̄ Pnna Pnnn Pnnn I222 Pna21 P42/nbc
a [P] 17.6928(8) 10.9435(5) 16.155(1) 8.2343(6) 8.1289(6) 11.4622(5) 40.1657(18) 12.0350(5)
b [P] 17.7186(8) 12.1449(6) 31.477(2) 12.1349(9) 11.7680(8) 12.3125(5) 19.3869(9) 12.0350(5)
c [P] 16.7094(7) 15.7673(7) 16.007(1) 20.6916(15) 20.4815(14) 14.1833(6) 11.3387(5) 17.7379(10)
a [8] 90.00 91.1810(10) 90.00 90.00 90.00 90.00 90.00 90.00
b [8] 99.4310(10) 94.2690(10) 90.00 90.00 90.00 90.00 90.00 90.00
g [8] 90.00 92.4800(10) 90.00 90.00 90.00 90.00 90.00 90.00
V [P3] 5167.5(4) 2087.23(17) 8139.6(10) 2067.6(3) 1959.3(2) 2001.67(15) 8829.3(7) 2569.2(2)
Z 4 2 8 2 2 2 8 4
1calcd


[g cm�3]
1.272 1.301 1.239 1.319 1.294 1.463 1.326 1.321


m [mm�1] 0.514 0.622 5.88 6.28 0.611 0.654 0.554 8.95
F ACHTUNGTRENNUNG(000) 2104 852 3184 860 804 932 3760 1080
crystal size
[mm]


0.60T0.25T0.15 0.50T0.30T0.20 0.32T0.40T0.50 0.12T0.28T0.38 0.60T0.30T0.15 0.70T0.50T0.30 0.80T0.40T0.20 0.15T0.30T0.40


q [8] 1.64–20.00 2.10–20.00 1.29–27.52 2.66–27.50 2.70–20.00 2.19–20.00 1.01–20.00 2.30–27.50
index range
h �16 �10 �21 to 20 �10 to 9 �7 �11 �38 �14 to 15
k �17 �11 �40 �15 �11 �11 �18 �15
l �16 �15 �20 to 19 �26 �19 �13 �10 �23 to 22
no. of data 4788 3887 9309 2374 920 921 8215 1480
no. of re-
straints


689 488 0 12 110 146 1203 1


parameters 612 500 483 168 124 134 1086 79
Gof on F2 1.080 1.058 1.047 1.081 1.115 1.118 1.086 1.053
R values (all
data)


R1=0.0664
wR2=0.1652


R1=0.0311
wR2=0.0689


R1=0.0848
wR2=0.1573


R1=0.0570
wR2=0.1271


R1=0.0348
wR2=0.0839


R1=0.0272
wR2=0.0721


R1=0.0373
wR2=0.0885


R1=0.0606
wR2=0.1506


Table 5. Catalyst screening for the hydrosilylation of cyclohexanone.


Complex Conversion[a] [%]
t=0.5 h


Conversion[a] [%]
t=2 h


Conversion[a] [%]
t=24 h


1a[b] 30 99 –
1b[b] 99 – –
2a 22 89 97 (2.5 h)
2b 64 97 (1 h) –
3a <5 <5 <5
3b <5 <5 <5
4a <5 <5 11
4b 6 17 52
5a 7 30 97 (8 h)
5b 9 41 94 (4 h)
6a <5 5 12
6b 17 52 98 (4 h)
7a <5 <5 24
7b <5 12 49


[a] Determined by GC. [b] Values from reference [14].


Table 6. Influence of copper catalyst on the diastereoselectivity of the re-
action.


Complex t [h] Yield[a] [%] cis/trans[b]


ACHTUNGTRENNUNG[CuCl ACHTUNGTRENNUNG(IPr)] 1 95 20:80
1a[c] 6 92 10:90
1b[c] 3 90 15:85
2a 24 50[d] 10:90
2b 24 60[d] 10:90
5a 10 98 15:85
5b 6 99 20:80
6b 24 95 25:75


[a] Isolated yields are the average of two runs. [b] Determined by
1H NMR spectroscopy. [c] Values from reference [14]. [d] Conversion de-
termined by 1H NMR spectroscopy.
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out with [CuCl ACHTUNGTRENNUNG(IPr)] as the catalyst,[13] again with no effect
on the diastereoisomeric ratio.


Another trend can be observed from the results presented
in Table 6. The methyl group in the a position to the car-
bonyl group considerably prolonged the required reaction
times. This effect was especially significant for SIPr-contain-
ing complex 2b : whereas cyclohexanone was reduced in 1 h,
only 60% conversion was obtained for 2-methylcyclohexa-
none after 24 h. However, ICy-based complexes showed the
smallest influence of the steric hindrance around the carbon-
yl group. These observations are consistent with our previ-
ous results concerning hydrosilylation reactions in the pres-
ence of [CuCl ACHTUNGTRENNUNG(NHC)] complexes.[13]


To verify this trend, the more hindered ketone, dicyclo-
hexyl, was used as a model substrate for comparing our dif-
ferent catalytic systems (Table 7). When comparing the ac-


tivity of 5b with 1b, half the reaction time was required for
reaching comparable yields in the presence of the ICy-based
catalyst (Table 7, entries 1 and 3). Furthermore, for this par-
ticular case, three equivalents of silane were required with
1b to ensure good conversion. However, two equivalents
were generally enough for other substrates.[14] On the other
hand, an even faster conversion was obtained with [CuCl-
ACHTUNGTRENNUNG(ICy)], but under more forcing conditions (Table 7, entry 4).
However, when comparable reaction conditions were used
(T=55 8C, 2 equiv of hydride source), 5b was the optimal
catalyst (Table 7, entries 5 and 6). We then further explored
the activity of [Cu ACHTUNGTRENNUNG(ICy)2]BF4 5b with a number of ketones
with varying steric congestion around the carbonyl bond
under our hydrosilylation conditions. Under optimized con-
ditions ([Cu] (3 mol%), base (12 mol%), silane (2 equiv) in
THF at 55 8C), the expected silyl ethers were formed in ex-
cellent yields after short reaction times (Table 8). Acyclic,
cyclic, and aromatic ketones were screened with comparable
good results and the presence of functional groups, such as
halogen or CF3, were also compatible with our catalytic
system (Table 8, entries 8 and 9).


It is important to note that for all of the substrates tested,
ICy-containing complex 5b was more efficient (i.e., shorter
reaction times) than its IPr analogue 1b, the greatest differ-
ence in reaction time being observed for aromatic ketones.


Mechanistic studies : In our previous report, some insights
into the mechanism of this hydrosilylation reaction were
provided. Study of the hydrosilylation of cyclohexanone in
the presence of [Cu ACHTUNGTRENNUNG(CH3CN)4]BF4 (3 mol%) and IPr under
different conditions indicated that a monocarbene copper
compound rather than a bis-carbene complex would be the
actual active species.[14] When complexes 1b, 5b, or 6a were
heated in THF at reflux, no NHC decoordination or decom-
position was observed after 24 h. Furthermore, displacement
of an IPr moiety in [Cu ACHTUNGTRENNUNG(IPr)2]BF4 (1b) by a phosphine
ligand was unsuccessful.[17] Treatment of 1b with PPh3 or
PCy3 at temperatures ranging from 70 to 110 8C only led to
the recovery of the starting complex.[18] No reaction was ob-
served after heating at reflux in [D5]pyridine either. All of
the above results seem to indicate a fairly strong NHC�
copper bond.


Next, we carried out several experiments, monitored by
1H NMR spectroscopy, to clarify the nature of the postulat-
ed active monocarbene species. Complex 1b was treated


Table 7. Comparison of catalysts.


Entry Complex Et3SiH [equiv] Solvent T [8C] t [h] Yield[a] [%]


1 5b 2 THF 55 1.5 98
2 1b 2 THF 55 9.0 40[b]


3 1b 3 THF 55 3.0 98
4 ACHTUNGTRENNUNG[CuCl ACHTUNGTRENNUNG(ICy)] 3 toluene 80 0.5 99
5 ACHTUNGTRENNUNG[CuCl ACHTUNGTRENNUNG(ICy)] 3 toluene 55 1.5 98
6 ACHTUNGTRENNUNG[CuCl ACHTUNGTRENNUNG(ICy)] 2 toluene 55 1.5 50


[a] Isolated yields are the average of two runs. [b] Determined by GC.


Table 8. [Cu ACHTUNGTRENNUNG(ICy)2]BF4-catalyzed hydrosilylation of hindered ketones.


Entry Product t [h] Yield[a] [%]


1 0.25 99


2 5.0 96[b]


3 1.5 98


4 0.5 95


5 1.0 97


6 2.5 94


7 0.25 95


8 2.5 92


9 4.0 82


[a] Isolated yields are the average of two runs. [b] meso trans–cis/cis–
trans/meso cis–cis=39:9:52.
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with NaOtBu in [D8]THF under our catalytic conditions
(base (4 equiv), [Cu] (0.06m), RT). The appearance of two
new septuplet resonances (due to �CHACHTUNGTRENNUNG(CH3)2 groups in the
newly formed species) was observed. These signals could
either imply the formation of two new compounds or the
formation of one species in which both IPr ligands on the
copper center are inequivalent.[19] Integration of the
1H NMR spectrum showed that both of the new resonance
signals had an equimolecular proportion and that around
10% of the starting complex 1b still remained. Interestingly,
these proportions remained unchanged after longer reaction
times (from 10 min to 19 h), higher reaction temperature
(60 8C instead of RT), higher base loading (6 equiv of base
instead of 4), or higher concentration (up to 0.9m). Howev-
er, a minimum of four equivalents of base were required to
ensure optimal conversion of the starting complex.


We attempted to isolate the newly formed species by car-
rying out the same reaction on a larger scale. After stirring
for two hours, the reaction mixture was filtered inside a
glove box over a plug of Celite and the resulting solution
was mixed with pentane. The white powder that formed was
filtered and identified as a mixture of 1b with some uniden-
tified byproducts (around 15% of the mass balance). The
filtrate was concentrated under vacuum and showed the sig-
nals previously discussed (Figures 4 and 5). By comparison
with known samples, we could assign the signals in the 1H
and 13C NMR spectra to an equimolar mixture of IPr ligand
and [CuACHTUNGTRENNUNG(IPr) ACHTUNGTRENNUNG(OtBu)].[20] All of the signals in the 1H and
13C NMR spectra could be assigned in [D8]THF and C6D6.


[19]


Formation of a copper hydride from [CuACHTUNGTRENNUNG(NHC)ACHTUNGTRENNUNG(OtBu)]
upon treatment with a hydrosilane has previously been
evoked for the hydrosilylation of ketones and confirmed by


the isolation and characterization of such species.[20] Relying
on this report and on our own observations presented
above, we propose a mechanism for this copper-catalyzed
hydrosilylation of ketones, which is depicted in Scheme 1.
First, formation of [Cu ACHTUNGTRENNUNG(NHC) ACHTUNGTRENNUNG(OtBu)] from [Cu ACHTUNGTRENNUNG(NHC)2]BF4


and NaOtBu occurs. Then, the active catalyst, an NHC–
copper hydride species, would be formed by s-bond meta-
thesis between [CuACHTUNGTRENNUNG(NHC)ACHTUNGTRENNUNG(OtBu)] and the hydrosilane. Ad-
dition of hydride to the carbonyl carbon would result in a
copper alkoxide that would undergo another s-bond meta-
thesis with the hydrosilane to form the expected silyl ether
and regenerate the active catalyst.[21] This proposed mecha-
nism is also in agreement with the experimental evidence
for the phosphine–copper catalyst systems.[22]


Moreover, in our previous catalytic system based on
[CuCl ACHTUNGTRENNUNG(NHC)] complexes, we proposed that the excess base
generally required would interact with the hydrosilane and
facilitate the second s-bond metathesis. With the present
system, such excess is required for the efficient formation of
[Cu ACHTUNGTRENNUNG(NHC) ACHTUNGTRENNUNG(OtBu)]. However, the presence of IPr (3
mol%), released from the initial bis-NHC complex, could
also play such a role.[23] As the hydrosilane loading is lower
in this case (2 instead of 3 equiv), IPr would activate the hy-
dride source more efficiently towards s-bond metathesis.
Hence, the better catalytic activity in the hydrosilylation of
carbonyls of the cationic compounds [Cu ACHTUNGTRENNUNG(NHC)2]X when
compared to that of [CuCl ACHTUNGTRENNUNG(NHC)] can be tentatively ration-
alized. We therefore postulate that the favorable displace-
ment of a neutral NHC instead of an anionic chloride from
the copper center by a tert-butoxide adds up to the activat-
ing effect of the free NHC towards the hydrosilane in in-
creasing the reaction rate.


Figure 4. 1H NMR assignment of the isolated products in [D8]THF.
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Finally, to clarify the counterion effect observed during
the catalytic studies, complex 1a was treated with NaOtBu
in [D8]THF. Under the same conditions as those for 1b,
which yielded 85% of the alkoxide species (see above), only
30% of the complex was converted into [Cu ACHTUNGTRENNUNG(IPr) ACHTUNGTRENNUNG(OtBu)]
and IPr, even after 24 h. This difference in reactivity could
be rationalized by the different solubility of the inorganic
salts formed in THF. Qualitative experiments showed that
NaPF6 is more soluble in THF than NaBF4.


[24] The easier
precipitation of NaBF4 in the reaction mixture would act as
a driving force in this transformation to shift the reaction
equilibrium towards the formation of [CuACHTUNGTRENNUNG(NHC) ACHTUNGTRENNUNG(OtBu)]
(Scheme 2).


Conclusion


The straightforward preparation of homoleptic bis-carbene–
copper complexes from readily available materials has been
demonstrated. These air- and moisture-stable complexes are
efficient precatalysts for the hydrosilylation of ketones.
When compared with their [CuClACHTUNGTRENNUNG(NHC)] analogues, the cat-
ionic species proved to be more efficient under similar reac-
tion conditions. 1H NMR spectroscopic studies clearly
showed the activation of [CuACHTUNGTRENNUNG(NHC)2]X complexes by
NaOtBu to form [CuACHTUNGTRENNUNG(NHC)ACHTUNGTRENNUNG(OtBu)], which is the direct pre-
cursor of an NHC–copper hydride that is the actual active
species in this transformation. Moreover, the observed coun-
terion effect in the catalytic studies could be rationalized as
a consequence of the difference in solubility of the inorganic
salts formed. Applications to other carbonyl or pseudocar-
bonyl containing substrates and further activity studies are
currently ongoing in our laboratories.


Experimental Section


General considerations : All ketones were used as received. Solid re-
agents were stored under argon in a glove box that contained less than
1 ppm of oxygen. Tetrakis(acetonitrile)copper(I) hexafluorophosphate
and tetrafluoroborate,[25] imidazolium, and imidazolinium salts and IPr


Figure 5. 13C NMR assignment of the isolated products in C6D6.


Scheme 1. Proposed catalytic cycle.


Scheme 2.
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were synthesized according to literature procedures.[26] Solvents were dis-
tilled over appropriate drying agents. 1H and 13C NMR spectra were re-
corded on a 400 MHz spectrometer at room temperature. Chemical shifts
(d) are reported in ppm with respect to tetramethylsilane as the internal
standard. For 31P NMR spectroscopy, experiments were calibrated with
H3PO4 as external standard. For 11B NMR spectroscopy, experiments
were calibrated with Et2O·BF3 as external standard. Elemental analyses
were performed by Robertson Microlit Laboratories (Madison, NJ,
USA). All reported yields are isolated yields and are the average of at
least two runs.


Synthesis of [Cu ACHTUNGTRENNUNG(NHC)2]X complexes


Bis ACHTUNGTRENNUNG[1,3-bis(2,6-diisopropylphenyl)-4,5-dihydroimidazol-2-ylidene]cop-
per(I) hexafluorophosphate (2a): Tetrakis(acetonitrile)copper(I) hexa-
fluorophosphate (0.186 g, 0.5 mmol), SIPr·HBF4 (0.478 g, 1 mmol), and
NaOtBu (0.127 g, 1.3 mmol) were added to a vial fitted with a screw cap
inside a glove box, and stirred in dry THF (12 mL) outside the glove box
for 15 h. After filtering the reaction mixture through a plug of Celite
(CH2Cl2), the filtrate was mixed with pentane to form a precipitate. A
second filtration led to the isolation 2a as a white solid (0.337 g, 68%).
Crystals suitable for X-ray diffraction were grown by slow diffusion of
hexane from a saturated solution of 2a in CH2Cl2.


1H NMR (400 MHz,
[D6]acetone, 25 8C, TMS): d =7.42 (t, J=7.5 Hz, 4H; HAr), 7.18 (d, J=


7.5 Hz, 8H; HAr), 3.96 (s, 4H; CH2CH2), 2.94 (septuplet, J=6.8 Hz, CH-
ACHTUNGTRENNUNG(CH3)2), 1.16 (d, J=6.8 Hz, 24H; CH3), 0.92 ppm (d, J=6.8 Hz, 24H;
CH3);


13C NMR (100 MHz, CDCl3, 25 8C, TMS): d=199.8 (C, NCN),
146.1 (CH, CAr), 134.8 (C, CAr), 129.9 (CH, CAr), 125.0 (CH, CAr), 54.5
(CH2, NCH2), 28.6 (CH, CH ACHTUNGTRENNUNG(CH3)2), 25.1 (CH3), 24.3 ppm (CH3);
31P NMR (162 MHz, [D6]acetone, 25 8C): d=�141.1 ppm (m); 19F
(376 MHz, [D6]acetone, 25 8C): d=�72.8 ppm (d, JFP=706 Hz); elemen-
tal analysis calcd (%) for C54H76CuF6N4P: C 65.53, H 7.77, N 5.66; found:
C 65.28, H 7.72, N 5.56.


Bis ACHTUNGTRENNUNG[1,3-bis(2,6-diisopropylphenyl)-4,5-dihydroimidazol-2-ylidene]cop-
per(I) tetrafluoroborate (2b): Tetrakis(acetonitrile)copper(I) tetrafluoro-
borate (0.157 g, 0.5 mmol), SIPr·HBF4 (0.478 g, 1 mmol), and NaOtBu
(0.127 g, 1.3 mmol) were added to a vial fitted with a screw cap inside a
glove box, and stirred in dry THF (12 mL) outside the glove box for 6 h.
After filtering the reaction mixture through a plug of Celite (CH2Cl2),
the filtrate was mixed with pentane to form a precipitate. A second filtra-
tion led to the isolation of 2b as a white solid (0.295 g, 63%). 1H NMR
(400 MHz, [D6]acetone, 25 8C, TMS): d=7.45 (t, J=7.9 Hz, 4H; HAr),
7.26 (d, J=7.9 Hz, 8H; HAr), 4.12 (s, 8H; CH2CH2), 3.08 (septuplet, J=


6.8 Hz, 8H; CH ACHTUNGTRENNUNG(CH3)2), 1.26 (d, J=6.8 Hz, 24H; CH3), 1.10 ppm (d, J=


6.8 Hz, 24H; CH3);
13C NMR (100 MHz, CDCl3, 25 8C, TMS): d=201.4


(C, NCN), 146.5 (CH, CAr), 134.3 (C, CAr), 129.7 (C, CAr), 124.4 (CH,
CAr), 54.0 (CH2, NCH2CH2N), 28.5 (CH, CH ACHTUNGTRENNUNG(CH3)2), 24.3 (CH3),
23.6 ppm (CH3);


11B NMR (128 MHz, [D6]acetone, 25 8C): d =�0.97 ppm
(s); 19F (376 MHz, [D6]acetone, 25 8C): d =�153.7 ppm (s); elemental
analysis calcd (%) for C54H76BCuF4N4: C 69.62, H 8.22, N 6.01; found: C
69.88, H 8.45, N 5.82.


Bis ACHTUNGTRENNUNG[1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene]copper(I) hexafluoro-
phosphate (3a): Tetrakis(acetonitrile)copper(I) hexafluorophosphate
(0.186 g, 0.5 mmol), IMes·HCl (0.340 g, 1 mmol), and NaOtBu (0.098 g,
1.0 mmol) were added to a vial fitted with a screw cap inside a glove box,
and stirred in dry THF (12 mL) outside the glove box for 15 h. After fil-
tering the reaction mixture through a plug of Celite (CH2Cl2), the filtrate
was mixed with pentane to form a precipitate. A second filtration led to
the isolation of 3a as a white solid (0.372 g, 91%). Crystals suitable for
X-ray diffraction were grown by slow diffusion of hexane from a saturat-
ed solution of 3a in CH2Cl2.


1H NMR (400 MHz, [D6]acetone, 25 8C,
TMS): d=7.46 (s, 4H; NCH), 7.05 (s, 8H; HAr), 2.45 (s, 12H; CH3),
1.74 ppm (s, 24H; CH3);


13C NMR (100 MHz, [D6]acetone, 25 8C, TMS):
d=178.8 (C, NCN), 140.8 (C, CAr), 136.3 (C, CAr), 136.0 (C, CAr), 130.5
(CH, CAr), 124.5 (CH, NCH), 21.7 (CH3), 17.7 ppm (CH3);


31P NMR
(162 MHz, [D6]acetone, 25 8C): d=�141.1 ppm (m); 19F (376 MHz,
[D6]acetone, 25 8C): d =�72.7 ppm (d, JFP=706 Hz); elemental analysis
calcd (%) for C42H48CuF6N4P: C 61.72, H 5.92, N 6.85; found: C 61.45, H
5.64, N 6.52.


Bis ACHTUNGTRENNUNG[1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene]copper(I) tetrafluoro-
borate (3b): Tetrakis(acetonitrile)copper(I) tetrafluoroborate (0.157 g,
0.5 mmol), IMes·HCl (0.340 g, 1 mmol), and NaOtBu (0.127 g, 1.3 mmol)
were added to a vial fitted with a screw cap inside a glove box, and
stirred in dry THF (12 mL) outside the glove box for 15 h. After filtering
the reaction mixture through a plug of Celite (CH2Cl2), the filtrate was
mixed with pentane to form a precipitate. A second filtration led to the
isolation of 3b as a white solid (0.280 g, 74%). Crystals suitable for X-
ray diffraction were grown by slow diffusion of hexane from a saturated
solution of 3b in CH2Cl2.


1H NMR (400 MHz, [D6]acetone, 25 8C, TMS:
d=7.46 (s, 4H; NCH), 7.05 (s, 8H; HAr), 2.45 (s, 12H; CH3), 1.75 ppm (s,
24H; CH3);


13C NMR (100 MHz, [D6]acetone, 25 8C, TMS): d=178.8 (C,
NCN), 140.7 (C, CAr), 136.3 (C, CAr), 135.9 (C, CAr), 130.5 (CH, CAr),
124.5 (CH, NCH), 21.6 (CH3), 17.7 ppm (CH3);


11B NMR (128 MHz,
[D6]acetone, 25 8C): d=�0.97 ppm (s); 19F (376 MHz, [D6]acetone,
25 8C): d =�152.0 ppm (s); elemental analysis calcd (%) for
C42H48BCuF4N4: C 66.44, H 6.37, N 7.38; found: C 66.25, H 6.50, N 7.28.


Bis ACHTUNGTRENNUNG[1,3-bis(2,4,6-trimethylphenyl)-4,5-dihydroimidazol-2-ylidene]copper(I)
hexafluorophosphate (4a): Tetrakis(acetonitrile)copper(I) hexafluoro-
phosphate (0.186 g, 0.5 mmol), SIMes·HBF4 (0.393 g, 1 mmol), and
NaOtBu (0.127 g, 1.3 mmol) were added to a vial fitted with a screw cap
inside a glove box, and stirred in dry THF (12 mL) outside the glove box
for 15 h. After filtering the reaction mixture through a plug of Celite
(CH2Cl2), the filtrate was mixed with pentane to form a precipitate. A
second filtration led to the isolation of 4a as a white solid (0.354 g,
86%). Crystals suitable for X-ray diffraction were grown by slow diffu-
sion of methyl tert-butyl ether from a saturated solution of 4a in CH2Cl2.
1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=6.86 (s, 8H; HAr), 3.85 (s,
8H; CH2CH2), 2.39 (s, 12H; CH3), 1.84 ppm (s, 24H; CH3);


13C NMR
(100 MHz, [D6]acetone, 25 8C, TMS): d=201.4 (C, NCN), 138.6 (C, CAr),
135.5 (CH, CAr), 134.7 (C, CAr), 129.4 (CH, CAr), 51.0 (CH2,
NCH2CH2N), 21.1 (CH3), 17.2 ppm (CH3);


31P NMR (162 MHz,
[D6]acetone, 25 8C): d=�141.1 ppm (m); 19F (376 MHz[D6]acetone,
25 8C): d=�72.8 ppm (d, JFP=706 Hz); elemental analysis calcd (%) for
C42H52CuF6N4P: C 61.41, H 6.38, N 6.82; found: C 61.53, H 6.33, N 6.71.


Bis ACHTUNGTRENNUNG[1,3-bis(2,4,6-trimethylphenyl)-4,5-dihydroimidazol-2-ylidene]copper(I)
tetrafluoroborate (4b). Tetrakis(acetonitrile)copper(I) tetrafluoroborate
(0.157 g, 0.5 mmol), SIMes·HBF4 (0.393 g, 1 mmol), and NaOtBu
(0.127 g, 1.3 mmol) were added to a vial fitted with a screw cap inside a
glove box, and stirred in dry THF (12 mL) outside the glove box for 15 h.
After filtering the reaction mixture through a plug of Celite (CH2Cl2),
the filtrate was mixed with pentane to form a precipitate. A second filtra-
tion led to the isolation of 4b as a white solid (0.329 g, 86%). Crystals
suitable for X-ray diffraction were grown by slow diffusion of methyl
tert-butyl ether from a saturated solution of 4b in CH2Cl2.


1H NMR
(400 MHz, CDCl3, 25 8C, TMS): d=6.83 (s, 8H; HAr), 3.84 (s, 8H;
CH2CH2), 2.37 (s, 12H; CH3), 1.81 ppm (s, 24H; CH3);


13C NMR
(100 MHz, CDCl3, 25 8C, TMS): d=201.3 (C, NCN), 138.7 (C, CAr), 135.8
(CH, CAr), 134.7 (C, CAr), 129.6 (CH, CAr), 51.2 (CH2, NCH2CH2N), 21.3
(CH3), 17.5 ppm (CH3);


11B NMR (128 MHz, [D6]acetone, 25 8C): d=


�0.97 ppm (s); 19F (376 MHz, [D6]acetone, 25 8C): d=�152.1 ppm (s); el-
emental analysis calcd (%) for C42H52BCuF4N4: C 66.09, H 6.87, N 7.34;
found: C 65.97, H 6.71, H 7.09.


Bis ACHTUNGTRENNUNG[1,3-bis(cyclohexyl)imidazol-2-ylidene]copper(I) hexafluorophosphate
(5a): Tetrakis(acetonitrile)copper(I) hexafluorophosphate (0.186 g,
0.5 mmol), ICy·HBF4 (0.320 g, 1 mmol), and NaOtBu (0.096 g, 1.0 mmol)
were added to a vial fitted with a screw cap inside a glove box, and
stirred in dry THF (12 mL) outside the glove box for 15 h. After filtering
the reaction mixture through a plug of Celite (THF), the filtrate was
mixed with pentane to form a precipitate. A second filtration led to the
isolation of 5a as a white solid (0.267 g, 80%). 1H NMR (400 MHz,
[D6]acetone, 25 8C, TMS): d=7.51 (s, 4H; NCH imidazole), 4.54–4.32 (m,
4H; NCH cyclohexyl), 2.28–2.11 (m, 8H; CH2), 2.09–1.84 (m, 16H;
CH2), 1.80–1.67 (m, 4H; CH2), 1.57–1.39 (m, 8H; CH2), 1.36–1.19 ppm
(m, 4H; CH2);


13C NMR (100 MHz, [D6]acetone, 25 8C): d=174.2 (C,
NCN), 120.0 (CH, NCH imidazole), 62.7 (CH, NCH cyclohexyl), 36.1
(CH2), 26.7 (CH2), 26.2 ppm (CH2);


31P NMR (162 MHz, [D6]acetone,
25 8C): d =�141.1 ppm (m); 19F (376 MHz, [D6]acetone, 25 8C): d=
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�72.7 ppm (d, JFP=706 Hz); elemental analysis calcd (%) for
C30H48CuF6N4P: C 53.52, H 7.19, N 8.32; found: C 53.58, H 7.18, N 8.25.


Bis ACHTUNGTRENNUNG[1,3-bis(cyclohexyl)imidazol-2-ylidene]copper(I) tetrafluoroborate
(5b): Tetrakis(acetonitrile)copper(I) tetrafluoroborate (0.157 g,
0.5 mmol), ICy·HBF4 (0.320 g, 1 mmol) and NaOtBu (0.107 g, 1.1 mmol)
were added to a vial fitted with a screw cap inside a glove box, and
stirred in dry THF (12 mL) outside the glove box for 15 h. After filtering
the reaction mixture through a plug of Celite (THF), the filtrate was
mixed with pentane to form a precipitate. A second filtration led to the
isolation of 5b (0.284 g, 93%). 1H NMR (400 MHz, [D6]acetone, 25 8C,
TMS): d =7.51 (s, 4H; NCH imidazole), 4.55–4.33 (m, 4H; NCH cyclo-
hexyl), 2.25–2.10 (m, 8H; CH2), 2.01–1.85 (m, 16H; CH2), 1.79–1.67 (m,
4H; CH2), 1.57–1.39 (m, 8H; CH2), 1.36–1.19 ppm (m, 4H; CH2);
13C NMR (100 MHz, [D6]acetone, 25 8C): d =173.8 (C, NCN), 120.0 (CH,
NCH imidazole), 62.4 (CH, NCH cyclohexyl), 35.8 (CH2), 26.5 (CH2),
25.9 ppm (CH2);


11B NMR (128 MHz, [D6]acetone, 25 8C): d =�0.97 ppm
(s); 19F (376 MHz, [D6]acetone, 25 8C): d =�152.0 ppm (s); elemental
analysis calcd (%) for C30H48BCuF4N4: C 58.58, H 7.87, N 9.11; found: C
58.44, H 7.81, N 9.00.


Bis ACHTUNGTRENNUNG[1,3-bis(adamantyl)imidazol-2-ylidene]copper(I) hexafluorophosphate
(6a): Tetrakis(acetonitrile)copper(I) hexafluorophosphate (0.186 g,
0.5 mmol), IAd·HBF4 (0.424 g, 1 mmol), and NaOtBu (0.127 g, 1.3 mmol)
were added to a vial fitted with a screw cap inside a glove box, and
stirred in dry THF (12 mL) outside the glove box for 15 h. After filtering
the reaction mixture through a plug of Celite (CH2Cl2), the filtrate was
mixed with pentane to form a precipitate. A second filtration led to the
isolation of 6a as a white solid (0.369 g, 84%). Crystals suitable for X-ray
diffraction were grown by slow diffusion of methyl tert-butyl ether from a
saturated solution of 6a in CH2Cl2.


1H NMR (400 MHz, CDCl3, 25 8C,
TMS): d=7.34 (s, 4H; NCH), 2.38 (s, 24H; CH), 2.23 (s, 12H; CH2),
1.87–1.72 (m, 12H; CH), 1.72–1.50 ppm (m, 12H; CH); 13C NMR
(100 MHz, CDCl3, 25 8C, TMS): d=169.8 (C, NCN), 117.3 (CH, NCH),
58.0 (C, NCCH2), 44.9 (CH), 35.7 (CH), 29.7 ppm (CH2);


31P NMR
(162 MHz, [D6]acetone, 25 8C): d=�141.1 ppm (m); 19F (376 MHz,
[D6]acetone, 25 8C): d =�72.8 ppm (d, JFP=706 Hz); elemental analysis
calcd (%) for C46H64CuF6N4P: C 62.67, H 7.32, N 6.36; found: C 62.39, H
7.21, N 6.23.


Bis ACHTUNGTRENNUNG[1,3-bis(adamantyl)imidazol-2-ylidene]copper(I) tetrafluoroborate
(6b): Tetrakis(acetonitrile)copper(I) tetrafluoroborate (0.157 g,
0.5 mmol), IAd·HBF4 (0.424 g, 1 mmol), and NaOtBu (0.127 g, 1.3 mmol)
were added to a vial fitted with a screw cap inside a glove box, and
stirred in dry THF (12 mL) outside the glove box for 15 h. After filtering
the reaction mixture through a plug of Celite (CH2Cl2), the filtrate was
mixed with pentane to form a precipitate. A second filtration led to the
isolation of 6b as a white solid (0.389 g, 95%). Crystals suitable for X-
ray diffraction were grown by slow cooling of a saturated solution of 6b
in acetone. One molecule of acetone crystallized with 6b. 1H NMR
(400 MHz, CDCl3, 25 8C, TMS): d=7.36 (s, 4H; NCH), 2.39 (s, 24H;
CH), 2.23 (s, 12H; CH2), 1.85–1.72 (m, 12H; CH), 1.72–1.59 ppm (m,
12H; CH); 13C NMR (400 MHz, CDCl3, 25 8C, TMS): d =169.9 (C,
NCN), 117.3 (CH, NCH), 58.0 (C, NC), 44.9 (CH), 35.7 (CH), 29.8 ppm
(CH2);


11B NMR (128 MHz, [D6]acetone, 25 8C): d =�0.90 ppm (s); 19F
(376 MHz, [D6]acetone, 25 8C): d=�152.0 ppm (s); elemental analysis
calcd (%) for C46H64BCuF4N4: C 67.10, H 7.83, N 6.80; found: C 67.23, H
7.82, N 6.99.


Bis ACHTUNGTRENNUNG[1,3-bis(tert-butyl)imidazol-2-ylidene]copper(I) hexafluorophosphate
(7a): Tetrakis(acetonitrile)copper(I) hexafluorophosphate (0.186 g,
0.5 mmol), ItBu·HBF4 (0.268 g, 1 mmol), and NaOtBu (0.107 g, 1.1 mmol)
were added to a vial fitted with a screw cap inside a glove box, and
stirred in dry THF (12 mL) outside the glove box for 6 h. After filtering
the reaction mixture through a plug of Celite (acetone), the filtrate was
mixed with pentane to form a precipitate. A second filtration led to the
isolation of 7a (0.281 g, 99%). 1H NMR (400 MHz, [D6]acetone, 25 8C,
TMS): d=7.64 (s, 4H; NCH), 1.84 ppm (s, 36H; CH3);


13C NMR
(100 MHz, [D6]acetone, 25 8C, TMS): d=171.7 (C, NCN), 119.9 (CH,
NCH), 58.7 (C, C ACHTUNGTRENNUNG(CH3)3), 32.5 ppm (CH3);


31P NMR (162 MHz,
[D6]acetone, 25 8C): d=�141.1 ppm (m); 19F (376 MHz, [D6]acetone,


25 8C): d=�72.7 ppm (d, JFP=707 Hz); elemental analysis calcd (%) for
C22H40CuF6N4P: C 46.43, H 7.08, N 9.84; found: C 46.24, H 6.96, N 9.84.


Bis ACHTUNGTRENNUNG[1,3-bis(tert-butyl)imidazol-2-ylidene]copper(I) tetrafluoroborate (7b):
Tetrakis(acetonitrile)copper(I) tetrafluoroborate (0.157 g, 0.5 mmol), I-
ACHTUNGTRENNUNGtBu·HBF4 (0.268 g, 1 mmol), and NaOtBu (0.107 g, 1.1 mmol) were
added to a vial fitted with a screw cap inside a glove box, and stirred in
dry THF (12 mL) outside the glove box for 6 h. After filtering the reac-
tion mixture through a plug of Celite (acetone), the filtrate was mixed
with pentane to form a precipitate. A second filtration led to the isolation
of 7b (0.255 g, 100%). Crystals suitable for X-ray diffraction were grown
by slow diffusion of methyl tert-butyl ether from a saturated solution of
7b in THF. 1H NMR (400 MHz, [D6]acetone, 25 8C, TMS): d =7.64 (s,
4H; NCH), 1.84 ppm (s, 36H; CH3);


13C NMR (100 MHz, [D6]acetone,
25 8C): d=171.2 (C, NCN), 119.8 (CH, NCH), 58.8 (C, C ACHTUNGTRENNUNG(CH3)3),
32.4 ppm (CH3);


11B NMR (128 MHz, [D6]acetone, 25 8C): d =�1.07 ppm
(s); 19F (376 MHz, [D6]acetone, 25 8C): d =�153.7 ppm (s); elemental
analysis calcd (%) for C22H40BCuF4N4: C 51.72, H 7.89, N 10.97; found:
C 51.48, H 8.06, N 10.80.


General procedure for the hydrosilylation of ketones: Complex 5b
(18 mg, 0.03 mmol, 3 mol%) and sodium tert-butoxide (12 mg, 12 mol%)
were added to a vial fitted with a septum screw cap inside a glove box,
and stirred in dry THF (2 mL, 55 8C, 10 min) outside the glove box
before adding triethylsilane (0.33 mL, 2 mmol, 2 equiv) through the
septum by means of a syringe. After stirring for a further 10 min, the
ketone (1 mmol) was added. When the starting material was a solid, it
was added as a solution in THF. The reaction was monitored by GC.
After consumption of the starting material or when no further conversion
occurred, the reaction mixture was opened to air and filtered through a
plug of active charcoal and Celite (ethyl acetate). The organic phase was
concentrated in vacuo and the purity of the residue established by GC
and 1H NMR spectroscopy. Flash chromatography was then performed
unless the crude product was estimated to be greater than 95% pure.


X-ray crystallography : CCDC 652351, 652352, 652353, 652354, 652355,
652356, 652357, and 652358 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Center via www.ccdc.cam.ac.uk/data_
request/cif.
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Introduction


Recent developments in biochemistry concern the design of
new molecules that are able to bind and react with DNA,


and the properties of which as drugs need to be tested.
These new probes can provide a better understanding of the
activity of many drugs and anticancer agents, and can be of
help in developing new diagnostic tools.


Abstract: The new bifunctional mole-
cule 3,6-diamine-9-[6,6-bis(2-amino-
ACHTUNGTRENNUNGethyl)-1,6-diaminohexyl]acridine (D),
which is characterised by both an aro-
matic moiety and a separate metal-
complexing polyamine centre, has been
synthesised. The characteristics of D
and its ZnII complex ([ZnD]) (protona-
tion and metal-complexing constants,
optical properties and self-aggregation
phenomena) have been analysed by
means of NMR spectroscopy, potentio-
metric, spectrophotometric and spec-
trofluorimetric techniques. The equili-
bria and kinetics of the binding process
of D and [ZnD] to calf thymus DNA


have been investigated at I=0.11m


(NaCl) and 298.1 K by using spectro-
scopic methods and the stopped-flow
technique. Static measurements show
biphasic behaviour for both D–DNA
and [ZnD]–DNA systems; this reveals
the occurrence of two different binding
processes depending on the polymer-
to-dye molar ratio (P/D). The binding
mode that occurs at low P/D values is
interpreted in terms of external binding


with a notable contribution from the
polyamine residue. The binding mode
at high P/D values corresponds to in-
tercalation of the proflavine residue.
Stopped-flow, circular dichroism and
supercoiled-DNA unwinding experi-
ments corroborate the proposed mech-
anism. Molecular-modelling studies
support the intercalative process and
evidence the influence of NH+ ···O in-
teractions between the protonated acri-
dine nitrogen atom and the oxygen
atoms of the polyanion; these interac-
tions play a key role in determining the
conformation of DNA adducts.
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ular modelling · proflavine deriva-
tives · zinc


[a] Dr. C. Bazzicalupi, Prof. A. Bencini, Prof. A. Bianchi, S. Bonacchi,
Dr. A. Danesi, Dr. C. Giorgi, Prof. B. Valtancoli
Dipartimento di Chimica, Universit> di Firenze
Via della Lastruccia 3, 50019, Sesto Fiorentino (Italy)
Fax: (+39)055-4573-364
E-mail : antonio.bianchi@unifi.it


[b] Dr. T. Biver, A. Boggioni, Prof. F. Secco, Prof. M. Venturini
Dipartimento di Chimica e Chimica Industriale
Universit> di Pisa
Via Risorgimento 35, 56126, Pisa (Italy)
Fax: (+39)050-2219-260
E-mail : ferdi@dcci.unipi.it


[c] Prof. P. Gratteri
Dipartimento di Scienze Farmaceutiche
Universit> di Firenze
Via Ugo Schiff 6, 50019 Sesto Fiorentino (Italy)


[d] Prof. A. M. IngraGn
Departamento de QuGmica InorgInica y OrgInica
Universidad de JaKn
Campus Universitario “Las Lagunillas”, 23071-JaKn (Spain)


[e] Dr. C. Sissi
Dipartimento di Scienze Farmaceutiche
Universit> di Padova
Via Marzolo 5, 35100 Padova (Italy)


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


P 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 184 – 196184







Actually, the activity of many anticancer, antimalarial and
antibacterical agents, and that of aromatic carcinogens finds
its origin in intercalative interactions.[1–3] Acridines are a
special class of compounds, not only because of their wide
use in the pharmaceutical and dye industries, but also due to
their interesting chemical and physical properties.[4,5] They
were the first chromophores the noncovalent interactions of
which with DNA were extensively studied by exploiting
their intense fluorescence, and their binding to double
strands is almost universally interpreted according to inter-
calation.[6–9] Numerous studies have shown that the interca-
lative process is much more complex than was previously
thought, and it depends on the intercalating moleculeRs
structure.[10] In this context, bifunctional molecules that bear
both an aromatic moiety and a separate metal-complexing
centre appear to be of particular interest.[11–13] The aromatic
residue provides an anchor for the molecule on the polymer
chain by intercalation, whereas the metal centre might inter-
calate as well, or it might interact with the polymeric back-
bone thereby exerting its function.[14] Barton and co-work-
ers[15] have synthesised special metallointercalators with di-
verse functions, from luminescent probes for DNA[16] to
structural probes for RNA.[17] Other complexes have been
designed to be able to recognise specific sites on DNA as
base pair mismatches.[18] Moreover, metallointercalators that
are able to promote the cleavage of the phosphodiester
bond at a selected point of the chain length have been pre-
pared. Platinum(II) complexes that have been appended to
an aromatic residue are other special metal intercalators.
Their possible anticancer activity has made them attractive
synthetic targets.[10,19, 20] The intercalative binding of these
complexes to nucleic acids constitute a prerequisite for the
consequent slow attack of PtII on the base nitrogen
atom.[21,22] On the basis of the above-mentioned arguments,
we found it interesting to synthesise a new fluorescent met-
allointercalator and to investigate its interaction with
double-stranded calf thymus DNA. This molecule, 3,6-di-
ACHTUNGTRENNUNGamine-9-[6,6-bis(2-aminoethyl)-1,6-diaminohexyl]acridine,
from now on denoted as D (dye) is characterised by a pro-
flavine unit with a diethylenetriamine moiety that is able to
chelate metal ions. A novel structural aspect of D is that the
metal-binding site is linked to the C9 position of the acri-
dine group instead of the N10 position, as is the case in simi-
lar metallointercalators.[21] Because the N10 atom of D is ex-
pected to be protonated at physiological pH in both the
metal-free ligand and its metal complexes, we found it inter-
esting to analyse the effect of a positively charged N10 am-
monium group on the DNA-binding process. Actually, this
ammonium group might be able to influence the interaction


with DNA through the formation of electrostatic and hydro-
gen-bond interactions with oxygen atoms of the polyanion.


Accordingly, the metal-complex-forming ability of D and
the thermodynamic and kinetic features of the interaction of
D and its ZnII complex with DNA have been investigated.


Results


Ligand protonation and ZnII complexation : It is known that
acridine derivatives give rise to self-aggregation in aqueous
solution with the formation of dimers, or larger oligomeric
species at higher concentrations.[21,23–28] Because the aggrega-
tion process can interfere with all other equilibria, the abili-
ty of D and its ZnII complex to form aggregates was investi-
gated first.


The 1H NMR spectra in D2O that were recorded at differ-
ent pH values and with D concentrations greater than 1S
10�3m showed that in alkaline solutions (pH>8.5), all reso-
nances are split (Figure 1). This second set of signals reflects
the formation of a second equilibrium species that has the
same symmetry as the parent one, and the interconversion
of which is slow on the NMR timescale. 1H NMR measure-
ments performed with different ligand concentrations (0.01–
0.001m) and at different temperatures (298–328 K) showed
that the abundance of the new species increases with in-
creasing ligand concentration and decreases with increasing
temperature, while an opposite trend was found for the
other species. These data are in agreement with a dimeric
new species that is in equilibrium with monomeric D. Mole-
cules of D associate with one another and form p-stacking
interactions between the heteroaromatic units; this is denot-
ed by the significant upfield shift that is experienced by the
acridine protons (dH1�dH1’=0.096 ppm, dH2�dH2’=


0.046 ppm, dH3�dH3’=0.042 ppm, pH 10, Figure 1). Further-
more the interconversion between the two species is reversi-
ble with respect to changes in pH, concentration and tem-
perature.


To support the 1H NMR information, we recorded UV/vis
absorption spectra of D in aqueous solution (pH 10.5) in the
concentration range of 1S10�6–1S10�4m ; this showed that
no self-association effects were observed under similar dilu-
tion conditions.


After taking these results into account, the proton-trans-
fer reactions in aqueous solution were studied with a low
dye concentration of [D]=5S10�4m to avoid the formation
of aggregates. Actually, attempts to determine the stoichi-
ometry and stability constants of such aggregates were made
by working at higher ligand concentrations, but no results
were obtained at an acceptable level of confidence. The pro-
tonation constants that were determined by means of poten-
tiometric titrations are reported in Table 1. In the pH range
investigated (pH 2.5–10.5), D behaves as a tetraprotic base,
in spite of the high number of nitrogen atoms that could, in
principle, undergo protonation.


To establish which nitrogen atom is protonated in each
protonation stage, we recorded the 1H NMR spectra of D at
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different pH values. The pH dependence of the 1H NMR
signals (Supporting Information, Figure S1) showed that the
first two protonation steps (logK=10.21, 9.20) take place on
the primary nitrogen atoms of the diethylenetriamine group,
while the third (logK=8.21) and the fourth (logK=2.81)
protonations involve the acridine nitrogen atom and the ter-
tiary nitrogen atom of the diethylenetriamine group, respec-
tively, according to the Scheme 1. Such protonation behav-
iour is in agreement with the greater basicity of aliphatic
amines compared to aromatic ones, and with the general be-
haviour of aminoacridine.[29,30]


The involvement of the acridine nitrogen atom in the
third protonation step was confirmed by the absorption and
fluorescence emission spectra that were recorded at differ-
ent pH values (Supporting Information, Figure S2).


Prior to complexation stud-
ies, the possible self-association
of complex species was investi-
gated by 1H NMR measure-
ments in solutions of ZnII and
D in a 1:1 molar ratio. Al-
though in this case due to
broadening of the signals of the
aliphatic protons that was
caused by coordination of ZnII


to the diethylentriamine moiety
the spectra were not well re-
solved, a splitting of aromatic
1H signals with the formation
of a new set of upfield-shifted
resonances (Supporting Infor-
mation, Figure S3), similar to
that observed for the metal-
free ligand, revealed the pres-
ence of a new complex species
at pH values greater than 6,
and at a complex concentra-
tions of 5S10�4m or higher.
The abundance of this species
in solution increases with com-
plex concentration and decreas-


es with increasing temperature according to an equilibrium
between monomeric and p-stacked dimeric species.


Speciation of all complexes was performed by means of
potentiometric titrations, and it confirmed the dimeric
nature of such species. Table 1 lists the equilibrium constants
of all complexes. As shown by the distribution diagram re-
ported in Figure 2, which was calculated for millimolar con-
centrations of ZnII and D, the two dimeric complexes
([Zn2D2]


4+ , [Zn2HD2]
5+) are minor species under these ex-


perimental conditions, while the [ZnD]2+ complex and its
protonated and hydroxylated forms ([ZnH2D]4+ ,
[ZnD(OH)]+) prevail over all of the pH range. The dimeric
species disappear at complex concentrations lower than
1S10�4m, and they become predominant as the concentra-
tion is increased. The absence of aggregates under similar
dilution conditions was confirmed by the UV/vis absorption
spectra of D, which was recorded in the concentration range
1S10�6–1S10�4m.


DNA-binding equilibria : On the basis of the previous re-
sults, appropriate concentrations of dyes (1S10�5m) and pH
(pH 7 for D, pH 8 for [ZnD]) were selected to ensure the
absence of dye aggregates in the solutions that were used to
study the interaction of D and its ZnII complex with DNA.
The interaction is revealed by changes in the fluorescence
spectra that occur when increasing amounts of DNA are
added to a dye solution.


A fluorescence emission study was performed with the
metal-free ligand at pH 7, in which [H3D]3+ is almost the
unique species in solution. This showed a sharp decrease of
the emission intensity upon the early additions of DNA to


Figure 1. 1H NMR spectra of D (1S10�2m) at pH 4 and pH 10. Primed labels refer to dimeric species.


Table 1. Logarithms of ligand D protonation and ZnII complexation con-
stants determined in 0.1m NMe4Cl at 298.1�0.1 K.


logK


D+H+Ð[HD]+ 10.21(2)[a]


[HD]+ +H+Ð ACHTUNGTRENNUNG[H2D]2+ 9.20(2)
ACHTUNGTRENNUNG[H2D]2+ +H+Ð ACHTUNGTRENNUNG[H3D]3+ 8.21(1)
ACHTUNGTRENNUNG[H3D]3+ +H+Ð ACHTUNGTRENNUNG[H4D]4+ 2.81(1)


D+Zn2+Ð ACHTUNGTRENNUNG[ZnD]2+ 13.59 (8)
ACHTUNGTRENNUNG[ZnD]2+ +2H+Ð ACHTUNGTRENNUNG[ZnH2D]4+ 13.94 (6)
ACHTUNGTRENNUNG[ZnD]2+ +OH�Ð ACHTUNGTRENNUNG[ZnD(OH)]+ 3.70 (9)


2 ACHTUNGTRENNUNG[ZnD]2+Ð ACHTUNGTRENNUNG[Zn2D2]
4+ 2.60 (7)


ACHTUNGTRENNUNG[Zn2D2]
4+ +H+ÐACHTUNGTRENNUNG[Zn2HD2]


5+ 7.77 (9)


[a] Values in parentheses are standard deviations on the last significant
figure
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D (phase 1) followed by an intensity increase (phase 2) and
a shift of the emission maximum towards smaller wave-
lengths (Figure 3, top). Figure 3 (bottom) shows the fluores-
cence titration performed at I=0.11m, pH 7, lexc=385 nm,
lem=500 nm and T=298.1 K. The binding isotherm eviden-
ces the biphasic behaviour of the system, and reveals the oc-
currence of two different modes of interaction.


The interaction of DNA with the ZnII complex of D has
been investigated as well. The measurements were per-
formed at pH 8 at which the complex [ZnD]2+ is practically
the only species in solution. The high stability constant of
this species (Table 1) ensures that the complex is completely
formed prior to reaction with DNA and that the metal ion
is retained by D, thus the spectral changes observed after
mixing the preformed complex with a solution of CT-DNA
only reflect the occurrence of a polymer–dye binding reac-
tion.


The spectral behaviour of the [ZnD]–DNA system (Sup-
porting Information, Figure S4) is similar to that of the
D–DNA system and the features of the binding isotherms
evidence biphasic behaviour for this system as well.


From now on, we shall indi-
cate the first branch of the titra-
tion curve (decrease of fluores-
cence) as binding mode 1 and
the second branch of the curve
(enhancement of fluorescence)
as binding mode 2.


The binding process can be
represented by the apparent re-
action given in Equation (1) in
which the dye (D) interacts
with the DNA (P) to give the
bound species (PD). The equi-
librium constant of this reaction
is defined as K= [PD]/([P]S
[D]).


PþDG
K


HPD ð1Þ


To evaluate the binding parameters of the two binding
modes, the two branches of the titration curves were ana-
lysed according to Equation (2), in which CD and CP are the
total dye and polymer concentrations respectively; DF=


F�fDCD is the change of fluorescence (F) during titration;
fD=F8/CD, in which F8 denotes the initial fluorescence of


Scheme 1. Protonation pattern of D.


Figure 2. Distribution diagram of the ZnII complexes that are formed by
D as a function of pH (CZn(II)=CD=1S10�3m). I=0.10m (NMe4Cl),
298.1 K.


Figure 3. Spectrofluorimetric analysis of the binding of D to DNA; CD=


1S10�6m, CP in the range 0–1.75S10�4m, I=0.11m (NaCl), pH 7,
298.1 K, lexc=385 nm. Top: Fluorescence spectra collected during titra-
tion; the spectral changes reveal the biphasic behaviour of the binding
process. Bottom: Binding isotherm recorded at lem=500 nm; the two
phases, 1 and 2, are associated to two different binding modes.
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the dye solution and Df=fPD�fD is the amplitude.


DF=CD ¼ ðKDf� CPÞ=ð1þKCPÞ ð2Þ


The analysis of the branches of the titration curves allows
us to evaluate K and Df for the two binding modes (K1,
Df1 and K2, Df2 respectively). The values of K1 and K2 are
collected in Table 2. The quality of the fit is shown in
Figure 3 (bottom), for which the continuous line is calculat-
ed by using Equation (2).


Salt effect : Fluorescence titrations have been carried out at
different salt concentrations. Because D and [ZnD] are posi-
tively charged ([H3D]3+ , [ZnD]2+) under the experimental
conditions adopted for DNA binding, a salt dependence of
the equilibria is likely to occur. In effect, the binding iso-
therms of the D–DNA system show a dependence on ionic
strength going from I=0.01m to I=1.01m (NaCl). At I=


0.01m and I=0.11m the biphasic nature of the binding pro-
cess is evident, whereas at I=1.01m a monophasic behav-
iour is observed (Figure 4, top).


Two modes of binding are also present at I=1.01m


(Figure 4, bottom) for the [ZnD]–DNA system; this reveals
that the metal ion plays a role in the interaction of the zinc
complex with DNA. Table 2 summarises the results.


Dye displacement assay : To better understand the nature of
the binding process, a fluorescent intercalator displacement
assay[34] was applied to the D–DNA and [ZnD]–DNA sys-
tems by adding CT-DNA, which had been previously satu-
rated with the intercalating cyanine dye (Cyan40), to sam-
ples of D or [ZnD]. The cyanine dye strongly interacts with
DNA by intercalation, and in doing so hinders the penetra-
tion of further agents between base pairs. Moreover, its
emission spectrum does not overlap with those of D and
[ZnD]. The titrations show that binding mode 1 is still pres-
ent, while the binding mode 2 is strongly reduced (Figure 5).


Table 3 reports the values of the ratio Df2/Df1 between
the amplitudes of binding mode 2 and binding mode 1 in the
absence and in the presence of the cyanine. For the D–DNA
system, the amplitudine ratio in the presence of cyanine is
ten-times smaller than that found with DNA alone, whereas


for the [ZnD]–DNA system this ratio is about four-times
smaller.


Absorbance measurements : Absorbance titrations confirm
the biphasic behaviour described above. Absorbance spectra
of the D–DNA system were recorded during titrations, and
showed that the absorbance first decreases (phase 1, which
corresponds to binding mode 1) and then increases (phase 2,
which corresponds to binding mode 2) and displays a batho-
chromic shift (Supporting Information, Figure S5A). A simi-
lar feature is exhibited by the [ZnD]–DNA system (Sup-
porting Information, Figure S5B).


Circular dichroism measurements : The CD spectra of
D–DNA and [ZnD]–DNA have been recorded under condi-
tions for which binding mode 2 is prevalent. Also the CD
spectrum of the proflavine–DNA system has been recorded
for comparison (Figure 6). The CD spectra of D–DNA (Fig-
ure 6a) and [ZnD]–DNA (Figure 6b) are quite similar, and
their shapes resemble that of proflavine intercalated into
DNA (Figure 6c) in that the positive band appears at longer
wavelengths with respect to the negative one.[35] The shifts
of spectra a) and b), with respect to c), along the wavelength
axis depends on the position of the absorption band of pro-
flavine, which is less energetic than the absorption bands of


Table 2. Reaction parameters for the interaction of CT-DNA with D and
[ZnD], 298.1 K.


Dye I [m] 10�6 K1 [m
�1] 10�4 K2 [m


�1]


D
0.01 1.7 24
0.11 1.3 6.9
1.0 0.41 <1.0


ACHTUNGTRENNUNG[ZnD]
0.01 6.9 20
0.11 5.7 5.6
1.0 4.3 3.7


proflavine
0.10 – 6.6[31]


0.20 – 2.0[32]


0.24 – 4.3[33] (283 K)


Figure 4. Top: Binding isotherms in fluorescence detection for the
D–DNA system at different ionic strengths. &: I=0.01m ; *: I=0.11m ; ~


I=1.01m. lem=500 nm, pH 7.0, 298.1 K. Bottom: Binding isotherms in
fluorescence detection for the [ZnD]–DNA system at different ionic
strengths. &: I=0.01m ; *: I=0.11m ; ~ I=1.01m. lem=500 nm, pH 8.0,
298.1 K. CD=C[ZnD]=1S10�6 m.
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D and [ZnD]. Similarly, the higher amplitude of the profla-
vine band can be ascribed to the higher absorptivity of this
dye. This finding is in agreement with the intercalative fea-
tures of binding mode 2.


Unwinding measurements : To obtain further information on
the DNA-binding mode, an unwinding assay was performed.
Incubation of supercoiled DNA with topoisomerase I gives
rise to relaxed DNA, and upon removal of the protein the
relaxed state is maintained. In contrast, when an intercalat-
ing agent is present in the reaction mixture it alters the
topological state of circular-closed DNA, and upon removal
of both dye and enzyme, supercoiled DNA is suddenly re-
generated. The magnitude of superhelicity is determined by
the original amount of bound dye and the unwinding angle
at the time of the enzymatic religation.[36] An example of a
supercoiled-DNA unwinding experiment is reported in
Figure 7. The presence of a supercoiled plasmid is clearly


evidenced starting from 1 mm of D or [ZnD]; this confirms
their ability to bind DNA through an intercalation mode. It
is interesting to note that D and [ZnD] showed comparable
efficiency in altering the enzyme-induced relaxation of the
supercoiled plasmid; this suggests comparable stability of
the intercalated complexes.


Kinetics : The kinetics of the interaction between D and
DNA were investigated in a range of dye and polymer con-
centrations at which binding mode 2 is operative. Relaxation
times (t) were measured under pseudo-first-order conditions
(CP	10CD) and kinetic traces were fitted by mono-expo-
nential functions (Supporting Information, Figure S6). A
plot of the reciprocal time constant (1/t) as a function of
DNA concentration (CP) shows that the kinetic effect is in-
dependent of the polynucleotide concentration (Figure 8,
top).


The [ZnD]–DNA system has been studied under analo-
gous conditions. The analysis of the data reveals that also in
this case the kinetics are independent of the DNA concen-
tration (Figure 8, bottom).


Molecular modelling : The conformational analysis of the
ligand molecule was carried out before the in silico investi-
gation of its binding mode to the biological target. In partic-
ular the attention was focused on the [H3D]3+ species, which
is predominant in aqueous solution at the pH value (pH 7)
that was used for the binding studies.


Figure 5. Top: Fluorescence titration of D in the presence of DNA (~)
and DNA previously saturated with Cyan40 (*). I=0.01m, pH 7.0,
298.1 K and lem=500 nm. Bottom: Fluorescence titration of [ZnD] in
presence of DNA (~) and DNA previously saturated with Cyan40 (*).
I=0.01m, pH 8.0, 298.1 K and lem=500 nm. CD=C[ZnD]=1S10�6 m.


Table 3. The ratio between the amplitude of the binding mode 2 and the
binding mode 1 in a traditional titration, Df2/Df1, and in presence of
DNA saturated with Cyan40, (Df2/Df1)Cyan40. lem=500 nm, 298.1 K.


Df2/Df1 ACHTUNGTRENNUNG(Df2/Df1)Cyan40


D–DNA �0.34 �0.029
ACHTUNGTRENNUNG[ZnD]–DNA �0.50 �0.13


Figure 6. Circular dichroism spectra of a) D–DNA, b) [ZnD]–DNA and
c) proflavine–DNA systems. CD=3.0S10�5m, CP=3.0S10�5m, pH 7.0, I=


0.11m (NaCl) and 298.1 K.


Figure 7. Topoisomerase I relaxation reactions of supercoiled pBR322
DNA performed in the presence of increasing concentrations of D and
[ZnD]. S refers to supercoiled pBR322 DNA; C refers to relaxed
pBR322 DNA obtained by incubating the plasmid DNA with the enzyme
in the absence of dye.
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Analysis of the structural parameters of acridine mole-
cules that had been functionalised with Car-NH-Cal groups
(Car and Cal stand for aromatic and aliphatic C atoms, re-
spectively) linked to the C9 position was carried out with
the ConQuest[37] and VISTA programs[38] on the Cambridge
Structural Database.[39] This showed mainly sp2 character for
this type of nitrogen atom, although a partial loss of conju-
gation between the nitrogen atom and the aromatic moiety
was commonly found. The most frequent value for the
Car-Car-NH-Cal dihedral angle is about 208, which is usually
correlated with a Car-NH-Cal bond angle ranging from 125–
1358.


As a consequence, a Nsp2 atom type was assigned to this
nitrogen atom, and both dihedral and angular values were
constrained to the above-mentioned values.


Three conformers (Supporting Information), each from
one of the most populated clusters, were selected to study
the binding of [H3D]3+ to the biological target. All the con-
formers had antiperiplanar torsional angles of the C6 chain
(trans conformation) and mainly differed from each other in
the orientation of the diethylentriamine moiety with respect
to the acridine plane, which was almost perpendicular in
two of them, and almost coplanar in the third one.


The modelling study of the interaction between the ligand
and the selected DNA decamers (see Experimental Section)
was carried out by considering both the intercalative and


non-intercalative binding modes and by investigating the in-
teraction of the ligand with both the minor and major
grooves of DNA. Moreover, a set of five characteristic basis
sequences that featured 60% CG and 40% AT base-pair
composition, analogous to that of CT-DNA, was considered.


By taking into account the different DNA sequences and
the different interacting modes, several docking experiments
of the three [H3D]3+ conformers were planned and per-
formed. Appropriate experimental settings and conditions
were used to avoid effects on the docking results due to
ligand interaction with the polymer ends. Furthermore, both
CG and AT sites were considered for the intercalative bind-
ing mode. The DE energies for the different poses, namely
the predicted adduct structures, which actually give rise to
favourable interaction (Supporting Information, Table S1)
were calculated according to Equation (3).


DE ¼ Eadduct�
X


Ereagent ð3Þ


Inspection of the DE values clearly evidences that the
main binding mode for the considered P/D ratio should be
intercalation. However, two different intercalative modes
should be available, parallel and perpendicular, when the
proflavine group intercalates in a parallel or perpendicular
fashion to the base-pair hydrogen bonds.[40] In the parallel
mode the intercalator interacts with both DNA filaments,
while in the perpendicular mode only one filament is mostly
involved in the p-stacking interaction.


The two intercalative binding modes are depicted in
Figure 9, which shows adducts obtained with the
GCGCGCGCGC (left) and CGCGATATCG (right) se-
quences. Selected structural information (Table S2) and fig-
ures (Figure S7) for all calculated adducts are reported in
Supporting Information.


Figure 8. Top: Dependence of the reciprocal relaxation time, 1/t, on the
polynucleotide concentration for the D–DNA system. I=0.11m (NaCl),
298.1 K, pH 7.0, lex=405 nm (laser). Bottom: Dependence of the recipro-
cal relaxation time, 1/t, on the polynucleotide concentration for the
[ZnD]–DNA system. I=0.11m (NaCl), 298.1 K, pH 8.0, lex=405 nm
(laser). CD=C[ZnD]=4S10�6 m.


Figure 9. Adducts obtained with GCGCGCGCGC (left) and CGCGA-
TATCG (right) sequences showing parallel and perpendicular intercala-
tive binding modes, respectively. DE values are calculated interaction en-
ergies.
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It should be noted that in the perpendicular binding
mode, hydrogen-bond and electrostatic interactions are
often present that involve the protonated acridine nitrogen
and oxygen atoms of the polymer. On the other hand, the
polyamine chain, which is accommodated in the major or in
the minor groove of the different adducts, contributes to the
overall stability through the formation of one or two hydro-
gen-bond contacts with the phosphate groups.


Several adducts that are derived from nonintercalative
binding were also predicted by the molecular-modelling cal-
culations. As an example, Figure 10 shows the adduct that


was obtained for the CGCGATATCG sequence (Supporting
Information, Tables S1 and S2) in which the protonated
ligand lies in the major groove. The adduct is stabilised by
hydrogen-bond interactions with the phosphate oxygen of
the polyanion that involved both protonated acridine and
aliphatic ACHTUNGTRENNUNGnitrogens, and by a CH···p interaction between a T
base and the acridine ligand moiety (CH3···C mean dis-
tance=3.9 U).


Discussion


Self-aggregation of acridine orange,[23] proflavine and other
similar dyes[24] was shown to produce modifications of the
electronic absorption spectra of the monomeric species that
were interpreted by assuming the formation of dimers in sol-
utions at low concentration, as the principal species in equi-
librium with the monomeric forms. Accordingly, it seems
reasonable that the unique oligomeric species that is formed
by D under our experimental conditions is a dimer, which is
in agreement with the 1H NMR spectroscopy data. Unfortu-
nately, in the case of D, absorption spectra cannot be used


to analyse the nature of the aggregate, because, as shown by
1H NMR measurements, the formation of this species takes
place at concentrations greater than 1S10�3m of D ; this
concentration range corresponds to absorbance values that
are not suitable for binding studies. In the case of the ZnII


complex, although similar problems were found in the anal-
ysis of self-aggregation by means of absorption spectra, po-
tentiometric measurements make it possible to establish the
dimeric nature of the aggregates and determine their forma-
tion constants (Table 1).


The analysis of the 1H NMR spectra of the aggregates fur-
nishes some indications about the relative orientation of the
adjacent molecules in these aggregates. In the case of the
metal-free ligand, the acridine protons and the proton of the
hydrogen atom H4, which is linked to the carbon atom in
the proximity of the acridine group, are subjected to the
shielding effect of the aromatic p-clouds, as denoted by the
significant upfield shift of the corresponding 1H NMR reso-
nances (Figure 1). The two signals that shift the most are
those of H1 and H4 (dH1�dH1’=0.096 ppm, dH4�dH4’=


0.126 ppm, Figure 1), which indicates that these two hydro-
gen atoms penetrate more deeply into the shielding region
of the aromatic groups with respect to H2 and H3
(dH2�dH2’=0.046 ppm, dH3�dH3’=0.042 ppm, Figure 1). A
possible arrangement of the aggregate that would account
for the observed 1H NMR behaviour is depicted in
Figure 11. This shows a D dimer in which two face-to-face


p-stacked molecules, disposed in a head-to-tail mode, have
the centres of the adjacent aromatic rings laterally displaced
towards H1 and H4. Such an arrangement would cause the
chelating hanging groups to be located in the deshielding
zone of the aromatic systems, which is in agreement with
the downfield shift that is experienced by the relevant
1H NMR signals in the aggregate with respect to the mono-
meric molecule (Figure 1). Similar considerations can be
made for the ZnII complex of D, the aggregation mode of
which is probably quite similar to that of the metal-free
ligand.


Analogous interaction modes were also reported for pro-
flavine,[41] acridine orange[21,42] and acridine orange deriva-
tives.[26,43]


This study has shown that the bifunctional molecule D
and its ZnII complex ([ZnD]) interact with double-stranded
DNA, to form stable complexes. Static measurements clear-


Figure 10. Adduct obtained with the CGCGATATCG sequence featured
by major-groove-binding mode. DE is calculated interaction energy.


Figure 11. Proposed arrangement of D dimers.
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ly show a biphasic behaviour for both systems, which reveals
the occurrence of two different modes of binding.


The decrease of fluorescence emission and absorbance
signals, observed for the first branch of titrations (binding
mode 1), persists varying the ionic strength. The values of
K1 related to this mode of binding are two orders of magni-
tude higher than those expected for intercalation reactions
in spite of the fact that the approximation made in Equa-
tion (2) ([P]=CP) would cause K1 to be underestimated.


One can note that the values of K1 for both D–DNA and
[ZnD]–DNA systems display a slight ionic-strength depend-
ence, possibly due to charge effects.[44] The major difference
between the two systems lies in the fact that the affinity of
[ZnD] for DNA is near four times greater than that of D ;
this suggests that, in binding mode 1, the residue that con-
tains the zinc ion plays an important role.


The enhancement of fluorescence emission and the ob-
served red shift of the absorbance spectra during the second
part of the titrations (binding mode 2) indicate a base–dye
interaction. The values of the related binding constant, K2,
are close to the value that was measured for the DNA–pro-
flavine system (Table 2), which is known to bind double-
stranded nucleic acids by intercalation.[31–33] Because D and
[ZnD] bear +3 and +2 charges ([H3D]3+ , [ZnD]2+]), re-
spectively, the slopes of logK versus �log ACHTUNGTRENNUNG[Na+] plots could
be much higher (ffi3 and ffi2). The lower values that were
obtained suggest that not the entire molecule, but only the
proflavine residue takes part in binding mode 2. Actually,
the charge of this residue is +1 for D and smaller than 1
for [ZnD]. For these reasons we suggest that binding
mode 2 corresponds to the intercalation of the aromatic resi-
due into DNA, whereas the first part of titration (binding
mode 1) is related to the formation of an external complex
between the dye and DNA.


The dye displacement assay shows for both systems that
upon the addition of DNA saturated with an intercalating
dye, the first binding stage still remains whereas the second
one is suppressed (Figure 5). This behaviour indicates that
D is not able to push the intercalated dye out of the nucleo-
tide cavities, otherwise a fluorescence increase would be ob-
served at the wavelength of 500 nm at which only the
D–DNA complex, which is formed according to binding
mode 2, is fluorescent. Because it is demonstrated that
Cyan40 is intercalated between the base pairs of DNA,[45]


the binding mode 2 necessarily should correspond to an in-
tercalative process. This hypothesis was confirmed by the
unwinding assay as well as by CD experiments. Similar con-
siderations can be applied to the [ZnD]–DNA system.


The observation that the first branch of the titration
curves is not influenced by the presence of cyanine interca-
lated into DNA suggests that in binding mode 1 the interac-
tion between the dye and DNA occurs externally to the
DNA cavities, with the polyamine residue possibly lying
along the grooves of the nucleic acids. The calculated model
depicted in Figure 10 could provide a general idea of this
type of non-intercalative interaction, although it is not rep-
resentative of the specific structural features of D–DNA ad-


ducts formed under the conditions of binding mode 1 (low
dye-to-DNA molar ratios).


The kinetics of D and [ZnD]-binding to DNA according
to binding mode 2 show that the values of the time constants
of the two systems are similar; this suggests that the rate-de-
termining step involves a residue common to both dyes, that
is, the proflavine residue. This is in agreement with the com-
parable binding constant that is observed in the presence/ab-
sence of the metal ion for the second equilibrium, which
gives rise to comparable efficiency in DNA unwinding. The
values of the rate constants are an order of magnitude lower
than the value expected for diffusion-controlled reactions,[46]


this fact confirms that the binding process, which is repre-
sented by the apparent reaction (1), is not a simple one, but
is composed of at least two steps.


The kinetic features of binding mode 2 could be rational-
ised on the basis of the reaction Equation (4), in which P�D
is a bound form that is different from the intercalate PDint.
According to Equation (4) the kinetic data could be fitted
to Equation (5)


PþDG
Kex


HP�DG
k1


k�1


HPDint ð4Þ


1=t ¼ ðKexk1CPÞ=ð1þKexCPÞþk�1 ð5Þ


If KexCP@1, it turns out that 1/t= (k1+k�1) and its con-
centration dependence could not be observed.


Structural information on the adducts that were formed
with DNA were obtained by means of modelling studies
that were performed with DNA sequences (decamers),
which are representative of the calf thymus DNA base-pair
composition. A 1:1 decamer/D molar ratio was adopted that
corresponds to the range of concentration at which the bind-
ing mode 2 was observed. By taking into account the similar
behaviour of D and [ZnD] in DNA-binding mode 2, only
modelling studies based on D were performed.


The proton localisation that was determined for [H3D]3+


by means of 1H NMR measurements in solution (Scheme 1)
was used in both a preliminary conformational search and in
docking procedures, by assuming that no changes occur
upon interaction with DNA.


As previously reported, the nitrogen atom of the
Car�NH�Cal linkage has mostly a sp2 character, and there-
fore it should have neither hydrogen-bond acceptor proper-
ties nor donor ability towards metal ions. Actually, similar
binding processes are found in both D–DNA and
ZnD–DNA systems, in agreement with the fact that the
Car�NH�Cal group is not involved in metal coordination.


The analysis of modelling results (see Supporting Infor-
mation, Tables S1 and S2) shows that intercalation is the
preferred binding mode, in agreement with the solution re-
sults obtained for the binding mode 2 with calf thymus
DNA and with literature data on other acridine-type com-
pounds.[47] Intercalative binding involves both AT and CG
base pairs, even if CG sequences seem to be preferred to
AT ones. Most likely, in the case of the polyA–polyT se-
quence, major-groove binding should occur also.
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Inspection of the geometrical features of the calculated
adducts reveals that both parallel and perpendicular stack-
ing modes (Figure 9) should occur in the D–DNA system,
the perpendicular one is favoured by additional NH+ ···O in-
teractions between the protonated acridine nitrogen atom
and the oxygen atoms of the polyanion.


The perpendicular stacking with acridine-type compounds
is rather surprising, because they are usually reported as
parallel base-stacking intercalators.[47] For instance, the acri-
dine-type drug 9-amino-DACA, which interacts with DNA
in its protonated form, behaves as a parallel bis-intercala-
tor.[48] However, it is worth noting that in the case of 9-
amino-DACA an intramolecular hydrogen bond that in-
volves the protonated heteroaromatic nitrogen of the drug
avoids the formation of hydrogen-bond and/or salt-bridge
interactions with the biological target. This is not the case of
[H3D]3+ , which forms additional NH+ ···O interactions in
several D–DNA species, which enhance the stability of per-
pendicular adducts.


Nevertheless, the perpendicular intercalation mode has
been proposed for several intercalators such as doxorubicin
and daunomycin[49] as well as for acridines[50,51] for which it
was denoted as a half-intercalation. According to this
model, the dye intercalates between two adjacent bases of
one of the two strands, while the positive charge interacts
electrostatically with the phosphate groups of the DNA
backbone.[52,53]


Conclusion


The new proflavine-based ligand that contains a hanging
chelating diethyelentriamine moiety and its ZnII complex
bind to calf thymus DNA according to a biphasic behaviour
that is defined by two different binding modes depending on
the polymer-to-dye molar ratio (P/D); the ligand forms
complexes of considerable stability. At relatively low P/D
values, both the metal-free ligand and its ZnII complex asso-
ciate with DNA externally to the base pairs; the principal
involvement comes from the polyamine moiety. The pres-
ence of the metal ion leads to a fourfold increase of the dye
affinity for the polymer. On the other hand, at high P/D
values the interaction takes place through intercalation of
the proflavine residue between base pairs; significant effects
are not derived from the presence of ZnII.


Molecular-modelling calculations were performed with
appropriate base pair sequences and showed that the inter-
calative binding should be more favourable when the CG
base pairs are involved, even if intercalation between AT
base pairs also leads to stable complexes. Most likely, in the
case of the AT sequence, significant groove binding also
occurs.


In contrast with the common behaviour of base-stacking
intercalators, modelling calculations indicate that the inter-
calative binding of the present dye should mostly involve
only one filament of the double helix (Figure 9, right), prob-
ably due to NH+ ···O interactions between the protonated


acridine nitrogen and the oxygen atoms of the polyanion.
Most likely this peculiar binding feature is favoured by the
structure of the intercalator, which was designed with the in-
tention of inserting the chelating hanging group onto the C9
atom of acridine in order to allow the N10 atom to project
towards the polymer chain.


These results may help in the design of new intercalators
in support of improved DNA-binding processes.


Experimental Section


General details : Stock solutions of D (2S10�3m) were prepared by dis-
solving weighed amounts of the solid in pure DMSO, and were kept in
the dark at 255 K. Working solutions were obtained by diluting the
stocks to such a level that the DMSO content could be neglected, and
were used shortly after preparation. A solid sample of Cyan40[54] was pro-
vided by Prof. S. Yarmoluk and the relevant stock solution was prepared
as described for D.


Calf thymus DNA was purchased from Pharmacia Biotech (Uppsala,
Sweden), in the form of the lyophilised sodium salt, dissolved into water
and sonicated as described below. Stock solutions were standardised
spectrophotometrically, by using e =13200 mol�1dm3cm�1 at 260 nm, I=


0.1m (NaCl), pH 7 as obtained from the sample certificate. The polynu-
cleotide concentrations are expressed in molarity of base pairs and are
indicated as CP. Sodium chloride was used to adjust the ionic strength,
and sodium cacodylate (1S10�2m) was employed to keep the pH of the
solutions to the desired value.


The D–DNA system was studied at pH 7.0 and the [ZnD]–DNA system
at pH 8.0. All solutions were prepared with double-distilled water, which
was also used as the reaction medium.


DNA sonication was carried out by using an MSE-Soniprep sonicator
(Sanyo Gallenkamp, Leicestershire, UK), by applying seven repeated
cycles of 10 s sonication and 20 s pause to a DNA sample (10 mL of CT-
DNA �2S10�3m), at an amplitude of 14 mm. The sonicator tip was intro-
duced directly into the solution; this solution was kept in an ice bath to
minimise thermal effects due to sonication. Agarose gel electrophoresis
tests indicated that the polymer length was reduced to about 800 base-
pairs.
1H and 13C NMR spectra were recorded at 298 K on a Varian Unity
300 MHz instrument. In 1H NMR spectra peak positions are reported rel-
ative to HOD at d=4.75 ppm (D2O) or to TMS (CD3OD, CDCl3), while
in 13C spectra peak positions are reported relative to 1,4-dioxane at d=


67.2 ppm (D2O) or TMS (CD3OD, CDCl3). In the pH-metric titrations,
small amounts of 0.01m NaOD or DCl were added to adjust the pD. The
pH was calculated from the measured pD value by using the relationship
pH=pD�0.40.[55]


ESI mass spectra were performed with a ESI Mass TSQ 700 FINNIN-
GAM by using the free ligand D, which was obtained by extraction in
chloroform of an aqueous alkaline solution prepared from
D·4HBr·EtOH.


Synthesis of ligand (N9-{6-[bis(2-aminoethyl)amino]hexyl}-acridine-3,6,9-
triamine) (D): Ligand D was obtained as a hydrobromide salt (D·4HBr),
according to the reaction sequence shown in Scheme 2. Compound 5 was
prepared by a reported method.[56]


Synthesis of tert-butyl (6-aminohexyl)carbamate (2): Boc2O (31.6 g,
0.145 mol) was added in small portions to a solution of 1,6-diaminohex-
ane (50.5 g, 0.43 mol) in CH2Cl2 (350 mL) at 0 8C (water/ice bath). The
mixture was maintained overnight at room temperature, then chloroform
(375 mL) was added and the resulting solution was washed twice with a
5% Na2CO3 aqueous solution (750 mL). The organic phase was dried
over anhydrous Na2SO4 and the solvent was removed under reduced
pressure to obtain a sticky residue, which was dissolved in 1m HCl solu-
tion (50 mL) and washed three times with diethyl ether (50 mL). The re-
sulting aqueous solution was alkalinised by the addition of 2m NaOH
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(13 mL) and the compound was extracted with ethyl acetate (5S
200 mL). The organic solution was successively dried over anhydrous
Na2SO4 and vacuum evaporated to obtain a solid compound, which was
further dried under vacuum at room temperature in the presence of
KOH. Yield 11.6 g (37%); 1H NMR (CDCl3): d =1.38 (s, 9H), 1.42–1.50
(m, 8H), 2.32 (s, 2H), 2.65 (m, 2H), 3.04 (m, 2H), 4.67 ppm (s, 1H); 13C
(CDCl3): d=26.4, 26.5, 28.4, 30.0, 33.3, 40.4, 41.9, 78.9, 155.9 ppm; ele-
mental analysis calcd (%) for C11H24N2O2: C 61.08, H 11.18, N 12.95;
found: C 61.02, H 11.23, N 12.89.


Synthesis of tert-butyl{6- ACHTUNGTRENNUNG[bis(2-{[(4-methylphenyl)sulfonyl]amino}ethyl)-
amino]hexyl}carbamate (3): A solution of N-tosyl aziridine (11.0 g,
0.056 mol) in dry acetonitrile (140 mL) was added to a refluxing solution
of 2 (5.0 g, 0.023 mol) in dry acetonitrile (140 mL) over a period of 3 h.
The solution was refluxed for further 3 h, then the solvent was removed
under reduced pressure to obtain a pale-yellow oil, which was successive-
ly subjected to chromatography on silica gel (CH2Cl2/MeOH 100:3) mix-
ture. The eluted fractions were combined and evaporated to dryness
under reduced pressure. Yield: 7.35 g, 85%; 1H NMR (CDCl3): d =1.09
(m, 2H), 1.20 (m, 4H), 1.39 (m, 2H), 1.42 (s, 9H), 2.17 (m, 2H), 2.40 (s,
6H), 2.42 (m, 4H), 2.86 (m, 4H), 3.04 (m, 2H), 4.63 (s, 1H), 5.61 (s, 2H),
7.28 (d, J=8.0 Hz, 4H), 7.76 ppm (d, J=8.0 Hz, 4H); 13C (CDCl3): d=


21.6, 26.0, 26.5, 26.9, 28.5, 29.9, 40.6, 53.1, 53.4, 79.0, 127.0, 129.6, 136.7,
143.1, 155.8 ppm; elemental analysis calcd (%) for C29H46N4O6S2: C
57.02, H 7.59, N 9.17; found: C 57.07, H 7.53, N 9.24.


Synthesis of N,N’-{[(6-aminohexyl)imino]diethane-2,1-diyl}bis(4-methyl-
benzenesulfonamide) (4): CF3COOH (150 mL) was added dropwise to a
solution of 3 (7.35 g, 0.012 mol) in CH2Cl2 (120 mL) at 0 8C (water/ice
bath). The resulting solution was maintained at room temperature for
24 h, then cooled in a water/ice bath and alkalinised by the addition of
2m NaOH (660 mL). The organic phase was separated, and the aqueous
phase was extracted with CH2Cl2 (3S200 mL). The organic solutions
were combined and dried over anhydrous Na2SO4. The solvent was then
eliminated by evaporation under reduced pressure to obtain compound
4, as a sticky yellow oil, in quantitative yield. 1H NMR (CDCl3): d=1.02–
1.34 (m, 6H), 1.39 (m, 2H), 2.18 (m, 2H), 2.38 (m, 4H), 2.40 (s, 6H),
2.68 (m, 2H), 2.86 (m, 4H), 3.86 (s, 4H), 7.29 (d, J=8.0 Hz, 4H),


7.76 ppm (d, J=8.0 Hz, 4H); 13C
(CDCl3): d =21.6, 26.1, 26.2, 26.6, 40.6,
41.5, 53.0, 127.0, 129.6, 136.7,
143.0 ppm; elemental analysis calcd
(%) for C24H38N4O4S2: C 56.44, H
7.50, N 10.97; found: C 56.50, H 7.41,
N, 11.04.


Synthesis of N,N’-[9-({6-[bis(2-{[(4-
methylphenyl)sulfonyl]amino}ethyl)-
amino]hexyl}amino)acridine-3,6-diyl]-
dipropanamide (6): A suspension of 4
(1.64 g, 3.2 mmol), 5 (N,N’-(9-chloroa-
cridine-3,6-diyl)dipropanamide)
(1.14 g, 0.0032 mol) and NEt3
(0.45 mL, 0.0032 mol) in dry aceto-
ACHTUNGTRENNUNGnitrile (50 mL) was refluxed for 5 h.
The solvent was then removed under
reduced pressure and the dark-orange
crude compound was subjected to
chromatography on silica gel (CH2Cl2/
MeOH 100:15) mixture. The eluted
fractions were combined and evapo-
rated under reduced pressure. The re-
sulting solid orange compound was
further dried in vacuum at room tem-
perature. Yield: 2.15 g, 81%; 1H NMR
(CD3OD): d=1.23 (t, J=7.6 Hz, 6H),
1.28–1.40 (m, 4H), 1.44 (m, 2H), 1.92
(m, 2H), 2.32 (t, J=6.2 Hz, 2H), 2.38
(s, 6H), 2.44 (t, J=6.3 Hz, 4H), 2.49
(q, J=7.6 Hz, 4H), 2.82 (t, J=6.3 Hz,
4H), 4.01 (t, J=7.3 Hz, 2H), 7.31 (d,
J=8.1 Hz, 4H), 7.35 (dd, J=9.2,


2.1 Hz, 2H), 7.68 (d, J=8.1 Hz, 4H), 8.26 (d, J=9.2 Hz, 2H), 8.27 ppm
(d, J=2.1 Hz, 2H); 13C NMR (CD3OD): d =9.8, 21.5, 27.5, 27.6, 27.8,
30.7, 31.3, 42.0, 50.1, 54.7, 55.0, 106.1, 109.7, 117.5, 127.5, 128.0, 130.7,
138.6, 142.8, 144.6, 145.7, 156.9, 176.0 ppm; elemental analysis calcd (%)
for C43H55N7O6S2: C 62.22, H 6.68, N 11.81; found: C 62.11, H 6.71, N
11.76.


Synthesis of D·4HBr·EtOH : A solution containing 6 (1.90 g, 0.0023 mol)
and phenol (10.8 g, 0.11 mol) in 33% HBr/CH3COOH (370 mL) was
maintained at 90 8C under stirring for 24 h. The resulting suspension was
then cooled to room temperature and CH2Cl2 (350 mL) was added to
complete the precipitation of the light-orange compound, which was fil-
tered, washed with CH2Cl2, recrystallised from an EtOH/H2O (3:1 v/v)
mixture and dried in vacuum at 308 K in the presence of KOH to obtain
D·4HBr·EtOH. Yield 0.80 g, 45%; 1H NMR (D2O, pH 3.8): d=1.12–1.68
(m, 8H), 2.52 (m, 2H), 2.80 (m, 4H), 3.11 (m, 4H), 3.19 (m, 2H), 5.96
(d, J=2.2 Hz, 2H), 6.45 (dd, J=9.5, 2.2 Hz, 2H), 7.28 ppm (d, J=9.5 Hz,
2H); 13C NMR (D2O, pH 3.8): d =25.2, 26.7, 26.9, 30.1, 37.5, 48.8, 50.8,
52.8, 97.1, 104.3, 114.3, 141.3, 153.0 ppm; MS: m/z : 410.36 [M+H]+ ; UV/
Vis (H2O, pH 2.1, 298 K): lmax (e)=383 (25500), 275 nm
(50200 mol�1dm3cm�1); elemental analysis calcd (%) for C25H45N7Br4O:
C 38.53, H 5.82, N 12.58, Br 45.06; found: C 38.61, H 5.77, N 12.73, Br
44.95 (the bromide content was evaluated by potentiometric titrations of
the compound with AgNO3).


Potentiometric measurements : All pH-metric measurements (pH=


�log[H+]) that were employed for the determination of equilibrium con-
stants were carried out in 0.1m NMe4Cl solutions at 298.1�0.1 K, by
using equipment and methodology already described.[57] The combined
Hamilton glass electrode (LIQ-GLASS 238000/08) was calibrated as a
hydrogen concentration probe by titrating known amounts of HCl with
CO2-free NaOH solutions and by determining the equivalent point by
GranRs method[58] which allows one to determine the standard potential,
Eo, and the ionic product of water (pKw=13.83(1) at 298.1 K in 0.1m


NMe4Cl). At least three measurements were performed for each system
in the pH ranges 2.5–10.5. In ligand protonation experiments, the concen-
tration of ligand CD was 5S10�4m. In complexation experiments the con-


Scheme 2. Reaction sequence for the synthesis of D.
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centration of D was varied in the range 1S10�4–1S10�3m, while the con-
centration of ZnII was CD�CZnII�2CD. The computer program HYPER-
QUAD[59] was used to calculate the equilibrium constants from the elec-
tromotive force data.


Spectral measurements : Absorption spectra were recorded on a Perkin–
Elmer Lambda 35 spectrophotometer and fluorescence emission spectra
on a Perkin–Elmer LS 55 spectrofluorimeter at 298.1�0.1 K. The titra-
tion experiments for ligand protonation and ZnII-complexation studies
were performed in 0.1m NMe4Cl solution. Spectrophotometric titrations
of the dye alone and its ZnII complex with calf thymus DNA were carried
out at I=0.11m (NaCl) and l =390 nm, by adding increasing amounts of
DNA solution directly into the cell containing the dye (CD=1S10�5m) or
its ZnII-complex solution (C[ZnD]=1S10�5m).


Fluorescence titrations of DNA samples were performed at lexc=385 nm
and lem=480 or 500 nm by using the procedure above described.


Circular dichroism spectra were recorded on a Jasco J710 spectropolarim-
eter (Easton, MD, USA).


Kinetic measurements : The kinetic measurements were carried out on a
Biologic SFM 300 stopped-flow mixing unit coupled to a spectrophoto-
metric line by two optical guides. A blue laser diode (l=405 nm, 1 mW)
was used as a light source. The radiation was passed through a Bausch
and Lomb 338875 high-intensity monochromator and then split into two
beams. The reference beam was sent directly to a 1P28 photomultiplier.
The measuring beam was sent through an optical quartz guide to the ob-
servation chamber and then, through a second optical guide, to the meas-
uring photomultiplier, which was also IP28. The output from the two
photomultipliers was balanced before each shot. The stopped-flow appa-
ratus is able to measure absorbance and/or fluorescence changes, but
only the fluorescence detection mode was employed. The acquisition
system keeps a record of a number of data points ranging from 10–8000
with sampling intervals ranging from 50 ms–10 s. Each experiment was re-
peated at least ten times, and the relaxation curves obtained were aver-
aged by an accumulation procedure. All measurements were carried out
under pseudo-first-order conditions.


Unwinding measurements : Supercoiled pBR322 DNA (0.15 mg) was incu-
bated with 1 U of topoisomerase I (Invitrogen) in Tris HCl (50 mm),
pH 7.5, KCl (50 mm), MgCl2 (10 mm), DTT (0.5 mm), EDTA (100 mm),
BSA (30 mgmL�1) in the presence/absence of increasing concentrations
of D or [ZnD]. After overnight incubation at 310 K, NaCl was added to
the samples to a final concentration of 0.15m and, the samples were ex-
tracted with an equal volume of 1:1 PhOH/CHCl3 that was buffered to
pH 7.5 with Tris HCl (50 mm), to eliminate both the dye and protein. The
aqueous phase was loaded on 1% agarose gel, and run in TAE (40 mm


Tris, 18 mm acetic acid, 1 mm EDTA). The reaction products were visual-
ised by ethidium bromide staining.


Molecular modelling : Computations were performed on AMD 1 GHz
and Intel P4 3 GHz computers running Linux.


The conformational search was performed by using the simulated anneal-
ing (SA) procedure contained in MacroModel version 8.5,[60] by using the
MMFF force field (FF) and the atomic partial charges from FF. The set-
tings of the molecular dynamic simulation were as follow: running tem-
perature: T=400 K; heating, running and cooling time: 5 ps; time step:
1.5 fs. 100 Energy-minimised conformers were obtained and collected in
cluster by using an “in house”-developed routine that was written in
Visual Basic programming language version 6.0 (Microsoft Corporation).
The routine groups molecules on the basis of the root mean square
(RMS) value of the distance between atoms (RMS�0.9 U).


DNA decamers in the B-form were built by using the Builder module in
Maestro version 7.5[61] for all the following sequences: ATATATATAT,
GCGCGCGCGC, ATCGCGCGAT, CGCGATATCG, CGATCGATCG.
Intercalation sites of CG and/or AT types were conveniently built in the
centre of the decamers for each DNA sequence.


Docking calculations were performed by using the Glide program.[62] De-
fault input parameters were used in all computations (no scaling factor
for the vdW radii of nonpolar DNA atoms, 0.8 scaling factor for nonpolar
ligand atoms). The grids for the docking (20 U edges for the enclosing
box) were centred on the centroid of the appropriate residues, and were


chosen according to the intercalative and non-intercalative binding
modes.


Upon completion of each docking calculation, twenty poses per ligand
were saved. The overall sixty conformers that were obtained for H3D


3+


were clustered on the basis of the position that was assumed with respect
to the DNA double helix and were ranked according to the glide score.
The top-ranked conformer per cluster was selected. The DNA–ligand
complexes were submitted to a minimisation with Impact v. 4.0,[63]


OPLS2005 force-field-based conjugate gradient minimisation routine
(atomic charges from the FF, maximum number of minimisation cycle:
5000; energy change criterion: 0.01 kcalmol�1 U�1; gradient criterion:
0.01). Continuum representation of the solvent have been used by means
of the Poisson–Boltzmann solver equation.[64]
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Introduction


Light-induced processes and properties are receiving in-
creasing interest regarding their potential use in several im-
portant fields. The search for new chromophores exhibiting
photo- and electroactive properties which can complement


or replicate the characteristics of already known dyes to be
used in the construction of functional molecular arrays and
materials is an important topic in synthetic and physical
chemistry nowadays. In the last decades the efforts to in-
crease the list of available chromophores adding new ones
with specific absorption, emission, redox, and excited-state
properties have produced a wide variety of compounds
which can be usefully employed in the engineering of smart
multicomponent structures able to perform light-driven ac-
tions.[1] The class of porphyrins has long been the most fre-
quently used in the construction of these arrays[2] and has re-
cently been extended with several new chromophores. Ex-
panded porphyrins,[3] porphyrin tapes,[4] phthalocyanines,[5]


subphthalocyanines,[6] chlorins,[7] porphyrins with an expand-
ed p-conjugated system[8] have proven to be viable alterna-
tives to simple porphyrins in the construction of photoactive
dyads or higher homologues.


In this context, we have studied over the last few years
the photophysical properties of free-base corroles and their
potential use in the construction of assemblies with useful


Abstract: The bichromophoric systems
C2-PI, C3-PI, and C3-PPI consisiting
of corrole and perylene bisimide units
and representing one of the rare cases
of elaborate structures based on cor-
role, have been synthesized. Corroles
C2 and C3 are, respectively, meso-sub-
stituted corroles with 2,6-dichlorophen-
yl and pentafluorophenyl substituents
at the 5 and 15 positions. The three
dyads were prepared by divergent
strategy with the corrole-forming reac-
tion as the last step of the sequence.
C2-PI and C3-PI differ in the nature of
the corroles, whereas C3-PI differs
from C3-PPI in the presence of a fur-
ther phenyl unit in the linker between
photoactive units. The dyads display


spectroscopic properties which are the
superposition of the component spec-
tra, indicating a very weak electronic
coupling. Excitation of the corrole unit
leads to charge separation with a rate
which decreases from 2.4-1010, to 5.0-
109, and to 4.9-107 s�1 for C2-PI, C3-
PI, and C3-PPI, respectively, where the
reaction is characterized by a DG8>0.
Excitation of the perylene bisimide
unit is followed by competing reactions
of: 1) energy transfer to the corrole
unit, which subsequently deactivates to


the charge-separated state and; 2) elec-
tron transfer to directly form the
charge-separated state. The ratio of
electron-to-energy-transfer rates is 9:1
and 1:1 for C3-PI and C3-PPI, respec-
tively. The yield of charge separation is
essentially 100% for C2-PI and C3-PI,
and approximately 50% (excitation of
peryleneimide) or 15% (excitation of
the corrole) for C3-PPI. The lifetime
of the charge-separated state, observed
for the first time in corrole-based struc-
tures, is 540 ps for C2-PI, 2.5 ns for C3-
PI, and 24 ns for C3-PPI, respectively.
This is in agreement with an inverted
behavior, according to Marcus theory.
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photoinduced properties. This research can be regarded as
part of the more general and rapidly increasing interest in
corroles, their synthesis, reactivity, and applications.[9] Con-
cerning free base-corroles, we and others have shown that
these tetrapyrrolic species, especially when bearing electron-
withdrawing substituents, are photostable, display high lumi-
nescence, can sensitize singlet oxygen, have singlet and trip-
let excited states with well-characterized spectra and can be
easily oxidized and reduced.[10,11,12] Free-base corroles can
be connected to other units yielding photo- and thermally
stable dyads able to undergo interesting photoinduced pro-
cesses, such as energy[13,14,15] or electron transfer.[15] Herein
we address the formation of charge-separated states follow-
ing photoinduced electron transfer in new free-base corrole-
based dyads. To have efficient electron transfer and the pos-
sibility to unambiguously identify and study the charge-sepa-
rated states (CS) the corrole has been connected to a pery-
lene bisimide unit. The latter is a stronger electron acceptor
than the phenylene derivative and has similar electron affin-
ity to the naphthalene bisimide (E1/2 of the order of �0.5 V
versus SCE). It also has a well-characterized and extremely
intense spectrum of the reduced radical (e
�100000m


�1 cm�1) in the near-infrared (NIR) spectral
region and therefore is very useful in the characterization
and study of the CS state.[16–18]


Results and Discussion


Design and synthesis: Several issues merit particular consid-
eration when contemplating the synthesis of complex dyads
that contain corrole. Regarding synthetic efficiency, in anal-
ogy to porphyrins, two general strategies are possible. The
first starts with the synthesis of corrole followed by modifi-
cations of peripheral substituents. The second strategy starts
with the preparation of an elaborated aldehyde which will
then be used in the reaction that forms corrole. Given the
moderate stability of corroles it is desirable to perform as
few manipulations as possible. In this regard we decided to
follow the second route as in our previous endeavor.[15] It is
worth to mention that all dyads composed of perylene bisi-
mide and porphyrin moieties studied to date (with one ex-
ception)[19] were synthesized by the opposite approach (that
is, through joining both units).[7c,18i,19]


We decided to further build up our experience in the syn-
thesis of meso-substituted trans-A2B-corroles from dipyrro-
methanes and aldehydes.[20] This methodology allows the in-
troduction of the desired substituent at the 10 position of
the macrocycle core. The two remaining identical substitu-
ents at the positions 5 and 15 allow the control of other
properties of the system, such as, solubility, stability, and
redox properties. We envisaged the use of two different
types of substituents at these positions: The strongly elec-
tron-withdrawing pentafluorophenyl group and the sterically
hindered 2,6-dichlorophenyl group. This choice was induced
by the desire to achieve reasonable stability and solubility of
the dyads. As far as the linker connecting both chromo-


phores is concerned we chose simple phenylmethylene and
biphenylmethylene groups which should guarantee a good
structural control and a sufficient electronic coupling to
allow intramolecular processes.


In light of the considerations above, the crucial part of
the synthesis of the dyads was the facile generation of the
pivotal perylene bisimide core, endowed with an aldehyde
functionality for further elaboration. Clearly, synthons for
such synthesis need to possess both primary amino and
formyl groups, but the formyl group needs to be present in a
protected form. Additionally, the perylene bisimide unit has
to show good solubility in common organic solvents,[21] pos-
sess a formyl group, and be robust. A few different ap-
proaches have been proposed towards producing perylene
bisimides with good solubility. The most common is to use
2,6-diisopropylphenylamine[19] or 2,5-di-tert-butylphenyla-
mine[22] as solubilizing moieties. After preliminary experi-
ments we decided to focus on less common, but more effi-
cient “swallow-tail” aliphatic amines introduced by Langh-
als.[23] We used monoimide-monoanhydride 4[24] as the cru-
cial building block which has to be combined with the unit
containing free amino and protected aldehyde units. Suita-
ble building block 3 was synthesized in two steps
(Scheme 1) from 4-cyanobenzaldehyde (1).[25] Final conden-
sation performed in melted imidazole[26] in the presence of
zinc acetate afforded aldehyde 5 in 76% yield (Scheme 1).
A chromatographic purification of initially formed acetal
with silica[27] and ethanol proceeded with deprotection to
form the aldehyde 5 directly. Although it is well described
in the literature that mix-condensation of perylene bisanhy-
dride (6) with two different amines leads almost exclusively
to symmetrically substituted product,[21] we decided to try
this approach as a conceptually simpler alternative pathway.
Thus perylene-3,4,9,10-tetracarboxylic dianhydride 6, amine
7, and amine 8[15] (bearing a masked formyl group) were
heated in melted imidazole for 24 hours. After typical
workup, we were delighted to find that all three possible
products could be detected by using TLC. The column chro-
matography allowed us to separate the desired acetal from
PI0 and from the second symmetrical side product. Subse-
quent cleavage by using a DCM/TFA mixture afforded alde-
hyde 5 in 16% yield (after 2 steps).


The synthesis of aldehyde 14 bearing the elongated biphe-
nylene unit took significantly longer although a similar
method was used. The crucial biphenyl linkage was created
through Suzuki coupling of 4-bromo-1-cyanobenzene (9)
and 4-formylboronic acid (10) (Scheme 2).[28] The following
protection with ethylene glycol and further reduction with
LAH afforded amine 13 in 19% overall yield. Subsequent
condensation with monoanhydride 4 afforded aldehyde 14
in 57% yield (Scheme 2). Both aldehydes were highly solu-
ble in CH2Cl2 which is the typical solvent of choice in the
synthesis of porphyrinoids.


Aldehydes 5 and 14 were subjected to conditions for the
synthesis of trans-A2B-corroles by using aldehydes and di-
pyrromethanes.[20] Poor solubility of perylene-aldehydes in
MeOH precluded the use of otherwise superior H2O/
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MeOH/HCl conditions.[29] Consequently, we condensed di-
pyrromethanes 15 and 16 with aldehyde 5 in CH2Cl2 in the
presence of TFA, under slightly more acidic conditions de-
scribed in original publications.[20c,d] Quenching of the reac-
tion with p-chloranil or DDQ resulted in the corresponding
dyads C2-PI and C3-PI in 14 and 15% yields, respectively
(Scheme 3). Analogous condensation of aldehyde 14 with di-
pyrromethane 16 furnished dyad C3-PPI in 11% yield.


Photophysical properties


Absorption spectroscopy: A spectroscopic and photophysi-
cal investigation was carried out on corrole component
models C2, C3, and on perylene bisimide model PI0, as well
as, on the three dyads C2-PI, C3-PI, C3-PPI. The first two


dyads have different substituents around the corrole periph-
ery, 5,15-bis(2,6-dichlorophenyl)corrole moiety (C2), and a
5,15-bis(pentafluorophenyl)corrole moiety (C3) and the
latter dyads have different distances between the perylene
bisimide and the corrole component, having one or two
phenyl groups, respectively, between the imidic nitrogen and
the corrole meso position. The absorption spectra of the
components superimposed with the spectrum of the dyad
are reported in the three panels of Figure 1. Model C2 dis-
plays a splitting of the Soret band previously discussed[15]


and typical of corroles with a deviation from planarity of
the macrocycle induced by crowding of substituents and re-
ported for meso aryl groups bearing bulky ortho substitu-
ents.[12,11]


The dyads C2-PI, C3-PI, and C3-PPI display spectra
which are essentially the superimposed absorption spectra
of the component models, Figure 1. A very slight bathochro-


Scheme 1. The synthesis of aldehyde 5.


Scheme 2. The synthesis of aldehyde 14.
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mic shift (2–3 nm) in the absorption maximum of the dyads
with respect to the components can be noticed in C2-PI and
C3-PI, but it is completely absent in C3-PPI, where the in-
sertion of a further phenyl group electronically decouples
components even more. In all cases, the good additive prop-
erties of the spectra indicate a very weak electronic coupling
between the components and allow an approach based on a
localized description of the individual subunits in the subse-
quent discussion of the photoinduced-energy and electron-
transfer reactions.


From inspection of the spectra in Figure 1 one can see
that selective excitation of the corrole component in the


dyads is possible at wavelength >560 nm, whereas major ex-
citation of the imide unit (about 85–90%) is possible on the
two major peaks of the PI unit at 490 and 527 nm.


Luminescence spectroscopy : The luminescence spectra of
model corroles C2 and C3 excited at 565 nm are reported in
Figure 2. The luminescence spectra of the dyads C2-PI, C3-
PI, C3-PPI selectively excited at the corrole units under the
same experimental conditions are also shown in Figure 2.
The fluorescence quantum yield of corroles is Ffl =0.06 and
0.14 for C2 and C3, respectively, whereas the fluorescence
of the corrole units in the dyads decreases in a different
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order: Ffl =0.0015, 0.0076, and 0.12 for C2-PI, C3-PI, and
C3-PPI, respectively. The quenching is quite strong in the
first two dyads, but it is only of the order of 15% in C3-PPI,
characterized by a larger distance between bisimide and cor-
role. The results of excitation at 490 nm, where the PI unit
is preferably excited (90% in C2-PI, 87% in C3-PI and C3-
PPI, respectively), are shown in Figure 3. This compares the
luminescence of the dyads with that of the models PI0, C2,
or C3 with concentrations adjusted to absorb the same
number of photons as those absorbed by the pertinent unit
in the dyad. The luminescence of PI0 is scaled by a factor of
100 to better visualize the less intense emissions from the
corroles and the dyads. The displayed results show that the
emission of the perylene bisimide unit is quenched to less
than 1% in all dyads, whereas the luminescence of corroles
is quenched to 20 and 25% in C2-PI and C3-PI, respectively
(less than upon selective excitation of the corrole unit), but
it is increased by a factor of approximately four in C3-PPI
(Figure 3). If one takes into account that at the excitation
wavelength the absorbance of the corrole unit in C3-PPI is
about 14% (see above) a quantitative sensitization of the


corrole unit by the bisimide component would increase the
corrole emission about seven times.


Time-resolved luminescence studies were performed by
using a picosecond time-resolved system after excitation at
532 nm and a nanosecond-time-correlated single-photon
counting apparatus following excitation at 560 nm (selective
excitation of the corrole unit) and 465 nm (prevalent excita-
tion of the bisimide unit). Models C2, C3, and PI0 have life-
times of 1.7, 3.8, and 4 ns, respectively, in toluene, at room
temperature. Time-resolved spectra with picosecond resolu-
tion in the dyads C2-PI, C3-PI, and C3-PPI show the pres-
ence of the bisimide luminescence early on which decays
during the pulse and leaves the luminescence of the corrole
component. In all dyads the luminescence lifetime of the


Scheme 3. The synthesis of dyads.


Figure 1. Absorbtion spectra of the model components and of the arrays
in toluene. a) C2 (b), PI0 (g), C2-PI (c); b) C3 (b), PI0
(g), C3-PI (c); c) C3 (b), PI0 (g), C3-PPI (c).
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perylene bisimide unit is reduced to �10 ps (the time reso-
lution of the apparatus). The lifetime of the corrole unit is
decreased to 40 ps, 190 ps, and 3.2 ns in C2-PI, C3-PI, and
C3-PPI, respectively (Figure 4). These values represent
about 2, 5, and 85%, respectively, of the lifetimes of the per-
tinent model, and are fully consistent with the reduction in
luminescence quantum yield upon selective excitation of the
corrole unit at 565 nm discussed above and amounting to
2.5, 5.4, and 86% for C2-PI, C3-PI, and C3-PPI, respective-
ly (Table 1). It is therefore clear that after excitation of the
corrole unit in the dyad the excited state is depopulated by
a process with an efficiency decreasing in the order C2-PI>
C3-PI>C3-PPI, however, excitation of the bisimide under
certain conditions causes an increase of the population of
the excited state localized on corrole as verified by steady-
state luminescence results. Time-resolved luminescence
spectroscopy gives an “instant” picture rather than an “inte-
grated” picture and indicates that the luminescent excited
states of both imide and corrole undergo a decrease in life-
times, in most cases very important. To obtain more insight
on the mechanism of deactivation of the excited states, we
determined the excitation spectra of the corrole lumines-
cence at l=735 nm. The spectra, reported in Figure 5, show
that for all dyads excitation of perylene bisimide is effective
(the typical absorption peaks of PI0 appear at 490 and
527 nm) in producing corrole luminescence although with
different efficiencies, as the comparison with the normalized
absorption spectra shows. This indicates the occurrence of


an energy-transfer process from the bisimide excited state to
the corrole, however the absence of quantitative sensitiza-
tion of corrole luminescence in all dyads suggests the exis-
tence of other competitive processes which will be discussed
below.


Luminescence spectra and lifetimes of the models were
measured at 77 K in a glassy toluene matrix and are report-
ed in Table 1 along with the room-temperature lumines-
cence data. Model PI0 shows the same lifetime as at room
temperature, 4 ns, and a slight bathochromic shift. The cor-
roles display a slight increase in the lifetime and nearly iden-


Figure 2. Room-temperature luminescence spectra in toluene of model
corroles and dyads excited at 565 nm. a) C2 (b) and C2-PI (c) A=


0.136; b) C3 (b), C3-PI (c), C3-PPI (g) A=0.133.


Figure 3. Room-temperature luminescence spectra in toluene of models
and dyads excited at 490 nm. The luminescence of PI0 is divided by 100.
a) C2 (b), PI0 (g), C2-PI A=0.12 (c); b) C3 (b), PI0 (g),
C3-PI A=0.12 (c); c) C3 (b), PI0 (g), C3-PPI A=0.12 (c).
The absorbance of the solutions are arranged to provide the same num-
bers of photons absorbed by the reference model and the same unit in
the arrays.
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tical band maxima. Concerning the dyads, though a quanti-
tative evaluation of emission quantum yields is prevented by
geometric factors (see Experimental Section for emission at
77 K), some qualitative considerations can be derived. PI lu-
minescence is nearly completely suppressed also at 77 K in
all dyads; the luminescence of the corrole unit is not
quenched or only slightly quenched in C3-PI and C3-PPI,
but it is absent in C2-PI (data not shown).


Transient absorption spectroscopy : Valuable information on
non-emitting intermediates formed during the deactivation
process can be gained by transient absorption techniques.
We performed transient absorbance experiments with pico-
second resolution upon excitation at 532 nm. At this wave-
length the perylene bisimide unit absorbs around 90% and
the corroles about 10% of the photons.


The end-of-pulse transient absorption spectra detected
with picosecond resolution of the models C2, C3, PI0, and
the dyads C2-PI and C3-PPI are reported in Figure 6. The
results for C3-PI show identical intensity and spectral shape
to those for C2-PI and are not shown. The absorbances of
the examined solutions have been arranged to provide the
same absorbance of the model solutions as that of the corre-
sponding unit in the array, in order to allow a direct compar-


ison of the transient signals.
Models C2 and C3 display ab-
sorption spectra attributed to
the lowest singlet excited state
1C2 or 1C3 with negative fea-
tures at 655 nm, due to the
stimulated emission and posi-
tive absorbance above
750 nm.[10] The signal is, howev-
er, very weak under the experi-
mental conditions. Model PI0
displays negative signals around
575 and 625 nm, due to the
lowest energy bands of the
stimulated emission, and posi-
tive peaks at 690 and 855 nm,


Figure 4. Time evolution of the luminescence registered at 650 nm from
dyads in toluene after excitation with a laser pulse (35 ps, 532 nm, 1 mJ):
C2-PI (c), C3-PI (*), and C3-PPI (*).


Table 1. Fluorescence data of dyads C2-PI, C3-PI, C3-PPI, and models in air-equilibrated toluene at 295 K,
and in rigid toluene glass at 77 K.


295 K 77 K
State lmax [nm] Ffl


[a] Ffl
[b] Ffl


[c] t [ns][d] lmax [nm] t [ns][d] E [eV][e]


PI0 1PI0 534, 574, 622 0.92 4.0 543, 587, 638 4.0 2.28
C2 1C2 653, 710 (sh) 0.06 1.7 652, 717 2.5 1.90
C2-PI C2-1PI 535, 576 0.0021 �10 ps 543, 587 2.28


1C2-PI 652 0.0015 0.013 40 ps 653 1.90
C3 1C3 656, 716 (sh) 0.14 3.8 654, 718 5.2 1.90
C3-PI C3-1PI 535, 575 0.0010 �10 ps 543, 587 2.28


1C3-PI 658, 728 (sh) 0.0076 0.036 190 ps 654, 720 1.90
C3-PPI C3-1PPI 534, 574 0.0023 �10 ps 543, 585 2.28


1C3-PPI 657, 720 (sh) 0.12 0.54 3.2 656, 718 5.0 1.89


[a] Luminescence yields in air-equilibrated solutions, excitation at 490 nm for PI0 and at 560 nm for corroles.
[b] Luminescence yields upon selective excitation of corrole component at 565 nm. [c] Luminescence yields
upon excitation at 490 nm, absorption of the PI component in the dyads is about 90%. [d] Excitation at 465,
560, and 532 nm for PI0, corroles, and dyads, respectively. [e] Derived from the emission maxima at 77 K.


Figure 5. Excitation spectra measured at 735 nm (c) and absorption
spectra normalized in the corrole Q-band region (b). a) C2-PI ; b) C3-
PI ; c) C3-PPI.
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assigned to the singlet excited state 1PI0. The decay of the
spectra in the time window of the experiment (0–3.3 ns) is
low, but compatible with a lifetime of 4 ns, confirming the
assignment to the lowest singlet excited state. The spectra in
the dyads are characterized by very strong features with
maxima at 710, 800, and 960 nm identical for the three
dyads, but in C3-PPI the intensity of the signal is only half
that in C2-PI and C3-PI. Since these bands are not present
in the component units and they appear very quickly, we
have to assign them to the product of an intramolecular pro-
cess. According to previous spectroelectrochemical charac-
terization, they can be assigned to the perylene bisimide
anion.[16,17] To explain this, we assume that intramolecular
transfer of an electron takes place leading to the formation
of a charge-separated state (CS) with the hole localized on
the corrole unit and the electron on the PI unit.[18] The time
evolution of the bands assigned to CS is different for the dif-
ferent dyads. In Figure 7 the time-resolved spectra taken at
710 nm with delays of 165 ps for C2-PI and C3-PI are
shown. The CS time evolution is characterized for both
dyads by an immediate (during the laser pulse) formation
and by a slower rise with lifetimes of 40 and 190 ps for C2-
PI and C3-PI, respectively. This slower rise accounts for
20% of the total band intensity for C3-PI and for a value of
the order of 30–50% for C2-PI, a more precise estimate is
precluded by the timescale of the determination, which is
close to the instrumental resolution. The formation is fol-
lowed by an exponential decay to the baseline of the CS
bands which is fitted by a single exponential with a lifetime
of 540 ps for C2-PI and 2.5 ns for C3-PI. For C3-PPI the sit-
uation is different, there is essentially no decay of the CS
bands in the time window explored by the picosecond ex-
periment, about 3.5 ns, and a nanosecond flash-photolysis
experiment was performed in order to detect the decay of
the CS bands. Figure 8 shows the spectrum for air-purged
solutions of C3-PPI in toluene at the end of the pulse and
after the interfering emission signal coming from the pery-
lene imide excited state. It displays the anion bands at 710
and 800 nm and decays exponentially with a lifetime of


24 ns. The time resolution of this experiment, approximately
10 ns, did not allow the detection of the presence of a part
that rises in the CS spectrum, similarly to what was detected
for the other dyads C2-PI and C3-PI.


Photoinduced processes : To discuss the photoinduced pro-
cesses occurring in the dyads it is convenient to introduce


Figure 6. End-of-pulse absorption spectra of C2 (b) A=0.05, C3 (d)
A=0.05, PI0 (g) A=0.43, C3-PI A=0.6 (*), C3-PPI A=0.6 (*), C2-
PI A=0.6 is superimposable on that of C3-PI and not shown. The ab-
sorbance of the solutions has been adjusted to provide the same light ab-
sorbance by the unit in the model and in the dyad.


Figure 7. Time evolution of the transient spectra in toluene after excita-
tion at 532 nm (3.3 mJ) taken with delays of 165 ps. In the insets, the
time evolution of the absorbance at 710 nm and the biexponential fitting
are shown. a) C2-PI, A=0.6; b) C3-PI, A=0.6.


Figure 8. Time evolution of the transient spectrum of C3-PPI in toluene,
A=1.24, after excitation with a nanosecond laser at 532 nm (3.5 mJ),
spectra at 20 ns after the pulse (*) and at 120 ns after the pulse (*). In
the inset, the time evolution of the absorbance at 710 nm and the expo-
nential fitting are shown.
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the energy level diagram showing the energy of the excited
states and of the states originating from possible intramolec-
ular reactions, such as the CS derived from the transfer of
an electron from one component to the other (Scheme 4).
The excited-state energy levels are derived from the lumi-
nescence maxima at 77 K shown in Table 1 and the CS
energy levels are derived from the energy necessary to
reduce the acceptor and oxidize the donor after correction
for the different solvents used in the photophysical experi-
ments and in the electrochemical determinations. Electro-
chemical data are available from the literature, the phenyl-
substituted compound corresponding to PI0 reduces at
�0.92 V versus Fc+/Fc in acetonitrile[16] which is converted
to �0.52 V versus SCE.[30]


Corroles are known to display irreversible oxidation at
potentials which depend on the substitution pattern.[12] The
one-electron oxidation is followed by fast chemical reactions
which shift peak potentials to less positive values, thus oxi-
dation peak potentials should be considered as lower limits
of the thermodynamic oxidation potentials. For the present
corroles, oxidation in benzonitrile occurs at +0.72 V versus
SCE for C2, and at +0.86 V versus SCE for C3.[15] Given
the very weak coupling of the components in the dyads (see
spectroscopic data), we can reasonably assume that the
above oxidation and reduction values are retained by the
components in the dyads.


After corrections,[31, 32] CS state levels in toluene are calcu-
lated at about 1.71, 1.85, and 1.96 eV for C2-PI, C3-PI, and
C3-PPI, respectively; these figures should be considered as
approximate values. It should be noticed that for all dyads
the CS state involving the transfer of an electron from the
bisimide to the corrole has higher energy than the excited
states of the system, and will not be considered here.[33]


Selective excitation of the lowest singlet excited state of
corrole units in the dyads, which was performed by using
steady-state experiments at l=565 nm, indicates a very high
quenching for the corrole luminescence except for C3-PPI,
where quenching is only of the order of 15% (Table 1 and
Figure 2). Time-resolved experiments agree with the steady-


state luminescence data, see above. The only feasible pro-
cess for quenching of the corrole unit is process 1 (see
Scheme 4), electron transfer from excited corrole to the per-
ylene bisimide to form the CS states C2+-PI�, C3+-PI�, and
C3+-PPI�. However, whereas the DG8 is positive (DG8=


+0.07 eV) for C3-PPI, it is slightly negative (DG8=


�0.05 eV) for C3-PI, and even more negative for C2-PI
(DG8=�0.19 eV). This allows a very fast reaction for C2-PI
and a still efficient process in C3-PI, but a very slow reac-
tion in C3-PPI, where the electron-transfer process is
slowed down with respect to the similar C3-PI both by the
unfavorable thermodynamics and by the increased distance
between photoactive units. The reaction rates k1 of this elec-
tron transfer can be calculated from the experimental life-
times by the equation k=1/t�1/t0, where t and t0 represent
the lifetimes of the excited state in the model and in the
dyad, respectively (Table 1). The calculated rates are k1 =


2.4-1010, 5-109, and 4.9-107 s�1 for C2-PI, C3-PI, and C3-
PPI, respectively, unable in the latter to compete successful-
ly with the intrinsic deactivation of corrole, k=1/t0 =2.6-
108 s�1.


When nearly selective excitation of the perylene bisimide
unit at 490 nm is performed, a strong quenching of the 1PI
unit is detected, as well as a quenching of the corrole lumi-
nescence, except in the case of C3-PPI, where a sensitization
of the luminescence of corrole is noted (Figure 3). This is in-
dicative of an energy-transfer process from the PI unit to
the corrole unit in the dyads, step 2, as confirmed by the ex-
citation spectra, see Figure 5. Clearly the sensitized excited
states 1C2-PI, 1C3-PI, and 1C3-PPI undergo electron transfer
as discussed above, resulting in a further strong quenching
for the former two cases, whereas 1C3-PPI which is only
weakly quenched by electron transfer, appears sensitized.
The luminescence lifetime of the PI unit in all dyads is re-
duced from 4 ns in the model to �10 ps, indicating a very ef-
ficient quenching, with a rate �1011 s�1. The excited state lo-
calized on the perylene bisimide C2-1PI, C3-1PI, and
C3-1PPI can deactivate, in addition to step 2, through an
electron transfer from ground-state corrole to yield the


Scheme 4. Energy level diagrams and main reaction paths following excitation of C2-PI, C3-PI, and C3-PPI.
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charge-separated states C2+-PI�, C3+-PI�, and C3+-PPI�,
step 3 (see Scheme 4). Both reactions are characterized by a
strong driving force, DG8=�0.4 eV for 2 and �0.57 eV<


DG8<�0.32 eV depending on the dyad, for process 3.
Charge separation can be produced both by step 3 and


step 1, with different mechanisms. When the PI unit is excit-
ed, a reductive quenching of its excited state will occur, that
is, the electron will move from the HOMO localized on the
donor corrole to the HOMO localized on the perylene bisi-
mide. When the corrole is excited, an electron will move
from the LUMO localized on the donor to the LUMO on
the perylene bisimide acceptor. Steps 3 and 1 can be distin-
guished by their kinetics; in the former case, the rate is very
fast and formation occurs within the laser pulse whereas the
latter process is characterized by slower rates coincident
with the decay of corrole luminescence in the dyads, 2.4-
1010, 5-109, and 4.9-107 s�1 for C2-PI, C3-PI, and C3-PPI,
respectively. In agreement, two steps can be identified in the
formation of the CS spectrum, as discussed in the section on
transient absorbance, a fast step occurring during the pulse
and a slower one with rates of 2.4-1010 and 5-109 s�1 for
C2-PI and C3-PI, respectively. For C3-PPI the timescale of
the formation is too slow for the picosecond experiment and
too fast for the nanosecond experiment and cannot be re-
solved (Figure 7). It should be noted that the CS spectrum
(lmax =710, 800, and 960 nm) is essentially identical to that
of the reduced perylene bisimide radical and no contribution
can be detected from the corrole-oxidized radical. This is
not surprising given the rather low molar absorption coeffi-
cient expected for the corrole cation, of the order of 104 sim-
ilar to parent tetrapyrrole cations,[34] whereas the remarka-
bly high molar absorption coefficient of the PI� radical, of
the order of 100000, can account for this observation.[16,17]


An estimate of the relative values of k1 and k2 can be at-
tempted if one takes into account that the slower formation
of CS ascribable to step 1 accounts for 20% of the total in
C3-PI and that by excitation at 532 nm approximately 10%
of the corrole excited state is formed directly by the absorp-
tion of light, a contribution of about 10% can be ascribed to
sensitization of this state by the excited state of perylene bi-
simide (step 2). From this value an approximate estimate of
the efficiency of the energy-transfer step 2 of about 10%
can be derived for C3-PI, and k3 =9k2 is calculated, indicat-
ing a minor contribution of energy-transfer step 2 with re-
spect to electron-transfer step 3. A similar evaluation for
C2-PI is difficult because of the uncertainty in the determi-
nation of the pre-exponential coefficient, see above.


Concerning the yield of the electron-transfer reaction, as-
suming a similar molar absorption coefficient for the CS of
the different dyads, that is, C2+-PI�, C3+-PI�, and C3+-
PPI�, CS yield in C3-PPI is about half that determined for
the corresponding C3-PI. For the C3-PI a CS yield of about
100% can be assumed because nearly all photons eventually
generate C3+-PI� (see Scheme 4) and consequently for C3-
PPI a CS yield of about 50% can be calculated. This is in
good agreement with the sensitization of corrole lumines-
cence by a factor of four detected in the steady-state experi-


ment upon excitation at 490 nm, which corresponds to an ef-
ficiency of energy-transfer step 2 of around 50% (Figure 3).
Therefore, for C3-PPI, k3 is equal to k2 which represents a
noticeable increase of k2 with respect to C3-PI, for which
k3 =9k2. This remarkable change in the relative value of the
two rates seems to be due more to the change in the ther-
modynamic parameters of step 3, with a net decrease in
driving force of the order of 0.11 eV from C3-PI to C3-PPI,
rather than to the increase in distance between the donor
and the acceptor, which would affect both energy- and elec-
tron-transfer rates. We will try to make a quantitative evalu-
ation of such effects on each process below. Energy-transfer
rates calculated according to a Fçrster mechanism are con-
sistent with the experimental ones,[35, 36] therefore, a dipole–
dipole interaction mechanism is considered sufficient to ex-
plain the process, without requiring the contribution of an
exchange mechanism (Dexter). However, the latter was
found to be necessary to explain the high energy-transfer
rates in several porphyrinic donor–acceptor systems con-
nected by highly conjugated bridges.[37] With a Fçrster
model we would expect a 1/R6


DA dependence of the energy-
transfer rate and consequently an increase in distance R
from 13.5 O for C3-PI to 17.7 O for C3-PPI would lead to a
fivefold reduction in k2. Concerning the bridge-mediated
electron transfer, it has recently been pointed out that the
key parameter electronic coupling has a donor-bridge (and
acceptor-bridge) energy gap dependence in addition to the
most obvious donor–acceptor distance dependence.[38] This
can cause a more complex formulation of electron-transfer
rate than in terms of bridge type and length, that is, k=


A0exp ACHTUNGTRENNUNG(�brDA) where b is considered a characteristic of the
bridge. Though not accurate, for the present purposes the
simpler exponential dependence with distance can be used
with a damping factor b=0.4 O�1, previously derived for
electron-transfer processes between porphyrinic units con-
nected by poly(phenylene) bridges.[39] Within this model, the
increase in distance from C3-PI to C3-PPI would lead to an
approximately fivefold decrease in rate, which is the same
ratio found for the energy-transfer attenuation. Therefore,
in the context of this simplified interpretation, a distance in-
crease would affect both energy and electron transfer to the
same extent and the reason for the decrease in electron-
transfer efficiency from the excited state localized on PI
seems to be ascribable to the change in thermodynamic pa-
rameters of the reactions. On the other hand the electron-
transfer reaction from the excited state localized on corrole
1C3-PPI, which has a positive DG8, becomes very slow and
noncompetitive with the intrinsic deactivation of the lumi-
nescence, in fact, the efficiency of electron transfer is only
15%.


Once CS has been formed through the steps discussed
above, it recombines to the ground state without leaving any
residual species, as verified by the absence of residual ab-
sorbance in the spectra. The recombination rates of the CS
states are rather different and depend both on the thermo-
dynamics of the process and on the distance of the reduced
acceptor and oxidized donor which can favor a better cou-
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pling and faster recombination. The lifetime of the CS state
increases from 540 ps for a recombination DG8 of about
�1.71 eV in C2-PI to 2.5 ns for a DG8 of about �1.85 eV in
C3-PI and to a lifetime of 24 ns for a DG8 of approximately
�1.96 eV in C3-PPI ; the reaction is very likely placed in the
Marcus inverted region and, as such, its rate decreases by in-
creasing the driving force.[40] In addition, for the latter two
cases where a tenfold increase is registered, the parameter
of the distance has, as discussed above, an important effect.


The lifetimes of charge-separated states in the system cor-
role/perylene bisimide are not very different from those re-
ported for other tetrapyrrole/perylene bisimide dyads, rang-
ing from hundreds of picoseconds to a few tens of nanosec-
onds (just one case reports a lifetime of one hundred pico-
seconds for a noncovalently linked array[5c]) depending on
parameters like solvent, bond type, position of the connect-
ing bridge, thermodynamics.[18a–k] However the 24 ns lifetime
measured for the CS state in C3-PPI is one of the longest in
covalently connected dyads, which is remarkable if one con-
siders the relatively short center-to-center distance between
the reacting units, less than 18 O.


Conclusion


We proved that complex corrole dyads can be synthesized in
an elegant way from respective perylene bisimide-aldehydes.
Moreover it was shown that asymmetrically N-substituted
perylene bisimides can be synthesized by mix-condensation
in a moderate yield when the two employed amines display
similar reactivity.


Upon illumination in an extended wavelength range (380–
680 nm) the studied dyads can convert the light energy
stored in their excited states into chemical energy, yielding
charge-separated states with an electron localized on the
perylene bisimide unit and a hole localized on the corrole
component. The yield of charge separation changes from
nearly 100% to about 50% for excitation of the perylene bi-
simide unit (100 and 15% for excitation of the corrole unit)
and the lifetime of the charge-separated state varies from
0.54 to 24 ns. The relatively long lifetimes of the CS state
compared to the close spacing of the counterparts (center-
to-center distance of 13.5 O for C2-PI or C3-PI and 17.7 O
for C3-PPI) render these arrays promising with respect to a
possible utilization of the stored energy, eventually after fur-
ther elaboration of the dyads into more complex structures.
These systems represent important progress in photoactive
multicomponent structures: 1) they contain a new, easily
available tetrapyrrolic chromophore with good photochemi-
cal properties; 2) they have clearly overcome the previously
reported instability of free-base corroles; 3) the properties
reported here can favorably compare with those of the most
frequently used porphyrin-based arrays, as shown by the
lifetimes and yields of the CS states.


This confirms that free-base corroles are valuable compo-
nents in the construction of artificial arrays for light energy
conversion and open new possibilities for photovoltaic


(light-to-electrical energy) and artificial photosynthetic
(light-to-chemical energy) applications.


Experimental Section


Synthesis : All chemicals were used as received unless otherwise noted.
Reagent-grade solvents (CH2Cl2, hexanes, cyclohexane) were distilled
prior to use. All reported 1H NMR and 13C NMR spectra were recorded
on Bruker AM 500 MHz or Varian 400 MHz spectrometer. Chemical
shifts (d [ppm]) were determined with TMS as the internal reference.
UV/Vis spectra were recorded in toluene (Cary). Chromatography was
performed on silica (silica gel 60, 200–400 mesh), or dry column vacuum
chromatography (DCVC)[41] was performed on preparative thin-layer-
chromatography silica (Merck 107747). Mass spectra were obtained by
using EI, field desorption (FD) or electrospray MS (ESI-MS). The fol-
lowing compounds were synthesized according to the literature proce-
dures: 4,[24] 7,[42] 8,[15] 11,[28] 15,[43] 16,[43] PI0,[44] C2,[15] and C3.[20d] The
purity of all new corroles was established based on 1H NMR spectra and
elemental analysis.


4-(1,1-Dimethoxymethyl)benzonitrile (2): 4-Cyanobenzaldehyde (1,
4.85 g 37 mmol), trimethylorthoformiate (12.0 mL, 110 mmol), anhydrous
methanol (150 mL), and 6n HCl (7 drops) were heated at 40 8C for 3 h,
stirred at room temperature for 12 h, treated with saturated aqueous
Na2CO3 (10 mL), extracted three times with isohexane (20 mL each),
dried (MgSO4), evaporated in vacuo, and distilled in vacuo. Yield 5.09 g
(78%) colorless liquid, b.p. 128–130 8C/18 mbar. Other physicochemical
properties agree with published data.[25a]


4-(1,1-Dimethoxymethyl)benzylamine (4): 4-(1,1-Dimethoxymethyl)ben-
zonitrile (2, 4.00 g, 22.6 mmol) in anhydrous diethyl ether (15 mL) was
added dropwise to a suspension of lithium aluminum hydride (1.72 g,
45.2 mmol) in anhydrous diethyl ether (50 mL, 0 8C, Ar atmosphere)
within 10 min, allowed to come to room temperature, stirred for 12 h,
cooled (ice), treated dropwise with 20% aqueous NaOH with cooling
(12 mL), and extracted three times with ether (50 mL each). The com-
bined organic phases were dried (MgSO4), filtered, and evaporated in
vacuo. Yield 2.37 g (58%) yellowish oil, n20


D =1.528; 1H NMR (300 MHz,
CDCl3, 25 8C): d=1.55 (s, 2H; NH2), 3.31 (s, 6H; 2-CH3), 3.86 (s, 2H;
CH2), 5.37 (s, 1H; CH), 7.30 (d, 3J=8.2 Hz, 2H; CHarom.), 7.41 (d, 3J=


8.1 Hz, 2H; CHarom.);
13C NMR (75 MHz, CDCl3, 25 8C): d=50.4, 56.8,


107.3, 131.1, 140.9, 147.7 ppm; IR (ATR): ñ=3375.9 (w), 2989.8 (w),
2935.2 (m), 2828.6 (m), 1615.4 (w), 1511.7 (w), 1443.5 (w), 1414.7 (w),
1350.6 (m), 1303.1 (w), 1213.5 (m), 1191.8 (m), 1097.9 (s), 1047.1 (vs),
1019.6 (w), 979.7 (m), 908.8 (w), 806.1 (m), 770.6 (w), 658.2 cm�1 (w); MS
(DEI+/70 eV): m/z (%): 181 (5) [M+], 150 (100) [M+�CH3O], 134 (17)
[M+�C2H7O], 120 (17) [M+�C2H5O2], 118 (24) [M+�C2H9NO], 106 (6)
[M+�C3H7O2], 91 (10) [M+�C3H8NO2], 77 (7) [M+�C4H10NO2], 75 (9)
[C3H7O2]; HRMS (C10H15NO2): m/z : calcd: 181.110; found: 181.110; ele-
mental analysis calcd (%) for C10H15NO2 (181.2): C 66.30, H 8.34, N 7.73;
found: C 66.42, H 8.54, N 7.82.


4-[9-(1-Hexylheptyl)-1,3,8,10-tetraoxo-3,8,9,10-tetrahydro-1H-
anthra[2,1,9-def ;6,5,10-d’e’f’]diisoquinoline-2-ylmethyl]benzaldehyde (5):
Method A. 9-(1-Hexylheptyl)-2-benzopyrano[6’,5’,4’:10,5,6]anthra[2,1,9-
def]isoquinoline-1,3,8,10-tetraone (4, 860 mg, 1.50 mmol), imidazole
(17.0 g), and a microspatula quantity of zinc acetate (Zn ACHTUNGTRENNUNG(OAc)2·2H2O)
were homogenized, heated under argon at 140 8C, treated with 4-(1,1-di-
methoxymethyl)benzylamine (3, 460 mg, 2.55 mmol), heated at 140 8C for
2 h with stirring, allowed to cool, treated with ethanol (50 mL), precipi-
tated with aqueous 2m HCl (150 mL), collected by vacuum filtration,
thoroughly washed with distilled water, dried in air at 110 8C for 16 h,
and purified and deprotected with column separation (silica gel, chloro-
form/ethanol 40:1). Compound 5 was obtained after an orange-colored
forerun as an intensely red-to-orange band and was dissolved in a small
amount of chloroform and precipitated with acetonitrile. Yield 785 mg
(76%). Method B. A dispersion of perylene-3,4,9,10-tetracarboxylic bi-
sanhydride (6, 1.96 g, 5 mmol), 1-hexylheptylamine (7, 1.095 g, 6 mmol)
and acetal 8 (1.215 g, 6 mmol) in imidazole (40 g) was heated at 160 8C,
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for 24 h. The resulting mixture was diluted with water (20 mL) and 2m


HCl (140 mL) and allowed to sediment for 24 h. The precipitate was col-
lected by vacuum filtration, washed with water, dried, and purified by
column chromatography (silica, CH2Cl2, then CH2Cl2/acetone 98:2). The
second fluorescent fraction was evaporated (mixture of acetal/aldehyde
9:1 based on NMR spectrscopy), the residue was dissolved in CH2Cl2/
TFA/H2O mixture (40:10:1, 51 mL), and stirred for 16 h. Saturated
NaHCO3 was carefully added and the organic phase was separated,
washed with water, dried with Na2SO4, and evaporated. The pure alde-
hyde was obtained after refluxing with MeOH and filtration, red crystals,
540 mg, 16% after 2 steps. M.p.=>250 8C; Rf (silica gel, CHCl3/EtOH
40:1)=0.29; 1H NMR (600 MHz, CDCl3, 25 8C): d=0.82 (t, 3J=7.0 Hz,
6H; 2-CH3), 1.28 (m, 16H; CH2), 1.87 (m, 2H; a-CH2), 2.23 (m, 2H; a-
CH2), 5.18 (m, 1H; a-CH), 5.48 (s, 2H; NCH2), 7.70 (d, 3J=8.2 Hz, 2H;
CHarom.), 7.85 (d, 3J=8.3 Hz, 2H; CHarom.), 8.68 (m, 8H; CHarom.),
9.98 ppm (s, 1H; CHO); 13C NMR (125 MHz, CDCl3): d =13.7, 22.3,
26.7, 28.9, 31.5, 32.1, 43.2, 54.6, 122.4, 122.5, 122.9, 126.0, 129.0, 129.1,
129.2, 129.7, 131.2, 134.6, 135.5, 143.5, 162.9, 191.5 ppm; IR (ATR): ñ=


2953.8 (m), 2923.0 (s), 2855.3 (m), 1697.4 (s), 1646.4 (vs), 1610.0 (m),
1593.4 (s), 1577.3 (m), 1506.9 (w), 1436.2 (m), 1403.9 (m), 1378.2 (w),
1336.1 (s), 1301.7 (w), 1249.8 (m), 1212.4 (w), 1199.7 (w), 1168.2 (m),
1125.2 (w), 1106.0 (w), 987.0 (w), 849.6 (w), 823.9 (w), 808.9 (m), 774.3
(w), 742.6 (m), 723.1 (w), 631.4 cm�1 (w); UV/Vis (CHCl3): lmax (e)=


459.1 (18600), 491.0 (51400), 527.4 nm (85800); fluorescence (CHCl3):
lmax (I)=534.5 (1.00), 578.0 nm (0.50), fluorescence quantum yield
(CHCl3, lexc =491 nm, E491nm =0.0212 cm�1, reference: 2,9-bis-(1-hexyl-
heptyl)anthra[2,1,9-def ;6,5,10-d’e’f’]diisoquinoline-1,3,8,10-tetraone with
F=1.00): 1.00; MS (DEI+/70 eV): m/z (%): 690 (33) [M+], 508 (100)
[M+�C13H26], 374 (14), [M+�C21H35O2], 346 (19) [M+�C22H34NO2], 44
(15) [CH2NO]; HRMS: m/z : calcd: C45H42N2O5: 690.309; found: 690.308;
elemental analysis calcd (%) for C45H42N2O5: C 78.24, H 6.13, N 4.06;
found: C 77.98, H 6.01, N 4.05.


4’-(1,3-Dioxolan-2-yl)biphenyl-4-carbonitrile (12): 4’-Formylbiphenyl-4-
carbonitrile (11, 1.45 g, 7.00 mmol) and ethylene glycol (1.74 g,
28.0 mmol) in toluene (50 mL) was allowed to react analogously to 2 and
was crystallized from hexane/ethanol 5:1. Yield 610 mg (35%) colorless
crystalline solid, m.p. 170–171 8C; 1H NMR (200 MHz, CDCl3, 25 8C): d=


4.02–4.21 (m, 4H; 2-CH2O), 5.87 (s, 1H; CH), 7.60–7.76 ppm (m, 8H;
CHarom.);


13C NMR (150 MHz, CDCl3, 25 8C): d=65.6, 103.5, 111.4, 119.1,
127.4, 127.5, 128.0, 132.8, 138.7, 140.3, 145.5 ppm; IR (ATR): ñ=3409.2
(w), 3070.0 (w), 2956.2 (m), 2884.5 (s), 2364.8 (w), 2225.5 (vs), 1930.0
(w), 1808.3 (w), 1699.7 (w), 1607.0 (s), 1555.9 (w), 1495.9 (m), 1481.2 (w),
1432.2 (m), 1401.8 (s), 1386.3 (s), 1312.4 (w), 1286.4 (w), 1227.2 (w),
1212.0 (w), 1184.5 (w), 1137.2 (w), 1117.2 (w), 1073.1 (s), 1021.8 (m),
1005.9 (w), 971.7 (m), 942.1 (m), 860.5 (w), 817.4 (vs), 720.2 (w), 689.9
(w), 648.7 cm�1 (w); MS (DEI+ /70 eV): m/z (%): 251 (69) [M+], 250
(100) [M+�H], 206 (35) [M+�C2H5O], 190 (21) [M+�C2H5O2], 179 (72)
[M+�C3H4O2], 151 (17) [M+�C4H6NO2], 73 (14) [C3H5O2]; HRMS
(C16H13NO2): m/z : calcd: 251.095; found: 251.095.


4’-(1,3-Dioxolan-2-yl)biphenyl-4-methanamine (13): 4’-(1,3-Dioxolan-2-
yl)-biphenyl-4-carbonitrile (12, 600 mg, 2.39 mmol) in THF (10 mL) and
lithium aluminum hydride (181 mg, 4.78 mmol) in THF (10 mL) were al-
lowed to react analogously to (1,1-dimethoxymethyl)benzylamine (3).
Brown crystalline solid, yield 375 mg (62%); m.p 120–123 8C; 1H NMR
(200 MHz, [D6]DMSO, 25 8C): d=3.75 (s, 2H; CH2), 3.92–4.12 (m, 4H;
2-CH2O), 5.77 (s, 1H; CH), 7.39–7.69 ppm (m, 8H; CHarom.);


13C NMR
(100 MHz, [D6]DMSO, 25 8C, TMS): d=45.9, 65.5, 103.3, 127.0, 127.1,
127.8, 128.3, 137.7, 138.4, 141.6, 144.2 ppm; IR (ATR): ñ =3380.3 (m),
3029.3 (w), 2953.7 (m), 2887.5 (s), 1915.2 (w), 1613.6 (w), 1562.6 (w),
1498.1 (m), 1432.5 (m), 1403.6 (m), 1382.7 (m), 1346.3 (w), 1310.3 (w),
1277.7 (w), 1205.8 (m), 1183.7 (w), 1114.2 (w), 1074.0 (v s), 1017.0 (m),
1003.6 (w), 964.8 (m), 939.1 (s), 877.8 (w), 838.2 (m), 798.0 (vs),
697.2 cm�1 (w); MS (DEI+/70 eV): m/z (%): 255 (100) [M+], 210 (14)
[M+�C2H5O], 196 (6) [M+�C2H3O2], 182 (42) [M+�C3H5O2], 166 (40)
[M+�C3H7NO2], 152 (15) [M+�C4H9NO2], 106 (18) [M+�C9H9O2], 73
(25) [C3H5O2]; HRMS (C16H17NO2): m/z : calcd: 255.126; found: 255.126.


4’-[9-(1-Hexylheptyl)-1,3,8,10-tetraoxo-3,8,9,10-tetrahydro-1H-
anthra[2,1,9-def ;6,5,10-d’e’f’]diisoquinoline-2-ylmethyl]biphenyl-4-carbal-


dehyde (14): 9-(1-Hexylheptyl)-2-benzopyrano[6’,5’,4’:10,5,6]anthra[2,1,9-
def]isoquinoline-1,3,8,10-tetraone (4, 400 mg, 0.697 mmol), 4’-(1,3-dioxo-
lan-2-yl)biphenyl-4-methanamine (13, 350 mg, 1.37 mmol)), imidazole
(10.0 g), and a microspatula quantity of zinc acetate (Zn ACHTUNGTRENNUNG(OAc)2·2H2O)
were allowed to react under argon as was described for 5 and the product
was purified and deprotected by column separation (silica gel, chloro-
form/ethanol 40:1). The intensely reddish-orange main fraction was col-
lected after an orange forerun and was evaporated, dissolved in the mini-
mum amount of chloroform, and precipitated with acetonitrile. Bright
light-red solid; yield 440 mg (57%); m.p. >250 8C, Rf (silica gel, CHCl3/
EtOH 40:1)=0.28; 1H NMR (600 MHz, CDCl3, 25 8C, TMS): d =0.82 (t,
3J ACHTUNGTRENNUNG(H;H)=7.0 Hz, 6H; 2-CH3), 1.18–1.38 (m, 16H; 8-CH2), 1.83–1.91
(m, 2H; b-CH2), 2.21–2.29 (m, 2H; b-CH2), 5.15–5.22 (m, 1H; a-CH),
5.46 (s, 2H; NCH2), 7.58–7.61 (m, 2H; CHaryl), 7.67–7.72 (m, 4H; CHaryl),
7.91–7.94 (m, 2H; CHaryl), 8.59–8.71 (m, 8H; CHperylene), 10.0 ppm (s, 1H;
CHO); 13C NMR (150 MHz, CDCl3, 25 8C, TMS): d=14.3, 22.8, 27.2,
29.4, 32.0, 32.6, 43.7, 55.1, 123.2, 123.5, 126.6, 126.8, 127.7, 127.8, 129.7,
129.8, 129.9, 130.5, 132.0, 135.3, 135.4, 137.7, 139.3, 147.0, 163.7,
192.1 ppm; IR (ATR): ñ =2952.5 (m), 2924.0 (s), 2854.9 (m),1691.9 (s),
1650.2 (vs), 1592.6 (s), 1577.7 (m), 1506.5 (w), 1456.1 (w), 1434.7 (w),
1403.6 (m), 1378.0 (w), 1332.6 (s), 1247.0 (m), 1214.8 (w), 1169.3 (m),
1125.8 (w), 1106.2 (w), 1003.6 (w), 987.8 (w), 849.6 (w), 808.2 (m), 782.0
(w), 748.8 (w), 740.3 (w), 606.5 cm�1 (w); UV/Vis (CHCl3): lmax (e Erel.)=


459.2 (0.22), 490.4 (0.60), 527.0 nm (1.00); fluorescence (CHCl3): lmax


(Irel.)=535.2 (1.00), 576.5 nm (0.50); fluorescence quantum yield (CHCl3,
lexc =490 nm, E490 nm =0.0132 cm�1, reference: 2,9-bis-(1-hexylheptyl)an-
thra[2,1,9-def ;6,5,10-d’e’f’]diisoquinoline-1,3,8,10-tetraone with F =1.00):
1.00; MS (DEI+/70 eV): m/z (%): 766 (21) [M+], 584 (100) [M+


�C13H26], 346 (55) [M+�C28H38NO2], 195 (14) [C14H11O]; HRMS
(C53H50N2O6): m/z : calcd: 766.340; found: 766.339.


10-[(4-[9-(1-Hexylheptyl)-1,3,8,10-tetraoxo-3,8,9,10-tetrahydro-1H-
anthra[2,1,9-def ;6,5,10-d’e’f’]diisoquinoline-2-ylmethyl]phenyl)]-5,15-
bis(2,6-dichlorophenyl)corrole (C2-PI): 2,6-Dichlorophenyldipyrrome-
thane 15 (232 mg, 0.8 mmol) and aldehyde 5 (276 mg, 0.4 mmol) were
dissolved in CH2Cl2 (6 mL). TFA (12 mL, 0.16 mmol) was added and mix-
ture was stirred at RT for 20 min. Et3N (22 mL, 0.16 mmol) was added
followed by p-chloranil (296 mg, 1.2 mmol) and stirring was continued
for 16 h. The reaction mixture was concentrated and was purified by
chromatography (DCVC, silica, CH2Cl2). After evaporation, the residue
was dissolved in THF and loaded on an SEC column (THF). The corrole
fraction was collected, evaporated, refluxed with MeOH, and filtered to
afford 70 mg (14%) of corrole C2-PI. Rf =0.5 (silica, CH2Cl2);


1H NMR
(500 MHz, CDCl3) d =�3–�1 (sbr, 3H; NH), 0.84 (t, J=6.2 Hz, 6H; 2-
CH3), 1.20–1.40 (m, 16H; alkyl), 1.85–1.95 (m, 2H; alkyl), 2.22–2.32 (m,
2H; alkyl), 5.15–5.25 (m, 1H; CH), 5.62 (s, 2H; CH2), 7.60 (t, J=8 Hz,
2H; C6H3Cl2), 7.72 (d, J=8 Hz, 4H; C6H3Cl2), 8.09, 8.25 (AA’BB’, J=


6.5 Hz, 2-2H; C6H4), 8.28–8.70 (m, 14H; 8H; C20H8 +6H; b-H),
8.97 ppm (d, J=4 Hz, 2H; b-H); labs (toluene, e)=413 (113), 428 (104),
459 (22.2), 492 (51.7), 528 (85.3), 561 (18.5), 611 (11.5), 640 nm (6.6 -
10�3); ESI-LR obsd: 1246.3 [M++H]; elemental analysis calcd (%) for
C75H58Cl4N6O4: C 72.12, H 4.68, N 6.73; found: C 72.24, H 4.87, N 6.58;


10-[(4-[9-(1-Hexylheptyl)-1,3,8,10-tetraoxo-3,8,9,10-tetrahydro-1H-
anthra[2,1,9-def ;6,5,10-d’e’f’]diisoquinoline-2-ylmethyl]phenyl)]-5,15-bis-
(pentafluorophenyl)corrole (C3-PI): Pentafluorophenyldipyrromethane
(16) (250 mg, 0.8 mmol) and aldehyde 5 (276 mg, 0.4 mmol) were dis-
solved in CH2Cl2 (6 mL). TFA (12 mL, 1.6 mmol) was added, and the mix-
ture was stirred at room temperature. After 20 min Et3N (22 mL,
0.16 mmol) was added followed by CH2Cl2 (14 mL). DDQ (590 mg,
2.6 mmol) was dissolved in toluene/CH2Cl2 (1:3, 20 mL) and both mix-
tures were added simultaneously to vigorously stirred CH2Cl2 (20 mL).
After 15 min the reaction mixture was concentrated and was purified by
chromatography (DCVC, silica, CH2Cl2). After evaporation, the residue
was dissolved in THF and loaded on an SEC column (THF). The corrole
fraction was collected, evaporated, refluxed with MeOH, and collected
by vacuum filtration to afford 76 mg (15%) of corrole C3-PI. Rf (silica,
CH2Cl2)=0.43; 1H NMR (500 MHz, CDCl3): d= (�3)–(�1) (sbr, 3H;
NH), 0.83 (t, J=7 Hz, 6H; 2-CH3), 1.20–1.40 (m, 16H; alkyl), 1.85–1.95
(m, 2H; alkyl), 2.22–2.32 (m, 2H; alkyl), 5.10–5.20 (m, 1H; CH), 5.50
(sbr, 2H; CH2), 8.09, 8.25 (AA’BB’, J=6.5 Hz, 2-2H; C6H4), 8.28–8.70
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(m, 14H; 8H; C20H8 and 6H; b-H), 8.93 ppm (d, J=4 Hz, 2H; b-H); labs


(toluene, e)=421 (124), 460 (25.5), 492 (57.7), 529 (94.4), 563 (19.6), 616
(11.6), 643 nm (8.8 -10�3); ESI-LR obsd 1290.5 [M++H]; elemental
analysis calcd (%) for C75H52F10N6O4·H2O: C 68.98, H 4.27, N 6.35;
found: C 68.95, H 4.08, N 6.48.


10-[4’-[9-(1-Hexylheptyl)-1,3,8,10-tetraoxo-3,8,9,10-tetrahydro-1H-
anthra[2,1,9-def ;6,5,10-d’e’f’]diisoquinoline-2-ylmethyl]biphenyl-4-]-5,15-
bis(pentafluorophenyl)corrole (C3-PPI): Pentafluorophenyldipyrrome-
thane (16) (125 mg, 0.4 mmol) and aldehyde 14 (153 mg, 0.2 mmol) were
dissolved in CH2Cl2 (6 mL). TFA (6 mL, 0.8 mmol) was added, and the
mixture was stirred at room temperature. After 40 min, Et3N (44 mL,
0.16 mmol) was added, followed by CH2Cl2 (306 mL). The reaction was
quenched by addition of DDQ (118 mg, 0.52 mmol), dissolved in toluene
(1 mL), and stirring was continued for 20 min. The reaction mixture was
concentrated and was purified by chromatography (DCVC, silica,
CH2Cl2). After evaporation, the residue was dissolved in THF and loaded
onto an SEC column (THF). The corrole fraction was collected, evapo-
rated, refluxed with MeOH, and filtered to afford 30 mg (11%) of cor-
role C3-PPI. Rf =0.6 (silica, CH2Cl2);


1H NMR (500 MHz, CDCl3): d=


(�3)–(�1) (sbr, 3H; NH), 0.84 (t, J=7 Hz, 6H; 2-CH3), 1.20–1.40 (m,
16H; alkyl), 1.86–1.96 (m, 2H; alkyl), 2.22–2.32 (m, 2H; alkyl), 5.15–5.25
(m, 1H; CH), 5.34 (sbr, 2H; CH2), 7.72, 8.86 (AA’BB’, J=6.5 Hz, 2-
2H; C6H4), 7.90, 8.10 (AA’BB’, J=6.5 Hz, 2-2H; C6H4), 8.15–8.70 (m,
14H; 8H; C20H8 and 6H; b-H), 8.94 ppm (sbr, 2H; b-H); labs (toluene,
e)=422 (121), 491 (53.4), 528 (88.6), 564 (18.2), 617 (10.8), 643 nm (7.9 -
10�3); FD-LR obsd. 1366.4 [MC+]; elemental analysis calcd (%) for
C81H56F10N6O4: C 71.15, H 4.13, N 6.15; found: C 71.02, H 3.88, N 5.96.


Spectroscopy and photophysics : Spectrophotometric grade toluene at
295 K and at 77 K was used without further purification. Standard 10-mm
fluorescence cells were used at 295 K, whereas for experiments at 77 K,
we used capillary tubes in a home-made quartz Dewar filled with liquid
nitrogen. Due to these geometrical conditions at 77 K the absolute quan-
tum yield could not be determined with confidence, only qualitative in-
formation could be derived. If not otherwise specified, solutions were air-
equilibrated. Air-free solutions were bubbled for 10 min with a stream of
argon in home-modified 10-mm fluorescence cells. A Perkin–Elmer
Lambda 9 UV/Vis and a Spex Fluorolog II spectrofluorimeter were used
to acquire absorption and emission spectra. Reported luminescence spec-
tra were uncorrected unless otherwise specified. Emission quantum
yields were determined after correction for the photomultiplier response,
with reference to an air-equilibrated toluene solution of PI0 in dichloro-
methane with a Ffl =0.99,[45] or to TPP with a Ffl =0.11,[46] for corroles.
Luminescence lifetimes in the nanosecond range were obtained with an
IBH single-photon counting apparatus with excitation at 465 or 560 nm
from pulsed-diode sources (resolution 0.3 ns). For determination of emis-
sion lifetimes in the picosecond range an apparatus based on a Nd:YAG
laser (35 ps pulse duration, 532 nm, 1.5 mJ) and a Streak Camera with
overall resolution of 10 ps was used.[47] Transient absorbance in the pico-
second range made use of a pump and probe system based on a Nd:YAG
laser (Continuum PY62/10, 35 ps pulse). The second harmonic (532 nm)
at a frequency of 10 Hz and an energy of about 3.5 mJ/pulse was used to
excite the samples the absorbance of which at the excitation wavelength
was approximately 0.6. The residual 1064 nm light (about 40 mJ) was fo-
cused on a stirred 10-cm cell containing a mixture of D2O/D3PO4 to pro-
duce a white-light continuum which was used as analyzing light. A com-
puter-controlled optical delay stage (Ealing) on the path of the excitation
beam provided a delay between excitation and analysis. The analyzing
light was split in two parts probing irradiated and unirradiated portions
of the sample, respectively, and crossed the sample cell in a nearly collin-
ear geometry with respect to the excitation beam. The transmitted
probes were fed through optical fibers into a spectrograph (Spec-
trapro 275, Acton) and were detected in two separate regions of a CCD
detector (Princeton Instruments). The control units for the delay line, for
the spectrograph and for the CCD detector were driven by customized
software (Eurins) which also allowed spectral acquisition at increasing
time delays between the pump and the probe. Typically, 200 to 500 laser
shots were collected and averaged to obtain a single spectrum at a specif-
ic time delay. Kinetic analyses were made by selecting the absorbance
values of successive time-resolved spectra at the selected wavelength and


by applying standard iterative procedures. More details can be found
elsewhere.[48] Nanosecond-laser flash-photolysis experiments were per-
formed by using a system based on a Nd:YAG laser (JK Lasers, 532 nm,
3.5 mJ, 18 ns pulse) by using a right-angle analysis on the excited sample,
previously described.[49]


Experimental uncertainties were estimated to be within 10% for lifetime
determination, 15% for quantum yields, 20% for molar absorption coef-
ficients, and 3 nm for emission and absorption peaks. The temperature of
operation was 295 K except otherwise stated. Molecular dimensions were
estimated after MM2 minimization by CS Chem3D Ultra 6.0 software.[50]


Computation of the integral overlap and of the rate for the energy-trans-
fer processes according to the Fçrster mechanism were performed with
the use of Matlab 5.2.[51]
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Introduction


Recently considerable attention has been focused on the ex-
ploration of extensively p-conjugated porphyrins in light of
their potential applications in optoelectronic devices, sen-
sors, photovoltaic devices, nonlinear optical materials, pho-
todynamic therapy pigments, and so forth.[1–10] Among these,
we have explored the meso–meso, b–b, b–b triply linked por-
phyrin arrays (porphyrin tapes) that display remarkably red-
shifted absorption bands due to the extensive electronic de-
localization.[11] The planar molecular frameworks and full
electronic conjugation of the porphyrin tapes are appealing
in that they exhibit unique electrochemical and optical prop-
erties, such as large two-photon absorption cross sections,[12]


extremely short-lived singlet excited states,[13,14a] fluores-
cence in the near-infrared region,[13,14a] multicharge stora-
ge,[14b] and electronically communicative guest binding.[15]


Thus, chemical modifications of the electronic systems of
porphyrin tapes at their peripheries would be useful to
create novel p-conjugated functional porphyrins but the


chemical reactivities of these molecules have remained
almost unexplored and there have been only a few reports
on the chemical transformations of porphyrin tapes.[16]


Herein, we report the cycloaddition reaction of a triply
linked ZnII diporphyrin with o-xylylene. It has now been
well recognized that porphyrin peripheries are reactive
toward dienes and 1,3-dipoles and porphyrins undergo con-
certed Diels–Alder reactions and 1,3-dipolar cycloaddition
reactions under appropriate reaction conditions. Many inter-
esting cycloaddition reactions of porphyrins were reported
by Cavaleiro et al.[17] Scheme 1 shows a typical example of
the reaction of meso-tetraphenyl porphyrin with o-xylyle-
ne.[17a] A porphyrin has an 18p-conjugated aromatic elec-
tronic system and the peripheral diagonal pyrrolic double
bonds are partially isolated from this aromatic conjugation


Abstract: A triply linked ZnII dipor-
phyrin underwent site-selective cyclo-
addition reactions with thermally gen-
erated o-xylylene to provide a triply
linked porphyrin–chlorin hybrid and a
triply linked chlorin dimer in moderate
yields. The former product is a symme-
try-allowed [4+2] cycloadduct, while
the latter is a symmetry-forbidden
[4+4] cycloadduct. Oxidation of the
latter product with 2,3-dichloro-5,6-di-


cyano-1,4-benzoquinone (DDQ) pro-
vided a triply linked diporphyrin fused
with a benzocyclooctatriene segment.
This oxidized product and above [4+2]
cycloadduct were structurally charac-
terized by single crystal X-ray diffrac-


tion analysis. The observed site-selec-
tivity is considered to arise from the
large MO coefficients at the bay-area
in the LUMO of the triply linked di-
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Scheme 1. Aromatic electronic network of meso-tetraphenyl porphyrin
and its Diels–Alder reaction with o-xylylene.
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pathway. This explains the reactivity of the peripheral
double bonds of porphyrin. Recently, similar cycloaddition
reactions were also disclosed for meso-aryl-substituted ex-
panded porphyrins, such as aromatic [26]hexaphyr-
in(1.1.1.1.1.1) and nonaromatic [36]octaphyr-
in(1.1.1.1.1.1.1.1).[18] These concerted cycloaddition reactions
are considered to proceed by means of orbital interactions
between a diene (or a 1,3-dipole) and a pyrrolic double
bond of porphyrin as a dienophile (or a 1,3-dipolaro-
phile).[19] In this respect, triply linked diporphyrins that have
considerably perturbed and highly conjugated electronic sys-
tems are particularly attractive, as they may show different
reactivities from normal porphyrins. In addition, it is expect-
ed that the extremely small HOMO–LUMO gaps of triply
linked diporphyrins may facilitate the cycloaddition reac-
tion, as the frontier orbitals that will interact most and over-
lap best and are those that are closest in energy.[19] With this
in mind, we examined the reaction of triply linked dipor-
phyrin 2 with o-xylylene and found that the cycloaddition
occurs site-selectively at the bay area of the triply linked di-
porphyrin, and, quite unexpectedly, along with a symmetry
allowed [4+2] cycloadduct, a symmetry forbidden [4+4] cy-
cloadduct was formed in moderate yield Scheme 2.


Results and Discussion


Triply linked ZnII diporphyrin 2, which bears meso-(3,5-di-
tert-butylphenyl) substituents was employed as a substrate
for the cycloaddition reaction with o-xylylene because of its
nice solubility and high structural symmetry. A solution of 2
(1 equiv) and benzosultine[20] (1.5 equiv) in toluene was re-


fluxed under a nitrogen atmosphere. Under these conditions,
the reaction was found to proceed slowly to afford two
products 3 and 4 both in less than 5% yields together with
recovered 2 (>60%) after 3 h. The products 3 and 4 were
separated as a pinkish purple fraction and a green fraction,
respectively, by silica-gel column chromatography. Com-
pounds 3 and 4 exhibited the parent ion peaks at m/z=


1976.0372 (calcd for C132H147N8Zn2: 1976.0343 [M+H]+) and
at m/z=1975.0168 (calcd for C132H146N8Zn2: 1975.0254 [M]


+)
in the high-resolution electrospray-ionization time-of-flight
(HR-ESI-TOF) mass spectra. These results indicate that
both products are 1:1 adducts of 2 with o-xylylene. In the
meantime, we found that successive additions of 0.5 equiva-
lents of benzosultine every 15 minutes (14 times, total
7 equiv) to a toluene solution of 2 improved yields and al-
lowed us to isolate 3 and 4 in 21 and 15% yields along with
recovered 2 (37%). Further addition of benzosultine and
prolonged heating led to formation of a complicated mix-
ture.
The structures of 3 and 4 were determined by the analyses


of their 1H NMR spectra. The 1H NMR spectrum of 2 in
CDCl3 is relatively simple, featuring a pair of mutually cou-
pled doublets at d=7.74 and 7.70 ppm with J=4.7 Hz due
to the side b protons, a singlet at d=7.35 ppm due to the
inner b protons, and four signals due to the aromatic pro-
tons of the meso-(3,5-di-tert-butylphenyl) substituents in line
with its D2h symmetric molecular structure. The characteris-
tically shielded signals due to the b protons of 2 have been
interpreted in terms of a weakened diatropic ring current of
the triply linked diporphyrin.[11] The 1H NMR spectrum of 3
in C6D6 is rather complicated, exhibiting eight mutually cou-
pled doublets due to the side b protons, with three singlets
at d=9.15, 8.95, and 7.71 ppm due to the inner b protons
(Hl or Hk, and Hf), eighteen signals due to the aromatic pro-
tons in the meso-aryl substituents, and two doublets (Hd+
He) and two double doublets (Ha+Hb) due to the benzylic
methylene protons. The COSY measurement showed the
correlation between the signals due to Ha and Hb and the
triplet at d=5.85 ppm, thus allowing us to assign the latter
peak to Hc (Figure 1). The observed chemical shift of Hc is


Figure 1. 1H NMR spectrum of 3 in [D6]benzene (* indicates impurity).


Scheme 2. Cycloaddition reaction of 2 and o-xylylene. Ar=3,5-di-tert-bu-
tylphenyl.
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similar to that (d=5.32 ppm) of the corresponding b protons
of porphyrin-o-xylylene cycloadduct 1. The doublet signals
of the peripheral b protons of 3 can be classified into two
groups with ranges of d=8.90–8.70 and 8.40–8.00 ppm.
These different chemical shifts can be interpreted in terms
of different ring currents of the porphyrin and chlorin subu-
nits in 3. We assigned the signals in the range of d=8.90–
8.70 ppm to those of the chlorin-type subunit and those in
the range of d=8.40–8.00 ppm to those of the porphyrin-
type subunit on the basis of a comparison with the signals of
2, 4, and 5 (vide infra). Overall the 1H NMR spectrum of 3
clearly indicates no symmetry in its molecular structure and
supports the assigned structure. Figure 2 shows the struc-


tures of 2 and 3 as determined by single-crystal X-ray dif-
fraction analyses. In line with the previous report,[11d] the
structure of 2 is planar and rectangular. The mean plane de-
viation defined by the core 48 atoms is 0.050 M, and the rec-
tangular shape is defined by 6.9N15.3 M wide. The structure
of 3 has been determined to be similarly flat and rectangular
shaped with a small mean plane deviation of 0.051 M, but
differs distinctly due to the presence of a benzocyclohexane
segment fused at the bay area with a dihedral angle of 31.18.
Another important piece of structural information revealed
by the X-ray structure is that 3 is an exo-addition product,
protruding the benzocyclohexane segment to the outside of
the diporphyrin core.
The 1H NMR spectrum of 4 (Figure 3) in CDCl3 is simpler


than that of 3, exhibiting two pairs of mutually coupled dou-
blets due to the side b protons (Hd, He, Hf, and Hg,
Scheme 2) at d=8.40 and 8.21 ppm and d=8.31 and
8.18 ppm, a singlet due to the inner b protons (Hh) at d=


9.17 ppm, nine signals due to the aromatic protons in the
meso-aryl substituents, a pair of doublets due to the aromat-
ic protons in the fused benzene ring at d=6.95 and
5.83 ppm, a double doublet signal due to the Hc-methine


protons at d=6.17 ppm, and a pair of double doublets due
to the benzylic protons (Ha and Hb) at d=3.88 and 3.28 ppm
with J=13.8 Hz (Figure 2). These 1H NMR spectral data are
in full agreement with the structural assignment of this
product as 4 with Cs symmetry. Therefore, it has been con-
cluded that the product 4 is a formal [4+4] cycloaddition
product of 2 and o-xylylene. This assigned structure has also
been supported by its preliminary X-ray crystal analysis (see
the Supporting Information). The formation of 4 is of mech-
anistic interest, as [4+4] cycloaddition is thermally forbid-
den and only proceeds with the aid of photochemical activa-
tion or transition-metal catalysts.[21]


In the next step, the oxidation of 4 was attempted. Treat-
ment of 4 with 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone
(DDQ) in CHCl3 for 1 h gave
compound 5 in 86% yield. The
HR-ESI-TOF mass spectrum of
5 exhibits the parent-ion peak
at m/z=1973.0148 (calcd for
C132H144N8Zn2: 1973.0097 [M]


+)
indicating a loss of two hydro-
gen atoms from 4. The
1H NMR spectrum of 5 in
CDCl3 is too broad to analyze
at room temperature but be-
comes sharp enough for the as-
signment at �60 8C and exhibits
two pairs of doublets (J=


4.6 Hz) at d=7.84 and
7.77 ppm and (J=4.6 Hz) at d=


7.82 and 7.69 ppm due to the b


protons (Hc, Hd, He, and Hf,


Scheme 2), a singlet at d=7.39 ppm due to Hg, a pair of mu-
tually coupled doublets (J=15.6 Hz) at d=4.18 and
2.98 ppm due to the benzylic protons (Ha and Hb), a pair of
double doublets at d=6.99 and 6.82 ppm due to the aromat-
ic protons of the fused benzene ring, and nine signals due to
the aromatic protons of the meso-(3,5-di-tert-butylphenyl)
substituents (Figure 4). These data are fully in agreement


Figure 2. ORTEP presentations of X-ray crystal structures of 2 (left) and 3 (right). Top is a top view and
bottom is a side view (thermal ellipsoids 50% probability). Hydrogen atoms, tert-butyl substituents in 3, and
coordinating solvents were omitted for clarity.


Figure 3. 1H NMR spectrum of 4 in CDCl3.
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with the structure of 5, a dehydrogenation product from 4.
It is interesting to note that a triply linked ZnII diporphyrin
framework is restored in 5, and an upfield shifted signal of
Hg relative to Hh of 4 indicates a similar p-electronic net-
work to that of 2.
Crystals of 5 that are suitable for its X-ray analysis were


obtained by slow vapor diffusion of 2-propanol into 1,2-di-
chloroethane solution. The structure of 5 was unambiguous-
ly determined by single-crystal X-ray diffraction analysis as
shown in Figure 5. The triply linked diporphyrin skeleton
takes almost the same shape as that of 2 ; a flat rectangular
shape of 6.9N15.4 M size with the mean plane deviation of
0.076 M, to which the benzocyclooctatriene segment is fused
almost perpendicularly with a dihedral angle of 848, proba-
bly to mitigate steric repulsion with neighboring meso-(3,5-
di-tert-butylphenyl) substituents.
Further oxidation (dehydrogenation) of 5 was also exam-


ined to prepare a cyclooctatetraene (COT)-fused triply
linked ZnII diporphyrin, as COT-fused porphyrinoids display
quite unique electronic properties.[10c,d] Oxidations of 5 with
DDQ under more forceful conditions and by the combined
use of DDQ and Sc ACHTUNGTRENNUNG(OTf)3 under various conditions were at-
tempted without success, all
giving complicated mixtures.
We reasoned that these failures
were due to the easily oxidized
nature of triply linked ZnII di-
porphyrin and examined the
oxidation reaction of the corre-
sponding NiII complex which is
known to have a higher oxida-
tion potential.[11d] However, this
attempt also failed, giving com-
plicated reaction mixtures
under various conditions.
Figure 6 shows the UV/Vis


absorption spectra of 2, 3, 4,
and 5 in CHCl3. The absorption
spectrum of 2 is typical of triply
linked ZnII diporphyrins, con-


sisting of three bands: a Soret-like band arising from a p–p*
transition along the short molecular axis around l=400 nm
(band I), a Soret-like band along the long molecular axis at
around l=600 nm (band II), and Q-band-like bands at l=


700–1100 nm (bands III) that are intensified as a result of
the breakage of the high molecular symmetry of a porphyrin
monomer.[13] Upon elongation of porphyrin tapes, band I re-
mains at the same position but bands II and III are progres-
sively red-shifted.[11b] In contrast, the absorption spectra of 3
and 4 are ill-defined, exhibiting bands at l=412, 486, 579,
and 820 nm and l=429, 503, 625, and 729 nm, respectively.
Here it should be noted that dimers 3 and 4 are, to the best
of our knowledge, the first examples of a directly triply
linked porphyrin–chlorin hybrid dimer and a chlorin dimer.
The Q-band-like bands are not significantly red-shifted in 4,
while those in 3 are red-shifted in a similar manner to those


Figure 4. 1H NMR spectrum of 5 in CDCl3 at �60 8C.


Figure 5. ORTEP presentation of the X-ray crystal structure of 5. Top is
a top view and bottom is a side view (thermal ellipsoids 50% probabili-
ty). Hydrogen atoms and coordinating solvents were omitted for clarity.


Figure 6. UV/Vis absorption spectra of 2, 3, 4, and 5 in CHCl3.
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of 2 and 5 but with different relative intensities. The only ex-
ample of a fused bischlorin was reported by Dolphin et al.,
exhibiting strong absorption bands around l=500 and
700 nm.[22] Thus the l=400–550 and 600–800 nm bands of 4
might be unique to a bischlorin structure. The absorption
spectrum of 5 is quite similar to that of 2, in line with the
fact that the structure of 5 contains the same triply linked
ZnII diporphyrin framework as that of 2. Comparison of the
absorption spectra of 2 and 5 indicates that the overall spec-
tra are similar to each other but there are several distinct
differences in the Q-band-like bands. These results suggest
small but not negligible electronic interactions between the
triply linked diporphyrin and the fused benzene segment,
despite the presence of saturated methylene bridges.
As demonstrated above, the cycloaddition reactions of the


triply linked ZnII diporphyrin show the unique feature of
site-selectivity at the bay area with formation of anomalous
[4+4] cycloadduct 4. The observed site-selectivity occurs de-
spite the expected large steric congestion there, and thus the
thermal [4+4] cycloaddition reaction is rare. As the product
4 can be formed from 3 by means of a 1,3-sigmatropic rear-
rangement (Scheme 3), we examined the possibility of 3!4
thermal conversion. However, 3 was thermally rather stable
and did not produce 4 under the various conditions exam-
ined by changing solvent, temperature, and reaction time.
On the basis of these results, we concluded that the anoma-
lous [4+4] cycloadduct 4 is not a secondary product but an
initial product from 2 and o-xylylene.
To better understand these characteristic reactivities of 2


toward o-xylylene, we examined the molecular orbital calcu-
lations of meso-phenyl-substituted triply linked ZnII dipor-
phyrin (D) as a simpler reference molecule and o-xylylene
(Figure 7), in which o-xylylene is dealt with as a singlet spe-
cies according to the previous experimental result.[23,24] The
calculations showed that the energy levels of the LUMO
and HOMO are �2.94 and �4.57 eV for D, and �1.84 and
�5.15 eV for o-xylylene, respectively. Therefore, the energy
gaps between the LUMO and HOMO are calculated to be
2.73 and 2.21 eV for the interactions between LUMO(o-xy-
lylene) versus HOMO(D) and between LUMO(D) versus
HOMO(o-xylylene), respectively. A large and distinct differ-
ence in the energy gap strongly suggests that the cycloaddi-
tions are mainly controlled by the interactions between
LUMO(D) and HOMO(o-xylylene) which has a smaller


energy gap. Then, the observed site-selectivity for the for-
mation of 3 can be understood in terms of favorable interac-
tions between LUMO(D) and HOMO(o-xylylene), in that
the large MO coefficients of LUMO(D) at C2 and C3 posi-
tions match nicely with HOMO(o-xylylene) (see Supporting
Information).
On the other hand, the formation of the [4+4] cycload-


duct 4 is rare and difficult to explain, as such [4+4] cycload-
ditions are usually thermally forbidden and require help in
symmetry-breaking, such as photochemical activation or by


the use of a transition-metal
catalyst. Accordingly, only a
few examples of thermal [4+4]
cycloaddition reactions are
known.[25,26] One interesting ex-
ample is the dimerization of
2,3-dimethylene-2,3-dihydrofur-
ans generated by flash vacuum
pyrolysis.[25a,b] The mechanism
of the reaction was postulated
to be stepwise, involving a bir-
adical intermediate to afford
the [4+4] product with exo se-Scheme 3. Proposed reaction mechanism via a diradical intermediate.


Figure 7. Frontier molecular orbitals of meso-phenyl-substituted triply
linked ZnII diporphyrin (D) and o-xylylene.
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lectively. Another interesting example is the [4+4] cycload-
dition reaction of meso-tris(pentafluorophenyl)-substituted
corrole and pentacene along with normal [4+2] Diels–Alder
products.[26] No mechanistic discussion was given in the liter-
ature but the corrole system has been shown to become a
radical species upon metallation[27] or incorporation of a
COT core segment.[11d] Thus, the formation of 4 may be ra-
tionalized in terms of a similar stepwise radical mechanism.
As the C2-position of D exhibits the largest MO coefficients
among the b-positions, the addition of o-xylylene as a 1,4-
biradicaloid species at this site may form a 1,4-biradical, the
ring-closure of which will produce 4 (Scheme 3). Such an
anomalous reactivity may be ascribed to highly conjugated
and thus electronically quite polarizable properties of triply
linked diporphyrins.


Conclusion


The cycloaddition reactions of the triply linked ZnII dipor-
phyrin 2 with o-xylylene have been demonstrated as the first
example of the chemical fabrication of triply linked dipor-
phyrins. The two products, the porphyrin–chlorin hybrid
dimer 3 and symmetric chlorin dimer 4 were isolated and
characterized as [4+2] and [4+4] cycloadducts at the bay-
area of 2. These site-selectivities can be explained by the or-
bital characteristics of 2. The cycloadduct 4 was oxidized to
5. The structures of 3 and 5 have been determined by single-
crystal X-ray diffraction analyses. Further studies on the de-
tailed mechanism of the cycloaddition reaction and the ex-
ploration of other cycloaddition reactions of triply linked di-
porphyrins are on going in our laboratory.


Experimental Section


General procedures : All reagents and solvents were of commercial re-
agent grade and were used without further purification except where
noted. Dry toluene was obtained by distilling over CaH2.


1H NMR spec-
tra were recorded on a JEOL ECA-delta-600 spectrometer (600 MHz),
and chemical shifts were reported in ppm relative to CHCl3 (d=


7.26 ppm) or C6H6 (d=7.16 ppm). Mass spectra were recorded on a Shi-
madzu/KRATOS KOMPACT MALDI 4 spectrometer by using the posi-
tive-MALDI ionization method with/without 9-nitroanthracene or dithra-
nol matrix or on a BRUCKER microTOF in positive-ion mode and with
CH3CN as a solvent. The spectroscopic grade CHCl3 was used as a sol-
vent for all spectroscopic studies. UV/Vis absorption was recorded on a
Shimadzu UV-3100 spectrometer and a Shimadzu RF-5300PC, respec-
tively. Preparative separations were performed by silica-gel flash column
chromatography (Merck Kieselgel 60H Art. 7736) and silica-gel gravity
column chromatography (Wako gel C-400).


Computational calculations : All calculations were carried out by using
the Gaussian 03 program.[28] All structures were optimized with BeckeQs
three-parameter hybrid exchange functional and the Lee–Yang–Parr cor-
relation functional (B3LYP) without symmetry restriction,[29] employing
the LANL2DZ basis set for the zinc atom and the 6–31G* basis set for
the other atoms.


Reaction of triply linked porphyrin dimer 2 and benzosultine : A solution
of benzosultine in toluene (0.2m, 0.14 mL) was added every 15 min to a
stirred solution of 2 (100 mg, 0.054 mmol) in toluene (10 mL) at reflux
under a nitrogen atmosphere in the dark. After adding a total of 7 equiv,


the solution was stirred for 30 min at reflux. After this time, the reaction
mixture was cooled down to room temperature and the solvent was re-
moved under the reduced pressure. The residue was separated by silica-
gel column chromatography to give recovered 2 as a first purple fraction,
3 as a pinkish purple fraction, and 4 as a green fraction. They were puri-
fied by recrystallization from CH2Cl2/CH3CN. Yield: 22.4 mg,
0.011 mmol, 21% (3) and 16.1 mg, 0.0082 mmol, 15% (4).


Compound 3 : 1H NMR (C6D6): d=9.15 (s, 1H; Hl), 8.95 (s, 1H; Hk), 8.87
(d, J=4.6 Hz, 1H; Chl-b), 8.82 (d, J=4.6 Hz, 1H; Chl-b), 8.78 (d, J=


4.6 Hz, 1H; Chl-b), 8.73 (d, J=4.6 Hz, 1H; Chl-b), 8.45 (s, 1H; Ar), 8.43
(s, 1H; Ar), 8.38 (d, J=4.3 Hz, 1H; Por-b), 8.35 (s, 1H; Ar), 8.33 (m,
1H; Ar), 8.28 (s, 1H; Ar), 8.27 (d, J=4.4 Hz, 1H; Por-b), 8.19 (s, 1H;
Ar), 8.14 (s, 1H; Ar), 8.11 (s, 1H; Ar), 8.10 (d, J=2.7 Hz, 1H; Ar), 8.07
(d, J=4.6 Hz, 1H; Por-b), 8.01 (s, 2H; Ar), 8.00 (d, J=3.8 Hz, 1H; Por-
b), 7.95 (s, 1H; Ar), 7.92 (m, 1H; Ar), 7.91 (s, 1H; Ar), 7.85 (s, 1H; Ar),
7.81 (s, 1H; Ar), 7.79 (s, 1H; Ar), 7.73 (s, 1H; Ar), 7.71 (s, 1H; Hf), 7.00
(m, 1H; benzo), 6.82 (t, J=7.4 Hz, 1H; benzo), 6.49 (t, J=7.2 Hz, 1H;
benzo), 6.11 (d, J=7.3 Hz, 1H; benzo), 5.85 (t, J=7.1 Hz, 1H; Hc), 3.39
(d, J=14.9 Hz, 1H; CH2), 3.34 (dd, J=15.6, 7.0 Hz, 1H; CH2), 3.11 (d,
J=14.9 Hz, 1H; CH2), 2.92 (dd, J=15.6, 7.0 Hz, 1H; CH2), 1.59 (s, 9H;
tBu), 1.58 (s, 18H; tBu), 1.57 (s, 9H; tBu), 1.56 (s, 9H; tBu), 1.55 (m,
27H; tBu), 1.49 (s, 9H; tBu), 1.47 (s, 9H; tBu), 1.43 (s, 9H; tBu),
1.42 ppm (s, 9H; tBu); HR-ESI-MS: m/z : calcd for C132H147N8Zn2:
1976.0343 [M+H]+ ; found: 1976.0372; UV/Vis (CHCl3): lmax (e)=412
(112000), 486 (84000), 579 (65000), 820 nm (41000m


�1 cm�1).


Compound 4 : 1H NMR (CDCl3): d=9.17 (s, 2H; Hh), 8.40 (d, J=4.6 Hz,
2H; Chl-b), 8.31 (d, J=4.1 Hz, 2H; Chl-b), 8.26 (s, 2H; Ar), 8.21 (d, J=


4.6 Hz, 2H; Chl-b), 8.18 (d, J=4.1 Hz, 2H; Chl-b), 8.12 (s, 2H; Ar), 8.10
(s, 2H; Ar), 8.01 (s, 2H; Ar), 7.97 (s, 2H; Ar), 7.87 (s, 2H; Ar), 7.82 (s,
2H; Ar), 7.79 (s, 2H; Ar), 7.68 (s, 2H; Ar), 6.95 (dd, J=5.7 Hz, 2H;
benzo), 6.17 (d, J=9.2 Hz, 2H; Hc, Hc’), 5.83 (dd, J=5.3 Hz, 2H; benzo),
3.88 (d, J=13.8 Hz, 2H; Hb, Hb’), 3.28 (dd, J=13.8, 9.2 Hz, 2H; Ha, Ha’),
1.66 (s, 18H; tBu), 1.57 (s, 18H; tBu), 1.56 (s, 18H; tBu), 1.52 (s, 18H;
tBu), 1.44 (s, 18H; tBu), 1.35 ppm (s, 18H; tBu); HR-ESI-MS: m/z : calcd
for C132H146N8Zn2: 1975.0254 [M]


+ ; found: 1975.0168; UV/Vis (CHCl3):
lmax (e)=429 (98000), 503 (136000), 625 (67000), 729 nm
(56000m


�1 cm�1).


Compound 5 : DDQ (3.0 mg, 0.013 mmol) was added to a solution of 4
(10.1 mg, 0.0051 mmol) in CHCl3 (10 mL) bubbled with nitrogen in ad-
vance. The resulting mixture was stirred for 1 h at room temperature
under a nitrogen atmosphere in the dark. After this time, the reaction
mixture was passed through an alumina column with THF as an eluent.
The solvent was removed under reduced pressure and the residue was
purified by silica-gel column chromatography and then recrystallized
from CH2Cl2/CH3CN. Yield: 8.7 mg, 0.0044 mmol, 86%;


1H NMR
(CDCl3, at �60 8C): d=7.98 (s, 2H; Ar), 7.84 (d, J=4.6 Hz, 2H; Por-b),
7.82 (d, J=4.6 Hz, 2H; Por-b), 7.77 (d, J=4.6 Hz, 2H; Por-b), 7.69 (d,
J=4.6 Hz, 2H; Por-b), 7.66 (s, 2H; Ar), 7.64 (s, 2H; Ar), 7.61–7.60 (m,
4H; Ar), 7.57–7.56 (m, 4H; Ar), 7.54 (s, 2H; Ar), 7.47 (s, 2H; Ar), 7.39
(s, 2H; Hg), 6.99 (dd, J=5.9 Hz, 2H; benzo), 6.82 (dd, J=5.5 Hz, 2H;
benzo), 4.18 (d, J=15.6 Hz, 2H; CH2), 2.98 (d, J=15.6 Hz, 2H; CH2),
1.68 (s, 18H; tBu), 1.46 (s, 18H; tBu), 1.42 (s, 18H; tBu), 1.40 (s, 18H;
tBu), 1.38 (s, 18H; tBu), 1.36 ppm (s, 18H; tBu); HR-ESI-MS: m/z : calcd
for C132H144N8Zn2: 1973.0097 [M]


+ ; found: 1973.0148; UV/Vis (CHCl3):
lmax (e)=418 (139000), 469 (53000), 586 (135000), 1063 nm
(25000m


�1 cm�1).


Preparation of triply linked NiII diporphyrin : TFA (1.0 mL) was added to
a stirred solution of 2 (100 mg, 0.054 mmol) in CHCl3 (100 mL) at room
temperature under a nitrogen atmosphere in the dark and the resulting
solution was stirred for 1 h. After this time, the solution was poured into
water and the product was extracted with CH2Cl2. Recrystallization from
a mixture of CH2Cl2 and acetonitrile provided triply linked free-base di-
porphyrin (41.5 mg, 0.024 mmol, 44%), which was then metallated by
treatment with Ni ACHTUNGTRENNUNG(acac)2 (30 mg, 0.12 mmol) in toluene (10 mL) under
reflux for 3 h. After the same work up as above, recrystallization from a
mixture of CH2Cl2 and acetonitrile gave triply linked Ni


II diporphyrin
(44.0 mg, 0.024 mmol, 99%). Conversions from 3 and 5 to the corre-
sponding Ni complexes were performed by following a similar method.
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Crystallographic data : X-ray data were taken on a BRUKER-APEX X-
ray diffractometer equipped with a large area CCD detector. The struc-
tures were solved by direct methods (Sir 97[30] or SHELXS-97[31a]) and re-
fined by the full-matrix least square technique (SHELXL-97).[31a] In the
event of the solvent molecules not being adequately modeled, the core
porphyrin molecules were refined without the solvent molecules by a
combination of the SHELX-97 and PLATON SQUEEZE programs.[31b]


CCDC-659310 (2), -659212 (3), and -658838 (5) contain the supplemen-
tary crystallographic data for this paper. These data can be obtained free
of charge from the Cambridge Crystallographic Data Centre
www.ccdc.cam.ac.uk/data_request/cif.


Crystallographic data for 2 : C130H138N8O2Zn2; Mw=1969.22; triclinic; P1̄
(no. 2); a=9.470(5), b=17.777(5), c=20.949(5) M; a =78.192(5), b=


80.508(5), g=80.420(5)8 ; V=3373(2) M3; 1calcd=0.973 gcm�3 ; Z=1; R1=
0.0867 (I>2.0s(I)), wR2=0.2514 (all data); GOF=0.955 (I>2.0s(I)).
Crystals were grown from toluene/2-propanol.


Crystallographic data for 3 : Empirical formula: C138H146N8O2Zn2; Mw=


2055.35; triclinic; P1̄ (no. 1); a=14.239(4), b=14.401(4), c=18.011(4) M;
a =99.521(3), b=91.276(4), g=95.009(4)8 ; V=3625.9(15) M3, 1calcd=


1.050 gcm�3 ; Z=1; R1=0.0960 (I>2.0s(I)), wR2=0.2643 (all data);
GOF=0.924 (I>2.0s(I)). Crystals were grown from chloroform/ethanol.


Crystallographic data for 5 : Empirical formula: C140H148Cl2N8O2Zn2;
Mw=2176.30; monoclinic; Cc (no. 9); a=21.179(3), b=19.574(3), c=


37.531(6) M; b=95.462(5)8 ; V=15488(4) M3; 1calcd=0.933 gcm�3 ; Z=4;
R1=0.0957 (I>2.0 s(I)), wR2=0.2750 (all data); GOF=0.949 (I>
2.0s(I)). Crystals were grown from 1,2-dichloroethane/2-propanol.
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Catalyst Parameters Determining Activity and Selectivity of Supported Gold
Nanoparticles for the Aerobic Oxidation of Alcohols: The Molecular
Reaction Mechanism


Alberto Abad, Avelino Corma,* and Hermenegildo Garc.a*[a]


Introduction


Homogeneous and heterogeneous gold nanoparticles show
interesting activity for a large number of reactions involving
alkynes,[1–6] alkenes,[7–12] selective hydrogenations,[13–18] and
oxidations[19–24] among others.[25]


Among the different reactions, selective oxidation of alco-
hols to carbonylic compounds is one of the most important
transformations in organic chemistry. It is the final goal for
solid catalysts to be able to perform this reaction with air at
atmospheric pressure and low temperature, as well as to re-
place current stoichiometric alcohol oxidation by a general
catalyst that is selective for any hydroxyl group. In response
to this goal, various gold,[26–27] palladium,[28] and gold/palladi-
um[29] catalysts have given good results. Among these noble
metals, gold, though less active than Pd or Au/Pd for some
alcohols, is of more general use and exhibits higher selectivi-
ty than either Pd or Au/Pd.[30–31] Owing to the interesting


catalytic properties of Au for selective oxidations, we have
carried out a detailed mechanistic study that addresses the
influence of the gold nanoparticle size, nature of the support
and influence of catalyst preparation procedure, to establish
a detailed reaction mechanism that can help to design a new
generation of more active gold catalysts for the aerobic oxi-
dation of alcohols.


Results and Discussion


The current research field of gold catalysis has been devel-
oped following the seminal contribution of Haruta, who (for
low temperature CO oxidation) showed that small gold
nanoparticles exhibited a high catalytic activity and that this
catalytic activity was a function of the gold particle size.[32]


Following this work, it would be of interest to ascertain
whether or not the same relationship between size and ac-
tivity also takes place in the catalytic oxidation of alcohols.
Aimed at determining the influence of the nanoparticles
size on gold catalytic activity for alcohol oxidation we have
prepared a series of six different samples of gold supported
on titania, in which the average particle size has been varied
in the range from 5 to 25 nm. For this study, titanium diox-
ide (P-25 Degussa) was considered a suitable support, as on
one hand it makes the transmission electron microscopy
study of the particle size easier (average particle size 35 nm,
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lent general heterogeneous catalysts
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P-25 TiO2) and on the other hand, Au�TiO2 exhibits high
catalytic activity for alcohol oxidation reactions.[33–35]


In general, adjusting the average gold nanoparticle size in
prepared samples of Au�TiO2 can be achieved by varying,
in a controlled way, any of the experimental parameters
during the deposition–precipitation general procedure. Spe-
cifically, the pH (in the range between pH 9 and 4) at which
the precipitation is conducted is a key factor determining
the size of the resultant supported nanoparticles. Other pa-
rameters such as calcination temperature and the ratio be-
tween support and gold are interrelated and also have a de-
finitive effect on the particle size.[36–37] The particle size dis-
tribution was determined by transmission electron microsco-
py (TEM) and ranged from 5–25 nm. The catalytic activity
of these samples was tested for the aerobic oxidation of cin-
namyl alcohol, this alcohol was selected as model compound
because it allows to determine not only differences in activi-
ty, but also differences in chemoselectivity.


Figure 1 plots the turnover frequency (TOF) of cinnamal-
dehyde formation versus the average particle size. It can be
seen these that the activity of the catalysts decreases expo-
nentially with the increase in particle size. It has to be point-
ed out that the only product detected in all cases was cinna-
maldehyde and that the selectivity is independent on gold
particle size.


In an attempt to rationalize the experimental relationship
between TOF and gold particle size we proceeded to esti-
mate the number of external surface atoms for each catalyst
on the basis of the mean particle size. According to the
TEM images, which reveal that the shape of gold nanoparti-
cles is predominantly cubic, we assume that the titania sup-
ported gold nanoparticles can be modelled as a fcc crystal
lattice. Although this simple model represents an oversim-
plification, it allows the estimation of the number of particle
gold atoms (NT) according to Equation (1) in which hdi cor-


responds to the mean diameter of gold particles as deter-
mined experimentally by TEM and dat is the atomic diame-
ter of gold (0.288 nm). Considering that in the fcc crystal
one atom is surrounded by twelve others assuming a full
shell close packing model and NT is related to the number
of shells (m) [Eq. (2)] then the number of external atoms
can be estimated as indicated by Equation (3).[38–39]


NT ¼
ð10m3�15m2 þ 11m�3Þ


3
ð1Þ


hdi ¼ 1:105� dat �NT
1=3 ð2Þ


Ns ¼ 10m2�20mþ 12 ð3Þ


When the catalytic data are plotted versus the total
number of external gold atoms (NS) instead of the average
particle size, a linear plot is obtained (Figure 2). This indi-


cates that the intrinsic activity per external gold atom is in-
dependent of the particle size. A similar correlation has also
found for the aerobic oxidation of glucose by naked gold
nanoparticles.[26] Analysis of previous results, leads us to
conclude that to optimize the catalytic activity of gold for
oxidations the metal dispersion should be increased, as gold
particle size has no effect on selectivity, at least, for the re-
actant studied here.


Influence of the nature of the support on the catalytic activi-
ty of gold nanoparticles : There is some controversy in the
literature about the role and the influence of the support on
the activity of supported gold nanoparticles. Rossi and co-
workers reported that naked gold nanoparticles can be
highly active for the aerobic oxidation of glucose and other
polyalcohols, the role of activated carbon as support is to
stabilize the nanoparticles against aggregation. On the other


Figure 1. TOF values for the oxidation of cinnamyl alcohol given as the
ratio of moles of cinnamaldehyde per mole Au per hour (measured at t=
20 min) versus the gold mean particle diameter in Au�TiO2 catalysts. Re-
action conditions: cinnamyl alcohol (1 mmol), toluene (5 mL), catalyst
(5 mol% Au), air (1 atm), 90 8C.


Figure 2. TOF values for the oxidation of cinnamyl alcohol versus the
number of external gold atoms (NS) present in the amount of Au�TiO2


catalysts with different particle size used in the aerobic oxidation reac-
tions (see Figure 1 for reaction conditions, NA: AvogadroKs number). r2=


0.99, slope=0.663.
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hand, we have reported a synergic effect between gold and
the ceria nanoparticles (npCeO2), the nanometric size of the
support boosts the catalytic activity. To discuss the potential
role of the support for gold catalyzed oxidations, we have
proceeded to prepare a series of supported gold catalysts
with the same gold content (1.5–2 wt%) and particle size
(3–4 nm), but with a variety of supports. It is clear that,
owing to inherent experimental limitations, this series of cat-
alysts has some minor variations in gold content and size
distribution. In spite of these variations, the series can be
considered homogeneous enough to prove or disprove the
influence of the support. The results shown in Figure 3 clear-


ly show that catalyst activity is strongly dependent on the
nature of the support (gold supported on ceria (Au/npCeO2)
the most and gold supported on activated carbon (Au/C) the
least active).


The data obtained indicate the suitability of ceria, particu-
larly in the form of nanoparticles, as compared to titania
and carbon as supports. In a first approximation, we propose
that lattice oxygen vacancies, which are more abundant in
nanoparticulated ceria,[40] can be the factor that enhances
the activity of the support by favouring interaction and
physisorption of molecular oxygen. We will come back to
this point later.


It is also worth commenting on the low catalytic activity
of Au/C for the aerobic oxidation of cinnamyl alcohol in tol-
uene and in the absence of base. In contrast, it has been re-
ported that Au/C is highly active for the aerobic oxidation
of polyols in basic aqueous solutions. Under these condi-
tions colloidal gold is equally active also.[6] However, in the
absence of base, as it is here, colloidal gold is catalytically
poorly active.


Optimization of preparation procedure and gold content for
Au/npCeO2 : As Au/npCeO2 is a highly active catalyst for
the aerobic alcohol oxidation. We have optimized the prepa-
ration procedure and gold content, in order to produce the
most active catalyst possible. In this context, one issue that
has attracted attention in the literature is whether or not the
preparation procedure influences the catalytic activity of
supported gold nanoparticles or it is just a way of achieving
different metal dispersion,[41] to address specifically this
point and considering that reduction by thermal treatment
and reduction by using an alcohol as reducing reagent are
the two most widely used reduction procedures, we have
prepared a series of six samples in which gold has always
been deposited on nanocrystalline ceria by the deposition–
precipitation method of a tetrachloroauric acid solution at
pH 10 and after that the activation procedure has been
varied. Figure 4 shows the samples prepared as well as the


TOF values measured for these samples for the aerobic oxi-
dation of cinnamyl alcohol. Two samples were prepared by
reducing gold with benzyl alcohol at 70 or 160 8C. It was ex-
pected that higher reduction temperatures would produce
the gold nanoparticles more quickly and consequently, more
active gold nanoparticles could be generated. Analogously
the samples were also reduced by thermal calcination at
100, 200 and 400 8C in air and in one case at 400 8C under
hydrogen. It was expected that thermal treatment at high
temperatures could produce particle agglomeration, whereas
lower temperatures and hydrogen atmosphere could lead to
partial reduction with a larger population of positive gold
atoms. As it can be seen in Figure 4, the different metal re-
duction treatments studied here have no influence on the
final catalytic activity, the samples giving a reproducible and
fairly constant TOF value, regardless of the reduction proce-
dure.


In contrast, the gold content of the support plays an im-
portant role determining the catalytic activity. Samples dif-
fering in the gold/support mass ratio were prepared by de-
ACHTUNGTRENNUNGposition–precipitation (pH 10) of HAuCl4 and low tempera-
ture reduction with hydrogen. The most active catalysts for


Figure 3. The time-conversion plot for cinnamyl alcohol oxidation with
different gold catalysts. Reaction conditions: cinnamyl alcohol (1 mmol),
toluene (5 mL), catalyst (0.2 mol% Au), air (1 atm), 90 8C. *: 1.8 wt%
Au/npCeO2 (hdi=4.4 nm); ~: 2 wt% Au/CeO2 (hdi=4.2 nm); &: 1.5 wt%
Au�TiO2 (hdi=3.6 nm); ^: 2 wt% Au/C (hdi=3.6 nm); *: without cata-
lyst.


Figure 4. TOF values for the oxidation of cinnamyl alcohol given as the
ratio of moles of cinnamaldehyde per mole Au per hour (measured at t=
20 min) for Au/npCeO2 synthesized with different gold loadings and dif-
ferent reducing pretreatments. Reaction conditions: cinnamyl alcohol
(1 mmol), toluene (5 mL), catalyst (0.2 mol% Au), air (1 atm), 90 8C.
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the oxidation of cinnamyl alcohol are those that contain the
lowest gold percentage on the support.


To rationalize the remarkable influence of the gold load-
ing on ceria nanoparticles, we carried out a study by means
of TEM of the particle size distribution for three representa-
tive samples. The results are included in Table 1 and they


show that although for the sample with the highest gold con-
tent, the average particle size distribution is significantly
larger, for the samples with 0.44 and 1.8 wt% gold on
npCeO2 the size distribution is almost coincident. Neverthe-
less, in spite of the same particle size, the sample with
0.44 wt% of gold is significantly more active than the
sample with 1.8 wt% of gold. A reasonable explanation to
justify the large differences in activity between two gold cat-
alysts prepared following the same method and exhibiting
the same particle size distribution, but different gold content
on the support relies on accepting that the free surface of
ceria nanoparticles plays a role in catalysis. If the free ceria
surface is covered by gold to a significant extent then the
catalytic activity is reduced. In other words, both gold and
ceria surfaces are required in the reaction mechanism. As
discussed below, the reaction mechanism on the ceria sur-
face cooperates with the catalysis by interacting with molec-
ular oxygen. By means of oxygen physisorption, nanocrystal-
line ceria acts as an oxygen pump ensuring the oxidation of
metal hydrides into water. This function requires that free
ceria surface is present in the system.


General synthetic utility of Au/npCeO2 for the aerobic oxi-
dation of alcohols in organic solvents : Up to now most of
the work on the aerobic alcohol oxidation by supported
gold nanoparticles has been carried out under solvent-less
conditions or in aqueous solutions.[18] However, most of the
primary alcohols are oxidized to the corresponding carboxy-
lates in aqueous basic solution and there are also certain cir-
cumstances in which an organic solvent is needed, owing to
the limited availability of the alcohol or its high melting
point. In these cases the use of an organic solvent is necessa-
ry to carry out the reaction properly. We have used a series
of organic solvents that, in contrast with most oxidations in
aqueous media, allow the reaction to proceed without base.
A literature survey shows that most gold metal catalysts are
inactive when the oxidation is carried out in the absence of
a base.[42] Figure 5 shows the time-conversion plot for the


aerobic oxidation of benzyl alcohol catalyzed by Au/npCeO2


in different solvents (toluene and trifluorotoluene are shown
to be the most appropriate solvents). Moreover, after the re-
action the catalyst can be recovered and reused. In contrast,
if acetonitrile and ethanol are used as solvents, the activity
of Au/npCeO2 is significantly lower and the catalyst deacti-
vates very quickly. This could be a result of the leaching of
gold when using more polar solvents. Indeed, the chemical
analysis of the used catalyst, after filtration and washing
with clean solvent indicates a 	10 wt% loss of the gold that
was initially present. This is also the case if 1-butyl-3-meth-
ylimidazolium hexa ACHTUNGTRENNUNGfluorophosphate ionic liquid (Bmim-
ACHTUNGTRENNUNG[PF6]) is used. Therefore, although the use of ionic liquids in
combination with noble metal nanoparticles has been fre-
quently reported in the literature as a convenient catalytic
system,[43–45] the results obtained in our case were clearly un-
satisfactory.


By using toluene as solvent, we have performed the aero-
bic oxidation of a wide range of alcohols in the presence of
Au/npCeO2 with the aim of showing the generality and limi-
tations of Au/npCeO2, particularly in those cases in which
heteroatoms or other functional groups are present. It is im-
portant to remark that oxidations were carried out with air
instead of pure oxygen, making the process safer and more
amenable from a practical point of view. Table 2 summarizes
the reaction conditions, the products obtained and the corre-
sponding selectivities.


Benzylic alcohols, either primary or secondary, were con-
verted to the corresponding benzylic aldehydes or ketones
in quantitative yields (see Table 2). The presence of substitu-
ents on the aromatic ring such as NO2-, Cl- or CH3O-, influ-
enced the reaction rate, but did not affect the selectivity of
the process or the resultant deactivation of the gold cata-
lysts.


We reported previously that for oxidations carried out in
the absence of solvent,[27] the catalyst Au/npCeO2 was also
found highly selective for the oxidation of organic substrates
containing C=C double bonds. Thus, primary and secondary


Table 1. Gold nanoparticle size and TOF values for the oxidation of cin-
namyl alcohol catalyzed by a series of Au/npCeO2 catalysts with different
gold content.[a]


Au [%] hdi [nm] TOF [h�1][b]


0.44 4.9 530
1.80 4.4 167
4.45 9.2 54


[a] Reaction conditions: cinnamyl alcohol (1 mmol), toluene (5 mL), cat-
alyst (0.2 mol% Au), air (1 atm), 90 8C. The Au/npCeO2 samples have
been reduced with 1-phenylethanol at 160 8C. [b] TOF values measured
at t=20 min.


Figure 5. The time-conversion plot for benzyl alcohol oxidation with Au/
npCeO2 (0.44 wt% Au) in different solvents: toluene (*), trifluoroto-
luene(&), ethyl acetate (~), Bmim ACHTUNGTRENNUNG[PF6] (&), acetonitrile (^), ethanol (M).
Reaction conditions: benzyl alcohol (1 mmol), solvent (5 mL), catalyst
(0.2 mol% Au), air (1 atm), 75 8C.
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a,b-unsaturated alcohols were oxidized to the corresponding
unsaturated aldehydes or ketones without observing intra-
molecular hydrogen transfer, cis,trans-isomerization, epoxi-
dation or polymerization of the C=C bond.


Likewise, Au/npCeO2 can also oxidize secondary alcohols,
either cyclic or aliphatic, with high yields. Sterically encum-
bered alcohols such as 2-adamantanol and borneol were
equally oxidized to the corresponding ketones, although in
these cases larger molar percentages of gold were necessary
(see footnotes [c] and [d] in Table 2) to achieve high yields.


Primary aliphatic alcohols are selectively oxidized to the
corresponding aliphatic aldehydes up to moderate conver-
sions (see Table 2 for 1-octanol). When conversion increas-
es, selectivity towards the aldehyde decreases significantly,
owing to overoxidation of the aldehyde to the corresponding
carboxylic acid. This selectivity problem can be alleviated
by adding Au/npCeO2 catalyst with a higher gold content,
even though the initial reaction rate of this highly loaded
catalyst is somewhat lower. To illustrate this point, Figure 6
shows the time-conversion plot for the aerobic oxidation of
1-octanol using two different Au/npCeO2 catalysts. The
graph in Figure 6 shows that a 90% selectivity can be ach-
ieved at conversions lower than 45% for Au/npCeO2


4.5wt%. However, as the reaction progresses, selectivity de-
creases remarkably, owing to the formation of octanoic acid,
although small amounts of heptanal and heptanoic acid
(overall yield <5%) were also observed. The negative side
effect of this overoxidation is that the presence of carboxylic
acids in organic solvents in the absence of base causes
strong deactivation of the gold catalysts. This poisoning in
organic solvents is in contrast to our previous observation in
strongly basic aqueous solution in which high selectivity to-
wards octanoic acid at high conversions was achieved. Thus,


the highest yield for octanal in the aerobic oxidation in tolu-
ene was 45%. The Au/npCeO2 catalyst, even in those cases
in which significant amounts of carboxylic acids are formed,
was conveniently reactivated by washing with acetonitrile
followed by 0.5m NaOH aqueous solution and drying, recov-
ering the same activity and selectivity characteristic of the
fresh Au/npCeO2 catalyst.


Another issue from Table 2 that deserves special com-
ment, is the remarkable activity of Au/npCeO2 to promote
the aerobic oxidation of alcohols containing heteroatoms
such as oxygen, sulphur and nitrogen heterocycles. Particu-
larly relevant is the activity if nitrogen and sulphur atoms


Table 2. Oxidation of various alcohols with atmospheric air catalyzed by Au/npCeO2.


Substrate t [h] Conversion [%][a] Product Selectivity [%][a]


benzyl alcohol[b] 2 98 benzaldehyde 99
4-methylbenzyl alcohol[b] 2 >99 4-methylbenzaldehyde >99
4-methoxybenzyl alcohol[b] 2 >99 4-methoxybenzaldehyde >99
4-chlorobenzyl alcohol[b] 8 99 4-chlorobenzaldehyde >99
4-nitrobenzyl alcohol[b] 24 >99 4-nitrobenzaldehyde 96
1-phenylethanol[b] 2 98 acetophenone 97
cyclopropylphenylmethanol[b] 2 >99 cyclopropyl phenyl ketone >99
2-octanol[c] 3 97 2-octanone >99
2-adamantanol[c] 2 >99 2-adamantanone >99
(�)-borneol[d] 24 91 camphor 98
2-octen-1-ol[d] 2 90 2-octenal 91
3-octen-2-ol[b] 20 96 3-octen-2-one 94
1-octen-3-ol[b] 6 >99 1-octen-3-one 90
trans-carveol[b] 20 88 carvone 99
1-octanol[e] 4 47 octanal 91
meso-hydrobenzoin[b] 2 98 benzaldehyde 62
1,2-benzenedimethanol[b] 20 >99 phthalide 98
cis-1,2-cyclohexanediol[c] 20 10 1,2-cyclohexanedione 42
2-thiophenemethanol[f] 7 96 2-thiophenecarboxaldehyde 54
2-furfuryl alcohol[f] 20 99 2-furfural 50
2-pyridinemethanol[d] 7 99 2-pyridinecarboxaldehyde 65


[a] Conversion and selectivity were determined by GC-MS or HPLC-MS. [b] Substrate (1 mmol), toluene (5 mL), Au/npCeO2 0.45% (0.2 mol%), 90 8C,
atmospheric air as oxidant.[c] Same as [b], but Au/npCeO2 1.8 wt% (0.4 mol%). [d] Same as [b], but Au/npCeO2 1.8% (1.6 mol%). [e] Same as [b], but
Au/npCeO2 4.5% (1.6 mol%). [f] Same as [b], but Au/npCeO2 1.8% (3.2 mol%).


Figure 6. Temporal evolution of conversion and selectivity for the oxida-
tion of 1-octanol to 1-octanal with Au/npCeO2 in toluene. Reaction con-
ditions: 1-octanol (1 mmol), toluene (5 mL), catalyst (1.6 mol% Au), air
(1 atm), 90 8C. *: selectivity with 4.5 wt% Au/npCeO2; &: conversion
with 4.5 wt% Au/npCeO2; *: selectivity with 1.8 wt% Au/npCeO2; &


conversion with 1.8 wt% Au/npCeO2.
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are present, as it is known that these elements can strongly
bind to gold nanoparticles. The temporal profile of these ox-
idations shows that formation of the corresponding aldehyde
is very selective at low conversions, selectivity decreasing
with conversion. Product analysis showed that the selectivity
decrease is a result of the overoxidation of aldehydes to car-
boxylic acids and also to the formation of an array of by-
products derived from the oxidative decomposition of the
heterocycle.


The Au/npCeO2 catalyst was also tested for the aerobic
oxidation of vic-diols. In this way, the reaction of 1,2-ben-
ACHTUNGTRENNUNGzenedimethanol gave rise to the formation of the corre-
sponding isobenzofuranone in quantitative yields. The for-
mation of this lactone can be explained by a route involving
initial oxidation of one methanol group to aldehyde fol-
lowed by acetalisation and a second oxidation of the hemia-
cetal. Scheme 1 shows the proposed route to explain the for-
mation of the aromatic lactone. On the other hand, hydro-
benzoin undergoes oxidative C=C cleavage to form benzal-
dehyde as the main product (Scheme 2).


Finally, we have also studied the reuse of the 0.45 wt%
Au/npCeO2 catalyst by using the aerobic oxidation of ben-
zylic alcohol as test reaction. The results are presented in
Figure 7. Upon reuse, the catalyst maintains the initial activ-
ity throughout the six consecutive runs assayed, without ap-
preciable decay in the selectivity. As for the solvent-less
conditions, it is important to remark that the Au/npCeO2


catalyst has to be exhaustively washed with a 0.5m aqueous
NaOH solution, to maintain the activity through the consec-
utive runs. Apparently basic washings are effective because
they get rid of the carboxylic acids strongly adsorbed on the
catalyst surface that ultimately lead to catalyst poisoning. In
fact, if reuse is attempted without basic washings, the cata-


lytic activity of Au/npCeO2 is dramatically reduced (see
Figure 7). However, even this deactivated catalyst recovers
the activity of fresh Au/npCeO2 after NaOH washings.


One important issue when working with heterogeneous
systems is to determine whether or not leaching of gold
occurs during the course of the reaction. To address this
point we performed the aerobic oxidation of benzylic alco-
hols in toluene at 90 8C and the solid was removed by hot
filtration after 30 minutes. The resultant clear solution was
heated at 90 8C for longer periods without observing any
conversion under these conditions. Furthermore the solution
was analyzed by atomic absorption spectroscopy, whereby
the presence of gold could not be detected.


On the other hand the basic aqueous solutions employed
for the washings of Au/npCeO2 before reuse were also ana-
lyzed for the presence of gold. In fact, gold was detected in
all these washings and its quantification indicates that fol-
lowing the experimental procedure for catalyst reactivation
produces around 2% depletion of the initial amount of gold
present of ceria. This analysis of the washing waters was
also performed for each of the runs corresponding to the
consecutive reuses of the Au/npCeO2 catalyst for the aero-
bic oxidation of benzylic alcohol, observing consistently the
presence of gold in identical concentration. Additionally the
gold content on Au/npCeO2 after six consecutive catalytic
runs was also analyzed by X-ray fluorescence spectroscopy.
The results indicate a certain decrease in the gold loading
that was estimated in about 10% of the initial loading. The
total gold depletion on Au/npCeO2 after six uses is consis-
tent with the analysis of the washing waters and indicates
that gold leaching only occurs during the washings with
NaOH.


Kinetic parameters and mechanistic aspects


Mechanistic experiments : Concerning the reaction mecha-
nism for the aerobic oxidation of alcohols catalyzed by gold
we addressed in the first place the possibility that the reac-
tion mechanism involved carbon-centred free radicals as re-
action intermediates. This possibility was however disregard-
ed because the presence of unsaturated products arising
from the ring aperture was not detected during the oxida-


Scheme 2. The proposed intermediate for the formation of benzaldehyde
by oxidation of meso-hydrobenzoine.


Scheme 1. The proposed intermediates for the formation of the corre-
sponding lactone by oxidation of 1,2-benzenedimethanol.


Figure 7. Evolution of the yield of benzaldehyde during six consecutive
catalytic uses for the oxidation of benzyl alcohol with Au/npCeO2


(0.44 wt%) catalyst.
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tion of cyclopropyl phenyl carbinol to the corresponding cy-
clopropyl phenyl ketone. Also there was no influence on the
initial reaction rate and conversion by the presence of radi-
cal trapping compounds such as 2,2,6,6-tetramethylpiperi-
dine-N-Oxide (TEMPO) and hydroquinone. At this point a
second reaction mechanism was considered that could pro-
ceed by the intermediacy of positively charged species. To
check this, we have studied the influence of the ring the sub-
stituents with various electron donating/electron withdraw-
ing ability in the para-position of benzylic alcohol, on reac-
tion rate. Figure 8 shows the plot of the logarithm of the


rate constants plotted against s and s+ that represents the
Hammett and Brown–Okamoto parameters for each sub-
stituent. As it can be seen in this figure there is a reason ACHTUNGTRENNUNGable
linearity between log (kx/kH) and the s+ parameters giving a
negative slope (1=�0.163, r2=0.99).


The low negative 1 value indicates that the reaction is fav-
oured by the presence in the para-position of electron do-
nating groups. Also the fact that the log kx/kH fits better with
s+ values indicates that the reaction intermediate should
have a carbocationic character on the benzylic carbon.


On the other hand a primary isotopic effect was observed
when comparing the reaction rates of p-methylbenzyl and a-
deutero-p-methylbenzyl alcohols. Figure 9 shows the influ-
ence of the monodeuteration in the benzylic position, on the
time conversion plot for the initial reaction period. From
these plots, kH/kD ratio was estimated to range from 1.7–2.0
for temperatures between 60–100 8C. These values (particu-
larly considering that they were obtained for the a-mono-
deuterated derivative) indicate that a remarkable isotopic
effect is taking place, supporting the idea that a C�H bond
breaking occurs in the rate-determining step of the reaction
mechanism.


To reconcile the linearity between log (kx/kH) versus s+ .
that indicates development of positive charge in the benzylic
position, with the observation of a large kinetic isotopic


effect. We propose that the rupture of the benzylic C�H
bond progresses faster than the formation of the C=O and
that the C�OH develops a partial positive charge in the
transition state (see Scheme 3).


Macroscopic kinetic work : Firstly we have experimentally
determined the stoichiometry of the global oxidation reac-
tion occurring on Au/CeO2. To address this issue we mea-
sured the oxygen consumption for the oxidation of benzylic
alcohol at 90 8C. Figure 10 shows a correlation between
oxygen consumption and the number of moles of benzalde-
hyde formed concomitantly. This plot strongly supports that
the moles of benzaldehyde formed are double than the
moles of oxygen consumed, in agreement with the reaction
stoichiometry indicated in Equation (4).


For the determination of the kinetic rate expression, the
influence of reactant concentration has been studied. Thus,
a series of benzylic alcohol oxidations were carried out at
constant concentration, but varying the oxygen pressure
(Figure 11). By measuring the initial reaction rate (r0), we


Figure 8. Hammett plots for competitive oxidation of benzyl alcohol and
p-substituted benzyl alcohols. &: log (kX/kH) versus s ; D : log (kX/kH)
versus s+ . Reaction conditions: benzyl alcohol (1 mmol), 0.44 wt% Au/
npCeO2 (0.2 mol%), toluene (5 mL), 90 8C, air (1 atm).


Figure 9. Isotopic effect in the aerobic oxidation of p-methylbenzyl alco-
hol (*) and a-deutero-p-methylbenzyl alcohol (*) using 0.44 wt% Au/
npCeO2 as catalyst. Reaction conditions: benzylic alcohol (1 mmol), Au/
npCeO2 (0.2 mol%), toluene (5 mL), 81 8C and atmospheric air as oxi-
dant.


Scheme 3. The proposed transition state in the aerobic oxidation of alco-
hols with gold catalysts.
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observed that r0 is independent of the oxygen pressure in
the interval of pressures studied here. This zero order de-
pendence of r0 versus oxygen pressure can be interpreted as
an indication that the reoxidation of the metal hydride by
molecular oxygen proceeds quickly and is not rate-control-
ling.


In another set of experiments, we studied the influence of
the temperature on the reaction rate in the range from 60–
90 8C for the aerobic oxidation p-methylbenzyl alcohol. By
plotting log r0 versus the inverse of the temperature, a good
linear correlation was obtained from which the kinetic pa-
rameters, apparent activation energy (Ea) and log A could
be estimated as 59.5 kJmol�1 and 22.4, respectively
(Figure 12).


Additionally, the dependence of the reaction rate for the
benzylic alcohol oxidation on the mol percentage of gold
catalyst present in the reaction was investigated for the
range between 0.05–0.2 mol% Au (Figure 13). In these ex-
periments we used Au/npCeO2 (0.45 wt% gold) and increas-


ing amounts of catalyst were added to the reaction system.
The plot of the initial reaction rate versus the amount of
gold in the system shows that the reaction rate follows a
linear relationship with the gold content in the system, indi-
cating a first order dependence between the concentration
of gold in the reaction and the reaction rate.


The dependence of the reaction rate with the initial alco-
hol concentration for a given amount of Au/npCeO2 catalyst
at constant O2 pressure was established for the oxidation of
1 and 2-octanol. Figure 14 presents the plots of the initial re-
action rate versus the alcohol concentration for the aerobic
oxidation in toluene. For both alcohols it was observed that
r0 increases with the initial alcohol concentration to reach a
plateau corresponding to the maximum reaction rate. This
behaviour is in accordance with a Langmuir–Hinselwood re-
action mechanism (Scheme 4) and is in agreement with that


Figure 10. Relationship between amount of benzaldehyde produced and
O2 uptake for the oxidation of benzyl alcohol with molecular oxygen cat-
alyzed by 0.44 wt% Au/npCeO2. Reaction conditions: benzyl alcohol
(3 mmol), 0.44 wt% Au/npCeO2 (0.2 mol%), toluene (15 mL), 90 8C, O2


(air, 1 atm). Slope (O2 uptake/benzaldehyde formed)=0.54 (r2=0.99).


Figure 11. Initial reaction rate as a function of the oxygen pressure. Reac-
tion conditions: benzyl alcohol (1 mmol), 0.44% Au/npCeO2 (0.2 mol%),
toluene (5 mL), 90 8C, PO2


=0.2–3.2 atm. Slope=�1.6M10�5.


Figure 12. Arrhenius plots for the oxidation of p-methylbenzyl alcohol.
The r0 values were regarded as the pseudo-zero-order rate constants
(kobs) because the concentration of p-methylbenzaldehyde produced was
proportional to time. Reaction conditions : p-methylbenzyl alcohol
(1 mmol), 0.44 wt% Au/npCeO2 (0.2 mol%), toluene (5 mL), 60–90 8C,
atmospheric air as oxidant. Line Fit: ln ACHTUNGTRENNUNG(kobs)=22.42–7150.96/T (r2=0.99).


Figure 13. Effect of the amount of Au/npCeO2 catalyst on the reaction
rate oxidation of benzyl alcohol. Reaction conditions: benzyl alcohol
(1 mmol), 0.44 wt% Au/npCeO2 (0–54 mg), toluene (5 mL), 90 8C, O2


(air, 1 atm).
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found by others for the aerobic oxidation of alcohols utilis-
ing heterogeneous ruthenium catalysts.[46–47] According to
this model, the free alcohol and the metal site would be in
equilibrium with the M–alcoholate. Subsequently the M–al-
coholate will react irreversibly to give rise to the reaction
product and the M–hydride. The hydride shift from the alco-
hol to gold represents the rate-determining step.


It can be observed (Figure 14) that the maximum rate for
primary 1-octanol (although smaller than the maximum rate
of secondary 2-octanol) is reached for alcohol concentration
lower than for 2-octanol. In accordance with the Langmuir–
Hinselwood model the previous observation indicates that
the binding constant of the metallic site for the primary al-
cohol is larger than for 2-octanol, because for the later sec-
ondary alcohol a larger excess is needed to reach the pla-
teau. By using the Lineweaver–Burke formalism to plot the
double inverse of the reaction rate and alcohol concentra-
tion, KM and Vmax for 1- and 2-octanol were determined.
These values can serve to understand the results of competi-
tive primary versus secondary alcohol oxidation. Thus, even
though the maximum reaction rate for 2-octanol is higher
than for 1-octanol (see Table 3), when a mixture of the pri-
mary and secondary alcohols is submitted to oxidation, the
primary alcohol is preferentially converted with respect to
the secondary.


Proposed reaction mechanism : Based on the previous mech-
anistic and kinetic experiments for aerobic oxidation cata-


lyzed by Au/npCeO2, reaction mechanism is presented in
Scheme 5. According to this, the catalytic oxidation will go
through three main reaction steps. The first one will be the


formation of M–alcoholate species that will be in equilibri-
um with the free alcohol. Under conditions in which a high
concentration of alcohol is present a large majority of the
metal sites will be coordinated forming the alcoholate.


This metal alcoholate species would undergo a metal–hy-
dride shift giving rise the carbonylic product and a metal–
hydride intermediate. This step will be rate-determining, as
it is deduced from the observation of a primary isotopic
effect. The hydride shift and the metal–alcoholate bond
breaking will be concerted events, but asynchronous. The
hydride shift would progress in a larger extent than the
metal alcoholate bond breaking. This proposal will be com-
patible with the moderate negative 1 value obtained for the
different substituent in the para-position of the phenyl ring
for the oxidation of benzyl alcohols. The third step will be
the rapid oxidation of the metal hydride by oxygen to form
water while recovering the initial metallic site. In this regard
we point out that our previous in situ IR spectroscopy stud-
ies have shown that formation of the carbonyl compound
occurs in a previous step and independent to the formation
of water, while water is only formed when oxygen is admit-
ted into the cell.[30] Also, gold-hydrides are known to be
high in energy and very reactive.[48,49]


Figure 14. Effect of the concentration of alcohol in the reaction rate oxi-
dation of 2-octanol (*) and 1-octanol (*). Reaction rates measured for
conversions lower than 10%. Reaction conditions: [alcohol] (0.075–4m in
toluene), toluene (2.5 mL), 14 mg of 0.44 wt% Au/npCeO2, 90 8C.


Scheme 4. Simplified reaction mechanism for the aerobic oxidation of al-
cohols catalyzed by Au/npCeO2. R


1=alkyl, aryl; R2=alkyl, aryl, H.


Table 3. Kinetic parameters in the aerobic oxidation of 1-octanol and 2-
octanol by Au/npCeO2 calculated by using Lineweaver–Burke plot.


Km [M] Vmax [10
3
mmin�1]


1-octanol 0.344 2.07
2-octanol 1.209 5.72


Scheme 5. The proposed mechanism for the Au/npCeO2-catalyzed aero-
bic oxidations of alcohols.
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Conclusion


From the results presented in this manuscript it is possible
to say that the activity of gold catalyst for the aerobic oxida-
tion of alcohols involves the presence of a high density of
positive gold atoms that could act as Lewis-acid sites. These
sites coordinate with alcohols to form gold alcoholates and
they also accept hydrides. In this regard the role of the sup-
port should be on the one hand, to provide stability for posi-
tive gold species by interfacial gold-support interactions, and
on the other hand to facilitate oxygen activation to promote
the reoxidation of metal hydrides. Apparently these features
and particularly the second one, have been achieved to a re-
markable extent by cerium nanoparticles. Thus, cerium
nanoparticles interact strongly with supported gold, as evi-
denced by the temperature of hydrogen reduction and also
O2 can be adsorbed through oxygen vacancies on the sur-
face.[50] The combination of these properties explains the
high and general activity of Au/npCeO2 even in organic sol-
vents, as we have shown here, and is in agreement with the
reaction mechanism proposed.


Experimental Section


Preparation of Au/npCeO2


Synthesis of nanoparticulated ceria : The preparation of nanoparticulated
ceria was carried out following a reported procedure.[51] In short, an
aqueous solution of Ce ACHTUNGTRENNUNG(NO3)4 (375 mL, 0.8m) was treated, under stirring
and at ambient temperature, with an aqueous solution of ammonia
(1.12 L, 0.8m). The colloidal dispersion of CeO2 nanoparticles was heated
in a PET vessel at 100 8C for 24 h. The resulting yellow precipitate was
filtered and dried under vacuum overnight. The cerium oxide synthesised
has, owing to the small size of the nanoparticles, a very high surface area
(180 m2g�1).


Au was deposited on the nanoparticulated ceria by using the following
procedure: A solution of HAuCl4·3H2O (800 mg) in deionised water
(160 mL) was brought to pH 10 by addition of a solution of NaOH 0.2m.
Once the pH value was stable the solution was added to a gel containing
colloidal CeO2 (4.01 g) in H2O (50 mL). After adjusting the pH of the
slurry at a value of 10 by addition of a 0.2m solution of NaOH 0.2m, the
slurry was continuously stirred vigorously for 18 h at RT. The Au/npCeO2


solid was then filtered and exhaustively washed with several litres of dis-
tilled water until no traces of chlorides were detected by the AgNO3 test.
The catalyst was dried under vacuum at room temperature for 1 h. Then
1-phenylethanol (30 g) was treated with the supported catalyst (3.5 g) at
160 8C and the mixture was allowed to react for 20 min. The catalyst was
filtered, washed with acetone and water, and dried under vacuum at RT.
The total Au content of the final catalyst Au/npCeO2 was 4.5 wt% as de-
termined by chemical analysis. For the preparation of 1.8 and 0.45 wt%
Au/npCeO2 the method used was the same as above, but changing only
the amount of HAuCl4·3H2O aqueous. This catalyst Au/npCeO2 is com-
mercially available from Instituto de Tecnolog8a Qu8mica (ITQ) (http://
www.upv.es/itq).


Preparation of 1 wt% Au/C catalyst : A colloidal solution of gold nano-
particles stabilized by polyvinyl alcohol were deposited on activated
carbon (KB-B-100, provided by Aldrich), following the procedure report-
ed by Porta et al.[52] Under vigorous stirring an aqueous solution of
HAuCl4 (2 L, 100 mgmL�1) was treated with an aqueous solution of poly-
vinyl alcohol (PVA) (10 mL, 27 mgmL�1). To this, a fresh solution of
NaBH4 (38 mL, 0.1m) was added. The AuNPs generated were immobi-
lised simply by adding the active carbon (2 g) into the metal dispersion.


After 1 h the slurry was filtered and the total gold adsorption was
checked by atomic absorption spectroscopy of the filtrate.


Preparation of Au/TiO2 catalysts : The Au�TiO2 catalysts were prepared
by the deposition–precipitation method by using P-25 titanium oxide
from Degussa as support. Particles of different sizes were obtained by
changing the pH used in the deposition of gold nanoparticles over the
TiO2 support and the calcination temperature.


Au�TiO2 (5.2 nm mean diameter): A solution of HAuCl4·3H2O (60 mg)
in of deionised water (30 mL) was brought to pH 6.3 by addition of a so-
lution of NaOH (0.2m). Once the pH value was stable, P-25 Degussa
TiO2 (1.0 g) was added. The slurry was vigorously stirred for 1 h at 70 8C.
The Au/TiO2 catalyst was then filtered and exhaustively washed with
water. The catalyst was dried at 80 8C during 6 h and calcined using the
following temperature program: room temperature, 3 8Cmin�1, 200 8C,
2 h. The total Au content of the final catalyst Au/TiO2 was 2.9 wt% as
determined by chemical analysis.


Au�TiO2 (7.3 nm mean diameter): This Au�TiO2 catalyst was prepared
following the same procedure used in the synthesis of Au�TiO2 (3.2 nm),
but at pH value of 5.0 instead of 6.3. The dried solid was calcined at
400 8C during 2 h. The gold content of the final catalyst was 3.0 wt%.


Au�TiO2 (16.7 nm mean diameter): The catalyst was prepared at pH 4.5
and calcined at 400 8C for 2 h. The gold content of the final catalyst was
2.8 wt%.


For crystal analysis and indexation, Au/npCeO2 samples were examined
by bright- and dark-field electron microscopy in a Jeol 2200 HRTEM
(high-resolution transmission electron microscopy) operated at an accel-
erating voltage of 200 kV. The TEM images and the particle size distribu-
tion corresponding to Au/TiO2 samples were obtained in a Philips-CM10
operated a 100 kV. Chemical analyses of gold in the catalysts were car-
ried out after dissolving the solids by attack with a 2:1 mixture of HNO3/
HF on a Varian-10 Plus Atomic Absorption Spectrometer or directly of
the solids using a Philips Minipal 25 fm Analytic X-Ray apparatus and a
calibration plot.


Typical procedure for the aerobic oxidations of alcohols : A suspension of
0.44 wt% Au/npCeO2 (0.2 mol%) in toluene (5 mL) was treated with
benzyl alcohol (1 mmol). The resulting mixture was then heated at 90 8C
for 1 h and benzaldehyde was produced in >99% GC yield. After the re-
action, the catalyst was separated by filtration and washed with acetone.
The recovered Au/npCeO2 was washed with an aqueous solution of
NaOH (0.5m) and water (100 mL) and dried under vacuum before recy-
cling.
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Neutral and Cationic Phosphoramide Adducts of Silicon Tetrachloride:
Synthesis and Characterization of Their Solution and Solid-State Structures


Scott E. Denmark* and Brian M. Eklov[a]


Introduction


Hypervalent silicon species play important roles as reagents
and intermediates in modern organic chemistry, in particular
as powerful Lewis acid catalysts.[1] Recent studies in these
laboratories have described various carbonyl addition reac-
tions that rely upon the addition of a chiral Lewis base to
the weakly Lewis acidic SiCl4.


[2] This Lewis acid–Lewis base
interaction leads to the formation of a silyl cation that ex-
presses increased Lewis acidity that leads to significant rate
enhancements as well as exquisite stereoselectivities.[2d] A
detailed understanding of the structure of these Lewis acid–
Lewis base complexes is fundamental to the continued de-
velopment of this class of reactions, as well as other reac-
tions of main-group elements. To this end, we have chosen
to study the solution and solid-state structures of HMPA–
SiCl4 complexes.
The structures of five- and six-coordinate silicon species


have been studied extensively for many years, and interest-
ing observations of dative silicon–heteroatom interactions
have been reported recently.[3] However, the great majority
of these studies rely upon a covalently attached Lewis base.


Our current study focuses on intermolecular Lewis acid–
Lewis base interactions and the resulting hypervalent com-
plexes.


Results and Discussion


Solution structures


29Si and 31P NMR studies :[4] Initial NMR spectroscopic stud-
ies demonstrated that mixtures of HMPA and SiCl4 produce
species that are fluxional at room temperature. The
31P NMR spectra showed a single broad resonance, and 29Si
NMR spectra were entirely featureless. Consequently, all of
the spectral data discussed below were recorded between
�60 and �100 8C, where the signals were well resolved.[5]


Stoichiometric constraints : The 31P NMR spectra of mixtures
containing 0.2, 0.5, 1.0, 2.0, 3.0, and 5.5 equiv of HMPA per
SiCl4 (in CD2Cl2 at 0.3m in silicon) are shown in Figure 1,
and the corresponding 29Si spectra are shown in Figures 2
and 3. It is important to note that the 31P spectra do not dis-
play any free phosphoramide (free HMPA appears at d=


26 ppm) until more than 3.0 equiv of HMPA have been
added. Conversely, the 29Si NMR spectra display free SiCl4
until 3.0 equiv of HMPA have been added. This applies an
important stoichiometric constraint upon the species in solu-
tion, namely all of the phosphoramide is coordinated to a
silicon atom until more than 3.0 equiv of HMPA have been
added. At this point, no free SiCl4 remains in solution, leav-
ing a complex with a 3:1 HMPA/SiCl4 ratio.


Keywords: asymmetric catalysis ·
donor–acceptor systems · Lewis
acids · Lewis bases · silicon
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Also, with the exception of the 31P resonance at 18.7 ppm,
the relative ratio of the 31P resonances is surprisingly static
over the entire HMPA concentration range. The resonance
at 18.7 ppm increases as more HMPA is added, until
2.0 equiv has been added. This resonance then decreases in
intensity between 2.0 and 3.0 equiv of HMPA, at which
point it is no longer observed.


29Si NMR structural assignments : Simple inspection of the
29Si spectra (chemical shift and multiplicity) allowed
straightforward structural assignments for some of the reso-
nances. The resonance at �120.5 ppm (Figure 2, triplet, J=


15 Hz) is attributed to the bisphosphoramide ligated five-co-
ordinate complex, 2HMPA·SiCl3


+ Cl� (3).[6] This resonance
was observed if any phosphoramide was present in solution,
and grew in intensity as the amount of HMPA was increased
to 2.0 equiv[7] However, this resonance disappears if
3.0 equiv (or more) of HMPA are present in solution.
The remaining resonances fall within a rather small chem-


ical shift region, all of which are in the six-coordinate
regime.[8] The triplet (J=9.7 Hz) that appears at �205.5 ppm
(Figure 3e) is assigned to the neutral di-ligated complex cis-
2HMPA·SiCl4 (cis-1). The trans-2HMPA·SiCl4 complex
(trans-1) is assigned to the singlet at �207.8 ppm, and will
be discussed in detail below.
The quartet splitting (J=5 Hz) of the resonance at d=


�210 ppm requires a six-coordinate silicon species bound to


Figure 2. 29Si NMR spectra at �70 8C with different HMPA/SiCl4 ratios. a) 0.2 equiv HMPA, b) 0.5 equiv HMPA, c) 1.0 equiv HMPA, d) 2.0 equiv
HMPA, e) 3.0 equiv HMPA, f) 5.5 equiv HMPA. A spectrum with no HMPA (SiCl4 only) is included at the bottom for reference. Upfield plot vertical
scales (right) are exaggerated to show the minor component, and are comparable to the right-hand portion of Figure 3. Downfield plot vertical scales
(left) are comparable to the left-hand portion of Figure 3.


Figure 1. 31P NMR spectra at �70 8C (CD2Cl2, 0.3m) with different
HMPA/SiCl4 ratios. a) 0.2 equiv HMPA, b) 0.5 equiv HMPA, c) 1.0 equiv
HMPA, d) 2.0 equiv HMPA, e) 3.0 equiv HMPA, and f) 5.5 equiv
HMPA.
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three equivalent phosphoramides. Both of the possible cat-
ionic complexes with the requisite 3HMPA·SiCl3


+ Cl� for-
mula are shown in Figure 4. This resonance corresponds to
fac-2, as all three of the phosphorus atoms in this complex
are equivalent. The major resonance in all cases (d=


�207 ppm) is then assigned to mer-2.[9]


As demonstrated in Figure 3f, g and 2f, g, the 29Si NMR
spectra only display two peaks at or above a 3:1 HMPA/
SiCl4 ratio. Assigning these two resonances to the two iso-
mers, fac- and mer-2 satisfies the 3:1 HMPA/SiCl4 stoichiom-
etry requirement, and is also in complete agreement with
the 31P NMR spectrum (See Figure 1e). The minor peak in
the 31P NMR spectrum (d=20.4 ppm) corresponds to fac-2,
as selectively decoupling this peak in the 31P NMR spectrum


leads to the collapse of the 29Si resonance at d=�210 ppm
to a singlet, demonstrating that all three of the phosphora-
mides are chemical shift equivalent. The other two 31P reso-
nances then correspond to the two different phosphorus en-
vironments in mer-2. The integral ratios of both the 31P and
29Si spectra are also in agreement with a 97:3 ratio of the
mer-2/fac-2 isomers.[10]


If the NMR spectra of the 3:1 HMPA/SiCl4 mixture repre-
sent the exclusive formation of fac- and mer-2, it must
follow that the facial isomer possesses a small P–Si coupling,
while the meridional isomer does not.[11] Unfortunately, very
little is known about phosphoryl–silicon complexes and con-
sequently the signs and magnitudes of their 2JSi,P coupling
constants are not available. A survey of the CCSD provided
a handful of structures containing a P=O–silicon linkage,
but there are no reports of a 2JP,Si for these complexes.[12]


Our provisional assignment is supported by a series of mag-
netization transfer experiments on a 5.5:1 HMPA/SiCl4 mix-
ture. These experiments demonstrated that the silicon-
bound 31P resonances corresponding to fac-2 and mer-2 ex-
change with each other, without exchanging with any free
HMPA in solution. This supports a facile intramolecular
phosphoramide exchange pathway that does not involve dis-
sociation of a phosphoramide. The simplest explanation for
this intramolecular exchange is isomerization between the
fac- and mer-2 isomers (i.e., via a Bailar twist[13]).


Figure 3. 29Si NMR spectra at �70 8C with different HMPA/SiCl4 ratios. The right-hand series has the vertical scale exaggerated to show minor compo-
nents; the vertical scale is comparable to the right hand portion of Figure 2. a) 0.2 equiv HMPA, b) 0.5 equiv HMPA, c) 1.0 equiv HMPA, d) 2.0 equiv
HMPA, e) 3.0 equiv HMPA, f) 5.5 equiv HMPA. A spectrum with no HPMA (SiCl4 only) is included at the bottom for reference.


Figure 4. The two possible 3HMPA·SiCl3
+ Cl� isomers.
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X-Ray crystallographic structures


2HMPA·SiCl4 (1): To secure further structural information
on the nature of the HMPA–SiCl4 complexes, the solid-state
structures of crystalline materials were obtained. Addition
of hexanes to a 1m solution of SiCl4 in a mixture of HMPA
and methylene chloride yielded large, colorless, cubic crys-
tals. A suitable crystal was chosen for an X-ray diffraction
study, which revealed the neutral trans-2HMPA·SiCl4 com-
plex shown in Figure 5.[14] The structure of this complex cor-
roborates earlier vibrational and paramagnetic spectroscopic
studies[15] of its structure, and the trans-relationship of the
Lewis basic moieties appears to be general.[16]


The silicon atom of the complex sits on a crystallographic
inversion center, with a near-perfect octahedral ligand ar-
rangement (Figure 5). The four chlorine atoms are displayed
about the equatorial plane, with the two phosphoramides
trans to each other.[17] The complex shows a lengthened P�
O bond (Dd=0.048 I) as well as shorter P�N bond lengths
(Dd=�0.035 I for P1�N3 and �0.012 I for P1�N2 and
P1�N1) than in the free phosphoramide (Table 1),[18] while
the Si�Cl bonds are lengthened (Dd=++0.19 and +0.26 I)
when compared with SiCl4 (measured by electron diffrac-
tion, Si�Cl 2.02 I).[19]


Interestingly, this complex can be isolated in excellent
yield and is a stable colorless powder if stored in an anhy-
drous environment. Unfortunately, the 31P and 29Si NMR
spectra of solutions made from the isolated complex demon-
strate that it disproportionates rapidly to give the same com-
ponents as shown above (Figures 1e, 2e, and 3e), even if the
solution is mixed and maintained at �78 8C.


3HMPA·SiCl3
+ HCl2


� (2): Upon standing for one week, this
solution also yielded a crop of colorless needles, which pre-


cipitated from the hexanes phase. These crystals proved to
be mer-2, in which the expected chloride counter anion is re-
placed with the more complex HCl2


� (Figure 6).[20] This


structure is unprecedented, as it is the first report of an ion-
ized Lewis base–silicon complex that does not rely upon a
pendant Lewis base.[3] Somewhat surprisingly, all three of
the Si�O bonds are similar in length and are comparable in
length to those in the neutral 2HMPA·SiCl4 complex. The
two Si�Cl bonds that are anti to each other in this complex
are shorter than those in the neutral complex, however, the
Si�Cl bond that is situated trans to the phosphoramide is


Figure 5. ORTEP representation of the 2HMPA·SiCl4 complex (trans-1).


Table 1. Selected bond lengths [I] and bond angles [8] for trans-1 and
mer-2.


trans-1 mer-2


Si�Cl1 2.217 Si�Cl1 2.210
Si�Cl2 2.210 Si�Cl2 2.199


Si�Cl3 2.202
Si�O 1.770 Si�O1 1.766


Si�O2 1.778
Si�O3 1.769


P�O 1.523 P1�O1 1.518
P2�O2 1.523
P3�O3 1.524


P�N1 1.631 P1�N1 1.611
P�N2 1.630 P1�N2 1.620
P�N3 1.620 P1�N3 1.604


Cl1-Si-Cl2 90.0 Cl1-Si-Cl2 90.9
Cl1-Si-Cl3 90.8


Si-O-P 148.3 Si-O1-P1 159.0
Si-O2-P2 147.6
Si-O3-P3 145.8


Cl1-Si-O 90.0 Cl1-Si-O2 90.4
Cl1-Si-O3 90.9
Cl3-Si-O1 88.7


Figure 6. ORTEP representation of the 3HMPA·SiCl3
+ Cl-H-Cl� complex


(mer-2). Full details are available in the Supporting Information.
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longer than the other two, and is comparable in length to
the Si�Cl bond lengths in the neutral complex.
The cationic complex mer-3 is not only structurally novel,


but it also represents compelling evidence for the intermedi-
acy of ligated silicon cations in the phosphoramide-catalyzed
reactions of SiCl4. We have posited a central role for these
species, but until now have relied solely on kinetic evidence
and common ion effects.[2b,21] We now have strong support
for this hypothesis and future reports will build on these ob-
servations to explain the behavior of chiral bisphosphora-
mide catalysts.


Conclusion


The solid-state structures of trans-1 and mer-2 have been re-
ported. Complex trans-1 is structurally analogous to the bis-
pyridine·SiCl4 complexes.[16] The complex mer-2 represents
the first structure of a hexa-coordinate silicon-centered
cation derived from SiCl4. The mer-2 and fac-2 complexes
are also the only species observed in solution when three or
more equivalents of HMPA (with respect to SiCl4) are pres-
ent in solution, while they are the major components in so-
lution, at other stoichiometries. Additionally, these observa-
tions provide a solid foundation to understand the role of
the chiral bisphosphoramide·SiCl4 catalysts, and these results
will be reported in due course.
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Introduction


Metallacrowns and molecular wheels are cyclic metal/organ-
ic compounds, that usually bear donor atoms projecting into
a cavity at the center of their ring structure.[1–3] These
donors are often hydroxamate,[1] alkoxy[4,5] or pyridonate[2,6]


functions that are derived from polydentate ligands sur-
rounding the metal ions in the wheel; alternatively, they can
be smaller bridging ligands like hydroxide,[7,8] methoxide or
other alkoxides,[9,10] and/or fluoride.[11–13] Metallacrowns are
often considered as crown ether analogues in their ability to
bind a guest species in their central cavity,[1] and many met-
allacrown structures are in fact templated about such a
guest. These are often metal ions,[1,6,10, 14] although examples
templated by inorganic anions[8] or organic guests[12] are also
known. Metallacrowns that can be controllably isolated in
the presence or absence of a guest species are rare, with
only two such systems having been well studied. The first, is


a series of trinuclear platinum metal metallacrowns linked
by pyridonates, which can facially complex alkali metal ions
through their O-donors, in solution and the solid state.[2]


Second, is a series of hexanuclear metallacrowns with di-
and tri-ethanolamine ligands, that can be controllably ob-
tained in the presence or absence of a central metal ion.[4,5]


As part of our continuing studies of the supramolecular
chemistry of metal-organic complexes of NH pyrazoles,[15–17]


we have recently described that reactions of CuF2 and 3{5}-
(pyrid-2-yl)-5{3}-(tertbutyl)pyrazole (HL) in the presence of
base, yield the 12-MC-6 metallacrown[1] [{Cu ACHTUNGTRENNUNG(m-F) ACHTUNGTRENNUNG(m-L)}6] (1,
Scheme 1).[13] Depending on the base used, 1 can either be
prepared with Na+ or K+ ions complexed to its six F
donors, or as an uncomplexed metallacrown with no guest in
its central cavity. Moreover, the L� ligands in 1 project out
of the plane of the [Cu6F6]


6+ ring, to form two bowl-shaped
cavities of approximate dimensions 2.1<5.6<6.5 = (base<
rim<height). These cavities are chiral, owing to the head-to-
tail disposition of the L� ligands at their periphery, but the
two cavities in each molecule are of opposite handedness. In
the above compounds, the cavities are occupied by water or
dichloromethane molecules, which donate hydrogen bonds
to one or more of the three F atoms at the base of each
cavity. Thus, 1 can bind guests in two different ways, acting
as both a crown ether analogue and a cavitand. The forma-
tion of metallacrown structures from copper(II) and HL
is dependent on the copper salt used; the [{Cu ACHTUNGTRENNUNG(m3-


Abstract: Reaction of CuF2 with one
equivalent of 3{5}-(pyrid-2-yl)-5{3}-
(tertbutyl)pyrazole (HL) and excess
NH4OH in MeOH affords crystalline
[NH4{Cu ACHTUNGTRENNUNG(m-F) ACHTUNGTRENNUNG(m-L)}6 ACHTUNGTRENNUNG(CH2Cl2)2]HF2 in
moderate yield. This compound con-
tains the 12-MC-6 metallacrown [{Cu-
ACHTUNGTRENNUNG(m-F) ACHTUNGTRENNUNG(m-L)}6] (1) with a NH4


+ ion at its
center, and CH2Cl2 molecules com-
plexed in bowl-shaped cavities above
and below the Cu6F6 ring. Similar reac-
tions using the bases MeNH2, glycine,


l-alanine or b-alanine afforded solvat-
ed crystals of [1 ACHTUNGTRENNUNG(H3NMe)2]Cl2, [1-
ACHTUNGTRENNUNG(gly)2], [1 ACHTUNGTRENNUNG(l-ala)2], and [1 ACHTUNGTRENNUNG(b-ala)2], re-
spectively. The metallacrown 1 in these
products contains methylammonium
and zwitterionic amino-acid guests in
its two bowl-shaped cavities; each of


the amino acids hydrogen-bonds to
three F atoms. A related reaction using
1,6-diaminohexane resulted in fixation
of CO2 from the air to give solvated
[1(H3NC6H12NHCO2)2], again with a
zwitterionic guest. NMR, ESI-MS and
UV/vis measurements suggest that the
metallacrown 1 retains its integrity in
several organic solvents, although it is
unclear to what extent guest binding
takes place in solution.
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OH)(HL)}4]
4+ cubane complexes, for example, are obtained


in the presence of less-coordinating anions.[18]


We describe here a wider investigation of the affinity of 1
for complexed guest molecules. Crystal structures and other
physical characterization are reported for new solid com-
plexes of 1 with NH4


+ , MeNH3
+ and four different amino


acids. Solution-phase measurements to establish the integrity
of 1 in organic solvents are also discussed.


Results and Discussion


Reaction of CuF2 with one molar equivalent of HL[19] in
MeOH in the presence of aqueous NH4OH afforded a blue
solution, which was then slowly evaporated to dryness under
ambient conditions. Recrystallization of the residue from
CH2Cl2/Et2O afforded a 30% yield of blue crystals, whose
composition was established as [(NH4)�1-
ACHTUNGTRENNUNG(CH2Cl2)2]HF2·5.6CH2Cl2·0.4 ACHTUNGTRENNUNG(C2H5)2O by an X-ray diffrac-
tion analysis. The compound is isostructural with the corre-
sponding solvate of [Na�1 ACHTUNGTRENNUNG(CH2Cl2)2]HF2,


[13] and contains a
centrosymmetric metallacrown 1, with approximate S6 sym-
metry if the positions of the tertbutyl groups are ignored
(Figure 1 and Figure 2). Neighboring copper ions in the
crown are linked by a chelating L� ligand, bridging through
its pyrazolido group, and by a m-F� ligand that coordinates
to a basal coordination site of one copper ion and the apical
site of the other (Scheme 1). The copper ions all have near-
identical square-pyramidal stereochemistries, with t very
close to the ideal value of 0 for this geometry (Table 1).[20]


The NH4
+ ion N(1) occupies the crystallographic inversion


center at the center of the molecule, but with an elongated
displacement ellipsoid that suggests its true position might
be slightly proud of the Cu6 plane rather than at its centroid
(Figure 2). The H atoms of the NH4


+ ion are disordered
about the inversion center and so could not be located. As
in the sodium complex,[13] the bowl-shaped cavities of the
metallacrown are occupied by CH2Cl2 molecules, which
form one C�H···F hydrogen bond an F donor in the crown
(Figure 2). The distance N(1)···Cl(55)=3.6888(14) = sug-


gests there may also be a weak N�H···Cl hydrogen bond be-
tween the ammonium and solvent guests (not shown in
Figure 2).


Crystals of this compound decompose to a turquoise
powder on drying, which analysis confirms to be [(NH4)�1-
ACHTUNGTRENNUNG(CH2Cl2)2]HF2. Analysis of the IR spectra confirmed the
presence of NH4


+ in this solid as a nujol mull. The spectra
contains a broad absorption of medium intensity at ñ=


Scheme 1. Structure of the metallacrown 1 (R= tertbutyl). The dashed
lines show the longer apical Cu�F bonds at the square pyramidal cop-
per(II) centers.


Figure 1. View of the [(NH4)�1 ACHTUNGTRENNUNG(CH2Cl2)2]
+ cation in [(NH4)�1-


ACHTUNGTRENNUNG(CH2Cl2)2]HF2·5.6CH2Cl2·0.4 ACHTUNGTRENNUNG(C2H5)2O, and the atom numbering scheme
employed. All atoms have 50% probability radii. Only one orientation of
the disordered tertbutyl groups is shown, while all H atoms in the 1 met-
allacrown have been omitted.


Figure 2. Alternative view of the [(NH4)�1 ACHTUNGTRENNUNG(CH2Cl2)2]
+ ion in [(NH4)�1-


ACHTUNGTRENNUNG(CH2Cl2)2]HF2·5.6CH2Cl2·0.4 ACHTUNGTRENNUNG(C2H5)2O, that shows the hydrogen bonding
interactions in the structure. For clarity all atoms from the metallacrown
have been de-emphasized; other atoms have 50% probability radii. Only
one orientation of the disordered tertbutyl groups is shown, while all H
atoms not donating hydrogen bonds have been omitted.
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1791 cm�1 that is not shown by other complexes of 1 (Fig-
ure 3A). This is of appropriate energy to be assigned as the
n4(dACHTUNGTRENNUNG{H�N�H})+n6 (lattice torsion) combination vibration of


NH4
+ ,[21] which is usually observed in solids in which the


ammonium ion is strongly hydrogen bonded.[22,23] Other vi-
brations expected from the NH4


+ guest are contained in a
broad envelope centered at ñ=3384 cm�1 (n3 ; nasACHTUNGTRENNUNG{N�H}, plus
combination bands),[22,23] and at 1486 cm�1 (n4). A medium-
intensity peak at ñ=1248 cm�1 is also shown by [Na�1-
ACHTUNGTRENNUNG(CH2Cl2)2]HF2·CH2Cl2 but not the other compounds in this
work, and may correspond to the dACHTUNGTRENNUNG{F�H�F} vibration of the
bifluoride anion.[24]


An analogous reaction was carried out using MeNH2 as
base, rather than NH4OH. The resultant blue-green CH2Cl2
solution slowly deposited a small number of blue crystals
over several days. These proved to have the crystallographic
composition [1 ACHTUNGTRENNUNG(H3NCH3)2]Cl2·


2=3 H2O·3CH2Cl2. The chloride
counterions in the compound presumably originate from
trace HCl in the undistilled recrystallisation solvent, which


accounts for the low 7% yield of this material. The metalla-
crown 1 in this compound has crystallographic 6̄ symmetry,
with a single unique copper ion. The center of the metalla-
crown is empty; instead, there are two methylammonium
guests occupying the bowl-shaped cavities, forming strong
N�H···F hydrogen bonds to the three F donors at the base
of each cavity (Figure 4, Table 1). The poor fit of the small


MeNH3
+ ion in the large host cavities is reflected in its dis-


order over four sites, generated by two unique orientations
near (major site) or directly on (minor site) the crystallo-
graphic C3 axis bisecting the cavity. The microanalysis of the
dried compound is consistent with the formula [1-
ACHTUNGTRENNUNG(H3NCH3)2]Cl2·


2=3 H2O·2CH2Cl2, close to that derived from
the crystal structure. A broad peak in the IR spectrum of
this solid at ñ=3401 cm�1 is indicative of the n ACHTUNGTRENNUNG{N�H} vibra-
tions of the CH3NH3


+ ion, while a broad absorption at ñ=


1635 cm�1 might be the das ACHTUNGTRENNUNG{NH3} vibration from CH3NH3
+


,[26] a dACHTUNGTRENNUNG{H�O�H} peak from lattice water,[25] or a mixture of
both (Figure 3B). Other strong IR absorptions expected in
the spectra from the CH3NH3


+ guest species near ñ=1450
and 950 cm�1 could not be distinguished from other peaks in
the spectrum.[26]


Table 1. Selected metric parameters for the crystalline compounds in this work. Corresponding data for [1 ACHTUNGTRENNUNG(H2O)2], [Na�1 ACHTUNGTRENNUNG(CH2Cl2)2]HF2 and [K�1-
ACHTUNGTRENNUNG(CH2Cl2)2]F0.6 ACHTUNGTRENNUNG[HF2]0.4 are given in ref. [13]. See ref. [20] for the definition of t.


ACHTUNGTRENNUNG[(NH4)�1 ACHTUNGTRENNUNG(CH2Cl2)2]HF2 [1 ACHTUNGTRENNUNG(H3NCH3)2]Cl2 [1 ACHTUNGTRENNUNG(gly)2] [1 ACHTUNGTRENNUNG(l-ala)2] [1 ACHTUNGTRENNUNG(b-ala)2] [1(H3NC6H12NHCO2)2]


Cu�N [=] 1.945(3)–2.071(3) 1.935(3)–2.057(3) 1.952(2)–2.069(2) 1.952(3)–2.086(3) 1.928(4)–2.048(4) 1.923(4)–2.069(5)
Cu�F[a] [=] 1.907(2)–1.9252(19) 1.920(3) 1.9313(17) 1.932(2)–1.951(2) 1.914(3)–1.925(3) 1.914(3)–1.930(3)
Cu�F[b] [=] 2.2541(19)–2.315(2) 2.240(2) 2.2509(17) 2.249(2)–2.282(2) 2.241(3)–2.251(3) 2.233(3)–2.268(3)
Cu-F-Cu [8] 114.49(11)–115.87(9) 114.16(11) 114.43(8) 112.96(10)–114.43(10) 114.03(12)–115.20(13) 114.05(14)–114.96(14)
Cu···Cu [=] 3.5311(6)–3.5802(7) 3.4965(5) 3.5203(3) 3.5148(7)–3.5464(7) 3.5012(8)–3.5127(8) 3.5005(9)–3.5272(9)
t 0.012(3)–0.068(3) 0.010(3) 0.073(2) 0.004(3)–0.036(3) 0.042(4)–0.071(4) 0.020(4)–0.075(4)
N[c]···F [=] 2.706(2)–2.739(2) 2.590(12)–2.632(7) 2.663(13) 2.686(4)–2.708(4) 2.643(5)–2.677(5) 2.646(6)–2.680(5)
Cavity
base [=] 2.2(1) 2.2(1) 2.2(1) 2.2(1) 2.1(1) 2.2(1)
rim [=] 5.4(3) 5.6(2) 5.8(2) 5.6(2) 5.3(4) 5.5(4)
height [=] 6.4(2) 6.3(1) 6.8(1) 6.4(1) 6.6(2) 6.5(2)


[a] Basal. [c] Apical. [c] Guest.


Figure 3. Partial nujol mull IR spectra of A) [(NH4)�1 ACHTUNGTRENNUNG(CH2Cl2)2]HF2,
B) [1 ACHTUNGTRENNUNG(H3NCH3)2]Cl2·


2=3 H2O·2CH2Cl2, C) [1 ACHTUNGTRENNUNG(b-ala)2]·2H2O·CHCl3 and
D) [1(H3NC6H12NHCO2)2]·1.6H2O·3.5CHCl3. The starred peaks originate
from metallacrown 1, while the other peaks are from the ammonium or
amino acid guest species, and/or lattice water. See the text for further de-
tails.


Figure 4. View of the [1 ACHTUNGTRENNUNG(H3NCH3)2]
2+ dication in [1-


ACHTUNGTRENNUNG(H3NCH3)2]Cl2·
2=3 H2O·3CH2Cl2,and the hydrogen bonding interactions in


the structure. For clarity all atoms from the metallacrown have been de-
emphasized; other atoms have 50% probability radii. Only one of the
four orientations of the disordered methylammonium guest is shown,
whereas all H atoms not donating hydrogen bonds have been omitted.
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In the light of this result, the synthesis of complexes of 1
with amino acid guests was pursued. Reactions similar to
those above gave ca. 10% yield of blue crystalline products,
with the formulae [1 ACHTUNGTRENNUNG(gly)2]·2H2O·6CH2Cl2, [1 ACHTUNGTRENNUNG(l-


ala)2]·5H2O·3CH2Cl2 and [1 ACHTUNGTRENNUNG(b-ala)2]·2H2O·8CHCl3 (gly=


glycine, l-ala= l-a-alanine and b-ala=b-alanine). The lower
yields of these complexations may reflect the limited solubi-
lites and/or the low basicities of the amino acid reagents
used. As before, each crystal contained a molecule of 1 with
either 1̄ or 6̄ crystallographic symmetry, with a molecule of
the amino acid guest in each bowl-shaped cavity (Figure 5


and Figure 6). The neutrality of the guest molecules, which
adopt their zwitterionic tautomers +H3N{CH(R)}nCO2


�, was
confirmed by the absence of any anions in the lattices and
by the IR study described below. The carboxy groups in all
these compounds protrude from the bowl-shaped cavities,
and accept a hydrogen bond from one molecule of water
and, in some cases, from the organic solvent in the lattice
(Figure 5, Figure 6, and the Supporting Information). Un-
usually, the crystal structure of [1 ACHTUNGTRENNUNG(l-ala)2]·5H2O·3CH2Cl2
could only be refined successfully in the centric space group


P21/c, despite the chirality of the amino acid employed (con-
firmed from its optical rotation). This pseudo-centering is an
artefact that probably arises because molecules of 1 pack in
a centrosymmetric manner (as in all the other compounds in
this work), which is not influenced by the chirality of the
guests buried inside them.


Drying these three compounds in vacuo afforded tur-
quoise powders, that each retain their complement of lattice
water plus one equivalent of the relevant chlorinated solvent
by microanalysis. The zwitterionic nature of the amino acid
guests was also confirmed by IR spectroscopy. These spectra
showed a peak of medium intensity at ñ=1580–1586 cm�1,
that does not originate from the metallacrown and can be
assigned as a nasACHTUNGTRENNUNG{O�C�O} vibration from a zwitterionic
amino acid (Figure 3C).[27] The expected ns ACHTUNGTRENNUNG{O�C�O} stretch,
predicted to lie between ñ=1360–1420 cm�1, was not detect-
ed and was presumably obscured by the nujol absorption at
1377 cm�1. Importantly no n ACHTUNGTRENNUNG{C=O} peak above ñ=


1700 cm�1, which would be expected from an amino acid in
its alternative neutral tautomer,[27] was observed for either
compound. As before, the n ACHTUNGTRENNUNG{N�H} vibrations of all three
products lie within a broad IR peak of medium intensity
centred near ñ=3400 cm�1, while a broad absorption around
ñ=1635–1645 cm�1 could contain contributions from the
das ACHTUNGTRENNUNG{NH3} vibration from the amino acid[27] and/or the
dACHTUNGTRENNUNG{H�O�H} peak from lattice water (Figure 3C).[25]


Finally, in an attempt to link molecules of 1 together
using a bifunctional guest, the synthesis of 1 in the presence
of 1,6-diaminohexane was investigated. Molecular models


Figure 5. View of the formula unit in [1 ACHTUNGTRENNUNG(b-ala)2]·2H2O·8CHCl3, and the
hydrogen bonding interactions in the structure. For clarity all atoms from
the metallacrown have been de-emphasized; other atoms have 50%
probability radii. Only one orientation of the disordered tertbutyl groups
and chloroform molecules is shown, whereas all H atoms not donating
hydrogen bonds have been omitted. The H atoms on the water molecule
were not located in the crystal structure.


Figure 6. Cutaway space-filling views of A) [(NH4)�1 ACHTUNGTRENNUNG(CH2Cl2)2]
+ , B) [1-


ACHTUNGTRENNUNG(H3NCH3)2]
2+ , C) [1 ACHTUNGTRENNUNG(gly)2], D) [1 ACHTUNGTRENNUNG(l-ala)2], E) [1 ACHTUNGTRENNUNG(b-ala)2], and


F) [1(H3NC6H12NHCO2)2], and the guest species in the bowl-shaped cavi-
ties of 1. The C, H and N atoms of the metallacrown have pale shading
for clarity, and only one orientation is shown of the disordered residues
in the structures.
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suggested this straight chain a,w-diamine was of an appro-
priate length to bridge between two molecules of 1 overly-
ing each other in van der Waals contact. The crystals ob-
tained from this reaction showed that the guests did not
bridge between host molecules in the desired fashion.
Rather the product, [1(H3NC6H12NHCO2)2] ACHTUNGTRENNUNG·1.6H2O
·3.8CHCl3, contains two N-(6-aminohexyl)carbamic acid
guest molecules[28] in the bowl-shaped cavities (see the Sup-
porting Information). The guest molecules protrude over
the edges of the cavities, and the pendant amino group has
been converted to a carbamate function by fixation of at-
mospheric CO2 (Figure 6). Aerobic conversion of aliphatic
amines to carbamates is a well-known transformation in
chemistry and biology.[29] Electroneutrality considerations
again imply that the guests adopt their zwitterionic tauto-
mer,+H3NC6H12NHCO2


�, to maximize the hydrogen bond
from its amino group to the host F acceptors. This was sup-
ported by the IR spectrum of the dried solid, whose micro-
analysis could be fit as [1(H3NC6H12NHCO2)2] ACHTUNGTRENNUNG·1.6H2O
·3.5CHCl3 (Figure 3D). The amide I and amide II n-
ACHTUNGTRENNUNG{NHCO2} peaks expected from an anionic carbamato func-
tion, may be present in the IR spectrum of this compound
at ñ=1646 (superimposed on the broad dasACHTUNGTRENNUNG{NH3}/lattice
water peak) and 1590 cm�1 (a shoulder on a stronger peak
from 1 at 1610 cm�1).[30] Although these assignments are
tentative, there was clearly no peak in the spectrum that
correlated to an amide I peak, which would be expected
from the alternative neutral carbamic acid tautomer,
H2NC6H12NHCO2H (�1725 cm�1).[31]


Comparison of the six crystal structures of complexes of 1
in this work (Table 1, Figure 6), and the three in our earlier
report,[13] reveals that the dimensions of the metallacrown
are barely affected by the different guest species present.
The only metric parameters about the Cu ions to differ sig-
nificantly in these compounds are the apical Cu�F bond
lengths (Scheme 1), which span a range of 2.193(2)–
2.315(2) = between the nine structures. That is consistent
with the well-known plasticity of apical and axial Cu�L
bonds in tetragonal copper(II) complexes.[32] Differences in
the dimensions of the bowl-shaped cavities in the com-
pounds (notably the rim diameter, Table 1) mostly reflect
the differing positions and disorder of the tertbutyl groups in
the molecules. The N···F distances between the guest and
the host F atoms in this study are consistently 2.6–2.7 =,
which are in the typical range observed for hydrogen bonds
between an ammonium cation and a fluorometallate accept-
or.[33]


The X-band EPR spectra at 110 K of all the solid com-
pounds in this work are essentially identical to each other,
and to those of [1 ACHTUNGTRENNUNG(H2O)2] and [M�1 ACHTUNGTRENNUNG(CH2Cl2)2]


+ (M+ =Na
or K+).[13] All the products show a broad, unsymmetric iso-
tropic peak at g=2.13, together with a weak half-field signal
near 1600 G. This is a typical EPR pattern for an integer
spin system with a small zero-field splitting,[35] as expected
for an exchange-coupled hexanuclear copper(II) spin system
(see the Supporting Information). The invariability of the
spectrum between the compounds is consistent with our pre-


vious conclusion, that the presence or absence of guest spe-
cies has no significant effect on the magnetic structure of
1.[13] In frozen MeNO2 glasses at the same temperature, the
compounds all showed a slightly unsymmetric EPR peak at
g=2.13 as before, although the poor solubility of the com-
pounds meant that a half-field resonance was no longer un-
ambiguously detectable against the background. The solu-
tion spectra of the amino acid complexes all contained weak
features ascribable to the gk peak from a mononuclear cop-
per(II) impurity. No such impurity was apparent in solutions
of [M�1 ACHTUNGTRENNUNG(CH2Cl2)2]


+ (M+ =Na+ , K+ or NH4
+).


Electrospray (ESI) mass spectra of the complexes of 1
from MeCN feed solutions were somewhat variable, which
may reflect their limited solubilities and/or partial hydrolysis
of 1 under the conditions of the technique. However, the
spectra consistently showed a mass peak at m/z=847, as-
signable to the dication, [Cu6F6L6]


2+ (12+), and one or more
doubly charged peaks corresponding either to loss of F� or
L� from 12+ , or their substitution by MeCN. Only two un-
ambiguous molecular ions from adducts of intact 1 with
guest species were detected from any of the compounds.
First, was a weak peak at m/z=857 present in several of the
spectra, which corresponds to [1 ACHTUNGTRENNUNG(H2O)]2+ , and/or to
[(NH4)1]2+ in the case of the ammonium complex. Second,
were two ions shown only by [1 ACHTUNGTRENNUNG(H3NCH3)2]Cl2
·2=3 H2O·2CH2Cl2, at m/z=890 and 880, that could be as-
signed to [1 ACHTUNGTRENNUNG(H3NCH3)2Ym]


2+ (Y=H2O or F; m=1 and 0).
In addition to lower nuclearity fragmentation and hydrolysis
products, several of the spectra also contained weak peaks
assigned to [Cu7F6L6]


2+ species on the basis of their isotope
patterns. These data confirm that 1 is present in solution, al-
though it fragments significantly under ESI conditions. In
contrast, field desorption mass spectra of [1 ACHTUNGTRENNUNG(H2O)2] and salts
of [M�1 ACHTUNGTRENNUNG(CH2Cl2)2]


+ (M+ =Na+ or K+) gave no peak as-
signable to 1n+ .[13] It may be that the uncharged metalla-
crown 1 was not ionized successfully by that technique.


The 1H NMR spectra of the compounds in CD3NO2 at
293 K are weak, owing to the poor solubility of the samples.
However, they all cleanly show the signals expected for a
single L� environment, as six strongly broadened peaks
whose contact shifts differ little between the compounds.
Peaks from the lattice chlorinated solvent, with integrals
similar to those predicted by microanalysis, were also pres-
ent in the spectra at either 5.5 (CH2Cl2) or 7.6 ppm (CHCl3).
The alkyl 1H resonances from the gly, l-ala, b-ala and
+H3NC6H12NHCO2


� guest molecules were clearly distin-
guishable in the spectra of those four complexes, as addi-
tional broadened peaks in the diamagnetic region. No indi-
vidual peak assignable to CH3NH3


+ was present in the spec-
trum of [1 ACHTUNGTRENNUNG(H3NCH3)2]Cl2·


2=3 H2O·2CH2Cl2. However, two
very broad peaks at 2.5 and 1.4 ppm, whose integrals sum to
6H against the rest of the spectrum, may arise from this
group. No 1H peaks assignable to NH4


+ , or to any of the
RNH3


+ groups in the compounds, were observed. No con-
tact-shifted peaks were detected in the 19F or 23Na NMR
spectra of [Na�1 ACHTUNGTRENNUNG(CH2Cl2)2]HF2 in CD3NO2.


[6,36] Rather, the
19F spectrum only showed peaks assignable to one or more
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of the following inorganic anions: SiF6
2� (d=�130 ppm,


s[37]); BF3OH� (d=�146 ppm, J ACHTUNGTRENNUNG{11B–19F}=15 Hz[38]); and, a
peak at d=�154 ppm (J ACHTUNGTRENNUNG{1H–19F}=35 Hz) which we assign
to a mixture of F� (d=�150 ppm in CD3NO2


[39]) and HF2
�


(d=�154, J ACHTUNGTRENNUNG{1H–19F}=120.5 Hz in the same solvent[40]) in
rapid chemical exchange. The putative SiF6


2� and BF3OH�


content of the samples would arise by leaching from the bor-
osilicate glass NMR tubes by free fluoride in the solu-
tions.[41, 42]


The solution properties of [Na�1 ACHTUNGTRENNUNG(CH2Cl2)2]HF2·CH2Cl2,
[(NH4)�1 ACHTUNGTRENNUNG(CH2Cl2)2]HF2 and [1 ACHTUNGTRENNUNG(b-ala)2]·2H2O·CHCl3 were
investigated further by UV/vis measurements. These com-
pounds show only small variations in their d–d maximum
between each other and, for each compound, in the four sol-
vents examined (listed in the Supporting Information). The
observed values of lmax (673–695 nm) and emax (264–
320m


�1 cm�1, or 44–53m
�1 cm�1 per metal ion) are typical


for square-pyramidal copper(II) complexes.[43] The lack of
significant solvatochromism in these spectra shows that the
solution structures of these compounds are not solvent de-
pendent. This would again imply that the metallacrown
structure of 1 is retained in these solvents. A full solvato-
chromism study of [1 ACHTUNGTRENNUNG(H3NCH3)2]Cl2·


2=3H2O·2CH2Cl2 was not
attempted, owing to the limited quantity of material avail-
able, but this compound gave a similar visible spectrum to
the others in MeNO2 (lmax=684 nm, emax =280m


�1 cm�1).


Conclusion


Metallacrown 1 [{Cu ACHTUNGTRENNUNG(m-F) ACHTUNGTRENNUNG(m-L)}6] (HL=3{5}-(pyrid-2-yl)-
5{3}-(tertbutyl)pyrazole) has an unusually robust structure
for this type of compound, which can form in the absence of
a template and has two modes of guest binding. Alkali
metal ions of an appropriate size, and NH4


+ , are accommo-
dated endogenously at the centre of the Cu6F6 ring. The
host properties of 1 resemble a typical metallacrown in that
regard.[1] Conversely, larger guests can bind exogenously to
the two bowl-shaped cavities above and below the Cu6F6


core, forming up to three hydrogen bonds to the three fluo-
ride ions at the base of each cavity. These fluoro acceptors
are particularly geometrically pre-organized to form three
strong N�H···F hydrogen bonds to alkylammonium or zwit-
terionic amino acid guests. The molecular structure of 1
varies very little in the presence of either type of guest spe-
cies, and its magnetic structure is also barely affected by
guest binding. ESI-MS data demonstrate that intact 1 is
present in solutions of these compounds, while EPR,
1H NMR and UV/vis spectra suggest that 1 is the major
copper-containing species in those solutions (although EPR
showed the presence of a weak mononuclear impurity in sol-
utions of the amino acid complexes).


This work, combined with our earlier study,[13] shows that
the presence of guest species has no detectable effect on the
EPR spectrum or magnetic moment of 1, while the UV/vis
spectrum of its copper chromophores should be almost unaf-
fected by guest binding. The paramagnetism of 1 also limits


the information that can be extracted from its NMR spectra.
Therefore, it is difficult to determine the extent to which the
guest binding to 1, observed in the solid state, is retained in
solution. The strongest circumstantial evidence in that
regard comes from [1 ACHTUNGTRENNUNG(H3NCH3)2]Cl2·


2=3 H2O·2CH2Cl2. First,
the ESI-MS spectrum of that compound is the only one to
show unambiguous peaks that arise from guest-containing
molecular ions, derived from [1 ACHTUNGTRENNUNG(H3NCH3)2]


2+ . Second, its
1H NMR spectrum is unique in showing two distinct reso-
nances that might arise from bound and unbound CH3NH3


+,
although the poor solubility of the compound means that
this assignment should be treated with caution. Notably,
CH3NH3


+ is the smallest exogenous guest we have studied,
and is only the only one giving rise to a doubly charged
complex with 1 (which should result in stronger N�H···F hy-
drogen bonding). Both those factors would be consistent
with CH3NH3


+ forming a stronger complex to 1 than the
amino acid guests. Additional experiments to address those
questions, and studies of new metallacrowns formed from
L� with other metal ions, are in progress.


Experimental Section


Instrumentation : Elemental microanalyses were performed by the Uni-
versity of Leeds School of Chemistry microanalytical service. Infra-red
spectra were obtained as nujol mulls pressed between NaCl windows, be-
tween 600–4000 cm�1, by using a Nicolet Avatar 360 spectrophotometer.
X-band EPR spectra were obtained by using a Bruker EMX spectrome-
ter fitted with an ER4119HS resonator and ER4131VT cryostat.
1H NMR spectra employed a Bruker DPX300 spectrometer operating at
300.2 MHz, whereas 19F and 23Na NMR spectra used a Bruker DRX500
instrument, operating at 470.6 (19F) and 132.3 MHz (23Na). UV/Vis meas-
urements were performed by using a Perkin–Elmer Lambda900 spectro-
photometer, and 1 cm quartz solution cells.


ESI-MS spectra were obtained by means of a Waters ZQ4000 spectrome-
ter, from MeCN feed solutions. All mass peaks have the correct isotopic
distributions for the proposed assignments. Additional molecular ions of
�3% intensity compared to the main peak, which arise from hydrolysis
products, are present in the spectra, but not listed. See the Supporting
Information for representative Figures.


Materials and methods : All reactions were carried out in air, using non-
predried AR-grade solvents. 3{5}-(Pyrid-2-yl)-5{3}-(tertbutyl)pyrazole
(HL) was prepared by the literature method,[19] whereas all other re-
agents were used as commercially supplied. Given the ambiguity about
the space group of [1 ACHTUNGTRENNUNG(l-ala)2]·5H2O·3CH2Cl2 (see below), the chirality of
the l-alanine employed (Aldrich) was confirmed from its specific optical
rotation aD =++12.98 in 5m HCl (aD(lit) =++14.58[44]). The syntheses and
analytical data for [1 ACHTUNGTRENNUNG(H2O)2]·3CH2Cl2, [Na�1 ACHTUNGTRENNUNG(CH2Cl2)2]HF2·CH2Cl2 and
[K�1 ACHTUNGTRENNUNG(CH2Cl2)2]F0.6ACHTUNGTRENNUNG[HF2]0.4 are given in ref. [13].


Synthesis of [(NH4)�1 ACHTUNGTRENNUNG(CH2Cl2)2]HF2 : Solid CuF2 (0.25 g, 2.45 mmol) and
HL (0.50 g, 2.45 mmol) were dissolved in MeOH (30 cm3) at room tem-
perature to give a dark green solution. Excess NH4OH (9.8m aqueous so-
lution; 1.0 cm3, 9.8 mmol) was added dropwise to this mixture, and the
resultant blue solution was then stirred for a further 16 h. The solution
was then evaporated to dryness under ambient conditions, yielding a
solid residue composed of mixed green and blue solids. The residue was
washed quickly with CH2Cl2 (10 cm3, to remove a soluble green impuri-
ty), then extracted again into a second 15 cm3 aliquot of the same solvent.
Slow diffusion of Et2O vapor into the resultant filtered, blue-green solu-
tion yielded blue block-like crystals, which decomposed to a turquoise
powder on drying in vacuo. Yield 0.24 g, 30%. 1H NMR (CD3NO2,
298 K): d =5.5 (s, 4H; CH2Cl2), 6.1 (s, 54H; C ACHTUNGTRENNUNG(CH3)2), 11.9 (s,6H; Py
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H4), 41.1, 43.8 (both 6H; Py H3 and H5), 69.2 (s, 6H; Pz H4), 101.4 ppm
(s, 6H; Py H6); IR (nujol): ñ =3384 ACHTUNGTRENNUNG(br m), 3153(w), 2725(w), 2664(w),
1791 ACHTUNGTRENNUNG(br m), 1609(s), 1563(m), 1533(w), 1486(m), 1401(w), 1336(m),
1261(m), 1248(m), 1205(m), 1167(m), 1149(m), 1086(w), 1045(m),
1019(w), 989(w), 888(w), 774(s), 749(w), 685(w), 644 cm�1(m); ESI-MS:
m/z (%): 857 (2, [(NH4)Cu6F6L6]


2+ or [Cu6F6L6 ACHTUNGTRENNUNG(H2O)]2+), 847 (13,
[Cu6F6L6]


2+), 838 (2, [Cu6F5L6]
2+), 747 (5, [Cu6F6L5]


2+), 716 (4,
[Cu5F6L5]


2+), 666 (8, [Cu3(OH)2L2 ACHTUNGTRENNUNG(NCMe)]+), 526 (25, [Cu2L2]
+), 465


(100, [Cu(LH)2]
+); elemental analysis calcd (%) for [C74H92Cl4Cu6F6N19]-


ACHTUNGTRENNUNG[HF2]: C 46.2, H 4.9, N 13.8; found: C 46.1, H 5.0, N 14.0.


Synthesis of [1 ACHTUNGTRENNUNG(H3NCH3)2]Cl2·
2=3 H2O·2CH2Cl2 : To a green solution of


CuF2 (0.25 g, 2.45 mmol) and HL (0.50 g, 2.45 mmol) in MeOH (30 cm3)
was added dropwise a 2m solution of MeNH2 in MeOH (2.5 cm3,
5.0 mmol). The resultant dark blue solution was stirred for a further
16 H; then evaporated to dryness under ambient conditions. The mixed
green and blue solid residue was quickly washed with CH2Cl2 as before,
then reextracted into CH2Cl2 (15 cm3), and the blue-green solution was
filtered. Blue crystals of the product formed over a period of several
days upon slow diffusion of Et2O into this solution. Yield 0.06 g, 7%.
1H NMR (CD3NO2, 298 K): d=1.4 and 2.5 (total integral, 6H; H3NCH3),
5.5 (s, 4H; CH2Cl2), 6.2 (s, 54H; C ACHTUNGTRENNUNG{CH3}3), 12.5 (s, 6H; Py H4), 42.9, 45.5
(2<s, both 6H; Py H3 and H5), 68.4 (s, 6H; Pz H4), 106.0 ppm (s,6H;
Py H6); IR (nujol): ñ= 3401 ACHTUNGTRENNUNG(br m), 3181(w), 2730(w), 2659(w), 1635
(br m), 1610(s), 1561(m), 1533(w), 1403(w), 1303(m), 1264(m), 1201(m),
1167(m), 1147(m), 1122(w), 1091(w), 1042(m), 1017(w), 990(w), 963(w),
888(w), 779(s), 749(w), 683(w), 644 cm�1(w); ESI-MS: m/z (%): 918
(3, [Cu7F6L6 ACHTUNGTRENNUNG(NCCH3) ACHTUNGTRENNUNG(H2O)2]


2+), 909 (1, [Cu7F6L6ACHTUNGTRENNUNG(NCCH3) ACHTUNGTRENNUNG(H2O)]2+),
897 (1, [Cu7F6L6 ACHTUNGTRENNUNG(H2O)2]


2+), 890 (12, [Cu6F6L6 ACHTUNGTRENNUNG(H3NCH3)2F]2+ or
[Cu6F6L6 ACHTUNGTRENNUNG(H3NCH3)2 ACHTUNGTRENNUNG(H2O)]2+), 880 (1, [Cu6F6L6 ACHTUNGTRENNUNG(H3NCH3)2]


2+), 868 (2,
[Cu6F6L6 ACHTUNGTRENNUNG(NCCH3)]


2+), 859 (30, [Cu6F5L6 ACHTUNGTRENNUNG(NCCH3)]
2+), 847 (5,


[Cu6F6L6]
2+), 838 (1, [Cu6F5L6]


2+), 829 (6, [Cu6F4L6]
2+), 759 (5, [Cu6F5L5-


ACHTUNGTRENNUNG(NCMe)]2+), 465 (100, [Cu(LH)2]
+); elemental analysis calcd (%) for


[C74H96Cu6F6N20]Cl2·
2=3 H2O·2CH2Cl2: C 45.3, H 5.0, N 13.9; found: C


45.4, H 5.1, N 14.1.


Synthesis of [1 ACHTUNGTRENNUNG(gly)2]·2H2O·CH2Cl2 : A mixture of CuF2·xH2O (0.25 g,
2.45 mmol), HL (0.50 g, 2.45 mmol) and glycine (0.18 g, 2.45 mmol) in
MeOH (30 cm3) was stirred for 16 H; resulting in a gradual color change
from dark green to dark blue. The solution was then evaporated to dry-
ness under ambient conditions. The mixed blue and green residue was
washed quickly with CH2Cl2, as before, then redissolved in a second ali-
quot of CH2Cl2 (15 cm3). Blue crystals were obtained upon slow diffusion
of Et2O vapor into the filtered solution. Yield 0.09 g, 11%. 1H NMR
(CD3NO2, 298 K): d =1.7 (s, 4H; H3NCH2CO2), 5.5 (s, 2H; CH2Cl2), 6.3
(s, 54H; C ACHTUNGTRENNUNG{CH3}3), 12.5 (s, 6H; Py H4), 43.4, 45.6 (2<s, both 6H; Py H3


and H5), 68.8 (s, 6H; Pz H4), 106.5 ppm (s, 6H; Py H6); IR (Nujol): ñ=


3408 ACHTUNGTRENNUNG(br m), 3179(w), 2726(w), 2666(w), 1635 ACHTUNGTRENNUNG(br m), 1611(s), 1582(m),
1565(m), 1535(w), 1404(w), 1333(m), 1262(m), 1248(m), 1205(m),
1165(m), 1154(m), 1115(w), 1088(w), 1042(m), 1017(w), 990(m), 965(w),
888(w), 823(m), 779(s), 750(w), 683(w), 644 cm�1(m); ESI-MS: m/z (%):
918 (8, [Cu7F6L6ACHTUNGTRENNUNG(NCCH3) ACHTUNGTRENNUNG(H2O)2]


2+), 909 (4, [Cu7F6L6ACHTUNGTRENNUNG(NCCH3) ACHTUNGTRENNUNG(H2O)]2+),
897 (7, [Cu7F6L6 ACHTUNGTRENNUNG(H2O)2]


2+), 857 (5, [Cu6F6L6 ACHTUNGTRENNUNG(H2O)]2+), 847 (3,
[Cu6F6L6]


2+), 792 (2, [Cu3L3 +H]+), 726 (5, [Cu2L3]
+), 465 (100,


[Cu(LH)2]
+); elemental analysis calcd (%) for [C76H94Cu6F6N20O4]·


2H2O·CH2Cl2: C 47.0, H 5.1, N 14.2; found: C 47.2, H 5.3, N 14.4.


Synthesis of [1ACHTUNGTRENNUNG(l-ala)2]·5H2O·CH2Cl2 : Method as for [1 ACHTUNGTRENNUNG(gly)2], by using
l-alanine (0.22 g, 2.45 mmol). The product formed blue crystals from
CH2Cl2/Et2O. Yield 0.08 g, 9%. 1H NMR (CD3NO2, 298 K): d =2.1 (s,
6H; H3NCH ACHTUNGTRENNUNG(CH3)CO2), 3.4 (s, 2H; H3NCH ACHTUNGTRENNUNG(CH3)CO2), 5.5 (s, 2H;
CH2Cl2), 6.4 (s, 54H; C ACHTUNGTRENNUNG{CH3}3), 12.8 (s, 6H; Py H4), 43.8, 45.1 (2<s, both
6H; Py H3 and H5), 69.4 (s, 6H; Pz H4), 106.9 ppm (s, 6H; Py H6); IR
(Nujol): ñ =3412 ACHTUNGTRENNUNG(br m), 3181(w), 2725(w), 2670(w), 1635 ACHTUNGTRENNUNG(br m), 1611(s),
1586(sh), 1563(m), 1539(w), 1404(w), 1333(m), 1262(m), 1250(m),
1205(m), 1167(m), 1152(m), 1113(w), 1092(w), 1044(m), 1017(w), 989(m),
965(w), 904(w), 888(w), 823(m), 781(s), 749(w), 683(w), 645 cm�1(m);
ESI-MS: m/z (%): 918 (2, [Cu7F6L6 ACHTUNGTRENNUNG(NCCH3) ACHTUNGTRENNUNG(H2O)2]


2+), 909 (1, [Cu7F6L6-
ACHTUNGTRENNUNG(NCCH3) ACHTUNGTRENNUNG(H2O)]2+), 897 (2, [Cu7F6L6 ACHTUNGTRENNUNG(H2O)2]


2+), 857 (5, [Cu6F6L6-
ACHTUNGTRENNUNG(H2O)]2+), 847 (1, [Cu6F6L6]


2+), 728 (4, [Cu2L3]
+), 465 (100, [Cu(LH)2]


+);


elemental analysis calcd (%) for [C78H98Cu6F6N20O4]·5H2O·CH2Cl2: C
46.3, H 5.4, N 13.7; found: C 46.1, H 5.2, N 13.7.


Synthesis of [1 ACHTUNGTRENNUNG(b-ala)2]·2H2O·CHCl3 : Method as for [1ACHTUNGTRENNUNG(gly)2], by using b-
alanine (0.22 g, 2.45 mmol). The product formed blue crystals from
CHCl3/Et2O. Yield 0.11 g, 13%. 1H NMR (CD3NO2, 298 K): d=2.1, 3.3
(2<s, both 4H; H3NC2H4CO2), 6.3 (s, 54H; CACHTUNGTRENNUNG{CH3}3), 7.6 (s, 1H; CHCl3),
12.5 (s, 6H; Py H4), 43.3, 45.6 (2<s, both 6H; Py H3 and H5), 68.8 (s, 6H;
Pz H4), 106.8 ppm (s, 6H; Py H6); IR (Nujol): ñ =3401 ACHTUNGTRENNUNG(br m), 3175(w),
2725(w), 2664(w), 1646 ACHTUNGTRENNUNG(br m), 1611(s), 1580(m), 1566(m), 1539(w),
1404(w), 1333(m), 1262(m), 1245(m), 1201(m), 1165(s), 1116(w), 1086(w),
1042(m), 1020(w), 990(m), 888(w), 779(s), 749(w), 683(w), 644 cm�1(m);
ESI-MS: m/z (%): 857 (2, [Cu6F6L6 ACHTUNGTRENNUNG(H2O)]2+), 847 (5, [Cu6F6L6]


2+), 838
(1, [Cu6F5L6]


2+), 792 (2, [Cu2L2 +H]+), 747 (2, [Cu6F6L5]
2+), 716 (1,


[Cu5F6L5]
2+), 666 (3, [Cu3(OH)2L2 ACHTUNGTRENNUNG(NCMe)]+), 527 (14, [Cu2L2 +H]+),


465 (100, [Cu(LH)2]
+); elemental analysis calcd (%) for


[C78H98Cu6F6N20O4]·2H2O·CHCl3: C 46.7, H 5.1, N 13.8; found: C 46.5, H
5.1, N 13.9.


Synthesis of [1(H3NC6H12NHCO2)2]·1.6H2O·3.5CHCl3 : Method as for [1-
ACHTUNGTRENNUNG(gly)2], by using 1,6-diaminohexane (0.14 g, 1.23 mmol). The product
formed blue crystals from CHCl3/Et2O. Yield 0.18 g, 18%. 1H NMR
(CD3NO2, 298 K): d=�0.7–3.4 (br m, 24H; H3NC6H12NHCO2), 6.2 (s,
54H; C ACHTUNGTRENNUNG{CH3}3), 7.6 (s, 3H; CHCl3), 12.5 (s, 6H; Py H4), 43.3, 45.9 (2<s,
both 6H; Py H3 and H5), 68.9 (s, 6H; Pz H4), 106.8 ppm (s, 6H; Py H6);
IR (Nujol): ñ=3405 ACHTUNGTRENNUNG(br m), 3181(w), 2725(w), 2670(w), 1646 ACHTUNGTRENNUNG(br m),
1610(s), 1590(sh), 1566(m), 1535(w), 1333(w), 1300(m), 1259(m),
1243(m), 1204(m), 1156(m), 1084(w), 1042(w), 990(w), 935(w), 888(w),
795(w), 781(m), 746(s), 683(w), 644 cm�1(w); ESI-MS: m/z (%): 918 (8,
[Cu7F6L6 ACHTUNGTRENNUNG(NCCH3) ACHTUNGTRENNUNG(H2O)2]


2+), 909 (4, [Cu7F6L6 ACHTUNGTRENNUNG(NCCH3) ACHTUNGTRENNUNG(H2O)]2+), 897
(7, [Cu7F6L6ACHTUNGTRENNUNG(H2O)2]


2+), 886 (2, [Cu6F6L6 ACHTUNGTRENNUNG(gly)]2+), 847 (2, [Cu6F6L6]
2+),


726 (5, [Cu2L3]
+), 527 (2, [Cu2L2 +H]+), 465 (100, [Cu(LH)2]


+); elemen-
tal analysis calcd (%) for [C86H116Cu6F6N22O4]·1.6H2O·3.5CHCl3: C 43.6,
H 5.0, N 12.5; found: C 43.8, H 5.1, N 12.8.


X-ray data collection and structural determinations : Diffraction data for
[(NH4)�1 ACHTUNGTRENNUNG(CH2Cl2)2]HF2·5.6CH2Cl2·0.4 ACHTUNGTRENNUNG(C2H5)2O, [1 ACHTUNGTRENNUNG(gly)2]·2H2O·6CH2Cl2
and [1 ACHTUNGTRENNUNG(l-ala)2]·5H2O·3CH2Cl2 were measured using a Bruker X8 Apex
diffractometer, with graphite-monochromated MoKa radiation (l=


0.71073 =) generated by a rotating anode. The other structure determina-
tions were carried out on a Nonius KappaCCD area detector diffractom-
eter, by using graphite-monochromated MoKa radiation from a sealed
tube source. Both diffractometers were fitted with an Oxford Cryostream
low temperature device. Crystallographic data for each structure are sum-
marized in Table 2. The unit cell of each structure was refined using all
data. All the structures were solved by direct methods[45,46] and developed
by least-squares refinement on F2.[47] The refinement of each structure is
described in more detail below. All crystallographic figures were pre-
pared using XSEED,[48] which incorporates POVRAY.[49]


CCDC 657403 ([1 ACHTUNGTRENNUNG(H3NCH3)2]Cl2·
2=3 H2O·3CH2Cl2), 657404 ([(NH4)�1-


ACHTUNGTRENNUNG(CH2Cl2)2]HF2·5.6CH2Cl2·0.4 ACHTUNGTRENNUNG(C2H5)2O), 657405 ([1 ACHTUNGTRENNUNG(b-ala)2] ACHTUNGTRENNUNG·2H2O
·8CHCl3), 657406 ([1(H3NC6H12NHCO2)2]·1.6H2O·3.8CHCl3), 657407
([1 ACHTUNGTRENNUNG(gly)2]·2H2O·6CH2Cl2) and 657408 ([1 ACHTUNGTRENNUNG(l-ala)2]·5H2O·3CH2Cl2) contain
the supplementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.


The asymmetric unit of [(NH4)�1 ACHTUNGTRENNUNG(CH2Cl2)2]HF2·5.6CH2Cl2·0.4 ACHTUNGTRENNUNG(C2H5)2O
contains half a complex molecule with the ammonium ion N(1) lying on
the inversion center [1=2,0,0]; half a bifluoride anion, whose H atom lies
on the inversion center [0,1=2,0]; two molecules of dichloromethane; and,
a badly disordered region of solvent that was modeled by using a mixture
of dichloromethane and diethyl ether. Two of the three unique tertbutyl
groups are disordered, and were modeled using two orientations labeled
A and B. The occupancy ratios of the A and B sites of both disordered
groups refined to 0.65:0.35, and were fixed at those values in the final
least squares cycles. The refined restraints C�C=1.54(2) and 1,3-C···C=


2.51(2) = were applied to these disordered groups. One of the two
unique dichloromethane molecules is disordered over two half-occupied
sites, while two partial dichloromethane molecules with occupancies of
0.6 and 0.2 were also included in the badly disordered solvent region.
The refined restraints C�Cl=1.79(2) and Cl···Cl=2.92(2) = were applied
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to these residues. Finally, the badly disordered solvent region also con-
tains one partial diethyl ether site, which was modeled as 0.2-occupied.
The fixed restraints C�C=1.54(2), C�O=1.43(2), 1,3-C···C=2.34(2), and
1,3-C···O=2.43(2) = were applied to this residue. All wholly occupied
non-H atoms were refined anisotropically. All H atoms were placed in
calculated positions and refined using a riding model except for the bi-
fluoride H atom, which was located in a Fourier map on its special posi-
tion and fixed there, with a thermal parameter equal to 1.2< that of its
neighboring F atom. The four H atoms of the ammonium ion N(1), which
are disordered about the inversion center on which it lies, could not be
located and were not included in the final refinement, but were incorpo-
rated into the density calculation. The highest residual Fourier peak
(+1.0 e=�3) and hole (�1.6 e=�3) both lie within the same disordered
solvent molecule.


The complex molecule in [1 ACHTUNGTRENNUNG(H3NCH3)2]Cl2·
2=3 H2O·3CH2Cl2 spans the


crystallographic 6̄ site [0,0,1=2], so that the asymmetric unit contains a
single unique copper site and one-third of a methylammonium cation,
disordered over two sites about the C3 axis [0,0,z]. The asymmetric unit
also contains one-third of a chloride anion and one-ninth of a water mol-
ecule, both lying on the mirror plane (x,y,1=4); and, half a dichlorome-


thane molecule also spanning the mirror plane (x,y,1=4). The disordered
methylammonium cation was modeled over two orientations, each have
the N atom lying on [0,0,z]. The major site has its methyl group on a gen-
eral position close to the C3 axis (and disordered about it), while the
methyl group of the minor site lies directly on that special position. The
C�N bonds in these two residues were restrained to 1.48(1) =. The chlo-
ride ions and partial water molecule occupy a three-fold cavity about
[2=3,


1=3,
1=4], and each cavity contains two Cl� ions and one partial water


site distributed evenly about their three possible orientations. The assign-
ment of the anions as Cl�, rather than F�, is supported by the two unique
intermolecular C�H···Cl contacts to the anion: C(7)�H(7)···Cl(20)=


2.9 = and C(13) �H(13)···Cl(20)=2.8 =. These are close to the sum of
the van der Waals radii of a H and a Cl atom (3.0 =), but are 0.3–0.4 =
longer than the sum of the radii of H and F atoms (2.55 =).[50] All crystal-
lographically ordered non-H atoms were refined anisotropically. All H
atoms were placed in calculated positions and refined using a riding
model. H atoms bound to the partial water molecule were not included
in the final refinement, but were used in the density calculation. The
highest residual Fourier peak of 1.18 e=�3 lies on a general position near
the disordered methylammonium residue.


Table 2. Experimental details for the new single crystal structure determinations in this study.


ACHTUNGTRENNUNG[(NH4)�1 ACHTUNGTRENNUNG(CH2Cl2)2]HF2·5.6CH2Cl2·0.4 ACHTUNGTRENNUNG(C2H5)2O [1 ACHTUNGTRENNUNG(H3NCH3)2]Cl2·
2=3 H2O·3CH2Cl2 [1 ACHTUNGTRENNUNG(gly)2]·2H2O·6CH2Cl2


formula C79.2H104.2Cl11.2Cu6F8N19O0.4 C77H103.32Cl8Cu6F6N20O0.66 C82H110Cl12Cu6F6N20O6


Mr 2259.10 2098.60 2392.54
space group P21/c P63/m R3̄
crystal class monoclinic trigonal trigonal
a [=] 15.3822(11) 14.9232(4) 18.4140(5)
b [=] 14.9401(12) – –
c [=] 21.7254(15) 25.1994(5) 27.3615(18)
b [8] 92.977(4) – –
V [=3] 4986.0(6) 4860.1(2) 8034.6(6)
Z 2 2 3
T [K] 150(2) 150(2) 150(2)
m [mm-1] 1.622 1.571 1.535
1 [Mgm-3] 1.505 1.434 1.483
measured reflns 52814 46932 49172
independent reflns 12161 3812 4328
independent reflns
[I>2s(I)]


8305 2585 3711


Rint 0.127 0.130 0.027
R1,


[a] wR2
[b] 0.051, 0.157 0.058, 0.212 0.045, 0.144


peak/hole [e=�3] 1.02/�1.66 1.22/�0.58 0.87/�0.94


[1 ACHTUNGTRENNUNG(l-ala)2]·5H2O·3CH2Cl2 [1 ACHTUNGTRENNUNG(b-ala)2]·2H2O·8CHCl3 [1(H3NC6H12NHCO2)2]·1.6H2O·3.8CHCl3
formula C81H114Cl6Cu6F6N20O9 C86H110Cl24Cu6F6N20O6 C89.8H123Cl11.4Cu6F6N22O5.6


Mr 2219.86 2865.98 2499.67
space group P21/c[c] P21/n P21/n
crystal class monoclinic monoclinic monoclinic
a [=] 15.1767(13) 14.0160(1) 15.1695(2)
b [=] 14.7977(12) 19.2653(2) 18.9415(4)
c [=] 22.7977(19) 22.5387(3) 20.5027(3)
b [8] 102.887(4) 96.7992(6) 104.5720(11)
V [=3] 4991.0(7) 6043.15(11) 5701.60(16)
Z 2 2 2
T [K] 150(2) 150(2) 150(2)
m [mm�1] 1.488 1.632 1.433
1 [Mgm�3] 1.477 1.575 1.456
measured reflns 51430 75360 106057
independent reflns 12011 13814 13100
independent reflns
[I>2s(I)]


10311 8667 7983


Rint 0.026 0.150 0.180
R1,[a] wR2[b] 0.057, 0.129 0.075, 0.246 0.077, 0.262
peak/hole [e=�3] 1.02/�0.68 1.05/�2.18 1.32/�0.78


[a] R1 =�[jFoj�jFcj]/� jFo j . [b] wR2 = [�w ACHTUNGTRENNUNG(Fo
2�Fc


2)2/�wFo
4]


1=2 . [c] The apparent crystallization of this chiral compound in a centric space group is an arte-
fact, reflecting pseudo-centering caused by the packing of the molecules of 1 in the lattice. See text for more details.
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The hexanuclear metallacrown in [1 ACHTUNGTRENNUNG(gly)2]·2H2O·6CH2Cl2 lies on the
crystallographic 6̄ site [1=3,


2=3,
1=6], so that the model only contains one


unique copper ion and L� ligand. The unique one-third glycine and water
molecules lie near the C3 axis [1=3,


2=3,z]; the glycine molecule is further
disordered over two different unique positions, as described below. The
one unique dichloromethane site lies on a general position in the lattice.
The disordered glycine molecule was modeled over two equally occupied
orientations, labeled A and B. These two sites share a common ammoni-
um N atom N(18) and carboxy C atom C(20), both of which lie on the C3


axis [1=3,
2=3,z]. The following restraints were applied to this group: C�N=


1.48(2), C�C=1.52(2), C�O=1.25(2) and 1,3-C···O=2.38(2) =. The
unique tert-butyl group is also disordered over two sites, refined with a
0.75:0.235 occupancy ratio. The refined restraints C�C=1.53(2) and 1,3-
C···C=2.50(2) = were applied to this group. The solvent molecule was
refined over four equally occupied sites, with the refined restraints
C�Cl=1.79(2) and Cl···Cl=2.92(2) =. All non-H atoms with occupancy
>0.5, plus the ordered glycine and water atoms N18, C20 and O23, were
refined anisotropically. All H atoms were placed in calculated positions
and refined using a riding model. Two different sets of H atoms were
placed on ammonium group N(18), positioned to be staggered against
disordered C ACHTUNGTRENNUNG(19 A) and C ACHTUNGTRENNUNG(19B) respectively. H atoms bound to the
water molecule were not included in the final refinement, but were used
in the density calculation.


The structure of [1 ACHTUNGTRENNUNG(l-ala)2]·5H2O·3CH2Cl2 was originally solved and re-
fined in the acentric space group P21, to reflect the presence of optically
pure l-alanine in the crystal (confirmed from its optical rotation, see
above). A full solution was obtained in that space group, and contained a
whole formula unit per asymmetric unit, with two ordered alanine mole-
cules that were clearly of the l optical isomer. However, subsequent re-
finement led to a highly correlated model with fifteen non-positive-defi-
nite C and N atoms. The ADSYMM routine in PLATON[51] suggested
transformation to P21/c, which was then carried out. Re-solution and re-
finement of the structure in that space group led to a significantly superi-
or refinement, with an asymmetric unit containing half a formula unit in
which the alanine molecule is disordered over equally occupied l- and
(apparently) d-isomer sites. All of the crystal structures of 1 with differ-
ent guest species, in this work and in ref. [13], adopt centric space groups
with the metallacrown itself having crystallographic inversion symmetry.
Since the chiral center of the alanine guest is buried within the metalla-
crown host, it should have no influence on the packing of the crystal.
Therefore, we propose that the apparently centric symmetry of this chiral
crystal is pseudo rather than real, determined by the packing of the met-
allacrown. The 50% d-alanine present in the final model rather reflects a
50% molecule of l-alanine reflected through the pseudo inversion
center.


The asymmetric unit of the compound contains: half a complex molecule,
lying on the crystallographic inversion center [1=2,


1=2,
1=2]; one alanine mol-


ecule on a general position; three peaks near the alanine carboxy group,
2.3–2.5 = apart, that were refined as three molecules of water (two fully
occupied, and half-occupied); one dichloromethane molecule on a gener-
al position, that is disordered over four equally occupied sites, and half a
dichloromethane molecule near the C2 axis [0,1,1=2] that was modeled
over three sites. The refined restraints C�Cl=1.77(2) and Cl···Cl=
2.89(2) = were applied to the disordered solvent molecules. Two of the
three tert-butyl groups in the model are also disordered, over two sites
with occupancy ratios close to 0.70:0.3. The refined restraints C�C=


1.54(2) and 1,3-C···C=2.51(2) = were applied to these groups. Finally,
the asymmetric C atom and methyl group of the alanine molecule are
also disordered over two equally occupied orientations (see above). At-
tempts to refine two different disorder sites for the carboxyl group (as in
the [1 ACHTUNGTRENNUNG(gly)2] structure) were unsatisfactory, however, so this residue was
left as ordered in the final analysis. This group was modeled by using the
fixed restraints C�N=1.48(1), C�C=1.52(1) and 1,3-C···C=2.48(2) =.
An antibumping restraint was also applied between alanine methyl group
C ACHTUNGTRENNUNG(54 A) and the minor tert-butyl disorder site C ACHTUNGTRENNUNG(49B). All non-H atoms
with occupancies >0.5, plus the disordered alanine atoms, were refined
anisotropically, and all H atoms were placed in calculated positions and
refined using a riding model. Two different sets of H atoms were placed
on ammonium group N(52), positioned to be staggered against disor-


dered C ACHTUNGTRENNUNG(53A) and C ACHTUNGTRENNUNG(53B). H atoms from the water molecules could not
be reliably located in the Fourier map, and so were not included in the
final refinement but are accounted for in the density calculation. The
highest residual Fourier peak of +1.02 e=�3 lies within one of the disor-
dered tertbutyl groups.


The complex molecule in [1 ACHTUNGTRENNUNG(b-ala)2]·2H2O·8CHCl3 lies across the inver-
sion center [1=2,


1=2,
1=2], so the asymmetric unit contains half a formula


unit. The 3-aminopropionic acid, water, and four unique chloroform mol-
ecules all liie on general positions; three of the latter are disordered. Two
of the three unique tertbutyl groups in the model are also disordered,
over two equally occupied sites. All disordered C�C bonds in these resi-
dues were restrained to 1.52(2) =, and non-bonded C···C distances within
each disordered group to 2.48(2) =. All three disordered solvent mole-
cules were refined over three sites, some of which shared a common C
atom. The C�Cl bonds in these disordered residues were restrained to
1.77(2) =, and Cl···Cl distances within each disordered group to
2.89(2) =. All non-H atoms with occupancy=0.5 were refined anisotropi-
cally, and all C- and N-bound H atoms were placed in calculated posi-
tions and refined by using a riding model. H atoms on the water mole-
cule could not be located in the difference map and so were not incorpo-
rated into the final refinement, but were included in the density calcula-
tion. The highest residual Fourier peak of +1.05 e=�3 lies within one of
the disordered solvent molecules, while the Fourier hole at �2.18 e=�3 is
0.9 = from Cu(3).


The asymmetric unit of [1(H3NC6H12NHCO2)2]·1.6H2O·3.8CHCl3 con-
tains half a complex molecule lying across the inversion center [1=2,


1=2,0];
one molecule of 6-aminohexylcarbamic acid lies on a general position;
two disordered chloroform sites and one more solvent site was modeled
by using a mixture of partial chloroform and water molecules. One tert-
butyl group in the model is disordered, and was modeled over two sites
with occupancies of 0.7 and 0.3, sharing a common wholly occupied ipso-
C atom. All disordered C�C bonds were restrained to 1.53(2) =, and
non-bonded C···C distances within each disordered group to 2.50(2) =.
The disordered chloroform molecules were refined using the restraints
C�Cl=1.76(2) and Cl···Cl=2.87(2) =. Large thermal ellipsoids on the 6-
aminohexylcarbamic acid residue also suggested the presence of disorder,
but this could not be modeled. In particular, no alternative disorder site
for atoms C(56)-O(62) could be found in the Fourier map, even when the
occupancy of those atoms was lowered. Therefore, the high Uiso values on
these atoms may simply reflect a high degree of libration in this confor-
mationally flexible residue. All wholly occupied non-H atoms, plus one
partial chloroform molecule with occupancy >0.5, were refined aniso-
tropically, and all H atoms were placed in calculated positions and re-
fined by using a riding model. H atoms on the partial water molecules
could not be located in the difference map and so were not incorporated
into the final refinement, but were included in the density calculation.
The highest residual Fourier peak of +1.3 e=�3 occupies the inversion
center at the center of the molecule.
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Introduction


Natural and non-natural polycyclic systems containing cyclo-
pentanoid rings constitute a large class of compounds of
great importance in organic chemistry, biology and medi-
cine.[1] The prominent occurrence of these types of systems
continues to encourage the development of new strategies
for their rapid and efficient synthesis.[2] Among the different


approaches thus far described, the metal-catalysed cycload-
dition of methylenecyclopropanes (MCPs) to alkenes or al-
kynes is particularly appealing.[3–5] The intramolecular ver-
sion of this cycloaddition, mainly studied by Motherwell)s
and Lautens’ groups, provides for the assembly of interesting
bicyclic structures from simpler precursors. Apparently, the
success of the reaction is dependent on the presence of elec-
tron-withdrawing groups in the alkyne, and is particularly ef-
fective when the alkyne bears an ester substituent.[5] More
recently, our group has demonstrated that alk-5-ynylidene-
cyclopropanes (I), which are much easier to ensemble than
the isomeric methylenecyclopropanes, do also undergo an
intramolecular [3+2] cycloaddition under palladium cataly-
sis.[6] The reaction proceeds efficiently with a variety of sub-
stituted alkynes, even with those containing bulky TMS
(TMS= trimethylsilyl) groups, but in contrast to that ob-
served in the cycloaddition of homologous methylenecyclo-
propanes, failed in substrates containing an ester substituent
at the alkyne terminus (Scheme 1). Therefore alkynyl esters
Ie or I f were rapidly consumed even when the reaction was
carried out at lower temperatures (50 8C), leading to prod-
ucts other than the expected cycloadducts.


The lack of mechanistic information on the above cyclo-
addition, as well as of an explanation for the different reac-
tivity of the ester-containing substrates, prompted us to in-


Abstract: The mechanism of the palla-
dium-catalysed [3+2] intramolecular
cycloaddition of alkylidenecyclopro-
panes to alkynes has been computa-
tionally explored at DFT level. The en-
ergies of the reaction intermediates
and transition states for different possi-
ble pathways have been calculated in a
model system that involves the use of
PH3 as a ligand. The results obtained
suggest that the most favourable reac-
tion pathway involves the initial C�C
oxidative addition of the cyclopropane


to a Pd0 complex to give an alkylidene-
palladacyclobutane, which isomerises
to a methylenepalladacyclobutane in-
termediate. Subsequent cyclisation by
alkyne carbometallation, followed by
reductive elimination affords the final
product. An alternative mechanism
consisting of a palladaene-type rear-


rangement is less probable in terms of
Gibbs energy, but cannot be fully dis-
carded because it is competitive if one
considers electronic energies. For sub-
strates that present an ester group at
the terminal position of the triple bond
we have found an alternative, more fa-
vourable mechanistic route that ex-
plains why the [3+2] cycloaddition of
these types of systems does not lead to
the expected cycloadducts.


Keywords: alkynes · carbocycles ·
density functional calculations ·
metallacycles · palladium
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vestigate the mechanistic course of the process at a theoreti-
cal level. Previous computational studies on these types of
cycloaddition have been limited to an isolated report of
Suzuki and Fujimoto on the DFT exploration of the palladi-
um-catalysed [3+2] intermolecular cycloaddition between
methylenecyclopropane and ethylene.[7] The restricted scope
of this study precludes the possibility of envisaging a mecha-
nistic course for the cycloaddition of alk-5-ynylidenecyclo-
propanes. Herein, we report the results of a DFT study of
this intramolecular reaction, by using Pd/PH3 as model cata-
lytic system.


Computational Methods


Calculations were performed with Gaussian 98[8] and Gaussi-
an 03[9] at DFT level. The geometries of all complexes here
reported were optimised by using the B3LYP hybrid func-
tional.[10] Optimisations were carried out by using the stan-
dard 6–31G(d) basis set for C, H, O, Si and P. The
LANL2DZ basis set, which includes the relativistic effective
core potential (ECP) of Hay and Wadt and employs a split-
valence (double-zeta) basis set, was used for Pd.[11] Harmon-
ic frequencies were calculated at the same level to character-
ize the stationary points and to determine the zero-point en-
ergies (ZPE). The starting approximate geometries for the
transition states (TS) were located graphically. Intrinsic re-
action coordinate (IRC) studies were performed in ambigu-
ous cases to confirm the relation of the transition states with
the corresponding minima. Single-point calculations were
performed by using the 6–311+G ACHTUNGTRENNUNG(2df,2p) basis set for C, H,
Si, O and P. For Pd, the Stuttgart RSC ECP was utilised.
The (8s7p6d) primitive set was contracted to [6s5p3d], and
was supplemented with two f and one g polarisation func-
tions (zf=0.6122, 2.1857; zg=1.3751).[12] Electronic energy
values calculated with the smaller basis set have been cor-
rected by using the residual energy at the zero-point vibra-
tional energy (ZPE). The evaluation of enthalpy (H) and
Gibbs free energy (G)B implies the use of the harmonic-os-
cillator/rigid-rotor approximation, which introduces some
uncertainty in the calculation of the vibrational entropy.
Unless otherwise stated, the energy values included in the
main text refer to the single-point calculations performed
with the higher quality base on the previously optimised
structures.


Nomenclature and general format of the energetic profile
graphics : Intermediates obtained from the computational
study are named with the numbers 1–14. Letters a, b or c
refer to the substituent group at the terminal position of the
triple bond in the alk-5-ynylidenecyclopropane systems (R=


H, CO2Me or TMS, respectively). The “prime” symbol
refers to the number of ligands coordinated to palladium, in
such a way that the “primed” intermediate indicates that
only one PH3 is present in the coordination sphere of the
metal. Energy values are given in kcalmol�1. Values in
brackets appearing in the scheme correspond to single point
calculations using the higher quality basis set.


Results and Discussion


Calculations for the alk-5-ynylidenecyclopropane systems
have been performed on substrates that do not include the
malonate functionality in the tether connecting the reaction
partners (X=CH2, Scheme 1). These substrates are valid re-
action models because it has been shown that precursors
containing an ether tether (X=O) also undergo the cycload-
dition reaction.[6] Furthermore, recent experiments with sub-
strates in which X=CH2 further demonstrate that the malo-
nate group is not a requisite for a successful cycloaddition.[13]


PH3 has been used instead of PACHTUNGTRENNUNG(OiPr)3 because it allowed us
to save computation time whilst keeping the rough electron-
ic properties of the system. The intrinsic reactivity of the
complexes is expected to be accurately modelled, although
the steric effects exhibited by the larger ligands are neglect-
ed.


For the [3+2] reaction of substrates 1, a general alk-5-yny-
lidenecyclopropane system, two initial processes have been
considered (Scheme 2). Coordination of both unsaturated
carbon ligands to Pd0 would afford complex 2 which could
evolve through different pathways (paths 1–3, Scheme 2).
Alternatively, direct oxidative distal addition of the cyclo-
propane C�C bond to Pd0 would give palladacyclobutane 7,
which could in turn evolve to the products through paths 4
or 5 (Scheme 2). Depending on the evolution of complex 2,
at least three pathways can be proposed. In path 1, complex
2 reacts through oxidative cyclometallation, leading to tricy-
clic intermediate 3, which after rearrangement could be con-
verted into bicyclic system 4. Final C�C reductive elimina-
tion would afford the final desired cycloaduct 5 and regener-
ate the active Pd0 complex. Paths 2 and 3 entail two differ-
ent rearrangements to transform complex 2 either directly
to the palladacyclohexane intermediate 4 (path 2), or to
methylenepalladacyclobutane 6 (path 3). This latter inter-
mediate could then evolve to 4 by an alkyne carbometalla-
tion process, as has been proposed by Lautens[5] and compu-
tationally supported by Fujimoto for the intermolecular re-
action with ethylene.[7] In the second alternative (paths 4–5),
intermediate 7 may undergo isomerisation to a methylidene-
cyclopropane 6 via a TMM-type transition state (path 4) or
undergo a metalloene reaction to directly provide complex 4
(path 5).


Scheme 1. Pd-catalyzed intramolecular [3+2] cycloaddition between alky-
lidenecyclopropanes and alkynes.
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These five possible pathways
(paths 1–5) were explored
computationally at DFT level,
for different substituents at the
terminal position of the alkyne
(substrates 1a–c, R=H,
CO2Me or TMS, respectively).
As shown in Scheme 3, the ac-
tivation energy for the oxida-
tive cyclometallation step in
path 1 for the substrate con-
taining a terminal alkyne (1a)
is quite high (TS ACHTUNGTRENNUNG(2,3)a’, DG� =


45.2 kcalmol�1). The presence
of a carbonyl group at the ter-
minal position of the alkyne
(1b) leads to lower values for
the electronic energy, enthalpy
and Gibbs free energy. Howev-
er, even these values are
rather higher than those ob-
tained for the steps involved in
paths 4–5, as will be shown
below.


Path 2 involves a skeletal rear-
rangement from complex 2 di-
rectly to the bicyclic intermedi-
ate 4 (Scheme 2). The corre-
sponding transition state could
not be found for the intramo-
lecular system. The extremely
high energy values presented
by the transition state TS-
ACHTUNGTRENNUNG(9,10)a’ corresponding to the
intermolecular related transfor-
mation (Scheme 4) strongly
suggest that this alternative is
clearly disfavoured, regardless
of the substitution at the
alkyne.


Path 3, which involves a direct
rearrangement from complex 2
to the methylenepalladacyclo-
butane complex 6 was also
studied (Scheme 5). The corre-
sponding transition states for
the terminal alkyne or the in-
ternal alkyne holding an elec-
tron-withdrawing group (TS-
ACHTUNGTRENNUNG(2,6)a’ and TS ACHTUNGTRENNUNG(2,6)b’, respec-
tively) showed high energy
values. We also studied an
analogous transformation on
complexes containing an unco-


Scheme 2. Proposed reaction pathways for the [3+2] cycloaddition between alkylidenecyclopropanes and al-
kynes.


Scheme 3. Relative electronic energy, enthalpy and Gibbs free energy (bold; kcalmol�1) calculated for inter-
mediates involved in path 1 for system 1a (R=H, c) and 1b (R=CO2Me, a). Values are referred to sys-
tems 1a or 1b+ [Pd ACHTUNGTRENNUNG(PH3)2], respectively.
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ordinated alkyne but with the metal centre coordinated to
two phosphine ligands (TS ACHTUNGTRENNUNG(1,6)a and TS ACHTUNGTRENNUNG(1,6)b, see the Sup-
porting Information) and, although we have obtained slight-
ly lower energetic values for the intermediates involved in
the same step, they are still very high.


The second mechanistic alternative consists of assuming
the initial formation of palladacyclobutane 7 by oxidative
addition of the palladium complex to the distal position of
the cyclopropane (paths 4–5, Scheme 2).[14] The activation
barrier for the formation of the intermediate 7a (containing


a terminal alkyne) is 18.4 kcal
mol�1 in terms of electronic
energy (Scheme 6). The activa-
tion free energy of the process
is considerably higher
(29.3 kcalmol�1), and accounts
for an endoergonic transforma-
tion. Depending on the evolu-
tion of the alkylidenecyclopro-
pane complex, 7a, two path-
ways can be proposed (paths 4
and 5). Path 4 involves isomer-
isation of 7a to a methylene-
palladacyclobutane 6a via a
Pd-trimethylenmethane-type of
transition state (TS ACHTUNGTRENNUNG(7,6)a). This
isomerisation could also take
place from a complex contain-
ing the alkyne intramolecularly
coordinated to the Pd (TS-
ACHTUNGTRENNUNG(7,6)a’); however, the activa-
tion energy is slightly higher
than in the previous case.


In both cases, the structure
of the transition states (TS-
ACHTUNGTRENNUNG(7,6a)) takes the shape of an
umbrella, in which the metal is
coordinated to the four carbon
atoms of the trimethylenme-
thane unit (TMM), albeit not
at the same distance
(Figure 1). It should be men-
tioned, however, that 7a’ is not
a realistic system as the forma-
tion of tricoordinated PdII


complexes by ligand dissocia-
tion is not a favourable pro-
cess.[15]


Intermediate 6a’, which is
the complex formed by rear-
rangement through the Pd-
TMM-type transition state, is
the kind of complex that could
be formed by C�C oxidative
addition to methylenecyclopro-
panes systems like those stud-
ied by Lautens.[5] Therefore,


the next steps of the mechanism (carbometallation and re-
ductive elimination) would be similar to those proposed for
these types of substrates. Carbometallation through the tran-
sition state TS ACHTUNGTRENNUNG(6,4)a’ would lead to the bicyclic intermediate
4a’ (Scheme 6). Subsequent C�C reductive elimination of
the palladium complex (coordinated to one TS ACHTUNGTRENNUNG(4,5)a’ or two
phosphines, TS ACHTUNGTRENNUNG(4,5)a) would provide the final cycloadduct
5a. Energy data indicate that the rate-limiting step of path 4
is the carbometallation process (TS ACHTUNGTRENNUNG(6,4)a’).


Scheme 4. Relative electronic energy, enthalpy and Gibbs free energy (bold; kcalmol�1) calculated for inter-
mediates involved in path 2 (intermolecular reaction) for different substituents at the alkyne (R=H, c ; R=


CO2Me, a). Values are referred to the system (8+HC=CR+ [Pd ACHTUNGTRENNUNG(PH3)2]).


Scheme 5. Relative electronic energy, enthalpy and Gibbs free energy (bold; kcalmol�1) calculated for inter-
mediates involved in path 3 for system 1a (R=H, c) and 1b (R=CO2Me, a). Values are referred to sys-
tems 1a or 1b+ [Pd ACHTUNGTRENNUNG(PH3)2], respectively.
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Complex 7a could also directly
evolve to palladacyclohexane in-
termediate 4 by means of a met-
alloene-type of transformation
through transition structures TS-
ACHTUNGTRENNUNG(7,4)a or TS ACHTUNGTRENNUNG(7,4)a’ (Schemes 7
and 8).[16] We found similar Gibbs
energy values for both metal-
loene transition states
(Scheme 8). Considering only
electronic and enthalpic energy,
there is a higher intrinsic reactivi-
ty for the complex containing two
PH3 ligands through TS ACHTUNGTRENNUNG(7,4)a
compared to the reaction through
TS ACHTUNGTRENNUNG(7,4)a’. The bond length of the
new Pd�C and C�C bonds in the
former transition state are 2.475
and 2.197 T, respectively. In TS-
ACHTUNGTRENNUNG(7,4)a’, the corresponding distan-
ces are 2.323 and 2.377 T, respec-
tively. Thus, for the fastest pro-
cess, the C�C bond formation
takes place earlier along the reac-
tion coordinate.


Comparison between paths 4
and 5 in terms of electronic and
enthalpic energy shows very little
differences (about 1 kcalmol�1),
suggesting that they could be
competitive (Scheme 9a). Howev-
er, introduction of the entropy
parameter and hence considering
Gibbs energies (Scheme 9b)
shows that the most favourable
mechanism is that involving iso-
merisation through a TMM-type
transition state (path 4). Both
pathways (paths 4 and 5) are
clearly kinetically favoured with
respect to previously discussed
paths 1–3.


We have also calculated possi-
ble reaction pathways for sub-
strates containing substituted al-
kynes, in particular those contain-


Scheme 6. Relative electronic energy, en-
thalpy, and Gibbs free energy (bold; kcal
mol�1) calculated for intermediates in-
volved in path 4 for system 1a. Values
are referred to systems 1a+ [Pd ACHTUNGTRENNUNG(PH3)2],
respectively. a connect complexes
with only one PH3 ligand. a) Oxidative
addition. b) Isomerisation through Pd–
TMM-type transition states. c) Carbome-
tallation reaction and C�C reductive
elimination.
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ing a TMS or a CO2Me group at the terminal position of the
alkyne. The energy values obtained for the TMS-substituted
substrate indicate that the barrier of the rate-determining
step is slightly higher than that obtained for the systems
containing a terminal alkyne (Table 1). The presence of the
ester group at the alkyne terminus decreases considerably
the energetic barrier of the carbometallation step in path 4,
and provides for lowering the Gibbs free energy of the met-
alloene process by more than 8 kcalmol�1 with respect to
that for the unsubstituted enyne. With lower energetic barri-
ers it should be expected that the ester-substituted sub-
strates would readily provide the cycloadducts. However ex-
perimentally we have observed that such substrates do not
lead to the desired adducts, but decompose when heated
under the reaction conditions, even at temperatures as low
as 50 8C. Calculations do provide an explanation for this ob-
servation by suggesting an alternative mechanistic evolution
of the palladacyclobutane intermediate 7b (path 6,
Scheme 10).


The presence of the carbonyl group promotes a Michael-
type cyclisation of 7b to give the p-allyl palladium zwiter-
ionic species 11b. The formation of this intermediate might
entail the cleavage of one s Pd�C bond of the palladacyclo-


Figure 1. Optimised structures for selected stationary points (bond
lengths in T).


Scheme 7. Intramolecular palladaene-type reaction of an (alkenyliden)-
palladacyclobutane and an alkyne.


Scheme 8. Relative electronic energy, enthalpy and Gibbs free energy (bold; kcalmol�1) calculated for intermediates involved in path 5 for system 1a.
Values are referred to system 1a+ [Pd ACHTUNGTRENNUNG(PH3)2]. a lines connect complexes with only one PH3 ligand.
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butane A. Cannonical struc-
tures for this intermediate are
useful to visualize the process
(Scheme 10). The calculated
structure of intermediate 11b
indicates that the central
carbon of the allyl moiety (C3)
is the one closer to the metal.
The Pd�C3 distances in metal-
lacycle 7b and complex 11b
are 2.618, and 2.251 T, respec-
tively (Figure 2). In complex
11b, the negatively charged
oxygen approaches the palladi-
um atom, which remains for-
mally positively charged. Com-
pared with the metalloene-type
of reaction, there is no need
for the alkyne terminal carbon
atom to interact with Pd, as
the incipient negative charge
gets delocalised on the ester
group. Thus, a longer Pd–C11
distance is found in TS ACHTUNGTRENNUNG(7,11)b
compared to that of the metal-
loene transition-state TS ACHTUNGTRENNUNG(7,4)b
(3.266 and 3.002 T, respective-
ly). The distance of the newly
formed C�C bond is very simi-
lar in both transition states
(2.173 and 2.149 T, respective-
ly).


While the Gibbs energy sug-
gests that both mechanisms
(path 4 and path 6) are com-
petitive (Scheme 11), analysis
of the electronic energies and
enthalpies revealed very low
barriers for the formation of
the zwiterionic intermediate
(11b), about 11 kcalmol�1


lower than for the carbometal-
lation process (the rate-limiting
step of path 4). The energetic
difference observed upon in-
troducing the activation entro-
py term may arise from the
highly ordered nature of transi-
tion-state TS ACHTUNGTRENNUNG(7,11)b, due to the
interaction between Pd and O.
In solution, solvation effects
would probably contribute to
lower the activation entropy
and therefore favour the pro-
cess through path 6.


The zwitterionic species 11b
recalls related allylpalladium


Scheme 9. Relative electronic energy and enthalpy (a) and Gibbs free energy (b) calculated for intermediates
involved in paths 4 and 5 for system 1a. Values are referred to system 1a+ [Pd ACHTUNGTRENNUNG(PH3)2]. a connect com-
plexes with only one PH3 ligand.
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complexes proposed by Trost and co-workers as intermedi-
ates of the Pd-catalysed intramolecular [3+2] cycloaddition
between bifunctional Pd-TMM precursors with a,b-unsatu-
rated esters (Scheme 12).[17] In this case, intermediates like
E can easily evolve to the observed cycloadduct by a nucleo-
philic attack of the enolate to the allylic system.


In our case, a similar evolution of the 1,2-dienolate inter-
mediate 11b is not easy due to geometric reasons, and,
therefore, it evolves through alternative pathways. When we
explored this transformation at DFT level, we found a very
favourable pathway involving the formation of the allylide-
nepalladacyclobutane 13b, which is much more stable than
11b, probably due to the presence of a 1,3-diene conjugated
to the ester group (Scheme 13). As isomerisation of 11b to
13b entails a proton transfer reaction and might be kineti-
cally favourable. We have also found that 13b can easily un-
dergo a C�C reductive elimination through TS ACHTUNGTRENNUNG(13,14)b to
form the allylidenecyclopropane product 14b. Although ex-
periments carried out in the lab have not allowed us to iso-
late this product, NMR spectroscopic data of unpurified re-
action mixtures are consistent with the presence of this com-
pound, which is probably unstable under the reaction condi-
tions.[13] The calculations indicate that the transformation of
13b into 14b is exoergic (�7.1 kcalmol�1), which contrasts
with the formation of 7 by oxidative addition (Scheme 6a).
Overall the theoretical data support a quite favourable evo-
lution of palladacyclobutane 7b by pathways other than
those that lead to the [3+2] cycloadduct.


Conclusion


We have studied at DFT level the Pd-catalysed intramolecu-
lar [3+2] cycloaddition of alkylidenedencyclopropanes to al-
kynes equipped with different substituents at the terminal
position. We have explored different pathways involving
either the initial formation of Pd–enyne complex (paths 1–
3) or an alkylidenepalladacyclobutane species (paths 4–5).
We have found that the mechanistic pathways derived from


the evolution of the first type
of complexes are clearly dis-
favoured in comparison to the
possibilities provided by the
alkynylidenepalladacyclobu-
tanes. The study of the evolu-
tion of these intermediates
suggests that for substrates in
which the alkyne does not con-
tain an electron-withdrawing
group, the most favoured
mechanism in terms of Gibbs
energy is path 4, consisting of
a rearrangement to a methyle-
nepalladacyclobutane followed
by carbometallation and final
C�C reductive elimination. If


Table 1. Gibbs energy for the transition states involved in the TMM-rear-
rangement, carbometallation and metalloene-type reaction corresponding
to paths 4 and 5 (relative to the corresponding palladacyclobutane com-
plex 7 in each case), for alternatively substituted alkynes.


Path 4 Path 5


TMM carbometallation metalloene


1a : R=H 19.0 22.9 30.9
1b : R=CO2Me 18.2 18.9 22.2
1c : R=SiMe3 18.4 25.9 35.8


Scheme 10. Intramolecular Michael-type addition of the alkene onto the alkyne to give a (p-allyl)palladium
complex (11b).


Figure 2. Optimised structures for selected stationary points (bond
lengths in T).
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one considers only electronic
or enthalpic energies, the alter-
native palladaene mechanism
is competitive, and, therefore,
cannot be fully discarded. In
the case of substrates in which
the alkynes contain an ester
substituent, the calculations
have allowed us to uncover a
different pathway that ac-
counts for the failure of this
substrates to undergo the cy-
cloaddition reaction. This
pathway consists of an initial
Michael-type intramolecular
attack of the C�C double
bond of the alkylidenepallada-
cyclobutane to the alkyne to
give a (h3-allyl)palladium alle-
neolate zwitterionic intermedi-
ate. A prototropic reaction,
consisting of formal deproto-
nation of the a-position of the
carbon chain bound to the cen-
tral C atom of the h3-allyl
ligand, followed by C-protona-
tion of the 1,2-dienolate, which
is extremely exergonic, leads
to an alkenylidenepalladacy-
clobutane which might easily
evolve to a allylidenecyclopro-


Scheme 11. Relative electronic energy, enthalpy and Gibbs free energy (bold; kcalmol�1) calculated for intermediates involved in paths 4 and 6 for
system 1b. Values are referred to system 1b+ [Pd ACHTUNGTRENNUNG(PH3)2].


Scheme 12. Pd-catalysed intramolecular cycloaddition of Pd-trimethylenmethane precursors with activated al-
kenes. EWG=electron-withdrawing group.


Scheme 13. Relative electronic energy, enthalpy and Gibbs free energy (bold; kcalmol�1) calculated for inter-
mediates involved in the evolution of zwiterionic intermediate 11b. Values are referred to system 1b+ [Pd-
ACHTUNGTRENNUNG(PH3)2].
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pane type of product. In conclusion, our computational stud-
ies are consistent with the observed experimental tendencies
and provide important mechanistic insights for the Pd-cata-
lysed intramolecular [3+2] cycloaddition of alk-5-ynylidene-
cyclopropanes. This knowledge may be very useful for de-
signing future experiments, optimising ligands and envisag-
ing asymmetric variants.
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Reinforced Self-Assembly of Hexa-peri-hexabenzocoronenes by Hydrogen
Bonds: From Microscopic Aggregates to Macroscopic Fluorescent
Organogels


Xi Dou,[a] Wojciech Pisula,[a] Jishan Wu,[a] Graham J. Bodwell,[b] and Klaus M4llen*[a]


Introduction


p Interactions have generated both theoretical[1] and experi-
mental[2] interest in recent decades owing to their unique
importance in supramolecular self-assembly behavior. Like
hydrogen bonds, the strength of which ranges from 4 to
120 kJmol�1,[3] p interactions (0 to 50 kJmol�1) are impor-
tant secondary interactions for the construction of supra-
molecular architectures.[3] Because of its relatively strong
and highly directional nature, hydrogen bonding has been
described as the “master key interaction in supramolecular
chemistry”.[3] In particular, hydrogen bonds are responsible
for the overall shape of many proteins, the recognition of
substrates by numerous enzymes and for the double helix
structure of DNA.[3] On the other hand, the comparatively
weak p interactions are responsible for the slippery feel of
graphite and its useful lubricant properties.[3] By combining
hydrogen bonding and p interactions, it has been possible to
obtain, for example, nanotubes,[4] organogels,[5] and a diversi-
ty of helical filaments[6,7] through self-assembly.
In the case of hexa-peri-hexabenzocoronenes (HBCs), p


interactions induce columnar self-assembly and provide the
basis for their distinct, intrinsic charge-carrier ability.[8]


Therefore, considerable effort has been invested in the suc-
cessful implementation of these and similar materials in
electronic devices, such as field-effect transistors (FETs),[9]
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light-emitting diodes (LEDs),[10] and photovoltaic cells.[11]


The performance of the device depends, to a large extent,
upon the degree of intracolumnar order of these discotic
molecules in thin films, which is an important factor for effi-
cient charge-carrier mobility.[12] The processing of such ma-
terials is a key issue in the production of well-ordered films,
which can be obtained by either a thermal[13] or a solution-
dependent treatment.[12,14] It has already been shown for
HBCs that have carboxylic acid terminated alkyl chains that
intercolumnar hydrogen bonds can strongly influence the p-
mediated columnar self-assembly in the bulk state.[15]


To enhance the degree of order of discotic molecules
within a single column, relatively strong and directional hy-
drogen bonds were brought into play through the attach-
ment of ureido or amido groups to the HBC moieties, either
directly or through rigid linkers. In so doing, it was expected
that intracolumnar hydrogen bonds would form instead of
the aforementioned intercolumnar hydrogen-bond net-
works.[15] In this context, some novel HBC derivatives that
contain either amido or ureido units were synthesized
(Figure 1). These functional groups are commonly used in
hydrogen-bond-assisted supramolecular chemistry.[3,16] Gen-
erally, ureido groups (2a and 2b) supply stronger and more
rigid interactions than amido groups (1a and 1b).[17] A
second ureido group (3) was added to further enhance the
interactions between the discotic molecules. The intermolec-
ular interactions between compounds with the same kind of
hydrogen-bond providers were further adapted by adjusting
the size of the substituents. The self-assembly properties of
these compounds in solution were investigated by electronic
spectroscopy, whereas the behavior in the bulk state was ex-


amined by differential scanning calorimetry (DSC) and two-
dimensional wide-angle X-ray scattering (2D WAXS) ex-
periments.
Finally, the expectation of gel formation was realized for


some of the compounds and the gelation ability of these
compounds was tested in different solvent systems. Thus, a
novel potential application for HBC derivatives as low mo-
lecular-mass organic gelators (LMOGs)[5] has been demon-
strated.


Results


Synthesis : Monofunctionalized compounds 1a, 1b, 2a, and
2b were synthesized from 4[18] as shown in Scheme 1. Com-
pound 4 was treated with benzophenonimine in a Buch-
wald–Hartwig coupling reaction to give 5 in a yield of 95%.
The hydrolysis of 5 in 2.5m aqueous hydrochloric acid quan-
titatively afforded amino-substituted HBC 6 as its hydro-
chloride salt. Compound 6 was then treated with the corre-
sponding acetyl chlorides or isocyanates to give compounds
1a, 1b, 2a, and 2b. Compound 3 was generated from a Ha-
gihara–Sonogashira coupling reaction between 7 and 8[19] in
a yield of 13%. The low yield originated from the difficult
workup, which was presumably a consequence of strong in-
termolecular hydrogen bonds.


Self-assembly behavior in solution : The way in which HBCs
self-associate in solution serves as a valuable indicator for
how these materials will align in films.[20] The electronic
spectra of p-conjugated chromophores in solution are highly


Figure 1. A) HBC derivatives that have been synthesized with amido (1a and 1b) and ureido groups (2a, 2b, and 3). B) Schematic representation of the
assumed intracolumnar hydrogen bonding and p-stacking interactions of monosubstituted HBC moieties.
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sensitive to aggregational effects. For example, a variation in
concentration and/or temperature can result in significant
changes in the intensities, shapes, positions, and/or number
of the bands.[21,22] Therefore, such investigations were con-
ducted for all of the compounds described herein.
In contrast to the other compounds, only 2b (Figure S6 in


the Supporting Information) and 3 (Figure 2) showed dis-
tinct changes in their respective concentration-dependent
UV-visible absorption spectra. With decreasing concentra-
tion, not only did the extinction coefficients of compound 3
increase substantially, but the resolution of some of the
bands (l=297, 349, and 397 nm) also improved. Additional-
ly, a slight blueshift of 4 nm was recorded at higher concen-


trations for some of the absorp-
tion bands (l=301 and
373 nm).
In the temperature-depen-


dent absorption spectra of the
monofunctionalized HBCs,
compound 2b exhibited the
most pronounced effects. Com-
pounds 1a (Figure 3A) and 2a
(Figure S7B in the Supporting
Information) showed similar,
but less-pronounced effects,
whereas 1b did not display any
recognizable change (Figure
S7A in the Supporting Informa-
tion). Upon increasing the tem-
perature of solutions of 1a (Fig-
ure 3A) and 2b (Figure 3B),
the resolution of the absorption
bands at shorter wavelengths
improved and some broad
bands at longer wavelengths
(approximately 410–420 nm)
became less intense with the
appearance of an isosbestic
point at around 400 nm. More-
over, the a bands (named ac-
cording to ClarHs nomencla-
ture[23]), which are generally
very weak for HBC deriva-
tives,[24] were also much better
resolved at higher tempera-
tures.
Significant changes were also


observed in the temperature-
dependent UV-visible absorp-
tion spectrum of 3 (Figure 4), in
which two isosbestic points
were apparent (at 349 and
389 nm). For the bands at about
300 nm and those at longer
wavelengths, the intensity de-
creased with increasing temper-
ature, whereas the band be-


tween the isosbestic points changed in the opposite sense.
The fluorescence spectra of 2a, 2b, and 3 varied with in-


creasing concentration (Figure 5A). In particular, the bands
at longer wavelengths became more intense and broader.
Compounds 1b and 2b each have one chiral center in the


functional substituent. Circular dichroism (CD) spectrosco-
py revealed weak Cotton effects for 1b, but not 2b, presum-
ably owing to the size of the molecule in relation to the
number of chiral centers.


Hydrogen-bonding interactions and self-assembly behavior
in the bulk state : Infrared spectroscopy of the bulk state
samples supported the formation of hydrogen bonds in


Scheme 1. Synthesis of compounds 1a, 1b, 2a, 2b, and 3 : i) [Pd2 ACHTUNGTRENNUNG(dba)3] (dba=dibenzylideneacetone), 2,2’-bis-
(diphenylphosphino)-1,1’-binaphthyl (BINAP), NaOC ACHTUNGTRENNUNG(CH3)3, toluene, 80 8C, 16 h, 95%; ii) 2.5m HCl/THF, 5 h,
87%; iii) appropriate acetyl chlorides or isocyanates, Et3N, THF/toluene (1:1), 80 8C, overnight, 1a=88%;
1b=81%; 2a=60%; 2b=54%; iv) [Pd ACHTUNGTRENNUNG(PPh3)4], CuI, Et3N/THF (2:1), 50 8C, 4 d, 13%.
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these compounds according to the distinct changes induced
in the vibrational frequency of the N�H and carbonyl
groups.[25]


The characteristic stretching vibrations of the N�H bond
and the carbonyl group are listed in Table 1 (see Figure S8
in the Supporting Information for full spectra). For secon-
dary amide and urea compounds, which involve hydrogen


bonds, the characteristic N�H stretching vibrations usually
give multiple bands in the range of ñN�H=3400–3060 cm�1


and the carbonyl stretching vibrations, so-called amide I
bands, appear at lower frequencies (ñC=O=1700–1640 cm�1)
in contrast to a saturated aliphatic ketone (ñ=1715 cm�1)
owing to the resonance effect.[25a] For compounds 1b, which
has a sterically hindered amido functionality, and 3, which
has two ureido groups, only one kind of N�H and carbonyl


Figure 2. Concentration dependent UV-visible absorption spectra of 3 in
solution in toluene for 1.56R10�5 (c), 1.56R10�6 (a), and 1.56R
10�7m (g).


Figure 3. Temperature-dependent UV-visible absorption spectra of 1a
(A) and 2b (B) measured in solution in toluene (1.0 R10�5m); arrows in-
dicate the direction of change with increasing temperature.


Figure 4. Temperature-dependent UV-visible absorption spectra of 3,
measured in solution in toluene (1.56R10�6m); arrows indicate the direc-
tion of change with increasing temperature.


Figure 5. Concentration-dependent fluorescence spectra of 1a, 1b, 2a, 2b
(A) and 3 (B) in toluene at 10�5 (c), 10�6 (a), and 10�7m (g); ex-
cited at 360 nm and normalized at 471 nm for 1a, 1b, 2a, and 2b ; excited
at 369 nm and normalized at 482 nm for 3.


Table 1. Stretching frequencies [cm�1] of N�H (ñN�H) and carbonyl
(ñC=O) groups of compounds 1a, 1b, 2a, 2b and 3 in KBr pellet.


Compound ñN�H [cm�1] ñC=O [cm�1]


1a 3430 (medium, broad) 1660 (medium)
3310 (shoulder)


1b 3400 (medium, broad) 1700 (medium)
2a 3430 (medium, broad) 1710 (medium)


3310 (shoulder) 1650 (weak)
2b 3390 (medium, broad) 1640 (medium)


3310 (medium, broad)
3 3310 (medium, broad) 1650 (medium)
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stretching bands were recorded. Specifically, both the N�H
and the carbonyl stretching bands for 1b were located at rel-
atively higher wavenumbers than those for 3. The other
compounds all had two kinds of N�H stretching bands and
2a even had two carbonyl stretching signals.
DSC is a method commonly used for investigating ther-


motropic phase behavior and gives information about
phase-transition temperatures and the corresponding enthal-
pies.[26] For 1a, 1b, and 3, there was no visible phase-transi-
tion peak recorded in the temperature range from �100 to
250 8C. In the case of 2b, the DSC trace showed only an ir-
reversible endothermic transition at 220 8C during both the
first and second heating cycles.
2D WAXS experiments,[27] which provide information


about the supramolecular arrangement in the solid state,
were conducted for all of the compounds at both ambient
and elevated temperatures. Compounds 1a, 2a, and 2b ex-
hibited similar phase behavior. Figure 6 presents the temper-


ature-dependent 2D WAXS patterns of 1a and 2b (for 2a
see Figure S9 in the Supporting Information). At 30 8C, the
characteristic distribution of the reflections indicated identi-
cal monoclinic columnar stacking for both compounds.[27]


From the meridional and off-meridional scattering intensi-
ties, it was determined that the discotic molecules were
tilted by approximately 408, the columnar axis had a period-
ic distance of 0.47 nm, and the p-stacking distance was
0.37 nm.[27a]


Upon heating to 170 8C, the 2D patterns of both com-
pounds (Figure 6) displayed a typical liquid-crystalline (LC)
arrangement of the molecules,[27] in which the discs self-ar-
ranged perpendicular to the columnar axis with a stacking
distance of 0.37 nm in a hexagonal columnar lattice. Inter-
estingly, upon cooling the samples to room temperature
after about one hour at 170 8C, the highly ordered LC or-


ganization did not return to the crystalline phase previously
recorded (as observed for other alkylated disk-type
PAHs),[28] but rather retained the nontilted, hexagonal 2D
packing observed in the mesophase.
Compound 3 showed significantly less order over the


entire temperature range, which rendered the assignment of
a unit cell impossible. At room temperature, no p-stacking
signal was observed. At 120 8C, meridional reflections were
apparent, which correspond to a cofacial stacking distance
of 0.38 nm. The p–p distance decreased to a typical aromatic
stacking value of 0.36 nm at 180 8C. In contrast to the behav-
ior observed for 1a, 2a, and 2b, the LC organization at
higher temperatures was not retained after annealing (Fig-
ure S10 in the Supporting Information). Unlike the above-
mentioned derivatives, 1b showed nontilted, hexagonal col-
umnar stacking (ahex=2.58 nm) with a cofacial distance of
0.36 nm over the whole temperature range investigated (Fig-
ure S11 in the Supporting Information).


Gelation ability test : For initial gelation testing, attempts to
dissolve each of the compounds in a small amount of an
apolar solvent (e.g., hexane, heptane, or toluene) at reflux
temperatures were made. THF was then progressively
added as a polar solvent if a particular compound did not
dissolve under the initial conditions. The solution was then
slowly cooled (by placing it in a 60 8C oil bath and allowing
the oil bath to cool to ambient temperatures) and the sub-
stance was judged to be a gel if the vessel could be inverted
without apparent movement of the content.[17] The minimum
gelation concentration, which describes the gelation ability
of the compounds, was determined by continuously diluting
a gel (with the same solvent mixture as the one used to
form the gel) with heating and cooling cycles until the gel
did not regenerate. Another important parameter of gels,
the so-called sol-to-gel phase-transition temperature (Tg),
which describes their thermodynamic stability, was mea-
sured by using the falling-drop method.[29]


The efficient combination of hydrogen bonding and p in-
teractions led to distinct gelation properties for two of the
compounds (2b and 3). Only these two examples developed
stable fluorescent organogels (Figure 7A) in the solvents
tested. The minimum gelation concentrations are shown
with the corresponding Tg values in Table 2. Laser scanning


Figure 6. Temperature-dependent 2D WAXS experiments of A) 1a and
B) 2b ; 2D monoclinic unit cell parameters (at 30 8C): a=2.46, b=


1.93 nm; g=1158 for 1a and a=2.50, b=1.86 nm; g=958 for 2b ; hexag-
onal unit cell parameters (at 170 8C and after annealing): ahex=2.77 nm
for 1a and ahex=2.80 nm for 2b.


Figure 7. A) Photograph of fluorescent gel from 3 in toluene. B) SEM
image of xerogel prepared from 2b in hexane/THF.
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confocal microscopy (LSCM) indicated that the fluorescence
comes from the fibrillar structure itself and not from amor-
phous material (Figure S19 in the Supporting Information).
To visualize how the nanoscale hydrogen-bonding interac-


tions manifest themselves in the macroscopic superstruc-
tures, a scanning electron microscopy (SEM) image of a xe-
rogel of 2b was recorded (Figure 7B).[30] The molecules ag-
gregated into long fibrillar structures (up to several microns
in length) with a diameter of approximately 100 nm. These
fibers further interwound with each other to establish three-
dimensional networks, which are the only known examples
for HBC derivatives (for more SEM pictures, see Figures
S20A and B for 2b and C and D for 3 in the Supporting In-
formation).


Discussion


As indicated by the results, the presence of hydrogen bonds
strongly influenced not only the solution behavior, but also
the bulk properties of the HBC derivatives. In solution, the
non-Lambert–Beer law behavior and the concentration de-
pendence of the absorption spectra (sharp, well-resolved
band shape with larger extinction coefficients at lower con-
centrations) indicated the existence of larger aggregates at
higher concentrations.[13c] The slight blueshift of one of the
absorption bands (from 373 to 369 nm) in the spectrum of 3
was also consistent with cofacial stacking of the aromatic p-
systems in the aggregates.[13a,31b] This phenomenon has been
studied both theoretically and experimentally.[31] The exis-
tence of increasing aggregation with increasing concentra-
tion for 2a, 2b, and 3 was further supported by concentra-
tion-dependent fluorescence experiments, which exhibited
broad, less-resolved concentration-dependent bands above
500 nm. The less-pronounced photophysical changes in 1a
and 1b indicated lower self-association propensities, which
are likely to be as a result of the weaker hydrogen-bonding
interactions between amido functionalities than ureido
groups.[17]


As the aromatic moieties of compounds 1a, 1b, 2a, and
2b consist of the same basic structure, very little difference
in the strength of the p interactions can be expected. There-


fore, the different self-assembling abilities can be attributed
to the differences in the degree of hydrogen bonding,[16,17a]


which is strongly influenced by the temperature,[32] the steric
demands of the side chains attached to the hydrogen bond-
ing groups, and the number of hydrogen-bonding functional-
ities. Concerning the influence of temperature, regardless of
the nature of the hydrogen-bonding group, the effects were
effectively suppressed upon moderate heating, as indicated
by the close similarity of the absorption spectra at 82 8C and
their marked differences at 25 8C (Figure 3 and Figure S7 in
the Supporting Information). Superimposed upon the tem-
perature effect was a steric effect. Specifically, the spectrum
of 1b, which carries the bulkiest side chain (the 2-(R)-(�)-a-
methoxy-a-(trifluoromethyl)phenylethylamido group),
showed very little changes with respect to temperature var-
iation (Figure S7A in the Supporting Information). In con-
trast, the spectrum of 1a, which has a less bulky appendage,
displayed more pronounced changes (Figure 3A). The domi-
nant effect is the nature of the hydrogen-bonding group.
The spectra of the ureido-containing HBCs (2a and 2b ; Fig-
ures S7B and 3B in the Supporting Information) exhibit
much greater temperature dependence than those of the
amido-containing HBCs (1a and 1b). The number of hydro-
gen-bonding groups present also played a significant role, as
demonstrated by the strong temperature dependence ob-
served in the spectrum of 3 (two ureido groups). In this
case, the spectrum was still changing at the upper tempera-
ture limit (85 8C), which indicated that hydrogen-bonding in-
teractions had not yet been suppressed.
In the CD spectrum of 1b (Figure S21 in the Supporting


Information), the Cotton effects are quite weak. However,
the pattern observed is consistent with a clockwise helical
aggregation of molecular dipole moments in solution.[33] The
SEM image of the xerogel prepared from 2b, which showed
no CD signal, appeared to show discernable left-handed hel-
ical structures in the gel fibers of 2b (Figure S20A in the
Supporting Information).
In the bulk state, the differences in the degree of hydro-


gen-bonding interactions also became obvious. The observa-
tion of multiple N�H stretching vibrations for 1a, 2a, and
2b in their FTIR spectra (Table 1, Figure S8 in the Support-
ing Information) suggested that the amido/ureido groups
might bind to produce dimers with an s-cis conformation or
polymers with an s-trans conformation.[25a] When comparing
the two amido-containing compounds (1a and 1b), the car-
bonyl stretching of 1a was observed at a frequency that was
40 cm�1 lower than that of 1b, which suggested the existence
of stronger hydrogen bonds in 1a. Among the ureido-con-
taining compounds, compounds 2b and 3 gave only one car-
bonyl stretching signal (ñ=1640 (2b) and 1650 cm�1 (3)),
whereas two carbonyl stretching bands were observed for
2a (ñ=1710 and 1650 cm�1). This result may be a reflection
of different hydrogen-bonding interactions in these three
compounds.[34] These observations are in agreement with the
results obtained from solution studies that 1b, which has a
bulky amido substituent, formed the weakest hydrogen
bonds and that hydrogen bonding was significantly strength-


Table 2. Gelation test for 2b and 3 in n-hexane/THF, n-heptane/THF,
and toluene/THF.


Apolar solvent[a]


[mL]
THF
[mL]


G.C.min
[b]


ACHTUNGTRENNUNG[wt%]
Phase/
Tg [8C]


hexane
2b[c] 0.55 1.30 0.068 G[d]/43
heptane
2b[c] 0.60 1.10 0.081 G/31
toluene
2b[c] 0.50 0.35 0.15 G/A[e]


3[f] 1.90 0 0.035 G/42


[a] Hexane, heptane, or toluene. [b] G.C.min=minimum gelation concen-
tration. [c] 1 mgvol�1. [d] G=gel at room temperature; [e] A=destroyed
by mechanical agitation. [f] 0.6 mgvol�1
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ened both by reducing the size of the substituent and by
using a more effective hydrogen-bonding ureido group.
The supramolecular columnar arrangements of the com-


pounds at different temperatures were investigated by 2D
WAXS, whereby it was found that the hydrogen-bonding in-
teractions strongly influenced the stacking and especially
the thermal properties of these materials. The most interest-
ing observation was the irreversibility of mesophase forma-
tion after annealing for compounds 1a, 2a, and 2b, which is
a unique property for HBC derivatives. The columnar stack-
ing at room temperature before annealing resembled that of
most other HBC molecules in the crystalline phase.[27a] The
periodic distance along columns was determined to be
0.47 nm for 1a and 2b, and 0.46 nm for 2a, which is in good
agreement with the length of the hydrogen-bonding units
between the urea and amide groups (0.44–0.48 nm).[16,17a,35]


This provides the opportunity for a near-optimum arrange-
ment of hydrogen-bonding functional groups. As the tem-
perature was increased to 170 8C, the effect of the hydrogen
bonds was weakened and p interactions became the domi-
nant influence on the supramolecular arrangement. This led
to a typical LC organization with nontilted molecular discs,
a typical intermolecular p-stacking distance (0.36 nm), and
hexagonal 2D columnar packing. Thereby, stacked arenes
separated by 0.36 nm and hydrogen bonds of 0.47 or
0.46 nm can be simultaneously accommodated in the struc-
ture shown in Figure 8, which has a helical arrangement.
The unexpected preservation of the LC supramolecular or-
ganization after prolonged annealing is consistent with the
observation of only an irreversible endothermic transition
during the heating cycle on the DSC diagram (2b). This be-
havior can be explained in terms of the relative importance
of various weak interactions at different temperatures. At
low temperatures, the hydrogen bonding and the crystallini-


ty of the alkyl substituents dictate the supramolecular ar-
rangement to give monoclinic columnar packing with tilted
molecular discs. At high temperatures, the relative impor-
tance of hydrogen bonding lessens[32] and p interactions
become dominant. As such, a hexagonal columnar arrange-
ment forms. Upon cooling, the order imposed by p stacking
remains in place and intermolecular hydrogen bonding be-
tween side chains cements the structure. Thus, the coopera-
tive effects of the weak interactions (p stacking, hydrogen
bonding, and side chain crystallinity) are responsible for the
preservation of the LC phase. Again, it is noteworthy that
the functional groups are attached directly to the aromatic
cores and the intracolumnar hydrogen bonds are thus estab-
lished between discs within the same supramolecular
column. This stands in stark contrast to the previously re-
ported HBC derivatives, which had hydrogen-bonding func-
tionalities that were separated from the HBC cores by long
alkyl spacers and resulted in the formation of intercolumnar
hydrogen bonds.[15]


The observation that 1b maintained the same columnar
arrangement over the whole temperature range suggested a
less pronounced influence of hydrogen bonds on the supra-
molecular arrangement at low temperatures.
Upon inclusion of a second ureido group (i.e., 3), the 2D


WAXS pattern revealed an increased disorder at low tem-
peratures, which implied an even stronger influence of the
hydrogen bonds. The decrease in the cofacial stacking dis-
tance (from 0.38 to 0.36 nm) upon increasing the tempera-
ture (from 120 8C to 180 8C) showed that the supramolecular
arrangement induced by the p interactions could only be ob-
tained after the hydrogen bonds were significantly weak-
ened at higher temperatures. The loss of long range order
upon cooling not only indicates that hydrogen bonding is
more important than p interactions at room temperature,
but also that the two effects do not operate cooperatively in
this system.
All of the results discussed above clearly demonstrate


that for successful cooperative implementation of two secon-
dary forces to improve the self-assembling propensity, the
spatial demands and geometrical requirements need to coin-
cide. By selecting a stronger hydrogen-bond donor, that is,
the ureido unit, and reducing the size of the side chain at-
tached to the functional group, for example, as in 2b, the
HBC derivative exhibited excellent self-assembling ability
both in solution and in the solid state. The introduction of a
second strong hydrogen-bond provider at the para position
(in the case of 3) was, however, counterproductive. A bulky
side chain and relatively feeble hydrogen-bonding group, in
the case of 1b, resulted in an almost undetectable influence
on the self-assembly behavior of the HBCs.
It has been observed previously that amphiphilic HBCs


are capable of gelling some organic solvents under certain
conditions.[36] For compounds 2b and 3, the combination of
stronger and more rigid hydrogen bonds and their intrinsic
p interactions caused the HBCs to behave like LMOGs.
Both materials exhibited excellent gelation abilities with
very low minimum gelation concentrations compared with


Figure 8. Schematic representation of the coincidence of hydrogen-bond-
ing interactions and p interactions after annealing for 2b.
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perylene-[37] and porphyrin-based[17c,d,35g] LMOGs, which also
combine p interactions with hydrogen bonds. The gelling
process could be assumed to be as follows: The hydrogen
bonds were initially significantly weakened in solution by
heating at reflux and the p interactions dominated the mo-
lecular aggregation. As in the bulk state, the hydrogen-
bonding interactions stabilized these aggregates upon cool-
ing and further accumulated these microscopic aggregates
into fibrillar supramolecular structures. An SEM image of
the xerogel (Figure 7B) showed that the resulting three-di-
mensional network trapped small solvent molecules and sta-
bilized the substance in a metastate between liquid and
solid, which led to the formation of fluorescent organogels.


Conclusion


Through the introduction of hydrogen bonds along the HBC
columnar axis, the self-association propensities of HBC de-
rivatives have been improved considerably and were also
strongly influenced by varying both the size of the substitu-
ents and the nature of the hydrogen-bonding groups at the
same time. The self-assembling abilities of these compounds
increased substantially as the hydrogen-bonding interactions
became stronger and the steric demands of the side chains
diminished. Accordingly, the compound with the weaker hy-
drogen-bonding group and the bulkier substituent (1b) ex-
hibited the lowest aggregation tendency. By the same token,
either reducing the steric hindrance of the substituent (1a)
or incorporating a stronger hydrogen-bonding unit (2a, 2b)
endowed the HBCs with a stronger self-assembling ability.
When a second hydrogen-bond donating group was connect-
ed to the aromatic core at the para position (3), the mole-
cule displayed the strongest aggregation tendency in solu-
tion.
Nevertheless, in the bulk state, depending upon the


strength of the intermolecular interactions and the geometry
of functional groups, hydrogen bonds either cooperated with
the p interactions to stabilize the HBC columnar superstruc-
tures, which even resulted in the preservation of a highly or-
dered LC phase after annealing (1a, 2a and 2b), or compet-
ed against the p interactions, which led to a short-range or-
dered supramolecular arrangement (3).
Finally, the relatively stronger hydrogen bonds of 2b and


3 rendered these HBC derivatives as LMOGs, which has
never been characterized previously for HBC derivatives.
HBC molecules 2b and 3 assembled into stable, three-di-
mensional networks under the collaboration of hydrogen
bonding and p interactions, which trap small solvent mole-
cules to form fluorescent organogels. The hydrogen bonds
significantly enhanced the self-assembling abilities of the
HBCs and thus endowed them with excellent gelation abili-
ties. In so doing, the optoelectronic properties of HBCs
have been made available for exploitation in the area of
functional organogels. Owing to the intrinsic semiconducting
properties of stacked HBCs, such gels are promising candi-
dates for applications in areas such as energy transfer along


one-dimensional aligned chromophores,[17d,38a] enhanced
charge transport based on organic semi-conducting
layers,[38b] light-scattering electrooptical materials through
the cooperation of LC moieties,[38c] and sensor devices[6,38d]


(following the introduction of additional functionalities).


Experimental Section


General methods : Chemicals were obtained from Fluka, Aldrich, and
ABCR and used as received. Column chromatography and TLC were
performed with Merck silica gel 60 (70–230 mesh) and Merck silica gel
60 F254, respectively. 1H NMR and 13C NMR spectra were recorded by
using a Bruker DPX 250, Bruker 300 AMX, Bruker DRX 500, or Bruker
DRX 700 spectrometer with the solvent proton or carbon signal as an in-
ternal standard. MALDI-TOF mass spectra were measured by using a
Bruker Reflex II-TOF spectrometer with a 337 nm nitrogen laser and
7,7,8,8-tetracyanoquinodimethane (TCNQ) as the matrix. The optical ab-
sorption measurements were performed at ambient temperatures by
using a UV/Vis/NIR Perkin–Elmer Lambda 900 spectrometer. The pho-
toluminescence in solution was recorded by using a SPEX Fluorolog 2
type 212 steady-state fluorometer. Infrared spectroscopy was measured
by using Nicolet FTIR 320 spectrometer. DSC measurements were con-
ducted by using a mettler DSC 30 instrument with a heating and cooling
rate of 10 8Cmin�1. The 2D-WAXS experiments were performed by
means of a rotating anode (Rigaku 18 kW) X-ray beam with a pinhole
collimation and a 2D Siemens detector. A double graphite monochroma-
tor for the CuKa radiation (l =0.154 nm) was used. Electron microscopy
was performed by using a Zeiss 1530 electron microscope. LSCM was
conducted by using a LSM 510 laser scanning module coupled to a Zeiss
Axiovert 200m inverted microscope.


2-Benzophenonimino-5,8,11,14,17-penta(3,7-dimethyloctanyl)hexa-peri-
hexabenzocoronene (5): 2-Bromo-5,8,11,14,17-penta(3,7-dimethylocta-
nyl)hexa-peri-hexabenzocoronene (4) (261.3 mg, 201.0 mmol), [Pd2 ACHTUNGTRENNUNG(dba)3]
(4.9 mg, 5.0 mmol), BINAP (10.0 mg, 16.0 mmol), and sodium tert-butox-
ide (461.0 mg, 4.8 mmol) were dissolved in dry toluene (10 mL) and
heated to 80 8C in a 25 mL Schlenk flask under argon. Then benzopheno-
nimene (870.0 mg, 4.8 mmol) was added dropwise. The mixture was
stirred at 80 8C for 16 h. After cooling, the mixture was poured into meth-
anol (100 mL). The yellow solid that precipitated was filtrated, redis-
solved in a minimum amount of THF and precipitated by adding metha-
nol twice. Compound 5 was obtained as yellow solid (265 mg, 95%).
1H NMR (250 MHz, CDCl3, 25 8C): d=8.30–8.26 (m, 6H; Ar�H), 8.16–
8.12 (m, 6H; Ar�H), 7.60–7.59 (m, 4H; Ar�H), 7.40–7.37 (m, 2H; Ar�
H), 7.20–7.11 (m, 4H; Ar�H), 3.04–2.90 (m, 10H; a-CH2), 1.98–1.14 (m,
65H; �CH, �CH2, �CH3), 0.92–0.90 ppm (m, 30H; �CH3);


13C NMR
(62.5 MHz, [D8]THF, 25 8C): d=168.1, 148.9, 141.2, 140.8, 140.7, 140.6,
138.0, 131.6, 130.9, 130.6, 130.5, 130.4, 130.3, 129.4, 129.1, 129.0, 123.8,
123.7, 123.6, 122.3, 121.9, 121.7, 120.0, 119.9, 119.8, 116.2, 41.1, 41.0, 40.5,
38.6, 38.5, 35.8, 34.4, 29.1, 23.3, 23.2, 20.4 ppm; MS (MALDI-TOF,
TCNQ): m/z (%): 1404 (100%) [M+H]+ .


2-Amino-5,8,11,14,17-penta(3,7-dimethyloctanyl)hexa-peri-hexabenzocor-
onene hydrochloride (6): Compound 5 (297.3 mg, 0.2 mmol) was dis-
solved in THF (10 mL) and 2.5m HCl (70 mL) was added under an argon
atmosphere. The solution immediately, but temporarily, turned black fol-
lowed by the formation of a suspension of yellow powder in the aqueous
solution. The mixture was stirred vigorously for 5 h and filtered. The
solid was washed with water until the pH value of the filtrate was close
to 7, then it was washed with acetone to remove excess diphenylketone,
as monitored by TLC. Ammonium salt 6 was collected as a yellow
powder after being dried under high vacuum (236 mg, 87%). MS
(MALDI-TOF, TCNQ): m/z (%): 1239 (100%) [M�H]+. This compound
was used directly in the next step, owing to the instability of the free
base. NMR spectroscopy was not used for structural characterization, but
rather the spectra of derivatives were measured.
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General procedure for the synthesis of compounds 1a and 1b : Com-
pound 6 (0.06 mmol, 74.3 mg), triethylamine (0.5 mL) and LiBr
(110.0 mg) were added to a mixture of toluene/THF (1:1, 5 mL) and
heated to 80 8C under an argon atmosphere. The appropriate acetyl chlo-
ride (0.6 mmol) was added dropwise. The mixture was stirred at 80 8C
overnight. After cooling to room temperature, the mixture was poured
into methanol (100 mL). The precipitate was collected and further puri-
fied by column chromatography.


2-Nonylamido-5,8,11,14,17-penta(3,7-dimethyloctanyl)hexa-peri-hexaben-
zocoronene (1a): Compound 1a was prepared according to the general
procedure. The product was purified by using a silica gel column and a
mixture of low-boiling petroleum ether/CH2Cl2 (2:1) as the eluent (Rf=


0.36) to afford 1a as a yellow powder (79 mg, 88%). 1H NMR (250 MHz,
[D8]THF/LiBr, 50 8C): d=10.91 (s, 1H; �NH), 9.32 (s, 2H; Ar�H), 8.47
(s, 2H; Ar�H), 8.36 (s, 2H; Ar�H), 8.27–8.19 (m, 6H; Ar�H), 3.05–2.96
(m, 12H; a-CH2), 2.01 (br s, 12H; b-CH2), 1.57–1.15 (m, 65H; �CH,
�CH2), 0.96–0.88 ppm (m, 33H; �CH3);


13C NMR (62.5 MHz, [D8]THF/
LiBr, 50 8C): d=173.3, 146.3, 140.8, 140.3, 140.2, 138.9, 135.7, 130.8,
130.6, 130.4, 130.2, 130.0, 129.9, 125.9, 123.7, 123.5, 122.4, 121.7, 121.6,
121.4, 119.9, 119.6, 119.5, 119.4, 114.6, 41.0, 40.9, 40.5, 38.5, 34.4, 34.3,
32.8, 31.8, 31.0, 30.9, 30.5, 29.0, 23.2, 23.1, 20.3, 14.4 ppm; MS (MALDI-
TOF, TCNQ): m/z (%): 1379 (100%) [M]+ .


2-(R)-(�)-a-methoxy-a-(trifluoromethyl)phenylethylamido-5,8,11,14,17-
penta(3,7-dimethyloctanyl)hexa-peri-hexabenzocoronene (1b): Compound
1b was prepared according to the general procedure. The product was
purified by using a silica gel column and a mixture of low-boiling petrole-
um ether/THF (10:1) as the eluent (Rf=0.56) to afford 1b as a yellow
powder (72 mg, 81%). 1H NMR (250 MHz, [D8]THF, 25 8C): d =10.01 (s,
1H; �NH), 9.57 (s, 2H; Ar�H), 8.77 (br s, 4H; Ar�H), 8.69 (s, 2H; Ar�
H), 8.63–8.61 (m, 4H; Ar�H), 7.96 (d, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 2H; Ar�H),
7.57–7.53 (m, 3H; Ar�H), 3.90 (s, 3H; �OCH3), 3.29–3.19 (m, 10H; a-
CH2), 2.01–1.21 (m, 68H; �CH, �CH2), 0.93–0.91 ppm (m, 33H; �CH3);
13C NMR (175 MHz, [D8]THF, 25 8C): d=168.8, 144.5, 144.3, 144.2, 140.4,
137.8, 134.7, 133.9, 133.7, 133.6, 127.2, 126.9, 126.1, 123.3, 123.1, 116.9,
44.1, 43.9, 43.5, 41.5, 38.8, 38.7, 37.3, 37.2, 33.6, 32.0, 26.2, 26.1, 23.3 ppm;
MS (MALDI-TOF, TCNQ) m/z (%): 1455 (100%) [M]+ .


General procedure for the synthesis of compounds 2a and 2b : Com-
pound 6 (123.9 mg, 0.1 mmol), LiBr (55 mg), and triethylamine (0.5 mL)
were added to a mixture of toluene/THF (1:1, 5 mL) and heated to 80 8C
under argon. The appropriate isocyanate (1.3 mmol) was added dropwise,
and the reaction stirred at 80 8C for 45 h. After the mixture was cooled,
the crude product was precipitated in methanol (250 mL) and dried
under vacuum after filtration. The crude product was further purified by
column chromatography.


2-(N’-Octanylureido)-5,8,11,14,17-penta(3,7-dimethyloctanyl)hexa-peri-
hexabenzocoronene (2a): Compound 2a was prepared according to the
general procedure. The product was purified by using a mixture of low-
boiling petroleum ether/CH2Cl2 (3:1) with LiBr and then LiBr/THF as
the eluents (Rf=0.4) to afford 2a as a brown solid (75 mg, 60%).
1H NMR (250 MHz, [D8]THF/LiBr, 50 8C): d =9.81 (s, 1H; �NH), 8.97
(br s, 2H; Ar�H), 8.64 (s, 2H; Ar�H), 8.41–8.17 (m, 8H; Ar�H), 7.59 (s,
1H; �NH), 3.41 (br s, 2H; a-CH2), 3.13–3.05 (m, 10H; a-CH2), 2.17–1.83
(m 12H; b-CH2), 1.65–1.14 (m, 65H; �CH, �CH2), 0.95–0.82 ppm (m,
33H; �CH3);


13C NMR (175 MHz, [D8]THF/LiBr, 50 8C): d =160.8,
144.5, 144.6, 144.3, 144.2, 135.8, 133.6, 126.9, 126.6, 125.7, 125.3, 125.1,
123.6, 123.3, 122.6, 44.7, 44.3, 44.2, 43.8, 43.6, 41.6, 38.8, 38.6, 37.5, 37.4,
37.2, 36.1, 35.9, 33.9, 33.8, 33.7, 33.5, 33,4, 33,3 32.1, 31.2, 23.4, 17.5 ppm;
MS (MALDI-TOF, TCNQ): m/z (%): 1394 (100%) [M]+ .


2-(N’-(S)-(�)-1-phenylethylureido)-5,8,11,14,17-penta(3,7-dimethylocta-
nyl)hexa-peri-hexabenzocoronene (2b): Compound 2b was prepared ac-
cording to the general procedure. The residue was purified with a mix-
ture of low-boiling petroleum ether/CH2Cl2 (3:2) with LiBr and then
LiBr/THF as the eluents (Rf=0.15) to afford 2b as a brown solid (81 mg,
54%). 1H NMR (250 MHz, [D8]THF/LiBr; 50 8C): d=10.12 (s, 1H;
�NH), 9.01 (s, 2H; Ar�H), 8.51 (br s, 4H; Ar�H), 8.42 (br s, 2H; Ar�
H), 8.33 (br s, 4H; Ar�H), 8.03 (br s, 1H; �NH), 7.78 (d, 3J ACHTUNGTRENNUNG(H,H)=


7.2 Hz, 2H; Ar�H), 7.41 (t, 3J ACHTUNGTRENNUNG(H,H)=7.9 Hz, 2H; Ar�H), 7.24 (t, 3J-
ACHTUNGTRENNUNG(H,H)=7.5 Hz, 1H; Ar�H), 5.50 (s, 1H; t-CH), 3.14–3.05 (m, 10H; a-


CH2), 1.23–2.05 (m, 65H; �CH, �CH2), 0.93–0.97 ppm (m, 33H; �CH3);
13C NMR (125 MHz, [D8]THF/LiBr, 50 8C): d=157.1, 147.2, 140.6, 140.1,
139.9, 139.7, 130.9, 130.4, 130.3, 130.2, 129.9, 129.1, 127.3, 127.1, 123.7,
123.6, 123.5, 122.5, 121.6, 121.5, 121.3, 120.9, 119.9, 119.5, 119.2, 119.1,
113.8, 50.5, 41.1, 40.9, 40.8, 40.5, 38.5, 35.9, 35.7, 35.6, 34.4, 34.34, 30.5,
29.0, 23.2, 23.1, 20.4 ppm; MS (MALDI-TOF, TCNQ): m/z (%): 1386
(100%) [M]+ .


2,11-Bis-{N’-[3,4,5-tris-(dodecyloxyphenyl)ureido]-4-phenyl-1-ethylnyl}-
5,8,14,17-tetradodecanylhexa-peri-hexabenzocoronene (3): Compound 7
(109 mg, 0,08 mmol), 8 (152 mg, 0,19 mmol), [PdACHTUNGTRENNUNG(PPh3)4] (18 mg,
0,02 mmol), CuI (6 mg, 0,03 mmol) and LiBr (100 mg) were dissolved in
a mixture of Et3N/THF (2:1, 15 mL). The mixture was carefully degassed
twice by freeze-thaw method and the reaction lasted for 4 days at 50 8C
under argon atmosphere. After it was cooled to room temperature, the
reaction was quenched with water (30 mL). The organic phase was ex-
tracted with CH2Cl2 (3R50 mL) and dried over MgSO4. The solvent was
removed in vacuo and the product was purified by column chromatogra-
phy by using THF/CH2Cl2 (3:1) with LiBr as the eluent to afford 3 as a
yellow powder (81 mg, 13%). 1H NMR (500 MHz, [D8]THF/LiBr, 50 8C):
d=8.53 (s, 4H; Ar�H), 8.22–8.01 (m, 12H; Ar�H), 7.72 (d, 4H; 3J-
ACHTUNGTRENNUNG(H,H)=7 Hz, 4H; Ar�H), 7.51 (d, 4H; 3J ACHTUNGTRENNUNG(H,H)=7 Hz, 4H; Ar�H), 6.82
(s, 4H; Ar�H), 3.91 (t, 2J ACHTUNGTRENNUNG(H,H)=6 Hz, 12H; �OCH2), 2.89 (br s, 8H; a-
CH2), 1.56–1.30 (m, 180H; �CH2), 0.92–0.87 ppm (m, 50H; �CH2,
�CH3);


13C NMR (125 MHz, [D8]THF/LiBr, 50 8C)): d=166.0, 159.5,
151.7, 140.8, 138.6, 135.8, 133.9, 133.7, 133.1, 123.2, 118.3, 116.51, 116.47,
114.6, 114.5, 114.2, 113.8, 113.0, 112.8, 112.6, 109.3, 107.3, 106.2, 60.1,
33.0, 32.7, 30.6, 27.9, 26.4, 25.0, 22.7, 21.2, 18.1, 18.0, 15.3, 15.2, 12.5 ppm;
MS (MALDI-TOF, TCNQ): m/z (%): 2770 (100%) [M]+ .
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Introduction


Covalently linked donor–acceptor conjugates including full-
erene C60 have attracted much attention because electron-
transfer reactions to C60 are highly efficient due to the mini-
mal changes of structure and solvation that are associated
with the electron-transfer reduction.[1–5] Such conjugates
have been widely used in photoelectronic devices such as
photovoltaic cells.[6,7] As electron donors for linkage to C60,
porphyrins have frequently been used, because porphyrins,
which contain an extensively conjugated two-dimensional p-
system, are also suitable for efficient electron transfer due
to the minimal structural and solvation changes upon elec-
tron transfer. In addition, rich and extensive absorption fea-
tures of porphyrinoid systems guarantee increased absorp-
tion cross-sections and an efficient use of the solar spec-
trum.[8–10] However, only polar solvents can be used for
charge separation, since the charge-separated state cannot
be observed in non-polar solvents where the charge separa-
tion energy exceeds that of the triplet energy of C60. In such
a case the photoexcitation of the donor–acceptor conjugates
leads to the formation of the triplet excited state of C60


rather than the radical ion pair state.[11] As compared to por-
phyrins, tetrathiafulvalene (TTF) provides an important ad-
vantage due to the stabilization of the radical ion pair state
of the C60 conjugates relative to the triplet excited state of
the C60 moiety.[5,12–16] 1,6-Dithiapyrene (DTP, 1) is also
known to act as an excellent Weitz-type electron donor with
a reduction potential comparable to that of TTF.[17,18] A key
difference between DTP (1) and TTF is that DTP is aromat-
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ic (18 p-electrons) in the neutral state, whereas TTF has a
non-aromatic neutral state (two 7 p-electron rings) and
gains aromaticity (formation of 6 p-electron dithiolium cat-
ions) upon oxidation. 1,6-Dithiapyrene (1) has more exten-
sive absorption in the visible region, acting as a better chro-
mophore than TTF. However, donor–acceptor dyads com-
posed of dithiapyrene and C60 have yet to be reported, de-
spite the evident interest in combining these moieties.


We report herein the synthesis and photodynamics of C60–
dithiapyrene conjugate 4. The corresponding C60–pyrene
conjugate 6 with virtually the same geometry was synthe-
sized to compare the photodynamics between C60–dithiapy-
ACHTUNGTRENNUNGrene and C60–pyrene dyads. In order to confirm the photoin-
duced charge separation and subsequent charge-recombina-
tion processes, we employed time-resolved fluorescence
measurements on the picosecond timescale and transient ab-
sorption measurements on the pico- and microsecond time-
scale with detections that range from the visible to the near-
infrared regions. The present study provides deeper insight
into the control of the electron-transfer processes by subtle
changes in the redox potentials and/or solvent polarity.


Results and Discussion


Synthesis : Functionalization of 1 is essentially unex-
plored[17–21] and no 1–acceptor dyads have been reported.
Derivatives of 1 functionalized only at positions 2 and 7 are
known from the literature, which are accessible through lith-
iation chemistry [reaction with nBuLi followed by quench-
ing with an electrophile, for example, C6F13I


[19] or N,N-dime-
thylformamide (DMF)[20] resulting in 2-iodo-, 2,7-diodo- or
2-formyl-derivatives, respectively]. We have found that elec-
trophilic substitution in 1 opens an access to 1,6-dithiapy-
ACHTUNGTRENNUNGrenes functionalized at position 5: reaction of 1 with phos-
phorus oxychloride and DMF under Vilsmeier conditions
gave 5-formyl derivative 2 in 68% yield.


The new 5-formyl derivative 2 has a melting point range
of 255–257 8C, which is substantially different from the
known 2-formyl-1,6-dithiapyrene (m.p. 215–216 8C).[20] Con-
sidering that other physical data for these two isomers are
similar (e.g. elemental analyses, MS, number of signals in 1H
and 13C NMR, and splitting in 1H NMR spectra) and routine
one-dimensional NMR spectroscopy did not confirm the po-
sition of functionalization in the 1,6-dithiapyrene ring, the
structure of 2 was proved by 2D-NMR spectroscopy studies
(COSY, NOESY techniques, see Supporting Information
Figures S1–S9). In order to provide further confirmation of
this structure, aldehyde 2 was converted into the aldimine 3
(see Supporting Information). The increased solubility intro-
duced by the cyclohexyl moiety of 3 enabled more detailed
NMR spectroscopic studies (COSY, NOESY, HSQC,
HMBC techniques) to be preformed to unambiguously
assign the structure (Supporting Information, Figures S10–
S15).


Reaction of 2 with C60 via PratoMs 1,3-dipolar cycloaddi-
tion protocol with an azomethine ylide generated in situ[22]


afforded the mono-adduct 4 (64% yield) (Scheme 1). A sim-
ilar Prato reaction of pyrene-1-carboxaldehyde (5) gave C60–
pyrene dyad 6 in 56% yield. Although electrochemical in-


vestigations on dyad 6 have been reported recently,[23] no de-
tails on its synthesis and characterization have been given.
Both structures were assigned from 1H NMR spectra,
MALDI-TOF MS and electronic absorption spectra. Dyad 6
was additionally characterized by 13C NMR spectroscopy
(solubility of dyad 4 is very low for 13C NMR, but it showed
satisfactory elemental analyses).


Theoretical calculations : Prior to the photophysical investi-
gations we tested the donor and acceptor features in C60–di-
thiapyrene (4) and C60–pyrene (6). In this context, B3LYP/6-
31G(d) calculations emerged as an important reference
point. They reveal that in fully optimized geometries the
HOMO and LUMO are exclusively delocalized over the di-
thiapyrene (�4.58 eV)/pyrene (�5.39 eV) and C60 (�3.05/
�3.06 eV) moieties, respectively (Figure 1; for more details
on DFT calculations see Figures S30–S33 in Supporting In-
formation). This reflects a lack of electronic interactions be-
tween the donor and acceptor fragments in both donor–ac-
ceptors systems, despite imminent close center-to-center dis-
tances between the donor and the acceptor moieties of 8.17
and 8.30 O in 4 and 6, respectively. The small effects of the
donor units on the LUMO (0.17–0.18 eV) and the acceptor
unit on the HOMO energy levels (0.14 eV) in C60–dithiapyr-
ene (4) and C60–pyrene (6)—as evidenced from comparison
with parent DTP (1) and C60, Figure 2—are in good agree-
ment with the lack of electronic interactions between the
donor and acceptor moieties. Considering the energies of
the two HOMO and LUMO levels we estimate energy gaps
in the gas phase of 1.53 eV for C60–dithiapyrene and 2.34 eV
for C60–pyrene (Figure 2).


Scheme 1. Synthesis of the compounds discussed herein.
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Electrochemistry : The solution redox properties of C60–di-
thiapyrene (4) and C60–pyrene (6) were studied by cyclic
voltammetry (CV) along with compounds 1, C60 and the


model N-methylfulleropyrroli-
dine (7; Table 1). Compound 1
displayed two reversible, one-
electron oxidation waves at low
potentials, due to sequential
cation radical and dication for-
mation, as described previous-
ly.[18] C60–dithiapyrene (4), on
the other hand, is highly redox
amphoteric, displaying two
single-electron oxidation waves
from the DTP moiety and two


single-electron reduction waves from the fullerene moiety
(Figure 3, Table 1 and Figures S18–S22 in Supporting Infor-
mation). Small donor–acceptor interactions in 4 result in
slightly anodic shifts of the oxidation potentials of the DTP
moiety compared to 1 (by 0.07 V for E1ox


1/2 and 0.02 V for


E2ox
1/2) and little cathodic shifts of the reduction potentials


of the C60 moiety compared with 7 (by 0.02 V for both
E1red


1/2 and E2red
1/2 in PhCN, Table 1). These results are in


good agreement with theoretical predictions from DFT cal-
culations discussed above for the evolution of HOMO–
LUMO energies in 4 compared with 1 and C60. A contribu-
tion to the cathodic shift of E1red


1/2 in 4 compared with pris-
tine C60 arises from breaking of a C=C double bond in the
C60 system; thus, 7 showed a 90 mV cathodic shift of E1red


1/2


compared with C60 (Table 1; cf. ref.[24]).
Reduction of C60–pyrene (6) occurs at almost the same


potentials as for 4 and 7 thus confirming a negligible effect
of the donor units on the LUMO energy level. In contrast,
the oxidation of the pyrene unit in 6 is anodically shifted by
0.91 V (from comparison of their E1ox


pa potentials) com-
pared with the oxidation of the DTP moiety in 4 and the
process is electrochemically irreversible (Figure 3, Table 1).


Photophysics : Orbital analysis of 4 confirms the expected
localization of the HOMO on the dithiapyrene fragment
and the LUMO on the C60 moiety (Figure 1). There is little
orbital interaction between the donor and acceptor moieties
as indicated by the electrochemical measurements (see
above). This is also confirmed by the UV-visible spectrum,
which is the superposition of that of each component as
shown in Figure 4 (see also Figures S25 and S26 in the Sup-
porting Information), in which the spectrum of C60–pyrene 6
is given for comparison.


Figure 1. Localization of HOMO and LUMO orbitals in dyads 4 and 6
according to B3LYP/6-31G(d) calculations.


Figure 2. Energy levels of frontier orbitals of dyads 4 and 6 in comparison
with those for DTP (1) and C60 from DFT B3LYP/6-31G(d) calculations
in the gas phase.


Figure 3. Cyclic voltammograms of a) C60–dithiapyrene 4 (scan rate
500 mVs�1) and b) C60–pyrene 6 (scan rate 100 mVs�1) dyads in benzoni-
trile, 0.1m Bu4NPF6.
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Preliminary insights into conceivable donor–acceptor im-
plications were gained from steady-state fluorescence ex-
periments (Figure 5). Hereby, the fluorescing features of
pyrene and dithiapyrene are particularly useful, since they
enable the deactivation of the pyrene (3.22 eV) and dithia-
pyrene (2.43 eV) singlet excited states in the references, as
well as in C60–dithiapyrene 4 and in C60–pyrene 6, to be fol-
lowed with ease. Specifically, fluorescence quantum yields of
close to unity and fluorescence lifetimes of the order of tens
of nanoseconds are sensitive markers. Notably, both sets of
systems, that is, C60–dithiapyrene 4 and C60–pyrene 6, exhibit
dual fluorescence. Besides the strong fluorescence of dithia-
pyrene and pyrene in the visible part of the spectrum, C60


derivatives exhibit weak fluorescence in the near-infrared
part of the spectrum (650–850 nm). In fact, the C60-reference
compound 7 (1.78 eV) reveals nearly solvent-independent
fluorescence quantum yields of 6.0Q10�4 and fluorescence
lifetimes of 1.5 ns.


Relative to the strong fluorescence of the reference
(0.75), the pyrene fluorescence in C60–pyrene is nearly quan-
titatively quenched. Notably, the quenching is stronger in
THF (i.e., 0.003) than in toluene (i.e., 0.005). Instead, the fa-
miliar fullerene fluorescence spectrum was found with a


characteristic *0–0 transition around 715 nm, despite exclu-
sive excitation of the pyrene moiety. To unravel the mecha-
nism of producing the C60 fluorescence, an excitation spec-
trum was taken. The excitation spectrum of C60–pyrene was
an exact match of the ground state absorption of the fuller-
ene reference 7 with maxima at 360 and 412 nm, respective-
ly. This implies that there is a rapid transfer of singlet excit-
ed state energy from the photoexcited pyrene to the cova-
lently linked C60. Determining the quantum yield (6.0Q10�4)
of the C60 fluorescence shows that its formation is quantita-
tive, despite the exclusive excitation of the pyrene fragment.


Like in C60–pyrene 6, the dithiapyrene fluorescence (i.e.,
0.023) in C60–dithiapyrene 4 is subject to a marked fluores-
cence quenching that intensifies with the solvent polarity
(e.g., toluene: 0.003; THF: 0.002). However, for C60–dithia-
pyrene 4 no particular C60 fluorescence (i.e., !10�5) was
seen in the near-infrared region at all.


To complement the fluorescence studies, the photophysics
of C60–dithiapyrene 4 and C60–pyrene 6 were probed by


Table 1. Cyclic voltammetric data[a] for compounds 1, 4, 6, 7, and C60.


Comp. E1ox
1/2


[V]
E2ox


1/2


[V]
E1red


1/2


[V]
E2red


1/2


[V]
E3red


1/2


[V]
Eg


CV


[eV][b]


1[c] �0.06 +0.41
1[d] �0.11 +0.39
C60


[c] �0.92 �1.33
C60


[d] �0.97 �1.38 �1.62
4[c] +0.01 +0.45[e] �1.03 �1.45 0.87
6[c] +0.95[e] �1.02 �1.43 �1.82[f] 1.62
7[c] �1.01 �1.43


[a] Electrolyte 0.1m Bu4NPF6; scan rate 100 mVs�1 (for 1, 6 and C60) and
500 mVs�1 (for 4); potentials measured vs. Ag/Ag+ reference electrode
and standardized to Fc/Fc+ couple [EFc/Fc


+ =++0.20 V vs. Ag/Ag+


(PhCN); +0.24 V (PhCN/o-DCB, 1:1 v/v)]. [b] HOMO–LUMO gap, esti-
mated from the onsets of oxidation and reduction processes in CV.
[c] CV in benzonitrile; see also ref. [23] for CV with the microcell in tolu-
ene/DMF 3:2. [d] CV in benzonitrile/o-DCB 1:1 v/v. [e] Irreversible peak
(E1ox


pa). [f] Irreversible peak (E1red
pc).


Figure 4. UV/Vis spectra of a) dithiapyrene, b) C60–dithiapyrene 4, c)
pyrene and d) C60–pyrene 6 in toluene.


Figure 5. a) Fluorescence spectra in toluene with matching absorption at
the a) 335 nm excitation; b) 460 nm excitation; and c) 325 nm excitation.
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means of time-resolved transient absorption spectroscopy.
Femtosecond laser flash photolysis allowed for the charac-
terization of the dynamic processes, which are associated
with the generation and the fate of photoexcited states in
these novel donor–acceptor conjugates, but more important-
ly, these data helped to shed light on the nature of the pho-
toproduct, that is, an excited state or charge-separated state
evolving from an intramolecular energy or electron transfer
process, respectively.


First, the reference compounds should be discussed. In
femtosecond-resolved transient absorption measurements,
the pyrene reference gave rise to an instantaneously formed
(i.e., within �2 ps), broadly absorbing transient with a maxi-
mum around 475 nm (Figure S27 in Supporting Informa-
tion). On the timescale of up to 3000 ps no significant decay
of the excited state absorption was observed. It is only on
the hundreds of nanosecond timescale that the pyrene sin-
glet excited state converts slowly (i.e., 4.3Q106 s�1) to the
corresponding triplet manifold, for which the following fea-
tures were determined in our experiments: a transient maxi-
mum at 430 nm.


Similarly, dithiapyrene reveals on the femtosecond time-
scale the rapid formation (i.e. , within �2 ps) of a singlet ex-
cited state, for which a maximum evolves at 530 nm (Figure
S28 in Supporting Information). This state is metastable and
another process follows, whose outcome on a timescale of
1500 ps is the formation of a distinct, new species, which is
characterized by bleaching around 475 nm and a set of
maxima at 515 and 550 nm. This absorption is in excellent
agreement with that found upon nanosecond excitation,
from which we infer that the underlying reaction is an inter-
system crossing (i.e., 2.3Q109 s�1) from the dithiapyrene sin-
glet to the energetically lower lying triplet excited state. The
triplet decays (i.e. , 3.6Q105 s�1) to the ground state.


Lastly, C60-reference compound 7 should be discussed
(Figure S29 in Supporting Information). The singlet excited
state of compound 7 displays a distinctive singlet–singlet
transition around 880 nm. The lifetime of the singlet–singlet
intermediate state is relatively short, as C60 and most of its
derivatives convert rapidly to the much longer-lived triplet
excited state with nearly unit yield. The process is a spin-for-
bidden intersystem crossing (ISC) with a high rate of 5.0Q
108 s�1 driven by an efficient spin-orbit coupling. The spec-
tral characteristics of the triplet excited state are maxima at
360 and 700 nm, followed by a low-energy shoulder at
800 nm.[25]


In the context of the current investigations, important fea-
tures of the electron donors (i.e. , dithiapyrene and pyrene)
and the electron acceptor (i.e., C60) are their corresponding
radical cation and radical anion spectra, respectively. Thus,
we have employed radiation chemical means to determine
the spectral characteristics of the dithiapyrene radical
cation, the pyrene radical cation and the fullerene radical
anion. The following peaks evolve for the pyrene radical
cation: 450, 500 and 575 nm.[26] For the dithiapyrene radical
cation, on the other hand, peaks were noted at 560, 630 and
770 nm.


Following the conclusion of the femtosecond excitation
(i.e., 355 nm) of C60–pyrene 6 a transient intermediate is
seen that—at first glance—resembles mostly that of the C60


reference. As Figure 6 shows the same broad maximum


around 880 nm, which is indicative of the C60 singlet excited
state, is seen regardless of the solvent (i.e. , toluene and
THF). This singlet excited state decays over the time course
of 3000 ps and concomitant with this decay a maximum at
700 nm grows in. The latter is a clear attribute of the C60


triplet excited state. A closer inspection reveals, however,
features that the C60 reference does not exhibit : maxima in
the visible at 450, 510 and 575 nm and in the near-infrared
at 1010 nm. Upon referral to the pulse radiolytic section we
conclude that the 450, 510 and 575 nm features correspond
to the pyrene radical cation, while the 1010 nm feature re-
lates to the C60 radical anion. Hence, we see besides singlet
and triplet excited states, the formation of an intermediate
radical ion pair state.


Considering the aforementioned analysis of the spectral
evolution it is hardly surprising that the best global fit of the
absorption time profiles comprise a bi-exponential fitting
function. In particular, in both solvents, namely toluene and
THF, a short-lived and a long-lived component were found.
Interestingly, the relative weight of the two contributions
changes with solvent polarity. While, for example, in toluene
the short-lived contribution is on the order of 5% it is
nearly 50% in THF. The short lived component changes
only slightly in the two solvents with values of 46�6 ps and
53�9 ps in toluene and THF, respectively. Contrasting these
results the long-lived component is solvent independent
and, more importantly, resembles the kinetics seen in the
C60-reference 7. This leads us to conclude that the short-
lived component must reflect the charge recombination,
while the long-lived component is the intrinsic intersystem
crossing affording the triplet excited state (see above). From
such dependence we must assume that the charge recombi-
nation dynamics in C60–pyrene 6 are located in the normal
region of the Marcus parabola.


Figure 6. Differential absorption spectra (visible and near-infrared) ob-
tained upon femtosecond laser flash photolysis (355 nm) of �1.0Q10�5m


solutions of C60–pyrene 6 in deaerated THF at different delay times; exci-
tation at 380 nm with OD=0.6.
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The behavior for C60–dithiapyrene 4 is very different.
Most importantly, with the help of spectroscopic and kinetic
analysis we identified only one photoproduct. Immediately
upon 380 nm photoexcitation the dithiapyrene singlet excit-
ed state features evolve, which attest to the successful di-
thiapyrene excitation despite the presence of C60. C60 exerts,
nevertheless, a profound impact on the singlet excited state
decay. In particular, a rapid conversion (1.3Q1012 s�1) into a
new transient is registered. Once the rapid disappearance of
the excited dithiapyrene absorption comes to an end (i.e. ,
�1.0 ps after the laser pulse), the following characteristics
remain: maxima at 560, 630, 770 and 1010 nm, see Figure 7.
The visible maxima are ascribed to the radical cation of di-
thiapyrene, because the dithiapyrene radical cation, pro-
duced by the one-electron oxidation of dithiapyrene 1 has


absorption bands at 560, 630
and 770 nm. The absorption
maximum in the near-infrared
region, on the other hand, is an
excellent match to the one-elec-
tron reduced fullerene. We
therefore conclude that photo-
excitation of C60–dithiapyrene 4
yields in THF a radical ion pair
state that evolves from the di-
thiapyrene and/or C60 singlet
excited state. A similar radical
ion pair state is also obtained in
cyclohexane, toluene and DMF.
Please note that no C60 singlet
excited state features are dis-
cernable, neither in toluene nor
THF, at any given time delay
after the photoexcitation. On
this basis we rule out any signif-
icant contribution that might


evolve from a transduction of singlet excited state energy
between DTP (1) (2.43 eV) and C60 (1.78 eV). The time pro-
files of the absorbance at 670 nm and 1014 nm in THF and
toluene are shown in Figure 8. The lifetimes are determined
as tCS=0.5 ps (2.0Q1012 s�1) in DMF, tCS=2 ps (5.0Q1011 s�1)
in THF, tCS=27 ps (3.9Q1010 s�1) in toluene and tCS=


1011 ps (9.8Q108 s�1) in cyclohexane.
The slower charge-recombination rate in toluene than


that in a more polar solvent (THF) suggests that this process
is in the Marcus inverted region, where the electron-transfer
rate becomes slower with increasing the driving force of
electron transfer as the solvent polarity decreases.[27] This is
demonstrated in Figure 9, which displays the driving force
dependence (�DGo) for the charge recombination on the
rate constant for both donor–acceptor conjugates (i.e. , C60–
dithiapyrene 4 and C60–pyrene 6), see the Supporting Infor-
mation for details. The parabolic fitting affords a reorganiza-
tion energy (l) of 0.89 eV and an electronic coupling (V) of
32 cm�1. Both of these values are well in line with recently
published donor–acceptor conjugates including fullerene
C60.


[1–6]


In the corresponding nanosecond experiments C60–dithia-
pyrene 4 and C60–pyrene 6 give rise to contrasting behavior.
While in the former case no appreciable changes were moni-
tored on the nanosecond scale at all, in the latter case triplet
characteristics were found that resemble those of the C60


reference. A high triplet quantum yield—with a value of
0.75�0.05 in toluene and THF—corroborates the efficiency
of the overall energy transfer. At the same time it points to
the competition between energy and electron transfer when
photoexciting pyrene. The triplets in the C60 reference and
in the C60–pyrene donor–acceptor conjugate 6 decay similar-
ly slow on a time scale of up 100 microseconds to afford
quantitatively the singlet ground state.


Figure 7. Differential absorption spectra (visible and near-infrared) ob-
tained upon femtosecond laser flash photolysis (380 nm) of �1.0Q10�5m


solutions of C60–dithiapyrene 4 in deaerated toluene at different delay
times; excitation at 380 nm with OD=0.4.


Figure 8. Time profiles of the transient absorption at 670 (left side) and 1014 (right side) nm monitoring the
charge separation and recombination in C60–dithiapyrene dyad 4. Upper part in THF and lower part in tolu-
ene.
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Conclusion


In summary, we have observed quite long lifetimes (i.e., up
to 1.01 ns) for the photogenerated charge-separated state in
a C60–dithiapyrene 4 dyad without the need for i) a long
spacer between the two moieties, or ii) a gain in aromaticity
in the radical ion pair. This unexpected result raises issues
of topology and aromaticity, which challenge the current
views on designing C60 derivatives with long lifetimes for
charge-separated species.


Experimental Section


Materials : Fullerene (C60) was purchased from MER Corporation Nano-
tubes (Tuscon, USA). All other materials and solvents used for the syn-
thesis of these compounds were purchased from Aldrich, Alfa Aesar,
Merck or Acros and used as received. Compound 7 was obtained as de-
scribed previously.[28] Photophysical measurements used C60 purchased
from Kaesdorf (Ger6te f:r Forschung und Industrie, M:nchen, Germa-
ny) and Science Laboratories Co., Ltd., Japan, and used as received. Sol-
vents were purchased from Wako Pure Chemical Ind. Ltd., Japan, and
purified according to the standard procedure.[29]


1,6-Dithiapyrene-5-carboxaldehyde (2): Phosphorus oxychloride (160 mL,
1.72 mmol) was added slowly to a solution of 1[18] (280 mg, 1.17 mmol)
and DMF (144 mL, 1.86 mmol) in 1,2-dichloroethane (20 mL) cooled in
an ice bath. This mixture was stirred at reflux 24 h. After cooling, the re-
action mixture was poured into ice-water and neutralized to pH 7 with
10% NaOH solution. The solution was extracted with CH2Cl2, and the
organic phase was dried over MgSO4 and evaporated. The residue was
chromatographed (alumina, CH2Cl2/petrol ether 1:1) to afford compound
2 (220 mg, 68%) as black-violet solid. M.p. 255–257 8C; 1H NMR
(400 MHz, CDCl3 + trace Et3N): d = 9.70 (s, 1H), 6.56 (d, J=7.7 Hz,
1H), 6.45 (s, 1H), 6.38 (d, J=7.7 Hz, 1H), 6.19 (d, J=9.9 Hz, 1H), 5.98
(d, J=10.1 Hz, 1H), 5.82 (d, J=10.3 Hz, 1H), 5.63 ppm (d, J=10.3 Hz,
1H); 13C NMR (125 MHz, CDCl3 + trace Et3N): d 189.0, 139.4, 134.9,
133.2, 131.6, 130.5, 129.7, 126.7, 126.0, 125.7, 124.9, 124.51, 124.48, 121.42,
120.9 ppm; EI: m/z (%): 268 (100) [M]+ ; UV/Vis (CH2Cl2): lmax = 328,
392, 412, 554, 582 nm; elemental analysis calcd (%) for C15H8OS2


(268.35): C 67.14, H 3.00, S 23.90; found C 67.10, H 3.02, S 23.89.


C60–Dithiapyrene dyad 4 : C60 (190 mg, 0.26 mmol) was heated to reflux
in toluene (80 mL). Compound 2 (35 mg, 0.13 mmol) and sarcosine
(30 mg, 0.34 mmol) were added and the mixture was refluxed for 40 h.
The solvent was removed in vacuo and the residue was purified by chro-
matography (silica, CS2 + 2% Et3N) to afford adduct 4 (85 mg, 64%) as


a black powder. 1H NMR (700 MHz, C6D6): d = 5.94 (d, J=7.7 Hz, 1H),
5.55 (d, J=7.9 Hz, 1H), 5.46 (d, J=10.3 Hz, 1H), 5.28 (d, J=10.1 Hz,
1H), 5.02 (d, J=10.1 Hz, 1H), 4.97 (d, J=10.1 Hz, 1H), 4.93 (s, 1H),
4.35 (d, J=9.5 Hz, 1H), 4.26 (s, 1H), 3.75 (d, J=9.3 Hz, 1H), 2.40 ppm
(s, 3H); MALDI-TOF MS: m/z : 1015 [M]+ ; solubility of 4 was too low
to produce an accurate 13C NMR spectrum; elemental analysis calcd (%)
for C77H13NS2 (1016.06): C 91.02, H 1.29, N 1.38; S, 6.31; found C 91.08,
H 1.34, N 1.32, S 6.26; UV/Vis (CH2Cl2): lmax = 256, 305 sh, 322 sh, 394,
404 sh, 430, 704 nm.


C60–pyrene dyad 6 : C60 (625 mg, 0.87 mmol) was heated to reflux in chlor-
obenzene (200 mL). Pyrene-1-carboxaldehyde (5) (100 mg, 0.43 mmol)
and sarcosine (77 mg, 0.86 mmol) were added and the mixture was re-
fluxed overnight. The solvent was removed in vacuo and the residue was
purified by chromatography (silica, carbon disulfide). Solvent was evapo-
rated from the product fraction and the product was dissolved in a small
amount of CS2. Hexane was added to this solution and the formed pre-
cipitate was filtered off, washed with hexane and dried to yield com-
pound 6 (25 mg, 56%) as a black powder. 1H NMR (500 MHz, [D4]o-di-
chlorobenzene + CS2 (=10%) + trace C6H6): d = 9.01 (d, J=9.3 Hz,
1H), 8.85 (d, J=7.9 Hz, 1H), 8.35 (d, J=9.7 Hz, 1H), 8.14–7.95 (m, 6H),
6.23 (s, 1H), 5.14 (d, J=9.6 Hz, 1H), 4.54 (d, J=9.2 Hz, 1H), 2.91 ppm
(s, 3H). Due to restricted rotation around the exocyclic C�C bond be-
tween the pyrrolidine ring and the bulky pyrene ring, two thermodynami-
cally stable (at ambient conditions) rotamers are possible for dyad 6,
which according to DFT calculations are of similar energies (Supporting
Information, Figures S30, S31). They are formed in a ratio of ca 10:1 and
are not separable by column chromatography. The second rotamer is
clearly visible in the 1H NMR spectrum as minor signals: d = 10.56 (d,
J=8.1 Hz, 1H), 8.32 (d, J=9.4 Hz, 1H), 8.24 (d, J=8.2 Hz, 1H), 8.20–
8.17 (m, 2H), 8.14–7.95 (m, 4H), 5.71 (s, 1H), 5.18 (d, J=9.4 Hz, 1H),
4.37 (d, J=9.5 Hz, 1H), 2.96 ppm (s, 3H). 13C NMR (125 MHz, d-ODCB
+ CS2 + trace C6H6): d = 156.8, 154.22, 154.15, 153.8, 147.5, 147.1,
146.9, 146.5, 146.42, 146.37, 146.3, 146.2, 146.1, 145.9, 145.84, 145.76,
145.72, 145.69, 145.6, 145.5, 145.40, 145.39, 145.3, 144.9, 144.7, 144.6,
144.5, 143.3, 143.2, 142.9, 142.8, 142.69, 142.68, 142.59, 142.56, 142.5,
142.4, 142.23, 142.18, 142.1, 142.0, 141.9, 141.72, 141.65, 140.6, 140.5,
139.8, 137.0, 136.8, 136.2, 136.0, 131.7, 131.4, 131.1, 128.3, 126.5, 126.0,
125.7, 125.5, 125.3, 123.7, 78.7, 70.5, 69.8, 40.4 ppm; ESI-MS: m/z : 976.1
[M�H]+ .


Cyclic voltammetry : Electrochemical experiments in benzonitrile
(PhCN), o-dichlorobenzene (o-DCB) and their 1:1 v/v mixture were car-
ried out using a BAS-CV50W electrochemical workstation with positive
feedback compensation. Cyclic voltammetry was performed in a three-
electrode cell equipped with a platinum disk (1 1.6 or 1.0 mm) as work-
ing electrode, platinum wire as a counter electrode and a non-aqueous
Ag/Ag+ reference electrode (0.01m AgNO3 in dry MeCN). The potential
of the reference electrode was checked against the ferrocene/ferricinium
couple (Fc/Fc+) before and after each experiment, which showed the fol-
lowing average potentials against the reference electrode: +0.201 V (vs.
Ag/Ag+ in PhCN), +0.243 V (vs. Ag/Ag+ in PhCN/o-DCB, 1:1 v/v), and
the values of potentials were then re-calculated versus Fc/Fc+ couple.
Tetra-n-butylammonium hexafluorophosphate (Bu4NPF6) was used as
supporting electrolyte and all experiments were performed under an
argon atmosphere.


Pulse radiolysis : The pulse radiolysis experiments were performed by uti-
lizing either 500 ns pulses of 1.55 MeV electrons or about 100 ns pulses of
3.8 V electrons from two different Van de Graff accelerator facilities. De-
tails of the equipment and the analysis of data have been described else-
where.[30]


Laser flash photolysis : Femtosecond transient absorption studies were
performed with 387 nm laser pulses (1 kHz, 150 fs pulse width) from an
amplified Ti/sapphire laser system (Clark-MXR, Inc.). For all photophysi-
cal experiments an error of 10% must be considered. Fluorescence spec-
tra were recorded with a FluoroMax. The experiments were performed
at room temperature. Each spectrum was an average of at least five indi-
vidual scans and the appropriate corrections were applied. Pulse radioly-
sis experiments were accomplished using 50 ns pulses of 8 MeV electrons
from a Model TB-8/16-1S electron linear accelerator. Nanosecond transi-


Figure 9. Driving force (�DGo) dependence of intramolecular charge re-
combination in C60–dithiapyrene 4 (^) and C60–pyrene 6 (^).
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ent absorption measurements were carried out using a Nd/YAG laser
(Continuum, SLII-10, 4–6 ns fwhm) at 355 nm with the power of 10 mJ as
an excitation source. Photoinduced events were estimated by using a con-
tinuous Xe lamp (150 W) and an InGaAs–PIN photodiode (Hamamatsu
2949) as a probe light and a detector, respectively. The output from the
photodiodes and a photomultiplier tube was recorded with a digitizing
oscilloscope (Tektronix, TDS3032, 300 MHz). The transient spectra were
recorded using fresh solutions in each laser excitation. All experiments
were performed at 298 K.


Fluorescence : Fluorescence spectra were measured on a Shimadzu spec-
trofluorophotometer (RF-5000). The excitation wavelength was 422 nm
in PhCN. The monitoring wavelength was corresponding to the maximum
of the emission band at lmax=435 nm. Typically, a PhCN solution
(3.0 mL) was deaerated by argon purging for 8 min prior to the measure-
ments.


Theoretical calculations : The ab initio computations for compounds 1, 3,
and C60 were carried out with the Gaussian 03[31] package of programs at
density-functional theory (DFT) level. The geometries were optimized
using PopleMs 6-31G split valence basis set supplemented by d polariza-
tion functions on heavy atoms. In the DFT calculations BeckeMs three-pa-
rameter hybrid exchange functional[32] with Lee–Yang–Parr gradient-cor-
rected correlation functional (B3LYP)[33] were employed. No symmetry
restrictions and no constraints of bonds/angles/dihedral angles were ap-
plied and all atoms were free to optimize. Electronic structures were cal-
culated at the same B3LYP/6-31G(d) level of theory. Contours of
HOMO and LUMO orbitals were visualized using Molekel v.4.3 pro-
gram.[34]
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A Fluorescent Molecular Switch Driven by the Input Sequence of Metal
Cations: An Azamacrocyclic Ligand Containing Bipolar Anthracene
Fragments


Go Nishimura, Hajime Maehara, Yasuhiro Shiraishi,* and Takayuki Hirai[a]


Introduction


The design of supramolecular systems whose optical or elec-
tronic properties can be modulated by external stimuli is an
area of intense research activity.[1] In particular, molecular
systems that perform as elementary electronic devices are of
tremendous significance to the development of miniaturized
device components. The potential application of these com-
ponents in optical and electronic memory devices has at-
tracted considerable effort to this research area.[2] Of partic-
ular interest is the design of fluorescent molecular switches,
as they can precisely control the fluorescence properties by
simple chemical input, even down to the level of single mol-
ecules or ions under ambient conditions.[3] Various molecu-


lar switches have been proposed based on systems whose
emission properties can be modulated by external inputs,
such as temperature,[4] light,[5] redox potential,[6] and ions.[7]


Metal cations are often used as the input chemicals because
the metal cation binding often triggers several photoinduced
processes, such as electron transfer,[3a,8] charge transfer,[3a,9]


and energy transfer,[10] thus enabling the modulation of
emission properties. However, most of these are driven by a
single metal-cation input.[11] Recently, more integrated
switches, driven by a combination of multiple metal cation
inputs, have been proposed.[12] However, a system in which
the “sequence” of metal cation inputs changes the emission
properties had not been proposed.


In this work, we synthesized a simple azamacrocyclic
ligand (L) with two anthracene (AN) fragments connected
through two triethylenetetramine bridges (Scheme 1), in
which each of the bridges can coordinate with one metal
cation. The effects of pH and metal cations (Zn2+ and Cd2+)
on the emission properties were studied in water. We found
that Zn2+ coordination with L leads to the production of ex-
cimer emission, which is due to a static excimer formed by
direct excitation of the intramolecular ground-state dimer
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(GSD) of the bipolar AN fragments that approach each
other by Zn2+ coordination. In contrast, Cd2+ addition does
not result in excimer emission because the Cd2+–AN p com-
plex, formed by donation of a p electron of the AN frag-
ments to the adjacent Cd2+ center, suppresses formation of
the GSD. The most notable feature of L is the effects of the
input sequence of metal cations (Scheme 1): Zn2+!Cd2+ se-
quential addition (one equivalent each to L) allows excimer
emission, whereas the reverse sequence (Cd2+!Zn2+) does
not. To the best of our knowledge, this is the first molecular
switch driven by the input sequence of chemicals. We report
here that this unprecedented excimer emission switching is
driven by a stability difference of the Cd2+–AN p complex,
which is directed by the metal cation that is added first.


Results and Discussion


Synthesis : Ligand L was readily synthesized in a manner
similar to the azamacrocyclic ligand containing two AN
fragments connected through two diethylenetriamine
bridges.[13] Anthracene-9,10-dicarbaldehyde and triethylene-
tetramine were stirred in a mixture of CH3CN/CH3OH at
323 K. The resultant solution was treated with NaBH4 in
CH3OH at 323 K. The raw material obtained was purified
by precipitation with a concentrated aqueous HCl solution
in ethanol followed by recrystallization in diethyl ether/etha-
nol, affording L as a brown powder in 20% yield.


Effect of pH : The emission properties of L without metal
cations were studied first. Figure 1A shows the pH-depen-
dent change in the fluorescence spectra of L measured in
water (lex=368 nm). Ligand L shows a distinctive fluores-
cence at 380–500 nm, assigned to a monomer emission from
the locally excited AN fragment. Figure 1B plots the intensi-
ty of the monomer emission (IM) monitored at 420 nm
against pH, for which the dashed lines denote the mole frac-
tion distribution of the different L species, which is calculat-
ed from the protonation constants determined potentiomet-
rically (Table 1). The IM is strong at acidic pH values, but de-


creases with increasing pH and becomes almost zero at
pH>7. As is also observed for related AN-conjugated poly-
amines,[14] this IM decrease is because the deprotonation of
the nitrogen atoms of L, associated with a pH increase,
leads to electron transfer (ET) from the unprotonated nitro-
gen atoms to the photoexcited AN monomer, resulting in


Scheme 1. Schematic representation of excimer emission switching of L
driven by the input sequence of metal cations.


Figure 1. A) pH-dependent change in fluorescence intensity (I ; lex=


368 nm; 298 K) of L (50 mm) in aqueous NaClO4 (0.15m) solution without
metal cations. B) pH-dependent change in IM (monitored at 420 nm, *)
and mole fraction distribution of different L species (a), in which
H8L


8+ and H7L
7+ species and HL+ and fully deprotonated L species are


shown as their total quantities. Each spectrum in A) corresponds to the
plots in B).


Table 1. Logarithms of the protonation constants of L determined in
aqueous NaClO4 (0.15m) solution at 298 K.


Reaction[a]


2H+L !H2L 18.79�0.07
H+H2L!H3L 8.81�0.07
H+H3L!H4L 8.14�0.08
H+H4L!H5L 7.08�0.08
H+H5L!H6L 6.17�0.08
H+H6L!H7L 4.70�0.08
logb 53.68


[a] Charges are omitted for clarity.
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quenching of the excited AN monomer. Figure 2A shows
the absorption spectra of L ; the spectra scarcely differ over
the entire pH range. As shown in Figure 2B, the excitation
spectra of L collected at 420 nm are similar to the absorp-
tion spectra.


Effect of Zn2+ addition : Figure 3A shows the pH-dependent
change in the emission spectra of L measured with two
equivalents of Zn2+ . Figure 3B (open symbols) plots the
change in IM with pH, for which the dashed lines denote the
mole fraction distribution of the species, which is calculated
from the protonation and stability constants determined po-
tentiometrically (Tables 1 and 2). The IM decreases with in-
creasing pH, but is constant at pH>7 (at 90% decreased
level), whereas the absence of Zn2+ shows almost zero IM at
pH>7 (Figure 1B). As is also observed for related AN-con-
jugated polyamines,[15] the appearance of monomer emission
at basic pH is due to the decrease in electron density of the
nitrogen atoms of the polyamine bridges through Zn2+ coor-
dination, which suppresses ET from the nitrogen atoms to
the excited AN fragment. A notable feature of L inspired
by the addition of Zn2+ is the appearance of a red-shifted
emission at 450–600 nm, assigned to an intramolecular exci-
mer formed between the bipolar AN fragments that ap-
proach each other by Zn2+ coordination.[14a] As shown in
Figure 3B (filled symbols), the intensity of this excimer
emission (IE) monitored at 500 nm increases at pH>7, for
which the increase corresponds to the formation of OH�-co-
ordinated [Zn2L(OH)]3+ and [Zn2L(OH)2]


2+ species.
Figure 4A shows the pH-dependent change in the absorp-


tion spectra of L measured with two equivalents of Zn2+ .
The absorbance of L at >400 nm “rises” with the pH in-
crease in the range of 4–7, for which OH�-free Zn2+–L com-
plexes ([Zn2H2L]


6+ , [Zn2HL]5+ , and [Zn2L]
4+) exist (Fig-


ure 3B). With Zn2+ , no precipitation occurs at any pH
value, and filtration of the solution does not lead to any
change in IM, IE, and absorption spectra. In addition, the


BeerNs Law plot (concentration of L+2Zn2+ versus the ab-
sorbance at 450 nm) gives a straight line over the entire pH
range. These findings indicate that the absorption rise at
>400 nm (Figure 4A) is due to neither intermolecular ag-
gregation of L nor precipitation of L in solution. As report-
ed for several ligand-conjugated aromatics,[16] coordination
of metal cations with the ligand leads to formation of a
metal–aromatic moiety p complex via donation of a p elec-
tron of the aromatic moiety to the adjacent metal cation at
room temperature. The rising absorption of L at >400 nm
(Figure 4A) may therefore be due to the formation of a
Zn2+–AN p complex. A similar increase in absorption is ob-
served for some ligand-conjugated AN molecules through
Zn2+–AN p complex formation.[17] As shown in Figure 3B,
almost no IE increase is observed at pH 4–7. This is likely to
be because the Zn2+–AN p complex suppresses the photo-
excitation of the AN fragments.[18] However, as shown in
Figure 4A, the absorption of L decreases at pH>7, at which
OH�-coordinated [Zn2L(OH)]3+ and [Zn2L(OH)2]


2+ species
form (Figure 3B). This is because OH� coordination to the


Figure 2. pH-dependent change in A) absorption and B) excitation spec-
tra collected at 420 nm (monomer emission) of L (50 mm) in aqueous
NaClO4 (0.15m) solution without metal cations (298 K). Each of the spec-
tra corresponds to the plots in Figure 1B.


Figure 3. A) pH-dependent change in fluorescence spectra (lex=368 nm;
298 K) of L (50 mm) in aqueous NaClO4 (0.15m) solution with Zn2+


(2 equiv). B) pH-dependent change in IM (monitored at 420 nm, *), IE
(monitored at 500 nm, *), and mole fraction distribution of the different
L species (a), in which H8L


8+ and H7L
7+ species are shown as their


total quantities. Each spectrum in A) corresponds to the plots in B).


Chem. Eur. J. 2008, 14, 259 – 271 F 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 261


FULL PAPERCation-Driven Molecular Switch



www.chemeurj.org





Zn2+ centers within L leads to a decrease in electronegativi-
ty of Zn2+ and, hence, suppresses the formation of the Zn2+


–AN p complex,[18,19] thus probably allowing the appearance
of the excimer emission at pH>7 (Figure 3A).


Figure 4B shows the pH-dependent change in the excita-
tion spectra of L collected at 420 nm (monomer emission)
with two equivalents of Zn2+ . The spectra are similar to that
obtained without metal cations (Figure 2B). In contrast, as
shown in Figure 4C, excitation spectra collected at 500 nm
(excimer emission) show a red-shifted band (400–440 nm) at
pH>7, at which OH�-coordinated [Zn2L(OH)]3+ and
[Zn2L(OH)2]


2+ species exist (Figure 3B). This band increas-
es with increasing pH, which is consistent with the increase
in IE (Figure 3B). This result implies that the excimer emis-
sion of L is due to a “static” excimer formed by direct pho-
toexcitation of the intramolecular GSD[17a,18a,20] of the bipo-
lar AN fragments within L.


Figure 5 shows decay profiles of the monomer and exci-
mer emissions of L (lex=370 nm) measured with two equiv-
alents of Zn2+ at pH 10.3, at which [Zn2L(OH)2]


2+ exists.
Table 3 summarizes the decay times and preexponential fac-
tors of the emitting components. Both profiles are success-
fully fitted by the sums of two exponentials with short and
long lifetimes, for which no negative preexponential, that is,
a rise time, is detected. The respective emitting components
are assigned to the monomer (8.3 ns) and excimer (38.6 ns)
species. These findings clearly indicate that the excimer
emission of L is due to the “static” excimer formed by
direct photoexcitation of the GSD formed between the bi-
polar AN fragments. The lack of a red-shifted GSD excita-


tion band at pH 4–7 (Figure 4C) is because the Zn2+–AN
p complex suppresses the p-stacking interaction of the bipo-
lar AN fragments, resulting in suppression of GSD forma-
tion. The appearance of the red-shifted GSD excitation
band at pH>7 (Figure 4C) is because the OH� coordination
to the Zn2+ centers leads to a decrease in the electronega-
tivity of Zn2+ and, hence, suppresses the formation of the
Zn2+–AN p complex. This allows p-stacking interactions of


Table 2. Logarithms of the stability constants for complexation between
L and one or two equivalents of metal cations determined in aqueous
NaClO4 (0.15m) solution at 298 K.


Reaction[a] Zn2+ (2 equiv) Cd2+ (2 equiv)


2H+2M+L!H2M2L 37.80�0.98 35.20�0.09
H+2M+L!HM2L 31.63�0.44 28.63�0.09
2M+L!M2L 23.40�2.38 19.90�0.13
2M+L+OH!M2L(OH) 30.10�2.38 24.90�0.13
2M+L+2OH!M2L(OH)2 35.40�2.38 29.60�0.13
H+H2M2L!H3M2L 5.4
H+HM2L!H2M2L 6.2 6.6
H+M2L!HM2L 8.2 8.7
M2L+OH!M2L(OH) 6.7 5.0
M2L(OH)+OH!M2L(OH)2 5.3 4.7
M+ML!M2L 8.1 7.0


Zn2+ (1 equiv) Cd2+ (1 equiv)


4H+M+L!H4ML 42.72�0.08
3H+M+L!H3ML 38.33�0.24 36.63�0.11
2H+M+L!H2ML 31.84�0.21 30.65�0.07
H+M+L!HML 24.49�0.21 22.83�0.08
M+L!ML 15.33�0.38 12.89�0.55
M+L+OH!ML(OH) 20.13�0.38 18.29�0.55
3H+2M+L!H3M2L 40.56�0.15
H+H3ML!H4ML 6.1
H+H2ML!H3ML 6.5 6.0
H+HML!H2ML 7.4 7.8
H+ML!HML 9.2 9.9
ML+OH!ML(OH) 4.8 5.4


[a] Charges are omitted for clarity.


Figure 4. pH-dependent change in A) absorption spectra and excitation
spectra collected at B) 420 nm (monomer emission) and C) 500 nm (exci-
mer emission) of L with Zn2+ (2 equiv) in aqueous NaClO4 (0.15m) solu-
tion at 298 K.
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the bipolar AN fragments (GSD formation), resulting in an
increase in IE at pH>7 (Figure 3B).


Figure 6A shows the emission spectra of L obtained with
one equivalent of Zn2+ . As is also the case with two equiva-
lents of Zn2+ (Figure 3A), excimer emission appears at basic
pH values. As shown in Figure 6B, IE increases dramatically
at pH>8, along with the formation of OH�-coordinated
[ZnL(OH)]+ species. As shown in Figure 6C, the absorb-
ance of L at >400 nm rises with increasing pH in the range
of 5–8, at which OH�-free Zn2+–L complexes ([ZnH3L]


5+ ,
[ZnH2L]


4+ , and [ZnHL]3+) exist. This increased absorption,
however, drops at pH>8, at which the OH�-coordinated
[ZnL(OH)]+ species forms. This is because OH� coordina-
tion to the Zn2+ center suppresses the formation of the
Zn2+–AN p complex, as is also the case with two equiva-
lents of Zn2+ .


Figure 7A shows the change in the emission spectra of L
with stepwise Zn2+ addition at pH 10.3. Changes in IM and
IE are summarized in Figure 7B. Addition of Zn2+ leads to
an increase in IM, but the increase is saturated upon addition
of one equivalent of Zn2+ . At pH 10.3 with one equivalent
of Zn2+ (Figure 6B), [ZnL(OH)]+ exists, in which one poly-


Figure 5. Decay profiles (lex=370 nm; 298 K) of monomer emission
(monitored at 420 nm, *) and excimer emission (monitored at 500 nm,
*) of L measured with Zn2+ (2 equiv) in aqueous NaClO4 (0.15m) solu-
tion at pH 10.3. For judging the quality of the fit, autocorrelation func-
tions (A.C.) and weighted residuals (W.R.) are also shown.


Table 3. Decay times (t) and preexponential factors (a) of monomer and
excimer components for emissions of the respective L complexes at
pH 10.3 (lex=370 nm).


Species lem [nm] tmonomer [ns]
(amonomer [%])


texcimer [ns]
(aexcimer [%])


c2


ACHTUNGTRENNUNG[ZnL(OH)]+ 420 8.4 (97.5) 39.0 (2.5) 2.19
500 8.4 (46.5) 39.0 (53.5) 3.12


ACHTUNGTRENNUNG[Zn2L(OH)2]
2+ 420 8.3 (98.4) 38.6 (1.6) 2.05


500 8.3 (43.4) 38.6 (56.6) 1.94
ACHTUNGTRENNUNG[ZnCdL(OH)2]


2+


(Zn2+!Cd2+ sequence)
420 8.0 (97.3) 37.1 (2.7) 2.69


500 8.0 (70.5) 37.1 (29.5) 2.00
ACHTUNGTRENNUNG[CdL(OH)]+ 420 7.9 (100) 2.98
ACHTUNGTRENNUNG[Cd2L(OH)2]


2+ 420 8.1 (100) 2.09
ACHTUNGTRENNUNG[ZnCdL(OH)2]


2+


(Cd2+!Zn2+ sequence)
420 10.0 (100) 1.55


Figure 6. A) pH-dependent change in fluorescence spectra (lex=368 nm;
298 K) of L (50 mm) in aqueous NaClO4 (0.15m) solution with Zn2+


(1 equiv). B) pH-dependent change in IM (monitored at 420 nm, *), IE
(monitored at 500 nm, *), and mole fraction distribution of different L
species (a), in which H8L


8+ and H7L
7+ species are shown as their total


quantities. C) pH-dependent change in absorption spectra.
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amine bridge of L coordinates with Zn2+ and the other has
four deprotonated and metal-free nitrogen atoms. In con-
trast, with two equivalents of Zn2+ at pH 10.3 (Figure 3B),
[Zn2L(OH)2]


2+ exists, in which each of the bridges of L co-
ordinates with one Zn2+ center. The saturation of the in-
crease in IM upon addition of one equivalent of Zn2+ (Fig-
ure 7B) means that [Zn2L(OH)2]


2+ shows an IM value simi-


lar to that of [ZnL(OH)]+ , although ET from the nitrogen
atoms to the excited AN monomer might be much sup-
pressed within [Zn2L(OH)2]


2+ because all nitrogen atoms
coordinate with Zn2+ . The lack of a gain in IM upon coordi-
nation of two Zn2+ centers is due to the weak coordination
of the second Zn2+ , which leads to ET from nitrogen atoms
to the excited AN monomer. The first Zn2+ coordination
with one polyamine bridge of L leads to a distortion of the
other bridge; therefore, the second Zn2+ coordination is
structurally restricted, resulting in weak coordination. In
particular, as reported,[21] benzylic nitrogen atoms of the
bridges are coplanar and close to the AN fragment, which
may mainly contribute to the weak coordination with the
second Zn2+ center. As shown in Table 2, the stability con-
stant for coordination of L with a second Zn2+ center (Zn2+


+ [ZnL]2+! ACHTUNGTRENNUNG[Zn2L]
4+ ; logKa=8.1) is lower than that of the


first Zn2+ center (Zn2+ +L! ACHTUNGTRENNUNG[ZnL]2+ ; logKa=15.3); this
finding supports the weak coordination with the second
Zn2+ center. These results indicate that the weak coordina-
tion of the second Zn2+ center still leads to ET to the excit-
ed AN monomer, resulting in almost no gain of IM by the
second Zn2+ coordination (Figure 7B). As shown in Table 3,
the lifetime of the monomer component of [Zn2L(OH)2]


2+


(8.3 ns) is almost the same as that of [ZnL(OH)]+ (8.4 ns).
As shown in Figure 7B, IE also increases with Zn2+ addi-


tion; however, the addition of two equivalents of Zn2+ leads
to a 10% lower IE than that obtained with one equivalent of
Zn2+ . This finding is explained by the distance between the
bipolar AN fragments within L. Table 4 summarizes the dis-
tances within [ZnL(OH)]+ and [Zn2L(OH)2]


2+ complexes
determined by semiempirical molecular orbital (MO) calcu-
lations. The average distance between the bipolar AN frag-
ments is 6.64 O ([ZnL(OH)]+) and 7.44 O ([Zn2L(OH)2]


2+),
which means that the second Zn2+ coordination brings the
AN fragments apart. As a result of this, the p-stacking inter-
action of the AN fragments becomes weaker (GSD stability
decrease), thus leading to a decrease in IE upon the second
Zn2+ coordination (Figure 7B). As shown in Table 3, the
lifetime of the excimer component of [Zn2L(OH)2]


2+ is
shorter than that of [ZnL(OH)]+ , which means that the
GSD is actually destabilized by the second Zn2+ coordina-
tion.


Effect of Cd2+ addition : Figures 8A and 9A show the pH-
dependent change in the emission spectra of L obtained
with two and one equivalents of Cd2+ , respectively. As sum-
marized in Figures 8B and 9B, IM decreases with pH increase
but is constant at pH>6 (at 90% decreased level), with
pH–IM profiles similar to those obtained with Zn2+ (Figur-
es 3B and 6B, open symbols). The appearance of monomer
emission even at basic pH values is because Cd2+ coordina-
tion with a polyamine bridge suppresses ET from the nitro-
gen atoms to the excited AN fragment,[18] as is also the case
with Zn2+ . A notable feature of the emission spectra of L
obtained with Cd2+ is that excimer emission does not
appear at any pH. At pH>8 with two and one equivalents
of Cd2+ , OH�-coordinated [CdL(OH)]+ and [Cd2L(OH)2]


2+


Figure 7. Changes in A) fluorescence spectra, B) IM and IE, and C) ab-
sorption spectra of L at pH 10.3 (298 K) with amount of Zn2+ : a) zero,
b) 1 equiv, c) 2 equiv.
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species form predominantly, as is also the case with Zn2+ ;
however, no excimer emission appears.


Figures 8C and 9C show the pH-dependent change in the
absorption spectra of L obtained with Cd2+ . The absorbance
of L “rises” with increase in pH, as is also the case with
Zn2+ (Figures 4A and 6A). However, the absorbance “red-
shifts” (about 4 nm) with a pH increase (see around
400 nm), which is associated with the coordination of Cd2+


(Figures 8B and 9B). The increased and red-shifted absorp-
tion of L may be due to the formation of a Cd2+–AN
p complex through donation of a p electron of the AN frag-
ments to the adjacent Cd2+ center.[18b] Notably, the absorp-


tion of L does not decrease
even at basic pH, although the
addition of Zn2+ leads to a
clear decrease (Figures 4A and
6C). Figure 10B shows the
1H NMR spectra of L mea-
sured with or without Cd2+ in
D2O/CD3CN (8:2, v/v) at
pH 10.3. With one and two
equivalents of Cd2+ (where
[CdL(OH)]+ and
[Cd2L(OH)2]


2+ exist), L shows
a downfield shift of AN reso-
nance, which is assigned to for-
mation of the Cd2+–AN
p complex.[14a] In contrast, as
shown in Figure 10A, addition
of Zn2+ does not show a down-
field shift. This finding suggests
that, as reported for ligand-
conjugated AN molecules,[17, 18]


the Cd2+–AN p complex is
stronger than the Zn2+–AN
p complex. The appearance of
the increased and red-shifted
absorption of L with Cd2+


even at basic pH (Figures 8C
and 9C) suggests that the Cd2+


–AN p complex is much stron-
ger and is not relieved by OH�


coordination to the Cd2+ cen-
ters. The formation of the
strong Cd2+–AN p complex
suppresses the p-stacking inter-
action of the bipolar AN frag-
ments and, hence, suppresses
formation of the GSD, result-
ing in no excimer emission
(Figures 8A and 9A). These re-
sults indicate that L behaves as
a fluorescent molecular switch
capable of showing Zn2+-selec-
tive excimer emission. So far,
this type of emission has been
achieved by two molecules;[22]


however, these systems employ a pyrene or naphthalene flu-
orophore. The present L system is the first example showing
Zn2+-selective AN excimer emission.


Figure 11A shows the change in the emission spectra of L
with stepwise Cd2+ addition at pH 10.3. No excimer emis-
sion appears because of the formation of the Cd2+–AN
p complex: the increased and red-shifted absorption appears
after addition of the entire amount of Cd2+ (Figure 11C). In
contrast, as shown in Figure 11B, IM increases with increas-
ing amount of Cd2+ but is saturated upon addition of one
equivalent of Cd2+ , as is also the case for Zn2+ (Figure 7B).
At pH 10.3 with one and two equivalents of Cd2+ ,


Table 4. Distance between the bipolar AN fragments within L determined by semiempirical MO calculations.


Distance [O]
2–2’
3–3’
7–7’
6–6’
9–9’
10–10’
ACHTUNGTRENNUNG(average)


Complex Side view Top view


L


7.74
7.90
8.59
8.70
8.32
8.63
ACHTUNGTRENNUNG(8.31)


ACHTUNGTRENNUNG[ZnL(OH)]+


5.31
6.34
7.36
8.06
5.45
7.33
ACHTUNGTRENNUNG(6.64)


ACHTUNGTRENNUNG[Zn2L(OH)2]
2+


4.76
4.49
11.13
11.19
6.65
6.40
ACHTUNGTRENNUNG(7.44)


ACHTUNGTRENNUNG[CdL(OH)]+


8.34
9.02
5.89
6.69
6.05
7.75
ACHTUNGTRENNUNG(7.29)


ACHTUNGTRENNUNG[Cd2L(OH)2]
2+


5.65
5.71
11.09
11.10
6.96
7.06
ACHTUNGTRENNUNG(7.93)
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[CdL(OH)]+ and [Cd2L(OH)2]
2+ exist (Figures 8B and 9B).


In the [CdL(OH)]+ complex, one polyamine bridge of L co-
ordinates with the Cd2+ center and the other has four de-
protonated and metal-free nitrogen atoms. In contrast, in
the [Cd2L(OH)2]


2+ complex, all nitrogen atoms coordinate
with Cd2+ . The lack of a gain in IM even upon coordination


of two Cd2+ centers (Figure 11B) is due to the weak coordi-
nation of the second Cd2+ center with a polyamine bridge,
as is also the case with Zn2+ : the first Cd2+ coordination
with one bridge of L leads to distortion of the other bridge
and, hence, leads to weak coordination of the second Cd2+


center. This leads to ET from the nitrogen atoms to the ex-


Figure 8. A) pH-dependent change in fluorescence spectra (lex=368 nm;
298 K) of L (50 mm) in aqueous NaClO4 (0.15m) solution with Cd2+


(2 equiv). B) pH-dependent change in IM (monitored at 420 nm) and
mole fraction distribution of the species (a), in which H8L


8+ and
H7L


7+ are shown as their total quantities. C) pH-dependent change in ab-
sorption spectra. Each spectrum in A) corresponds to the plots in B).


Figure 9. A) pH-dependent change in fluorescence spectra (lex=368 nm;
298 K) of L (50 mm) in aqueous NaClO4 (0.15m) solution with Cd2+


(1 equiv). B) pH-dependent change in IM (monitored at 420 nm) and
mole fraction distribution of the species (a), in which H8L


8+ and
H7L


7+ are shown as their total quantities. C) pH-dependent change in ab-
sorption spectra. Each spectrum in A) corresponds to the plots in B).
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cited AN, resulting in almost no IM gain upon coordination
of the second Cd2+ center. As shown in Table 2, the stability
constant for coordination of the second Cd2+ center (Cd2+ +


[CdL]2+! ACHTUNGTRENNUNG[Cd2L]
4+ ; logKa=7.0) is lower than that of the


first Cd2+ center (Cd2+ +L! ACHTUNGTRENNUNG[CdL]2+ ; logKa=12.9). This
result supports the weak coordination of the second Cd2+


center. Table 3 summarizes the lifetimes of monomer emis-
sion for the [CdL(OH)]+ and [Cd2L(OH)2]


2+ complexes.
The lifetimes of both complexes (7.9 and 8.1 ns) are relative-
ly shorter than that for [ZnL(OH)]+ and [Zn2L(OH)2]


2+


complexes (8.4 and 8.3 ns). This may be because the stron-
ger Cd2+–AN p complex quenches the excited AN mono-
mer more significantly.[17,18]


Effect of input sequence of metal cations : The most notable
feature of L is the irreversible switching of excimer emission
driven by the input sequence of metal cations. Figure 12A
shows the change in the emission spectra of L upon sequen-
tial addition of Zn2+ and Cd2+ (each one equivalent) at
pH 10.3 (Zn2+!Cd2+ sequence). As shown in Figure 12B,
IM remains constant even upon addition of Cd2+ to a solu-
tion containing one equivalent of Zn2+ , as is also the case
for the Zn2+!Zn2+ sequence (Figure 7B). In this case, IE
decreases with the addition of Cd2+ due to the formation of
the Cd2+–AN p complex, but still appears at a 50% de-
creased level.


Figure 13A shows the change in the emission spectra of L
upon sequential addition of Cd2+ and Zn2+ (each one equiv-


alent) at pH 10.3 (Cd2+!Zn2+ sequence). As shown in Fig-
ure 13B, upon addition of one equivalent of Zn2+ to a solu-
tion containing one equivalent of Cd2+ , IM remains constant,
but excimer emission does not appear. These findings indi-
cate that the Zn2+!Cd2+ sequence allows the appearance
of both monomer and excimer emission, whereas the re-
verse sequence allows only monomer emission. As shown in
Figure 12C, in the Zn2+!Cd2+ sequence, Cd2+ addition
scarcely shows red-shifted absorption. In contrast, for the re-


Figure 10. 1H NMR spectra of L in D2O/CD3CN (80:20, v/v; pH 10.3) so-
lution measured a) without metal cations and with b) 1 equiv and
c) 2 equiv of A) Zn2+ and B) Cd2+ . pH (=pD�0.4) of the solution was
adjusted with DCl and NaOD.


Figure 11. Change in A) fluorescence spectra, B) IM, and C) absorption
spectra of L at pH 10.3 (298 K) with amount of Cd2+ : a) zero, b) 1 equiv,
c) 2 equiv.


Chem. Eur. J. 2008, 14, 259 – 271 F 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 267


FULL PAPERCation-Driven Molecular Switch



www.chemeurj.org





verse sequence, red-shifted absorption still remains upon
Zn2+ addition (Figure 13C). As shown in Figures 3B, 6B, 8B,
and 9B, the mole fraction distributions of the species ob-
tained with one or two equivalents of Zn2+ or Cd2+ reveal
that, at pH 10.3, all species contain OH�-coordinated Zn2+


or Cd2+ centers ([ZnL(OH)]+, [Zn2L(OH)2]
2+, [CdL(OH)]+,


and [Cd2L(OH)2]
2+). This suggests that, at pH 10.3, both


Zn2+!Cd2+ and Cd2+!Zn2+ sequences produce the
[ZnCdL(OH)2]


2+ complex, in which each of the Zn2+ and
Cd2+ centers coordinates with OH�. These results mean that
the [ZnCdL(OH)2]


2+ complex produced by the Cd2+!Zn2+


sequence forms a Cd2+–AN p complex stronger than the
complex formed by the reverse sequence, despite the same
chemical composition.


Figure 14A shows the change in the 1H NMR spectra of L
with sequential Zn2+!Cd2+ addition. The spectra do not
show a downfield shift of the AN resonance, as is also the
case for the Zn2+!Zn2+ sequence (Figure 10A). In contrast,


Figure 12. Change in A) fluorescence spectra, B) IM and IE, and C) ab-
sorption spectra of L at pH 10.3 (298 K) with the addition of cations in
the sequence Zn2+!Cd2+ (each 1 equiv): a) zero; b) 1 equiv of Zn2+ ;
c) 1 equiv of Cd2+ .


Figure 13. Change in A) fluorescence spectra, B) IM, and C) absorption
spectra of L at pH 10.3 (298 K) with the addition of cations in the se-
quence Cd2+!Zn2+ (each 1 equiv): a) zero; b) 1 equiv of Cd2+ ;
c) 1 equiv of Zn2+ .
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for the Cd2+!Zn2+ sequence (Figure 14B), the AN reso-
nance shifted downfield by the first Cd2+ coordination still
remains upon sequential Zn2+ coordination. This suggests
that the first Cd2+ coordination leads to formation of a
strong Cd2+–AN p complex. In contrast, for the Zn2+!
Cd2+ sequence, Cd2+ coordination is structurally restricted
by the first Zn2+ coordination with the other polyamine
bridge, thus probably leading to formation of a weak Cd2+–
AN p complex. As a result, the p-stacking interaction be-
tween the AN fragments is maintained even upon Cd2+ co-
ordination and, hence, leads to GSD formation, allowing the
production of excimer emission. In contrast, for the Cd2+!
Zn2+ sequence, the first Cd2+ coordination forms a stably
configured strong Cd2+–AN p complex whose configuration
is maintained even upon sequential Zn2+ coordination, re-
sulting in no excimer emission (Figure 13A).


The mechanism for excimer emission switching by the
input sequence of metal cations is confirmed experimentally.
Figure 15A shows the change in the emission spectra of L
upon addition of Zn2+ (one equivalent) and Cd2+ (one
equivalent) at the same time. IM increases with the simulta-
neous addition of Zn2+ and Cd2+ , but excimer emission
does not appear. In this case, as shown in Figure 15B, an in-
creased and red-shifted absorption appears, indicating that


the simultaneous addition of Zn2+ and Cd2+ leads to the for-
mation of a strong Cd2+–AN p complex. This is because, as
described,[23] Cd2+ coordination with a polyamine ligand in
water occurs more rapidly than Zn2+ coordination. This
result clearly suggests that the production of excimer emis-
sion of L is directed by the coordination of the metal cation
added first.


As summarized in Table 3, the lifetimes of the monomer
and excimer emissions also depend on the input sequence.
In the Zn2+!Cd2+ sequence, Cd2+ addition shortens the
lifetimes of both emissions (monomer, 8.4!8.0 ns; excimer,
39.0!37.1 ns). This is because Cd2+ coordination with L de-
stabilizes the excited monomer and excimer due to forma-
tion of the Cd2+–AN p complex. In contrast, in the Cd2+!
Zn2+ sequence, Zn2+ addition lengthens the lifetime of the
monomer emission (7.9!10.0 ns). This monomer lifetime is
longer than those of all other complexes (<8.4 ns), although
the first Cd2+ coordination may destabilize the excited mo-
nomer by formation of the strong Cd2+–AN p complex. As
shown in Table 4, the distances between the 10–10’ positions
of the AN fragments of the [ZnL(OH)]+ and [CdL(OH)]+


complexes are 7.33 and 7.75 O, respectively. This means that


Figure 14. Change in 1H NMR spectra of L in D2O/CD3CN (80:20, v/v;
pH 10.3) with the addition of cations in the sequence A) Zn2+!Cd2+


(a) zero, b) 1 equiv of Zn2+ , c) 1 equiv of Cd2+) and B) Cd2+!Zn2+


(a) zero, b) 1 equiv of Cd2+ , c) 1 equiv of Zn2+). The pH (=pD�0.4) of
the solution was adjusted with DCl and NaOD.


Figure 15. Change in A) fluorescence (lex=368 nm; 298 K) and B) ab-
sorption spectra of L (50 mm) in aqueous NaClO4 (0.15m) solution at
pH 10.3, when Zn2+ and Cd2+ were added at the same time: a) zero,
b) 1 equiv each of Zn2+ and Cd2+ .
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the metal-free (vacant) polyamine ligand of [CdL(OH)]+


has a metal-binding space larger than that of [ZnL(OH)]+ ;
in other words, the vacant polyamine ligand of [CdL(OH)]+


can coordinate with metal cations more flexibly. This is be-
cause the coordination of Cd2+ , of larger ionic radius
(1.10 O) than Zn2+ (0.74 O),[24] pulls the bipolar AN frag-
ments apart. The vacant polyamine ligand of [CdL(OH)]+ ,
therefore, coordinates with Zn2+ , of smaller ionic radius
than Cd2+ , more strongly. This probably leads to an efficient
suppression of ET from the nitrogen atoms of the ligand to
the excited AN, thus lengthening the lifetime of the mono-
mer emission.


Conclusion


The emission properties of an azamacrocyclic ligand (L)
containing two AN fragments have been studied in water.
We found that L acts as the first fluorescent molecular
switch driven by the input sequence of metal cations (Zn2+


and Cd2+). The basic concept presented here, which cleverly
controls excimer emission by simple polyamine ligand and
metal cation inputs, may contribute to the development of
more miniaturized and more integrated fluorescent molecu-
lar devices.


Experimental Section


General : All of the reagents used were of the highest commercial quality,
and were supplied by Wako and Tokyo Kasei and used without further
purification. Water was purified by the Milli Q system.


Azamacrocyclic ligand L : Anthracene-9,10-dicarbaldehyde (0.54 g,
2.3 mmol) and triethylenetetramine (0.37 g, 2.5 mmol) were stirred in a
mixture of CH3CN and CH3OH (60:40 mL/mL) at 323 K under dry N2.
After 50 h of stirring, the solvents were removed by evaporation.
CH3OH (50 mL) was added to the residue, and NaBH4 (0.57 g, 15 mmol)
was added carefully. After 12 h of stirring at 323 K, the solvents were re-
moved by evaporation. Water (40 mL) and CH2Cl2 (90 mL) were added
to the residue, and the resulting organic layer was dried over Na2SO4 and
concentrated by evaporation. The semisolid residue obtained was dis-
solved in ethanol and precipitated as the HCl salt by addition of concen-
trated aqueous HCl solution. The salt was recrystallized in diethyl ether/
ethanol, affording L as a brown powder (0.45 g, 20%). 1H NMR
(270 MHz, D2O, TMS): d =3.11–3.57 (m, 24H; CH2, polyamine), 5.46 (s,
8H; ArCH2), 7.82–8.46 ppm (m, 16H; ArH); 13C NMR (270 MHz, D2O,
TMS): d=130.7, 128.6, 124.7, 123.8, 45.5, 44.4, 44.1 ppm; FAB-MS: m/z :
calcd for C44H56N8: 696.46; found: 697.8 [M+H+].


Analysis : Steady-state fluorescence spectra were measured on a Hitachi
F-4500 fluorescence spectrophotometer.[25] Absorption spectra were mea-
sured on a UV/Vis photodiode-array spectrophotometer (Shimadzu;
Multispec-1500).[26] Time-resolved fluorescence decay measurements
were performed by time-correlated single photon counting on a PTI-3000
apparatus (Photon Technology International) by using a Xe nanoflash
lamp filled with N2 as excitation source. All of the measurements were
carried out in the presence of NaClO4 to maintain the ionic strength of
the solution (I=0.15m) and at 298�1 K by using a quartz cell with
10 mm path length. The measurements in the presence of metal cations
were carried out after adding a metal cation followed by stirring for
5 min, because >5 min stirring does not lead to any change in the spec-
tra. For reproduction of the data, all of the measurements were carried
out in aerated conditions. Potentiometric titrations were carried out on a


COMTITE-550 potentiometric automatic titrator (Hiranuma) with a
glass electrode (GE-101).[27] An aqueous solution (50 mL) with an ionic
strength of I=0.15 (NaClO4) containing L (0.01 mmol) with or without
metal cation was kept under dry argon. At least two independent titra-
tions were performed at 298�1 K with an aqueous NaOH solution
(0.35 mm). The protonation and intrinsic complexation constants of L
were determined by the nonlinear least-squares program HYPERQUAD,
for which the Kw (= [H+] ACHTUNGTRENNUNG[OH�]) value used was 10�13.73 at 298 K.[28] The
stepwise protonation constants for L and stability constants for interac-
tion between L and metal cations are summarized in Tables 1 and 2, re-
spectively. 1H and 13C NMR spectra were obtained by a JEOL JNM-
GSX270 Excalibur spectrometer with tetramethylsilane (TMS) as stan-
dard. FAB-MS spectra were obtained by a JEOL JMS-700 mass spec-
trometer. Semiempirical MO calculations were performed by the
[D]MNDO method within the WinMOPAC version 3.0 software (Fu-
jitsu).[29]
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1,4-Pentenyne as a Five-Carbon Synthon for Efficient and Selective Syntheses
of Natural Products Containing 2,4-Dimethyl-1-penten-1,5-ylidene and
Related Moieties by Means of Zr-Catalyzed Carboalumination of Alkynes
and Alkenes


Gangguo Zhu and Ei-ichi Negishi*[a]


Introduction


A large number of natural products and related compounds
of biological and medicinal interest contain 2,4-dimethyl-1-
penten-1,5-ylidene moieties and derivatives thereof. Nafure-
din (1),[1] a selective NADH-fumarate reductase inhibitor
(NADH=nicotinamide adenine dinucleotide), scyphostatin
(2),[2] an inhibitor of neutral sphingomyelinase, (+)-ratja-
done (3),[3] an antifungal metabolite from Sorangium cellulo-
sum, milbemycin b3 (4),[4] a macrolide antibiotic, lacrimin A
(5),[5] an antihypotensive agent, (�)-bafilomycin A1 (6),[6] a
potent vacuolar H+-APTase (APTase=adenosine triphos-
phatase) inhibitor, concanamycin F (7),[7] another specific
H+-APTase inhibitor, and FK-506 (8),[8] an active immuno-
suppressive agent, are some of the representative examples
containing an (E)-trisubstituted alkene moiety, whilst disco-
dermolide (9),[9] an anticancer marine natural product, for
example, contains a (Z)-trisubstituted alkene. Others includ-
ing (�)-callystatin A (10),[10] a potential antitumor polyke-


tide, contain a disubstituted (E)-alkene, while both di- and
trisubstituted alkenes are seen in delactonmycin (11).[11]


With the goal of developing widely applicable, efficient,
and stereo- and regioselective synthetic protocols, 1,4-pente-
nyne (12) and its silyl derivatives readily preparable by Cu-
[12] or Pd-catalyzed[13] reactions of ethynyl- and silyl-protect-
ed ethynylmetals containing Li or Zn, respectively, were
considered as five-carbon synthons for the two-directional
construction of 2,4-dimethyl-1-penten-1,5-ylidene derivatives
by means of Zr-catalyzed methylalumination of alkynes
(ZMA reaction)[14] and Zr-catalyzed asymmetric carboalu-
mination of alkenes (ZACA reaction).[15] Our recent study
has indicated that, whilst conjugated dienes have not so far
satisfactorily undergone the ZACA reaction, 1,4-dienes
have.[15g] Thus, the 1,4-diene products obtained by means of
the ZMA reaction of 1,4-pentenyne (12) should undergo the
ZACA reaction, as depicted by protocol I (or the ZMA/
ZACA protocol; Scheme 1). In contrast, silylated 1,4-pente-
nynes might selectively undergo the ZACA reaction. If so,
the ZMA reaction can be performed at any later stage (pro-
tocol II or the ZACA/ZMA protocol). Thus, the main goal
of the work described below is to explore the feasibility of
both protocols I and II through the preparation of some key
intermediates used previously in the synthesis of a few
select natural products. For examining the practical synthetic
value of protocol I, nafuredin (1)[1] and milbemycin b3 (4)[4]


were chosen. In cases for which an early execution of the
ZMA reaction must be avoided, the ZACA/ZMA order of
execution would be desirable. We encountered this situation


Keywords: pentenyne ·
asymmetric synthesis · catalysis ·
natural products · zirconium


Abstract: Two highly efficient protocols for enantioselective synthesis of 2,4-di-
methyl-1-penten-1,5-ylidene derivatives involve the combined use of the Zr-cata-
lyzed methylalumination of alkynes (ZMA) and the Zr-catalyzed asymmetric car-
boalumination of alkenes (ZACA). The ZMA/ZACA protocol has been applied
to the synthesis of a nafuredin intermediate 14 and a potential intermediate 18 for
milbemycin b3, while the ZACA/ZMA protocol has been applied to the synthesis
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in an attempt to synthesize
known key intermediates of
(�)-bafilomycin A1 (6),[6] which
was thus chosen for exploring
the feasibility of protocol II.


Results and Discussion


Nafuredin (1) was isolated,
identified, and synthesized in
2001.[1] A key intermediate 14
was prepared from commercial-
ly available (S)-2-methyl-1-bu-
tanol (15) (TCI, 98% S) in 14
steps in 16% overall yield.[1c]


This intermediate 14 can be
synthesized according to proc-
tocol I in 21% yield in just six
steps from 15 (or three steps
from 12), as shown in
Scheme 2, featuring the Zr-cat-
alyzed alkyne carboalumina-
tion,[14] a controlled and syner-
gistic use of ZACA and lipase-
catalyzed acetylation,[16] and the
Pd–Zn cocatalyzed alkenyl–al-
kenyl coupling.[17] Both the Zr-
catalyzed methylalumination of
alkynes (ZMA) and the alkyne
hydrozirconation proceeded


Scheme 1. Two protocols for the conversion of 12 or 13 into 2,4-dimethyl-1-pentene and 2,4-dimethyl-1,5-hexa-
diene derivatives. ZACA=Me3Al, cat. , [ZrCl2ACHTUNGTRENNUNG(nmi)2]; ZMA=Me3Al, cat. , [ZrCl2Cp2].


Scheme 2. Synthesis of 14 as a key intermediate of nafuredin (1) by means of Zr-catalyzed alkyne carboalumi-
nation and ZACA-lipase-catalyzed acetylation. Swern oxidation= (COCl)2 (1.2 equiv), DMSO (2.0 equiv),
Et3N (2.2 equiv); Bestmann= (MeO)2POC(N2)COMe, K2CO3, MeOH; (�)-ZACA=Me3Al (2.5 equiv), 5%
[ZrCl2{(�)-(nmi)2}], CH2Cl2, 0 8C; then O2; lipase cat. acetylation=vinyl acetate (5 equiv), Amano PS lipase
(30 mgmmol�1) CH2Cl2; Dess–Martin=1,1,1-tris(acetyloxy)-1,1-dihydro-1,2-benziodoxol-3-(1H)one.
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with 98% stereoselectivity. The conjugated diene 16 ob-
tained by means of Pd-catalyzed cross-coupling was ach-
ieved to give 98% of the E,E isomer without any stereoiso-
meric purification. Its ZACA reaction with 5.0 mol% of
[ZrCl2{(�)-(nmi)2}]


[18] (nmi=1-neomenthylindenyl) as a cat-
alyst followed by oxidation with O2 gave 17 with 72% ee in
79% yield. Although this compound contains two asymmet-
ric carbon centers with a relatively rigid (E,E)-diene moiety
between them, attempts to purify 17 by column chromatog-
raphy proved to be difficult. On the other hand, its purifica-
tion by lipase-catalyzed acetylation by using Amano PS
lipase (30 mgmmol�1) provided 17 with 98% ee in 52%
overall yield from 16. Oxidation of 17 with Dess–Martin pe-
riodinane furnished 14 with 98% isomeric purity, as deter-
mined by 13C and 1H NMR spectroscopy, in 91% yield.


For an efficient and selective synthesis of 18, a potential
key intermediate for the synthesis of milbemycin b3 (4),[4] a
10-step scheme converting 12 into 18 in 18% overall yield
has been developed (Scheme 3). A five-step conversion of
commercially available (Aldrich) 3-methyl-4-methoxybenz-
aldehyde (19) into the requisite alkenyl iodide 20 in 36%
overall yield is also shown in Scheme 3. Selective iodination
of 19 (63% yield after reduction with NaBH4) through the
use of 1.05 equivalents of LiMeN ACHTUNGTRENNUNG(CH2)2NMe2,


[19] Pd-cata-
lyzed direct ethynylation[20] (77%), Zr-catalyzed alkyne car-
boalumination–iodinolysis,[14] and protection with tert-butyl-
dimethylsilyl chloride (TBSCl) afforded 20 with 98% iso-
meric purity in 74% yield. In the longer linear sequence
starting with 12, its Zr-catalyzed methylalumination, evapo-
ration of the volatiles, ate complexation of the alane with


nBuLi (1.3 equiv), and addition of ethylene oxide
(3.0 equiv) all in one pot produced 21 in 74% yield, after
protection with tert-butyldiphenylsilyl chloride (TBDPSCl)
and imidazole. The ZACA reaction of 21 with Me3Al
(2.5 equiv) and 1.0% of [ZrCl2{(�)-(nmi)2}] gave crude 22
with 75% ee in 78% yield, which was purified by treatment
with vinyl acetate (5.0 equiv) and Amano PS lipase
(30 mgmmol�1) to give 22 with 98% ee in 53% yield from
21. After conversion of 22 into 23 in 69% yield over three
steps, hydrozirconation–Pd–Zn cocatalyzed alkenyl–alkenyl
coupling with 20 permitted the crucial synthesis of 24, which
was converted to 98% isomerically pure 18 in 81% yield
over three steps. It should be noted that 23 in Scheme 3 may
be expected to serve as a useful intermediate for the synthe-
sis of other related compounds, such as lacrimin A (5).[5]


As is widely known, the Zr-catalyzed methylalumina-
tion[14] is generally incompatible with various carbonyl com-
pounds and some of those hydroxyl groups protected with
commonly used silyl and other protecting groups. Thus,
timing of its execution in synthesis is often critically impor-
tant. It is generally advisable to carry out the Zr-catalyzed
alkyne methylalumination before the ZACA reaction
(Scheme 1, protocol I) and incorporation of carbonyl
groups. In some cases, however, it is desirable to reverse the
order of their execution (protocol II). Synthesis of the vari-
ously protected preferred intermediate 25[6e–j] for the synthe-
sis of (�)-bafilomycin A1 is a case in point. Conversion of
12 into 26 proceeded in 72% yield. Disappointing, however,
the ZACA reaction of 26 produced, after oxidation with O2,
the desired product 27 in only 53% yield. The results point-


Scheme 3. Synthesis of 18 as a potential intermediate for the synthesis of milbemycin b3 by means of Zr-catalyzed alkyne carboalumination and ZACA–
lipase-catalyzed acetylation. TBS= tBuMe2Si, TBDPS= tBuPhSi, (�)-ZACA=Me3Al (2.0 equiv), 1% [ZrCl2{(�)-(nmi)2}], IBAO (1.0 equiv), CH2Cl2,
23 8C.
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ed to the desirability of deferring the Zr-catalyzed alkyne
carboalumination until after execution of the ZACA reac-
tion. And yet, it should nevertheless be performed before
incorporation of the carbonyl-containing C1–C5 moiety.
With this in mind, the trimethylsilyl- (TMS) and triisoprop-
yl- (TIPS) protected 1,4-pentenynes 13a and 13b were pre-
pared by CuBr-catalyzed allylation of lithio derivatives of
TMS- and TIPS-protected ethynes with allyl bromide in
THF at 50 8C in 81 and 95% yields, respectively.[12] Their
ZACA reaction proceeded cleanly without competition
coming from the silyl-protected alkynyl group and produced
28a and 28b in 76 and 85% yields, respectively. Whereas
the ZACA reaction of TMS-protected pentenyne 13a was
slower and required 4.0 mol% of [ZrCl2{(+)-(nmi)2}] and 0.5
equivalents of water for generation of MAO (methylalumi-
noxane) as a promoter,[21] the corresponding reaction of
TIPS-protected pentenyne 13b required only 0.5 mol% of
[ZrCl2{(+)-(nmi)2}] and 0.2 equivalents of H2O for full con-
sumption of the starting pentenyne 13b within 5 h at 23 8C.
After removal of the TMS or TIPS group by treatment with
K2CO3 or TBAF, 29 was obtained in 91 and 90% yields, re-
spectively. The Zr-catalyzed methylalumination of 29 with
3.0 molar equivalents of Me3Al, 0.2 equivalents of
[ZrCl2Cp2] (Cp=cyclopentadienyl), and 0.2 equivalents of
H2O followed by treatment with 2.5 equivalents of I2 cleanly
produced 27 (>98% E) in 88% yield. Oxidation of 27 with
tetramethylpiperdinyloxy free radical (TEMPO) and PhI-
ACHTUNGTRENNUNG(OAc)2 in CH2Cl2/H2O at 23 8C afforded 30 in 75% yield.


The aldehyde 30 was subjected to the Brown crotylbora-
tion[22] by using trans-2-butene and (+)-(Ipc)2BOMe, but the
crotylboration reaction was not clean, producing an unat-
tractive mixture, which contained the desired compound 31
in <10% yield, as determined by GC analysis. These unsat-
isfactory results are summarized in the top part of
Scheme 4.


Yet another modification of the synthetic scheme was
made here. Thus, the ZACA–lipase-catalyzed acetylation
product 28b was oxidized with PhIACHTUNGTRENNUNG(OAc)2 (1.1 equiv) in the
presence of 1.0 mol% of TEMPO to afford aldehyde 32 in
79% yield, which was then subjected to the same Brown
crotylboration as above. This reaction proceeded cleanly to
give 33 in 75% yield, and the product consisted of two dia-
stereoisomers (dr 92:8) detectable by 13C NMR spectrosco-
py, while its enantiomeric purity may safely be estimated to
be well over 98%. After deprotection with TBAF, the Zr-
catalyzed carboalumination–iodinolysis cleanly produced 31
in 86% yield over two steps. After protection of the hydrox-
yl group with TBSOTf (98% yield), oxidation first with N-
methylmorpholine-N-oxide (NMO) in the presence of
1.0 mol% of OsO4 and then with NaIO4 produced 35 in
71% yield. The same compound was also used by the
Roush[6e, f] and Marshall[6g,h] groups in the synthesis of 25 and
eventually of (�)-bafilomycin A1.


[6] A similar route to the
TES-protected analogue of 25 and (�)-bafilomycin A1 was
also reported by Hanessian.[6i] Our conversion of 35 to 25
followed closely the route employed by Roush[6e, f] and Mar-


Scheme 4. Synthesis of a key intermediate 25 for (�)-bafilomycin A1 by means of a ZACA/ZMA protocol. ZMA= i) [ZrCl2Cp2] (0.2 equiv), Me3Al
(3.0 equiv), H2O (0.2 equiv), CH2Cl2; ii) I2, CH2Cl2/THF. (+ )-crotylboration= trans-2-butene, tBuOK, nBuLi, (+ )-(Ipc)2BOMe, BF3·Et2O, ether/THF.
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shall,[6g,h] as shown in Scheme 4. Thus, 25 with 98% isomeric
purity was prepared in 11 steps from TIPSC�CH in 16%
overall yield. Besides being efficient, in part by virtue of the
use of 1,4-pentenyne and its derivatives permitting the com-
bined use of the ZMA and ZACA reactions, this appears to
be the only catalytic and fully enantioselective synthesis of
25 or its analogues with different protective groups.[6e–j]


Conclusion


The ZMA reaction of 1,4-pentenyne (12) followed by the
ZACA reaction at an appropriate stage (Scheme 1, protoco-
l I) promises to provide a highly efficient, catalytic, and
asymmetric route to a wide range of natural products con-
taining one or more 2,4-dimethyl-1-penten-1,5-ylidene moi-
eties. The ZMA reaction is usually 98% E selective. Al-
though the ZACA reaction with Me3Al has thus far typically
provided a 70–80% ee, the crude products of either R or S
configuration can be readily and satisfactorily purified by
lipase-catalyzed acetylation with vinyl acetate. By using pro-
tocol I, the known advanced intermediate 14 for nafuredin
(1) has been efficiently and selectively synthesized in 21%
yield in six steps from 15 or in 37% yield in mere three
steps from 12. Although not an actual intermediate in any
of the previous syntheses of milbemycin b3,


[4] 18, which ap-
pears to be imminently applicable as an advanced inter-
mediate for the synthesis of 4, was also prepared as a 98%
pure compound in 18% yield over 10 steps from 12. In this
synthesis, a five-step procedure for converting commercially
available 19 was devised to produce 98% pure 20 in 36%
yield over five steps by means of 1) regioselective lithiation–
iodinolysis of 19 by using LiMeN ACHTUNGTRENNUNG(CH2)2NMe2, 2) Pd-cata-
lyzed direct ethynylation with HC�CZnBr, and 3) ZMA re-
action followed by iodinolysis.


Difficulties encountered in the ZACA reaction and the
crotylboration of iodoalkenyl-containing intermediates in an
attempted synthesis of advanced intermediate 25 for the
synthesis of (�)-bafilomycin A1 pointed to the need to defer
the ZMA reaction followed by iodinolysis until both ZACA
and crotylboration reactions have been executed. This was
feasible if the TIPS-protected 1,4-pentenyne 13b was used
in place of the parent 1,4-pentenyne (12). Crucial to this de-
velopment was the finding that 13b would undergo the de-
sired ZACA reaction without a competition coming from
the alkynyl group. It was also important to find that little or
no cleavage of the TIPS group occurred, whereas partial
cleavage of the TMS protecting group was detected in cases
in which 1,4-pentenyne was protected with this silyl group.
Besides being one of the most efficient synthesis of 25 and
related derivatives with different protecting groups, the syn-
thesis herein reported appears to provide the only catalytic
and fully enantioselective route to 25. Even at the current
stage of development, this novel, efficient, and catalytic
asymmetric method promises to provide alternative routes
to a wide range of chiral natural products.


Clearly, it is very desirable to improve the 72–75% ee
range observed in the ZACA reaction used in this study,
which is limiting the yields of pure products. Such efforts
are currently in progress in our laboratories.


Experimental Section


General methods : Unless otherwise stated, all starting materials were ob-
tained from commercial suppliers and used without further purification.
THF and ether were distilled from sodium and benzophenone. CH2Cl2
was distilled from CaH2. Flash chromatographic separation was carried
out on 230–400 mesh silica gel 60. Gas chromatography was performed
on an HP 6890 gas chromatograph by using an HP-5 capillary column
(30 mM0.32 mm, 0.5 mm film) with appropriate hydrocarbons as internal
standards. 1H and 13C NMR spectra were recorded in CDCl3 on a Varian
Inova-300 spectrometer. Optical rotations were measured on an Autopol
III automatic polarimeter. ZnBr2 was flame-dried under vacuum prior to
use. [ZrCl2{(+)-(nmi)2}] and [ZrCl2{(�)-(nmi)2}]


[18] were prepared as re-
ported in the literature. Further intermediates and 1H and 13C NMR
spectra are given in the Supporting Information.


5-Triisopropylsilyl-1-penten-4-yne (13b): nBuLi in hexanes (2.5m, 21 mL,
52.5 mmol) was added to a solution of triisopropylsilylacetlyne (11.5 mL,
50 mmol) in THF (30 mL) at �78 8C. After stirring for 30 min at �78 8C,
CuBr[12] (360 mg, 2.5 mmol) and allyl bromide (4.5 mL, 55 mmol) were
added. After stirring for 5 h at 50 8C, the reaction mixture was quenched
with saturated aqueous NH4Cl, extracted with ether, washed with brine,
dried over MgSO4, and concentrated. Column chromatography (silica
gel, hexanes/Et2O 98:2) afforded 13b (10.1 g, 95%) as a colorless oil.
1H NMR (300 MHz, CDCl3): d =1.00–1.20 (m, 21H), 3.05–3.10 (m, 2H),
5.15 (dt, J=10.2, 1.5 Hz, 1H), 5.41 (dd, J=17.1, 1.8 Hz, 1H), 5.75–
5.9 ppm (m, 1H); 13C NMR (75 MHz, CDCl3): d =11.28 (3C), 18.61
(6C), 24.11, 83.01, 104.79, 115.97, 132.42 ppm.


ACHTUNGTRENNUNG(4E,8S)-4,8-Dimethyl-1,4,6-decatriene (16): A solution of 12 (132 mg,
2.0 mmol) in CH2Cl2 (3 mL) was added to a solution of [ZrCl2Cp2]
(117 mg, 0.4 mmol) and Me3Al (0.6 mL, 6.0 mmol) in CH2Cl2 (2 mL) at
0 8C. After stirring overnight at 0 8C, the solvent and excess Me3Al were
evaporated. The residue was dissolved in THF (2 mL), followed by addi-
tion of a solution of ZnBr2 (473 mg, 2.1 mmol) in THF (1 mL) at �78 8C.
After stirring for 30 min at 0 8C, (1E,3S)-1-iodo-3-methyl-1-pentene
(650 mg, 3.0 mmol) and [Pd ACHTUNGTRENNUNG(PPh3)4] (115 mg, 0.1 mmol) in THF (2 mL)
were added. After stirring overnight at 23 8C, the reaction mixture was
quenched with saturated aqueous NH4Cl, extracted with ether, washed
with brine, dried over MgSO4, and concentrated. Column chromatogra-
phy (silica gel, hexanes/Et2O 95:5) afforded 16 (256 mg, 78%) as a color-
less oil. 1H NMR (300 MHz, CDCl3): d=0.86 (t, J=7.2 Hz, 3H), 0.99 (d,
J=6.9 Hz, 3H), 1.15–1.40 (m, 2H), 1.73 (d, J=1.2 Hz, 3H), 2.0–2.15 (m,
1H), 2.76 (d, J=6.9 Hz, 2H), 5.00–5.10 (m, 2H), 5.46 (dd, J=15.0,
7.8 Hz, 1H), 5.70–5.90 (m, 2H), 6.19 ppm (ddd, J=15.0, 10.5, 0.9 Hz,
1H); 13C NMR (75 MHz, CDCl3): d =11.78, 16.52, 20.26, 29.89, 38.73,
44.21, 115.94, 124.84, 125.77, 134.22, 136.41, 138.86 ppm; MS (70 eV, EI):
m/z (%): 164 (52) [M+], 135 (26), 93 (100); HRMS (EI): m/z : calcd for
C12H20: 164.1565 [M+]; found: 164.1563.


(2R,4E,6E,8S)-2,4,8-Trimethyl-4,6-decadien-1-ol (17)


Representative procedure A : Compound 16 (164 mg, 1.0 mmol) in CH2Cl2
(3 mL) was added to a solution of Me3Al (0.3 mL, 3.0 mmol) and
[ZrCl2{(�)-(nmi)2}] (33 mg, 0.05 mmol) in CH2Cl2 (2 mL) at 23 8C. After
total consumption of starting material (determined by GC analysis), the
reaction mixture was treated with a vigorous stream of oxygen bubbled
through it for 1 h at 0 8C, and was then stirred for further 5 h under an
oxygen atmosphere at 23 8C. After this time, it was quenched with NaOH
(2n), extracted with CH2Cl2, washed with saturated aqueous NH4Cl,
brine, dried over MgSO4, and concentrated. After passing it through a
short path column of silica gel by using EtOAc as an eluent to remove
metal-containing impurities, evaporation provided the crude product 17
(155 mg, 79%). The optical purity was determined by Mosher ester anal-
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ysis to be 72% ee. Amano PS lipase (23 mg, 30 mgmmol�1) and vinyl ace-
tate (0.39 mL, 3.9 mmol) were added to a solution of crude 17 (151 mg,
0.77 mmol) in CH2Cl2 (2.3 mL) at 23 8C. After stirring for 5 h (conver-
sion=30%, as determined by GC analysis), the reaction mixture was fil-
tered, concentrated, and purified by column chromatography (silica gel,
hexanes/EtOAc 70:30) to give 17[1c] (102 mg, 52% from 16). The optical
purity was determined by Mosher ester analysis to be 99% ee. [a]23


D =


+41.3 (c=1.2 in CHCl3);
1H NMR (300 MHz, CDCl3): d=0.87 (t, J=


6.9 Hz, 3H), 0.89 (d, J=6.6 Hz, 3H), 0.99 (d, J=7.2 Hz, 3H), 1.05–1.20
(m, 2H), 1.74 (d, J=1.2 Hz, 3H), 1.80–1.90 (m, 2H), 2.05–2.20 (m, 2H),
3.40–3.55 (m, 2H), 5.46 (dd, J=15.3, 8.1 Hz, 1H), 5.81 (d, J=11.1 Hz,
1H), 6.18 ppm (dd, J=15.3, 11.4 Hz, 1H); 13C NMR (75 MHz, CDCl3):
d=11.79, 16.47, 16.73, 20.18, 29.84, 33.88, 38.62, 44.29, 68.35, 124.61,
126.61, 134.55, 138.73 ppm; MS (70 eV, EI): m/z (%): 197 (41) [M++H],
196 (46) [M+], 179 (57), 109 (100).


(2R,4E,6E,8S)-2,4,8-Trimethyl-4,6-decadienal (14)


Representative procedure B : Dess–Martin periodinane (509 mg,
0.6 mmol) was added to a solution of 17 (98 mg, 0.5 mmol) in CH2Cl2
(3 mL) at 0 8C. After stirring for 2 h at 23 8C, the reaction mixture was
quenched with saturated aqueous Na2S2O3, extracted with ether, washed
with brine, dried over MgSO4, and concentrated. Column chromatogra-
phy (silica gel, hexanes/Et2O 95:5) afforded 14[1c] (88 mg, 91%) as a col-
orless oil. [a]23


D =++28.3 (c=1.0 in CHCl3);
1H NMR (300 MHz, CDCl3):


d=0.86 (t, J=7.2 Hz, 3H), 0.99 (d, J=6.6 Hz, 3H), 1.06 (d, J=6.3 Hz,
3H), 1.20–1.40 (m, 2H), 1.74 (d, J=1.2 Hz, 3H), 2.00–2.15 (m, 2H),
2.45–2.60 (m, 2H), 5.49 (dd, J=15.3, 7.8 Hz, 1H), 5.82 (d, J=10.5 Hz,
1H), 6.17 (ddd, J=15.3, 10.5, 1.5 Hz, 1H), 9.64 ppm (d, J=1.5 Hz, 1H);
13C NMR (75 MHz, CDCl3): d=11.79, 13.22, 16.39, 20.12, 29.75, 38.63,
40.87, 44.52, 124.36, 127.62, 131.94, 139.60, 204.99 ppm; HRMS (EI): m/z :
calcd for C13H22O: 194.1671 [M+]; found: 194.1675.


2-Ethynyl-4-methoxy-5-methyl-benzyl alcohol : A solution of dry ZnBr2


(5.4 g, 24 mmol) in THF (10 mL) was treated with 0.5m ethynylmagnesi-
um bromide in THF (48 mL, 24 mmol) at 0 8C. After stirring for 30 min,
a solution of [Pd ACHTUNGTRENNUNG(PPh3)4] (462 mg, 0.4 mmol) and 2-iodo-4-methoxy-5-
methyl-benzyl alcohol in THF (10 mL) were added. After stirring for 3 h
at 23 8C, the reaction mixture was quenched with saturated aqueous
NH4Cl, extracted with ether, washed with brine, dried over MgSO4, and
concentrated. Column chromatography (silica gel, hexanes/EtOAc 70:30)
gave the desired product (1.35 g, 77%) as a white solid. 1H NMR
(300 MHz, CDCl3): d=2.21 (s, 3H), 2.20–2.30 (m, 1H), 3.28 (s, 1H), 3.81
(s, 3H), 4.71 (s, 2H), 6.92 (s, 1H), 7.16 ppm (s, 1H); 13C NMR (75 MHz,
CDCl3): d =16.19, 55.38, 63.27, 80.73, 81.66, 113.69, 118.44, 128.52,
130.37, 135.28, 156.70 ppm.


Compound 20


Representative procedure C :[14d] H2O (27 mL, 1.5 mmol) was added to a
solution of Me3Al (1.0 mL, 10 mmol) and [ZrCl2Cp2] (176 mg, 0.6 mmol)
in CH2Cl2 (5 mL) at �78 8C. After stirring for 30 min at �78 8C, the reac-
tion mixture was warmed to 23 8C over 30 min. To this was added 2-eth-
ynyl-4-methoxy-5-methyl-benzyl alcohol (528 mg, 3.0 mmol) in CH2Cl2
(5 mL) at �78 8C. After stirring for 3 h at 23 8C, the reaction mixture was
treated with a solution of I2 (1.5 g, 6. 0 mmol) in THF (10 mL) at �78 8C.
After stirring for 30 min at �78 8C, the reaction mixture was stirred for a
further 30 min at 0 8C, which was followed by addition of saturated aque-
ous Na2S2O3 and extraction with ether. The resulting solution was
washed with brine, dried over MgSO4, and concentrated. Column chro-
matography (silica gel, hexanes/EtOAc 70:30) afforded the desired com-
pound (715 mg, 75%) as a colorless oil. To a solution of the alcohol
(636 mg, 2. 0 mmol) obtained above and imidazole (204 mg, 3.0 mmol) in
DMF (6 mL) was added TBSCl (320 mg, 2.1 mmol) at 0 8C. After stirring
for 2 h at 23 8C, the reaction mixture was quenched with water, extracted
with ether, washed with water, brine, dried over MgSO4, and concentrat-
ed. Column chromatography (silica gel, hexanes/EtOAc 97:3) afforded 20
(847 mg, 98%) as a colorless oil. 1H NMR (300 MHz, CDCl3): d=0.10 (s,
6H), 0.93 (s, 9H), 2.18 (d, J=1.2 Hz, 3H), 2.22 (s, 3H), 3.82 (s, 3H), 4.51
(s, 2H), 6.20 (s, 1H), 6.54 (s, 1H), 7.18 ppm (s, 1H); 13C NMR (75 MHz,
CDCl3): d=�5.20 (2C), 15.97, 18.36, 25.99 (3C), 26.61, 55.30, 62.60,
79.81, 109.12, 125.85, 129.13, 131.10, 139.88, 147.35, 156.56 ppm; MS


(70 eV, EI): m/z (%): 432 (2) [M+], 375 (80), 305 (32); 174 (100); HRMS
(EI): m/z : calcd for C18H29SiIO2: 432.0981 [M+]; found: 432.0986.


(4E)-7-(tert-Butyldiphenylsilyloxy)-4-methyl-1,4-heptadiene (21): A solu-
tion of 12 (1.3 g, 20 mmol) in CH2Cl2 (10 mL) was added to a solution of
[ZrCl2Cp2] (1.2 g, 4.0 mmol) and Me3Al (4.0 mL, 40 mmol) in CH2Cl2
(20 mL) at 0 8C. After stirring overnight at 0 8C, the solvent and excess
Me3Al were evaporated. To the residue thus formed in dry THF (30 mL)
was added nBuLi in hexanes (2.5m, 10.4 mL, 26 mmol) at �78 8C. After
stirring for 30 min at �78 8C, ethylene oxide (2.0 mL, 40 mmol) was
added, and the reaction mixture was warmed to 23 8C overnight. It was
quenched with saturated aqueous NH4Cl, extracted with ether, washed
with brine, and then dried over MgSO4. Concentration afforded the de-
sired alcohol, which was directly used in the following step. Protection
with TBDPSCl according to the procedure used above afforded 21 (5.3 g,
74%, two steps) as a colorless oil. 1H NMR (300 MHz, CDCl3): d=1.14
(s, 9H), 1.64 (s, 3H), 2.35–2.45 (m, 2H), 2.77 (d, J=6.0 Hz, 2H), 3.70–
3.80 (m, 2H), 5.05–5.15 (m, 2H), 5.26 (t, J=1.2 Hz, 1H), 5.80–5.90 (m,
1H), 7.40–7.50 (m, 6H), 7.70–7.80 ppm (m, 4H); 13C NMR (75 MHz,
CDCl3): d =16.11, 19.20, 26.83 (3C), 31.61, 44.15, 63.69, 115.66, 121.50,
127.59 (4C), 129.50 (2C), 134.05 (2C), 135.45, 135.59 (4C), 136.89 ppm.


ACHTUNGTRENNUNG(2R,4E)-7-(tert-Butyldiphenylsilyloxy)-2,4-dimethyl-4-hepten-1-ol (22):
Compound 22 was prepared according to representative procedure A,
with the exception that one equivalent of isobutylaluminoxane (IBAO)
and 1.0 mol% of [ZrCl2{(�)-(nmi)2}] were used to provide 22 in 78%
yield. The optical purity was determined by Mosher ester analysis to be
75% ee. Lipase-catalyzed acetylation gave 22 (2.1 g, 53%). The optical
purity was determined by Mosher ester analysis to be >98% ee. [a]23


D =


+22.4 (c=2.0 in CHCl3);
1H NMR (300 MHz, CDCl3): d=0.87 (d, J=


6.6 Hz, 3H), 1.05–1.1 (m, 10H), 1.57 (s, 3H), 1.75–1.85 (m, 2H), 2.05–
2.15 (m, 1H), 2.28 (q, J=6.9 Hz, 2H), 3.40–3.55 (m, 2H), 3.66 (t, J=


6.9 Hz, 2H), 5.18 (t, J=1.2 Hz, 1H), 7.15–7.25 (m, 6H), 7.70–7.75 ppm
(m, 4H); 13C NMR (75 MHz, CDCl3): d=15.94, 16.56, 19.11, 26.78 (3C),
31.52, 33.46, 44.15, 63.67, 68.24, 122.25, 127.53 (4C), 129.47 (2C), 133.93
(2C), 134.78, 135.51 ppm (4C); HRMS (EI): m/z : calcd for C25H37SiO2:
397.2557 [M++H]; found: 397.2562.


Compound 24 : To a solution of [ZrCl2Cp2] (190 mg, 0.65 mmol) in THF
(2 mL) was added DIBAL-H (DIBAL-H=diisobutylaluminium hydride)
(0.11 mL, 0.65 mmol) at 0 8C. After stirring for 30 min at 0 8C, a solution
of 23 (234 mg, 0.6 mmol) in THF (1 mL) was added. After stirring for 2 h
at 23 8C, a solution of dry ZnBr2 (146 mg, 0.65 mmol) in THF (1 mL) was
added. After stirring for 30 min at 0 8C, a solution of [PdACHTUNGTRENNUNG(PPh3)4] (29 mg,
0.025 mmol) and 20 (216 mg, 0.5 mmol) in THF (2 mL) were added.
After stirring for 3 h at 23 8C, the reaction mixture was quenched with sa-
turated aqueous NH4Cl, extracted with ether, washed with brine, dried
over MgSO4, and concentrated. Column chromatography (silica gel, hex-
anes/EtOAc 95:5) afforded 24 (282 mg, 81%) as a colorless oil. 1H NMR
(300 MHz, CDCl3): d=0.09 (s, 6H), 0.95 (s, 9H), 1.00 (d, J=6.9 Hz, 3H),
1.08 (s, 9H), 1.58 (s, 3H), 1.93 (dd, J=13.2, 8.7 Hz, 1H), 2.08 (s, 3H),
2.24 (s, 3H), 2.25–2.5 (m, 4H), 3.68 (t, J=7.2 Hz, 2H), 3.82 (s, 3H), 4.59
(s, 2H), 5.17 (t, J=7.8 Hz, 1H), 5.65 (dd, J=15.3, 7.2 Hz, 1H), 5.96 (d,
J=10.8 Hz, 1H), 6.34 (dd, J=15.0, 10.5 Hz, 1H), 6.60 (s, 1H), 7.22 (s,
1H), 7.40–7.50 (m, 6H), 7.65–7.75 ppm (m, 4H); 13C NMR (75 MHz,
CDCl3): d=�5.20 (2C), 15.97, 16.08, 18.47, 18.89, 19.17, 19.59, 26.05
(3C), 26.83 (3C), 31.63, 34.81, 47.52, 55.36, 62.71, 63.75, 109.65, 122.42,
124.19, 124.81, 127.56 (4C), 129.36, 129.50 (2C), 130.73, 134.07 (2C),
134.69, 135.25, 135.59 (4C), 140.89, 142.78, 156.45 (2C); HRMS (EI):
m/z : calcd for C44H64Si2O3: 696.4394 [M+]; found: 696.4398.


Compound 18 : 2-Methyl-2-butene (1 mL), followed by NaH2PO4 (83 mg,
0.6 mmol) and NaClO2 (54 mg, 0.6 mmol) were added to an aldehyde
(105 mg, 0.18 mmol), which was deprotected by removal of TBS with
HCl (1n) from 24 and then oxidized by Dess–Martin periodinane, in
tBuOH (2 mL) and H2O (1 mL). After stirring overnight at 23 8C, the re-
action mixture was extracted with ether, washed with brine, dried over
MgSO4, and concentrated. Purification by column chromatography (silica
gel, hexanes/EtOAc 70:30) gave 18 (96 mg, 89%) as a white solid. [a]23


D =


+2.7 (c=2.0 in CHCl3);
1H NMR (300 MHz, CDCl3): d =1.03 (d, J=


6.6 Hz, 3H), 1.10 (s, 9H), 1.61 (s, 3H), 1.95 (dd, J=13.5, 8.7 Hz, 1H),
2.14 (s, 3H), 2.26 (s, 3H), 2.30–2.50 (m, 4H), 3.71 (t, J=6.6 Hz, 2H), 3.89
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(s, 3H), 5.21 (t, J=7.2 Hz, 1H), 5.72 (dd, J=15.0, 6.9 Hz, 1H), 6.00 (d,
J=10.5 Hz, 1H), 6.39 (dd, J=15.0, 10.5 Hz, 1H), 6.67 (s, 1H), 7.20–7.30
(m, 6H), 7.70–7.80 (m, 4H), 7.87 ppm (s, 1H); 13C NMR (75 MHz,
CDCl3): d=15.69, 16.03, 19.00, 19.14, 19.39, 26.83 (3C), 31.61, 34.64,
47.47, 55.47, 63.75, 111.33, 119.14, 122.45, 124.39, 124.95, 127.39, 127.56
(3C), 129.47 (2C), 133.74, 134.02 (2C), 135.22, 135.56 (4C), 137.53,
140.90, 148.39, 160.97, 172.56 ppm; MS (70 eV, EI): m/z (%): 596 (11)
[M+], 539 (34), 461 (22), 259 (100); HRMS (EI): m/z : calcd for
C38H48Si2O4: 596.3322 [M+]; found: 596.3325.


(1E)-1-Iodo-2-methyl-1,4-pentadiene (26): This Compound was prepared
according to representative procedure C in absence of H2O (MAO).[21]


Yield: 72%; 1H NMR (300 MHz, CDCl3): d=1.83 (s, 3H), 2.90–2.95 (m,
2H), 5.00–5.10 (m, 2H), 5.70–5.85 (m, 1H), 5.95 ppm (q, J=1.2 Hz, 1H);
13C NMR (75 MHz, CDCl3): d=23.85, 43.59, 75.91, 117.07, 134.78,
146.04 ppm.


(2S)-2-Methyl-5-triisopropylsilyl-4-pentyn-1-ol (28b): The title compound
was prepared according to representative procedure A except that
0.5 mol% of [ZrCl2{(+)-(nmi)2}] and 20 mol% of MAO were used. The
product was formed in 85% yield with an optical purity, as determined
by Mosher ester analysis of the hydrogenated product, of 73% ee.
Lipase-catalyzed acetylation afforded pure 28b in 63% yield with an op-
tical purity, as determined by Mosher ester analysis of the hydrogenated
product, of 97% ee. [a]23


D =++7.8 (c=1.5 in CHCl3);
1H NMR (300 MHz,


CDCl3): d =0.99 (d, J=6.9 Hz, 3H), 1.00–1.15 (m, 21H), 1.8–1.95 (m,
1H), 2.25–2.35 (m, 2H), 2.58 (br s, 1H), 3.53 ppm (br s, 2H); 13C NMR
(75 MHz, CDCl3): d=11.22 (3C), 16.02, 18.52 (6C), 23.69, 35.17, 66.89,
81.66, 106.87 ppm; MS (70 eV, EI): m/z (%): 255 (3) [M++H], 253 (6),
211 (100), 157 (37); HRMS (EI): m/z : calcd for C15H31SiO: 255.2139
[M++H]; found: 255.2143.


(2S)-2-Methyl-4-pentyn-1-ol (29): K2CO3 (62 mg, 0.45 mmol) was added
to a solution of 27a (255 mg, 1.5 mmol) in MeOH (4 mL). After stirring
overnight at 23 8C, the reaction mixture was quenched with water, ex-
tracted with ether, washed with brine, dried over MgSO4, and concentrat-
ed. Column chromatography (silica gel, hexanes/Et2O 70:30) provided 29
(132 mg, 90%) as a colorless oil. 1H NMR (300 MHz, CDCl3): d =1.01
(d, J=7.2 Hz, 3H), 1.80–1.95 (m, 1H), 2.00 (t, J=3.0 Hz, 1H), 2.20–2.50
(m, 3H), 3.55 ppm (d, J=6.3 Hz, 2H); 13C NMR (75 MHz, CDCl3): d=


15.94, 22.09, 34.75, 66.53, 69.48, 82.59 ppm.


ACHTUNGTRENNUNG(2S,4E)-2,4-Dimethyl-5-iodo-4-peten-1-ol (27): This compound was pre-
pared from 29 according to representative procedure C to provide 27 in
88% yield. 1H NMR (300 MHz, CDCl3): d=0.88 (d, J=6.6 Hz, 3H),
1.75–1.90 (m, 1H), 1.83 (s, 3H), 2.02 (dd, J=13.5, 8.4 Hz, 1H), 2.36 (dd,
J=13.5, 6.6 Hz, 1H), 3.40–3.50 (m, 2H), 5.90 ppm (q, J=1.2 Hz, 1H);
13C NMR (75 MHz, CDCl3): d=16.27, 23.71, 33.70, 43.53, 67.51, 75.60,
146.49 ppm.


Compound 33 : This compound was prepared according to BrownNs cro-
tylboration procedure[22] to give 33 in 75% yield (dr=92:8, as determined
by 13C NMR spectroscopy). 1H NMR (300 MHz, CDCl3): d=1.00–1.15
(m, 27H), 1.75–1.90 (m, 2H), 2.30–2.50 (m, 3H), 3.25–3.35 (m, 1H),
5.05–5.20 (m, 2H), 5.75–5.90 ppm (m, 1H); 13C NMR (75 MHz, CDCl3):
d=11.28 (3C), 16.53, 17.37, 18.58 (6C), 22.73, 35.73, 40.51, 78.18, 81.60,
107.66, 116.19, 139.24 ppm.


ACHTUNGTRENNUNG(1E,4S,6R)-1-Iodo-5-(tert-butyldimethylsilyloxy)-2,4,6-trimethyl-1,7-octa-
diene (34): Lutidine (0.8 mL, 7.0 mmol) and tert-butyldimethylsilyl tri-
flate (TBSOTf) (1.4 mL, 6.0 mmol) were added to a solution of 31
(1.23 g, 4.2 mmol) in CH2Cl2 (8 mL) at 0 8C. After stirring for 2 h at
23 8C, the reaction mixture was quenched with saturated aqueous NH4Cl,
extracted with ether, washed with brine, dried over MgSO4, and concen-
trated. Column chromatography (silica gel, hexanes/Et2O 95:5) provided
34 (1.68 g, 98%). 1H NMR (300 MHz, CDCl3): d=0.06 (s, 3H), 0.07 (s,
3H), 0.79 (d, J=6.9 Hz, 3H), 0.93 (s, 9H), 1.03 (d, J=6.9 Hz, 3H), 1.80
(s, 3H), 1.75–1.85 (m, 1H), 1.95 (dd, J=13.5, 10.5 Hz, 1H), 2.35–2.50 (m,
2H), 3.35 (dd, J=5.7, 3.3 Hz, 1H), 4.95–5.05 (m, 2H), 5.84 (s, 1H),
5.90 ppm (ddd, J=17.4, 10.2, 7.8 Hz, 1H); 13C NMR (75 MHz, CDCl3):
d=�3.80, �3.63, 16.31, 18.33, 23.57, 26.13 (3C), 35.37, 42.05, 43.00 (2C),
75.09, 79.92, 114.00, 141.43, 147.16 ppm; MS (70 eV, EI): m/z (%): 409
(3), 393 (5), 353 (9), 149 (100); HRMS (EI): m/z : calcd for C13H34SiIO:
409.1418 [M++H]; found: 409.1423.


Compound 35 : NMO (0.8 mL, 3.0 mmol) and OsO4 (80 mL, 0.01 mmol)
were added to a solution of 34 (409 mg, 1 mmol) in acetone (8 mL) and
H2O (2 mL). After stirring for 6 h at 23 8C, the reaction mixture was
quenched with aqueous Na2S2O3, extracted with EtOAc, washed with
brine, and dried over MgSO4. Concentration gave the crude diol. To a so-
lution of the crude diol obtained above in THF (4 mL) and H2O (1 mL)
was added NaIO4 (320 mg, 1.5 mmol). After stirring for 2 h at 23 8C, the
reaction was quenched with aqueous Na2S2O3, extracted with ether,
washed with brine, dried over MgSO4, and concentrated. Column chro-
matography (silica gel, hexanes/EtOAc 95:5) provided 35 (295 mg, 71%)
as a colorless oil. 1H NMR (300 MHz, CDCl3): d =0.065 (s, 3H), 0.071 (s,
3H), 0.82 (d, J=6.6 Hz, 3H), 0.89 (s, 9H), 1.11 (d, J=6.9 Hz, 3H), 1.80
(d, J=1.2 Hz, 3H), 1.85–2.05 (m, 2H), 2.35–2.60 (m, 2H), 3.70–3.75 (m,
1H), 5.88 (s, 1H), 9.77 ppm (d, J=2.4 Hz, 1H); 13C NMR (75 MHz,
CDCl3): d=�4.33, �4.19, 12.04, 15.32, 18.13, 23.58, 25.85 (3C), 36.10,
42.95, 49.54, 75.88, 77.90, 146.15, 204.59 ppm.


Compound 36 : This compound was prepared by a literature method[6f,h]


to give 36 in 89% yield. [a]23
D =++27.3 (c=1.1 in CHCl3);


1H NMR
(300 MHz, CDCl3): d=0.038 (s, 3H), 0.043 (s, 3H), 0.76 (d, J=6.6 Hz,
3H), 0.90 (s, 9H), 0.98 (d, J=6.9 Hz, 3H), 1.27 (t, J=6.9 Hz, 3H), 1.75–
1.80 (m, 1H), 1.78 (d, J=1.2 Hz, 3H), 1.83 (d, J=1.5 Hz, 3H), 1.97 (dd,
J=13.8, 10.5 Hz, 1H), 2.36 (dd, J=13.5, 4.5 Hz, 1H), 2.60–2.70 (m, 1H),
3.44 (t, J=4.2 Hz, 1H), 4.10–4.25 (m, 2H), 5.84 (s, 1H), 6.87 ppm (dd,
J=9.9, 1.5 Hz, 1H); 13C NMR (75 MHz, CDCl3): d=�3.94, �3.77, 12.46,
14.17, 15.97, 18.13, 18.27, 23.55, 25.99 (3C), 35.93, 36.46, 42.58, 60.27,
75.37, 79.58, 126.21, 144.91, 146.59, 168.18 ppm.


Compound 37: DIBAL-H in hexanes (1.0m, 1.0 mL, 1.0 mmol) was
added to a solution of 36 (248 mg, 0.50 mmol) in dry CH2Cl2 (3 mL) at
�78 8C. After stirring for 30 min at �78 8C, the reaction mixture was
quenched with MeOH (2 mL) at �78 8C, which was followed by the addi-
tion of saturated aqueous Rochelle salt and extraction with ether. This
solution was then washed with brine, dried over MgSO4, and concentrat-
ed. Column chromatography (silica gel, hexanes/EtOAc 70:30) afforded
37 (209 mg, 93%) as a colorless oil. [a]23


D =++8.7 (c=1.0 in CHCl3);
1H NMR (300 MHz, CDCl3): d=0.070 (s, 3H), 0.073 (s, 3H), 0.75 (d, J=


7.2 Hz, 3H), 0.92 (s, 9H), 1.05 (d, J=7.2 Hz, 3H), 1.75 (d, J=1.2 Hz,
3H), 1.75–1.80 (m, 1H), 1.79 (s, 3H), 1.97 (dd, J=12.9, 9.9 Hz, 1H), 2.36
(dd, J=12.9, 4.8 Hz, 1H), 2.85–2.90 (m, 1H), 3.51 (dd, J=7.5, 2.7 Hz,
1H), 5.86 (s, 1H), 6.67 (dd, J=9.6, 1.2 Hz, 1H), 9.40 ppm (s, 1H);
13C NMR (75 MHz, CDCl3): d=�3.88 (2C), 9.32, 15.35, 18.21, 18.38,
23.46, 25.93 (3C), 36.15, 36.52, 43.11, 75.60, 79.16, 137.41, 146.15, 156.84,
195.27 ppm.


Compound 25 : This compound was prepared by a literature method[6f,h]


to give 25 in 87% yield. [a]23
D =++43.7 (c=1.1 in CHCl3),


1H NMR
(300 MHz, CDCl3): d=0.05 (s, 6H), 0.75 (d, J=6.9 Hz, 3H), 0.92 (s, 9H),
0.98 (d, J=6.6 Hz, 3H), 1.70–1.85 (m, 1H), 1.79 (s, 3H), 1.85–1.95 (m,
1H), 1.97 (d, J=1.2 Hz, 3H), 2.35–2.45 (m, 1H), 2.65–2.75 (m, 1H), 3.41
(dd, J=4.8, 2.7 Hz, 1H), 3.66 (s, 3H), 3.80 (s, 3H), 5.84 (s, 1H), 5.93 (d,
J=9.3 Hz, 1H), 6.60 ppm (s, 1H); 13C NMR (75 MHz, CDCl3): d=�3.80,
�3.74, 14.76, 15.88, 18.36, 18.72, 23.58, 26.10 (3C), 35.96, 36.15, 43.12,
51.96, 60.27, 75.29, 79.78, 129.89, 130.00, 141.91, 142.66, 146.85,
165.49 ppm; HRMS (ESI): m/z : calcd for C23H41SiKO4: 575.1450
[M++K]; found: 575.1453.
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Introduction


The imido-ligand (RN)2� is isolobal with the ubiquitous
ACHTUNGTRENNUNGcyclopentadienyl ligand Cp� and has been extensively em-
ployed for the systematic design of new ligand environ-
ments.[1] For example, Cp/imido, bis ACHTUNGTRENNUNG(imido) and alkoxyimido
ligand sets have been widely used for the preparation of
metallocene-like catalysts for olefin polymerization,[2] dehy-
drogenative polymerization of silanes[3] and olefin metathe-
sis.[4] In addition to its role as a supporting ligand for reac-
tive groups elsewhere in a metal,s coordination sphere, such
as silyl and hydride ligands,[3,5] the unsaturated and polar
M=NR bond itself can act as a potent reaction site towards
addition reactions with saturated and unsaturated sub-
strates.[6]


Abstract: Reactions of imido com-
plexes [M(Cp) ACHTUNGTRENNUNG(=NR’)ACHTUNGTRENNUNG(PR’’3)2] (M= V,
Nb) with silanes afford a plethora of
products, depending on the nature of
the metal, substitution at silicon and
ACHTUNGTRENNUNGnitrogen and the steric properties of
the phosphine. The main products are
[M(Cp) ACHTUNGTRENNUNG(=NR’) ACHTUNGTRENNUNG(PR3)(H)(SiRnCl3�n)]
(M= V, Nb; R’=2,6-diisopropylphenyl
(Ar), 2,6-dimethylphenyl (Ar’)),
[Nb(Cp) ACHTUNGTRENNUNG(=NR’) ACHTUNGTRENNUNG(PR’’3)(H) ACHTUNGTRENNUNG(SiPhR2)]
(R2 =MeH, H2), [Nb(Cp) ACHTUNGTRENNUNG(=NR’)-
ACHTUNGTRENNUNG(PR’’3)(Cl)(SiHRnCl2�n)] and [Nb(Cp)-
ACHTUNGTRENNUNG(h3-N(R)SiR2�H···) ACHTUNGTRENNUNG(PR’’3)(Cl)]. Com-
plexes with the smaller Ar’ substituent
at nitrogen react faster, as do more
acidic silanes. Bulkier groups at silicon
and phosphorus slow down the reaction


substantially. Kinetic NMR experi-
ments supported by DFT calculations
reveal an associative mechanism going
via an intermediate N-silane adduct
[Nb(Cp){=N ACHTUNGTRENNUNG(!SiHClR2)R’} ACHTUNGTRENNUNG(PR’’3)2]
bearing a penta-coordinate silicon
centre, which then rearranges into the
final products through a Si�H or Si�Cl
bond activation process. DFT calcula-
tions show that this imido-silane
adduct is additionally stabilized by a
Si�H···M agostic interaction. Si�H acti-
vation is kinetically preferred even
when Si�Cl activation affords thermo-
dynamically more stable products. The


niobium complexes [NbCp ACHTUNGTRENNUNG(=NAr)-
ACHTUNGTRENNUNG(PMe3)(H) ACHTUNGTRENNUNG(SiR2Cl)] (R=Ph, Cl) are
classical according to X-ray studies, but
DFT calculations suggest the presence
of interligand hypervalent interactions
(IHI) in the model complex [Nb(Cp)
ACHTUNGTRENNUNG(=NMe) ACHTUNGTRENNUNG(PMe3)(H) ACHTUNGTRENNUNG(SiMe2Cl)]. The
extent of Si�H activation in the
b-Si�H···M agostic complexes [CpACHTUNGTRENNUNG{h3-
N(R’)SiR2�H···}M ACHTUNGTRENNUNG(PR’’3)(Cl)] (R’’=
PMe3, PMe2Ph) primarily depends on
the identity of the ligand trans to the
Si�H bond. A trans phosphine leads to
a stronger Si�H bond, manifested by a
larger J ACHTUNGTRENNUNG(Si�H) coupling constant. The
Si�H activation diminishes slightly
when a less basic phosphine is em-
ployed, consistent with decreased back-
donation from the metal.
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Despite the extensive chemistry now known for transition
metal imido compounds, the direct coupling of silane mole-
cules with M=NR linkages has been little explored. There is
significant current interest in the study of metal catalyzed
Si�E (E=C, Si, O, N, S) bond cleavage/formation process-
es[7] with a particular emphasis on Si�C[8] and Si�O bonds.[9]


However, very little is known about metal mediated Si�N
bond formation.[3g,10] The products of apparent Si�H addi-
tion across a M=N multiple bonds have been observed by
Tilley et al.[3g,10a] and Fryzuk et al.[10c] Silyl group migration
from a silylamide ligand to metal to generate a M=NR
imido linkage and its reversal, silyl migration from the metal
to the imido ligand, have been postulated in only a few
cases.[3g,10b] For the related M=O functionality, silane addi-
tion to give a hydride-silyloxy product has been very recent-
ly documented for a titanocene complex[11] and postulated
for a rhenium(V)-dioxo catalyst for aldehyde hydrosilyla-
tion,[12] although the latter result was subsequently ques-
tioned on the basis of mechanistic studies of a related
system.[13]


Our interest in this field initially stemmed from the desire
to extend the study of interligand hypervalent interactions
(IHI) M�H···Si�X (X=F, Cl, Br, I) in niobocene silyl hy-
drides to other ligand environments.[14,15,16] We then turned
to the Cp/imido ligand set, which had proved to be isolobal
with the Cp2 ancillary,[1,17] and found that [Ta(Cp) ACHTUNGTRENNUNG(=NAr)-
ACHTUNGTRENNUNG(PMe3)2] (Ar=2,6-diisopropylphenyl) reacted with
HSiClMe2 to afford the silylhydrido complex [Ta(Cp)
ACHTUNGTRENNUNG(=NAr)ACHTUNGTRENNUNG(SiClMe2)(H) ACHTUNGTRENNUNG(PMe3)] with IHI (Scheme 1).[18] Sur-
prisingly, the reaction of the niobium congener [Nb(Cp)
ACHTUNGTRENNUNG(=NAr)ACHTUNGTRENNUNG(PMe3)2] (1) with HSiMe2Cl gave the b-agostic sily-
lamido compound [Nb(Cp) ACHTUNGTRENNUNG{h3-N(Ar)SiMe2�H···}(Cl) ACHTUNGTRENNUNG(PMe3)]
(2b) (Scheme 1), a product of Si�N bond formation.[18,19] In
related work, it has been recently found that reactions of
the isolobal bis ACHTUNGTRENNUNG(imido) complex [Mo ACHTUNGTRENNUNG(=NAr’)2ACHTUNGTRENNUNG(PMe3)3]
(Ar’=2,6-dimethylphenyl) with HSiClMe2 and HSiCl2Me
afford only the b-Si�H···Mo agostic complexes [Mo ACHTUNGTRENNUNG(=NAr’)-
ACHTUNGTRENNUNG{h3-NACHTUNGTRENNUNG(Ar’)SiMe2�H···}(Cl) ACHTUNGTRENNUNG(PMe3)2] and [Mo ACHTUNGTRENNUNG(=NAr’) ACHTUNGTRENNUNG{h3-N-
ACHTUNGTRENNUNG(Ar’)SiMeCl�H···}(Cl)PMe3)2.


[20] The latter reactions are
rare examples of formal silane addition to a nitrogen based
ligand.[10]


Intrigued by this diversity, we set out to explore in more
detail how different factors (in particular the nature of the
phosphine, the substitution(s)
at silicon and the R group on
nitrogen) influence the course
of these reactions, the products
formed and the extent of any
interligand interactions there-
in.[21] During these studies, we
discovered that in all silane ad-
dition reactions of the d2 com-
plexes [M(Cp) ACHTUNGTRENNUNG(=NR)ACHTUNGTRENNUNG(PR’3)2]
(M= V, Nb, Ta) the imido
ligand demonstrates a surpris-
ingly non-innocent behaviour,
with the reactions going via a


new silane/imido coupling mechanism. The results of our
studies of Nb and V systems are reported herein. Part of
this work has been briefly communicated.[22]


Results and Discussion


The reactions of [Nb(Cp) ACHTUNGTRENNUNG(=NAr)ACHTUNGTRENNUNG(PMe3)2] (1) with silanes :
The reaction between [Nb(Cp) ACHTUNGTRENNUNG(=NAr) ACHTUNGTRENNUNG(PMe3)2] (1) and si-
lanes crucially depends on the identity of substituents at sili-
con. While 1 reacts with HSiMe2Cl to give the agostic com-
plexes 2b and 2b’ as the only observed thermodynamic
products (Scheme 1), the analogous reactions of silanes
HSiClR2 (R2 =ClMe, Cl2, Ph2) with more electron-withdraw-
ing R groups at Si lead exclusively to silyl hydride deriva-
tives 3d–f (Scheme 2).[23] These compounds were character-
ized by spectroscopic methods and X-ray structure analyses
of 2b,[18] 3e, 3 f[22] and 3g. In particular, agostic species give
rise to high-field hydride resonances in the 1H NMR spectra
in the range �2 to �7 ppm and to low frequency Si�H�Nb
bands in the range 1620–1670 cm�1, both features are char-
acteristic of complexes with nonclassical Si�H interac-
tions.[21e] The presence of agostic Si�H···M bonding is con-


Scheme 1. Reactions of [M(Cp) ACHTUNGTRENNUNG(=NAr)ACHTUNGTRENNUNG(PMe3)2] (M=Nb, Ta) with
HSiClMe2.


Scheme 2. The interaction of diphosphine complexes 1 with various silanes.
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clusively established by the measurement of large H�Si cou-
pling constants (range 96–130 Hz) in the 29Si NMR.[24] In the
1H NMR spectra of silyl hydride complexes 3 the hydride
resonates in the range 1.65–3.00 ppm, down-field shifted as
a result of the anisotropy of the Nb=N bond.[25] The hydride
bands in the IR spectra are observed in the range 1616–
1681 cm�1, which is shifted by 50–100 cm�1 to a lower fre-
quency, compared with isolobal niobocene complexes.[26]


Unfortunately, the 29Si NMR signals and H�Si coupling con-
stants are not observable in this case[27] to establish the pres-
ence of any nonclassical interaction between the silyl and
hydride ligands.


The rate of the reaction in Scheme 2 crucially depends on
the Lewis acidity of the silane to be almost instantaneous
for HSiCl3 and to require hours for monochlorosilanes. The
chlorine-free silane H2SiMePh does not react with 1 unless
the PMe3 released is constantly removed from the reaction
mixture. Thus, overnight purging of the solution of 1 and
H2SiMePh in toluene with nitrogen gave [Nb(Cp) ACHTUNGTRENNUNG(=NAr)-
ACHTUNGTRENNUNG(PMe3)(H) ACHTUNGTRENNUNG(SiHMePh)] (3a) as a mixture of two diastereo-
mers. In contrast, no reaction occurs upon the addition of
HSiMe2Ph to 1, even if an overnight purging of nitrogen gas
is applied, whereas the more Lewis acidic and smaller silane
H3SiPh reacts with 1 over the course of several minutes, af-
fording the silylhydride 3g. The reaction of 1 with HSiPh2Cl
is much slower than that with HSiMe2Cl. It takes four days
to achieve 50 % conversion in an NMR tube reaction to pro-
duce the resultant compound [Nb(Cp) ACHTUNGTRENNUNG(=NAr) ACHTUNGTRENNUNG(PMe3)(H)-
ACHTUNGTRENNUNG(SiPh2Cl)] (3 f). This compound does not transform into an
agostic species, even upon long standing at room tempera-
ture. Even the bulkier silane HSiiPr2Cl does not react with 1
(in C6D6, hexane, or ether) over the course of several weeks.
The silane HSiMePhCl is unique in that both the agostic
complex [Nb(Cp) ACHTUNGTRENNUNG{h3-N(Ar)SiMePh�H···}(Cl) ACHTUNGTRENNUNG(PMe3)] (2c)
and the silylhydride derivative [Nb(Cp) ACHTUNGTRENNUNG(=NAr) ACHTUNGTRENNUNG(PMe3)(H)-
ACHTUNGTRENNUNG(SiPhMeCl)] (3c) are formed. Both these products were ob-
tained as a mixture of two pairs of diastereomers, owing to
the presence of two chiral centres (the metal and the silicon
atoms).


The compounds 3d and 3e are stable for at least several
weeks when isolated from the reaction mixture. However,
monitoring the reaction of 1 with HSiMeCl2 by 1H NMR re-
veals that in the mother liquor the initially formed product
3d transforms into the Cl/H exchange product [Nb(Cp) ACHTUNGTRENNUNG(=
NAr) ACHTUNGTRENNUNG(PMe3)(H) ACHTUNGTRENNUNG(SiHMeCl)] (4d) over the course of several
hours (Scheme 3). The identity of the latter compound was


established by spectroscopic methods. In particular, the
presence of the SiMeH fragment is supported by the obser-
vation in the 1H NMR spectrum of a Si�H signal at
6.24 ppm (q, JACHTUNGTRENNUNG(H�H)=3.3 Hz) coupled to the methyl group.
A Si�H band is seen in the IR spectrum at 2145 cm�1. The
compound 3e slowly decomposes in solution at room tem-
perature in the presence of PMe3 to give [Nb(Cp) ACHTUNGTRENNUNG(=NAr)-
ACHTUNGTRENNUNG(PMe3)(Cl)2] (5). An intermediate exhibiting a Si�H hydride
signal at 7.24 ppm (d, J ACHTUNGTRENNUNG(P�H)= 3 Hz) and tentatively as-
signed the rearranged species [Nb(Cp) ACHTUNGTRENNUNG(=NAr)ACHTUNGTRENNUNG(PMe3)(Cl)-
ACHTUNGTRENNUNG(SiHCl2)] (4e) was observed in the 1H NMR spectrum of
the reaction mixture kept at room temperature for 18 h.


The X-ray structure of complex [Nb(Cp) ACHTUNGTRENNUNG(=NAr)-
ACHTUNGTRENNUNG(PMe3)(H) ACHTUNGTRENNUNG(SiCl3)] (3e) is shown in Figure 1. This compound


is similar to the previously communicated molecular struc-
ture of complex 3 f[22] and to the tantalum complexes
[Ta(Cp) ACHTUNGTRENNUNG(=NAr) ACHTUNGTRENNUNG(PMe3)(H)(SiMe3�nCln)] (n=1, 2).[18,28] The
Nb�Si bond length of 2.541(4) N is close to the Nb�Si
bonds in [Nb(Cp)2ACHTUNGTRENNUNG(SiCl3)2(H)] (2.5597(5) and
2.5776(5) N).[29] Unlike [Ta(Cp) ACHTUNGTRENNUNG(=NAr) ACHTUNGTRENNUNG(PMe3)(H)-
ACHTUNGTRENNUNG(SiMeCl2)][28] and the isolobal titanium complex [Ti(Cp)2-
ACHTUNGTRENNUNG(SiCl3)(H) ACHTUNGTRENNUNG(PMe3)],[15] there are no significant differences in
the Si�Cl bond lengths within the trichlorosilyl group (a
narrow range of 2.088(5)–2.098(5) N is observed), which in-
dicates the absence of any interligand hypervalent Si···H in-
teraction.[14–16,28,30] The same conclusion applies to complex
3 f[22] and the isolobal niobocene species [Nb(Cp)2-
ACHTUNGTRENNUNG(SiCl3)2(H)].[29] Such lack of IHI can be ascribed either to
the diminished basicity of the hydride or to increased hyper-
conjugation between the chloride lone pairs and the
s* ACHTUNGTRENNUNG(Si�Cl) antibonding orbital of the chlorine atom lying


Scheme 3. Product 3d is initially formed in the mother liquor and trans-
forms into the Cl/H exchange product 4d over the course of several
hours.


Figure 1. Molecular structure of 3e. Hydrogen atoms, apart from the hy-
dride, are omitted for clarity. Selected interatomic distances [N] and
bond angles [8]: Nb1�P1 2.534(3), Nb1�Si1 2.541(4), Nb1�N1 1.795(6),
Si1�Cl1 2.088(5), Si1�Cl2 2.094(7), Si1�Cl3 2.098(5), Nb1�H1 1.91(4),
Si1�H1 2.32, P1�H1 2.39, Nb1�N1�C6 172.7(6), P1-Nb1-Si1 121.98(12),
P1-Nb1-N1 88.6(2), Si1-Nb1-N1 98.8(2), Nb1-Si1-Cl1 113.7(3), Nb1-Si1-
Cl2 116.05(19), Cl1-Si1-Cl2 104.3(3), Nb1-Si1-Cl3 116.8(2), Cl1-Si1-Cl3
99.1(2), Cl2-Si1-Cl3 104.8(3).
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trans to the hydride.[22,29] However, the latter explanation ap-
pears to be less likely in light of the nonclassical structure of
[Ti(Cp)2ACHTUNGTRENNUNG(SiCl3)(H) ACHTUNGTRENNUNG(PMe3)], which featured Si�Cl distances
of 2.1606(14) (Si�Cl trans to Ti�H), 2.1090(14) and
2.1036(12) N.[15]


The X-ray structure of complex [Nb(Cp) ACHTUNGTRENNUNG(=NAr)-
ACHTUNGTRENNUNG(PMe3)(H) ACHTUNGTRENNUNG(SiPhH2)] (3g) is shown in Figure 2. Compared
with the related compounds 3e and 3 f, the Nb�Si bond of
2.591(1) N is elongated due to the weaker electron-with-
drawing nature of substituents at silicon. In classical niobi-
um silyl complexes, the Nb�Si bond lengths fall in the range
2.624 �2.669(1) N.[26, 31]


The reactions of [Nb(Cp) ACHTUNGTRENNUNG(=NAr’)ACHTUNGTRENNUNG(PMe3)2] with silanes : Re-
actions of less sterically encumbered diphosphine precursors
[Nb(Cp) ACHTUNGTRENNUNG(=NAr’) ACHTUNGTRENNUNG(PMe3)2] (6) (Ar’= 2,6-dimethylphenyl)
with silanes (Scheme 4) afford the same types of products,
but are much faster than in the case of Ar-substituted series
3a,c–f and 2b,c. The reaction of 6 with HSiMe2Cl gives only
one isomer of the agostic compound [Nb(Cp) ACHTUNGTRENNUNG{h3-N-
ACHTUNGTRENNUNG(Ar’)SiMe2�H···}(Cl) ACHTUNGTRENNUNG(PMe3)] (7b, PMe3 trans to H) within


5–8 min.[18] An analogous reaction with the bulkier silane
HSiMePhCl occurred within 35 min to give the b-agostic
compound [Nb(Cp) ACHTUNGTRENNUNG{h3-NACHTUNGTRENNUNG(Ar’)SiMePh�H···}(Cl)ACHTUNGTRENNUNG(PMe3) (7c)
as a mixture of two diastereomers that differed in the orien-
tation of the Ph or the Me group at Si. One of these isomers
is predominant (95% yield), but the exact stereochemistry
could not be established. On heating at 60 8C, these isomers
do not interconvert, but rather decompose into two uniden-
tified products.


In contrast to the case for [Nb(Cp) ACHTUNGTRENNUNG(=NAr) ACHTUNGTRENNUNG(PMe3)2]
(Scheme 2), the reaction of 6 with HSiPh2Cl gives not only
the silylhydride product [Nb(Cp) ACHTUNGTRENNUNG(=NAr’) ACHTUNGTRENNUNG(PMe3)(H)-
ACHTUNGTRENNUNG(SiPh2Cl)] (8 f) but also (in about 20 % yield) the b-agostic
compound [Nb(Cp) ACHTUNGTRENNUNG{h3-N ACHTUNGTRENNUNG(Ar’)SiPh2�H···)(Cl) ACHTUNGTRENNUNG(PMe3) (7 f).
Compound 7 f, which was isolated and fully characterized,
shows a characteristic higher-field-shifted Cp signal at
4.79 ppm and a hydride signal at �2.45 ppm in its 1H NMR
spectrum. The reaction of [Nb(Cp) ACHTUNGTRENNUNG(=NAr’) ACHTUNGTRENNUNG(PMe3)2] with
H2SiMePh cleanly gives two diatereomers of the silylhydride
[Nb(Cp) ACHTUNGTRENNUNG(=NAr’) ACHTUNGTRENNUNG(PMe3)(H) ACHTUNGTRENNUNG(SiPhMeH)] (8a).


An NMR tube scale reaction of 6 with HSiMeCl2 gives a
complex reaction mixture in which the signals of the main
components, [Nb(Cp) ACHTUNGTRENNUNG(=NAr’)ACHTUNGTRENNUNG(PMe3)(H) ACHTUNGTRENNUNG(SiMeCl2)] (8d)
and [Nb(Cp) ACHTUNGTRENNUNG(=NAr’) ACHTUNGTRENNUNG(PMe3)(Cl) ACHTUNGTRENNUNG(SiMeHCl)] (9d), are seen
in approximate 1:1 ratio. Interestingly, a minor set of reso-
nances attributable to the b-agostic product [Nb(Cp) ACHTUNGTRENNUNG{h3-N-
ACHTUNGTRENNUNG(Ar’)SiMeCl�H···)(Cl) ACHTUNGTRENNUNG(PMe3)] was also observed; a Cp
signal at 4.74 ppm and Si�H···Nb hydride signal at �2.96 (d,
J ACHTUNGTRENNUNG(P�H) =12 Hz). An NMR tube scale reaction of 6 with
HSiCl3 afforded a complex reaction mixture that contained
[Nb(Cp) ACHTUNGTRENNUNG(=NAr’) ACHTUNGTRENNUNG(PMe3)(H) ACHTUNGTRENNUNG(SiCl3)] (8e) as well as a range
of uncharacterized products. A preparative scale reaction
was not attempted.


In contrast to the case for 1, the compound [Nb(Cp)
(=NAr’)ACHTUNGTRENNUNG(PMe3)2] does react slowly with HSiiPr2Cl, produc-
ing the agostic compound [Nb(Cp) ACHTUNGTRENNUNG{h3-N ACHTUNGTRENNUNG(Ar’)SiiPr2�
H···}(Cl)ACHTUNGTRENNUNG(PMe3) (7h) characterized by a Cp signal at
4.78 ppm and the up-field Si�H···Nb signal at �3.89 ppm.
The reaction was 17 % complete overnight and about 50 %
complete after 4 days, based on integration of the Cp
region. Unfortunately, attempted preparative scale reactions
also produced inseparable side-products, which hampered
the isolation of the product.


The reactions of [Nb(Cp)ACHTUNGTRENNUNG(=NR) ACHTUNGTRENNUNG(PPhMe2)2] with silanes : To
determine the effect of phos-
phine substituents, a new di-
phosphine complex [Nb(Cp)
ACHTUNGTRENNUNG(=NR) ACHTUNGTRENNUNG(PPhMe2)2] (10) was pre-
pared and its reactions with si-
lanes were studied (Scheme 5).
A 1:1 reaction of 10 with HSi-
Me2Cl gives a mixture of com-
pounds [Nb(Cp) ACHTUNGTRENNUNG(=NR)-
ACHTUNGTRENNUNG(PPhMe2)(H) ACHTUNGTRENNUNG(SiMe2Cl)] (11b)
and [Nb(Cp) ACHTUNGTRENNUNG{h3-N(Ar)SiMe2�
H···}(Cl)ACHTUNGTRENNUNG(PPhMe2) (12b) and is


Figure 2. Molecular structure of 3g. Hydrogen atoms, apart from the hy-
dride, are omitted for clarity. Selected interatomic distances [N] and
bond angles [8]: Nb1�N1 1.816(3), Nb1�P1 2.5236(9), Nb1�Si1
2.5908(10), Si1�C18 1.900(3), Nb1�H 1.74(3), Si1�H27 1.34(5), Si1�H28
1.54(4), N1-Nb1-P1 89.45(8), N1-Nb1-Si1 97.66(8), C18-Si1-H27
104.5(18), C18-Si1-H28 99.5(14), Nb1-Si1-C18 114.92(10), Nb1-Si1-H27
120.4(19), Nb1-Si1-H28 116.3(13), H27-Si1-H28 98(2).


Scheme 4. The reactions of less sterically encumbered diphosphine precursors with silanes.
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significantly slower than the analogous reaction of 1. Thus,
after 29 h the ratio of 10 :11b :12b was 30:3:1, which changed
to 7:1:1 after 4.5 days. A preparative scale reaction gave a
mixture in which the agostic complex 12b was the major
component along with some amount of [Nb(Cp) ACHTUNGTRENNUNG(=NAr)-
ACHTUNGTRENNUNG(PPhMe2)(H) ACHTUNGTRENNUNG(SiMe2Cl)] (11b).


The reaction of 10 with HSiMeCl2 also proceeds more
slowly (about 15 h in an NMR tube experiment) than the
analogous reaction of 1. The conversion of the initial prod-
uct 11d into the rearranged species [Nb(Cp) ACHTUNGTRENNUNG(=NAr)-
ACHTUNGTRENNUNG(PPhMe2)(Cl) ACHTUNGTRENNUNG(SiMeHCl)] (13d) is so sluggish that it takes
weeks for completion. A preparative scale synthesis of 13d
required four weeks, affording compound 13d in 12 % yield.


The reaction of the 2,6-dimethylphenyl imido analogue
[Nb(Cp) ACHTUNGTRENNUNG(=NAr’) ACHTUNGTRENNUNG(PPhMe2)2] (14) with HSiMe2Cl afforded
the b-agostic species [Nb(Cp) ACHTUNGTRENNUNG{h3-N ACHTUNGTRENNUNG(Ar’)SiMe2�H···}(Cl)-
ACHTUNGTRENNUNG(PMe2Ph) (15b) in 36 % isolated yield. Compound 15b was
characterized by spectroscopic methods and X-ray diffrac-
tion (Figure 3). The hydride ligand position was not deter-
mined. The structure of 15b is very similar to that previous-
ly determined for [Nb(Cp) ACHTUNGTRENNUNG{h3-NACHTUNGTRENNUNG(Ar’)SiMe2�H···}(Cl) ACHTUNGTRENNUNG(PMe3)]
(7b)[18,32] and, as the latter, features the phosphine ligand


trans to the agostic Si�H bond. The Nb�Si distance of
2.6794(12) N in 15b is slightly longer than that in the related
complex [Nb(Cp) ACHTUNGTRENNUNG{h3-N(Ar)SiMe2�H···}(Cl)ACHTUNGTRENNUNG(PMe3)] (2b,
2.646(1) N), which has a chloride ligand trans to the Si�H
bond. [18] The difference in geometry corresponds well to the
difference in the Si�H coupling constant in 15b and 2b ; the
trans phosphine induces a larger J ACHTUNGTRENNUNG(H�Si) (132 Hz in 15b
versus 96 Hz in 2b) and, presumably, stronger Si�H interac-
tion. It is interesting that in the isomers having chloride
trans to hydride the variation of phosphine does not signifi-
cantly affect the degree of Si�H···M agostic bonding. Thus,
the J ACHTUNGTRENNUNG(H�Si) of 96 Hz in Cl-trans [Nb(Cp) ACHTUNGTRENNUNG{h3-N(Ar)SiMe2�
H···}(Cl)ACHTUNGTRENNUNG(PMe3)] (2b) is comparable with the J ACHTUNGTRENNUNG(H�Si)=


100 Hz in Cl-trans [Nb(Cp) ACHTUNGTRENNUNG{h3-N(Ar)SiMe2�H···}(Cl)-
ACHTUNGTRENNUNG(PMe2Ph)] (12b). Therefore, we can conclude that it is
mainly the trans-influence of the ligand trans to the
Si�H···M moiety that controls the extent of Si�H addition
to metal.


Reactions of [VCp ACHTUNGTRENNUNG(=NAr)ACHTUNGTRENNUNG(PMe3)2] with chlorosilanes : In
contrast to its heavier Group 5 congeners, the vanadium
complex [VCp ACHTUNGTRENNUNG(=NAr)ACHTUNGTRENNUNG(PMe3)2]


[33] does not react with HSi-
Me2Cl over the course of several days. Even after heating to
60 8C for an hour, there was no sign of reaction. In contrast,
the reaction with HSiMeCl2 is fast and complete within
30 min, the spectroscopic features of the initial product are
consistent with its formulation as a silyl hydride
ACHTUNGTRENNUNG[VCp ACHTUNGTRENNUNG(=NAr) ACHTUNGTRENNUNG(PMe3)(H) ACHTUNGTRENNUNG(SiMeCl2)] (16). This product, how-
ever, is unstable at room temperature and decomposes into
the known paramagnetic compound [VCp ACHTUNGTRENNUNG(PMe3)2(Cl)2],[34]


whose identity was established by X-ray diffraction analysis.
The reaction of [VCp ACHTUNGTRENNUNG(=NAr)ACHTUNGTRENNUNG(PMe3)2] with HSiCl3 gave a
mixture of products.


Mechanism of silane addition : The experimental data pre-
sented above clearly establish that reactions of complexes
[MCp ACHTUNGTRENNUNG(=NR) ACHTUNGTRENNUNG(PR3’)2] (M= V, Nb) with silanes a–h depend
on the identity of the metal, the substituent R at nitrogen,
the phosphine PR3’ and the nature of the silane itself. Apart
from the Lewis acidity of the silane, steric considerations
appear to be the key factors controlling the rate of these re-
actions. In the Ar-substituted niobium compounds 1 and 10,
the reactions of the PMe3 derivatives with ClHSiMe2 occur
within a few hours, whereas several days are required in the
case of complexes with the bulkier phosphine PPhMe2. In
contrast, with the smaller imido N-substituent Ar’, the reac-
tions are fast both for the PMe3 and PPhMe2 homologues.
In fact, there appears to be an inverse correlation between
the basicity of the phosphine and the rate of the reaction
(complexes with the more basic PMe3 react faster), and
therefore phosphine elimination is unlikely to be rate-deter-
mining. The bulky silane ClHSiiPr2 does not react with
[Nb(Cp) ACHTUNGTRENNUNG(=NAr) ACHTUNGTRENNUNG(PMe3)2], but a slow reaction with [Nb(Cp)-
ACHTUNGTRENNUNG(=NAr’)ACHTUNGTRENNUNG(PMe3)2] was observed in an NMR tube experiment.
The same sensitivity to steric factors is seen in the lack of
reaction between the vanadium diphosphine complex
[V(Cp)ACHTUNGTRENNUNG(=NAr)ACHTUNGTRENNUNG(PMe3)2] and HSiMe2Cl. These observations


Scheme 5. A study of the reactions of silanes with the diphosphine com-
plex 10.


Figure 3. Molecular structure of 15b. Hydrogen atoms are omitted for
clarity. Hydride atom has not been determined. Selected bond distances
[N] and bond angles [8]: Nb1�N1 2.057(3), Nb1�Cl1 2.4831(11), Nb1�P1
2.5966(13), Nb1�Si1 2.6794(12), Si1�N1 1.720(3), Si1�C6 1.867(5), Si1�
C7 1.865(4), N1-Nb1-P1 93.57(10), N1-Nb1-Cl1 101.12(9), N1-Nb1-Si1
39.93(9), Cl1-Nb1-Si1 96.69(4), P1-Nb1-Si1 132.95(4), N1-Si1-C6 117.3(2),
N1-Si1-C7 119.1(2), C6-Si1-C7 108.5(2), N1-Si1-Nb1 50.15(11), C6-Si1-
Nb1 119.04(17), C7-Si1-Nb1 130.05(17), Nb1-N1-Si1 89.93(15).
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are in accord with an associative mechanism, in which the
addition of silane precedes the elimination of phosphine.
The fact that more Lewis acidic silanes react much faster
also supports an associative mechanism (vide infra). Finally,
an important observation is that all rearrangement reactions
of the initially formed products are significantly accelerated
in the presence of phosphines. This suggests that a diphos-
phine species participates in the rearrangement even though
both the starting compound and product(s) contain only one
phosphine ligand.


To gain an insight into the mechanism of formation of the
b-agostic complex 2b, a set of 1H variable temperature
NMR investigations of the reaction of [Nb(Cp) ACHTUNGTRENNUNG(=NAr)-
ACHTUNGTRENNUNG(PMe3)2] (1) with HSiMe2Cl were carried out. Addition of a
ten-fold excess of silane to 1 gives a mixture of the agostic
complex 2b and a new compound 3b, whose spectral fea-
tures are very close to those of the tantalum complex
[Ta(Cp) ACHTUNGTRENNUNG(=NAr) ACHTUNGTRENNUNG(PMe3)(H) ACHTUNGTRENNUNG(SiMe2Cl)].[18] Based on this anal-
ogy, this new product was assigned the structure [Nb(Cp)
ACHTUNGTRENNUNG(=NAr)ACHTUNGTRENNUNG(PMe3)(H) ACHTUNGTRENNUNG(SiMe2Cl)] (3b). In an hour, the ratio of
2b to 3b was about 1:1, with almost all of the 1 consumed.
Complex 3b is a kinetic product of the reaction and, if kept
in mother liquor at room temperature, transforms during
several hours into the thermodynamically more stable prod-
uct 2b. No signals for the possible “rearranged product”
[Nb(Cp) ACHTUNGTRENNUNG(=NAr) ACHTUNGTRENNUNG(PMe3)(Cl) ACHTUNGTRENNUNG(SiMe2H)] were observed in the
reaction mixture. A spin saturation transfer experiment re-
vealed that all the key species (1, 2b, and 3b) present in the
reaction mixture were in equilibrium.


If excess silane HSiMe2Cl (about twenty equivalents) is
used, the decay of 1 at the early stage of reaction (�40–
50 min) follows pseudo-first-order kinetics with k1ACHTUNGTRENNUNG(21.5 8C)=


9.8(4) R 10�2 min�1. Studying the reaction in the temperature
range �10 to +22 8C allowed us to estimate the activation
parameters as DH� =9.7 (1.2) kcal mol�1 and DS� =


�29.9 ACHTUNGTRENNUNG(4.4) cal mol�1 K�1. The negative entropy of activation
suggests an associative mechanism and rules out phosphine
elimination from 2 in the rate-determining step. During the
reaction, the decay of 1 slows as the concentration of PMe3


increases, and addition of excess PMe3 slows the reaction
significantly. Moreover, addition of phosphine either to 2b
or to a 1:1 mixture of 2b and 3b leads to the formation of 1,
in accord with the presence of an equilibrium.


After most of the 1 has been consumed, the decay of 3b
at the early stage of reaction (4–5 h) follows pseudo-first
order kinetics with the k2ACHTUNGTRENNUNG(20.5 8C) of 2.01(7) R10�3 min�1 (in
the presence of about 25 equivalents of HSiMe2Cl and
about 2 equivalents of PMe3). Studying the reaction in the
temperature range +10 to +30 8C gave an estimation of the
activation parameters as DH� = 9.3 ACHTUNGTRENNUNG(1.4) kcal mol�1 and
DS� =�39.6 ACHTUNGTRENNUNG(4.9) calmol�1 K�1. The negative entropy of acti-
vation indicates an associative mechanism for the transfor-
mation of 3b to 2b. When all the volatiles have been
pumped off and the residue is re-dissolved in fresh C6D6,
the rate of reaction decreases by an order of magnitude to
k2 ACHTUNGTRENNUNG(20 8C)=1.28(5) R10�4 min�1. After 3 equivalents of PMe3


have been added, the k2 increases again to 7.7(2) R


10�3 min�1 at 29 8C. These kinetic studies, although obscured
by the equilibrium between 1, 2b and 3b, establish that free
PMe3 is required to facilitate the conversion of 3b into 2b.
Since both complexes contain only one phosphine ligand,
the PMe3 is the catalyst of this reaction, once again suggest-
ing an associative mechanism.


Similar observations have been made for the rearrange-
ment of [Nb(Cp) ACHTUNGTRENNUNG(=NAr) ACHTUNGTRENNUNG(PMe3)(H) ACHTUNGTRENNUNG(SiMeCl2)] (3d) into the
chloride silyl complex [Nb(Cp) ACHTUNGTRENNUNG(=NAr)ACHTUNGTRENNUNG(PMe3)(Cl)-
ACHTUNGTRENNUNG(SiHMeCl)] (4d). Pure 3d is stable in C6D6 solutions at
least for several days. Addition of 12 equivalents of PMe3


causes the formation of a 3:1 mixture of 4d and 3d contami-
nated by some minor co-products. When a large excess of
PMe3 is added, the main decomposition product is the
known paramagnetic compound [Nb(Cp) ACHTUNGTRENNUNG(PMe3)3(Cl)2]


[35]


isolated in the form of red crystals and characterized by an
X-ray diffraction study.


Altogether, these data suggest an associative mechanism
for the interactions of 1 with silanes (Scheme 6). The key in-
termediate, schematically shown as A, is an adduct of 1 with


silane, containing two phosphine ligands. Its structure will
be discussed in more detail in the next section. Decomposi-
tion of this complex either by Si�H or Si�Cl bond activation
leads to compounds B, C, or D. For M=Nb the product of
Si�H bond activation, compound B, is formed as a kinetic
product in reactions with HSiMe2Cl, HSiMeCl2, and HSiCl3


and as a thermodynamic product in the case of HSiPh2Cl.
Complex C is the final product in the reaction with of
HSiCl2Me, but no such product can be observed in the case
for HSiClMe2. Complex [Nb(Cp) ACHTUNGTRENNUNG(=NAr) ACHTUNGTRENNUNG(PMe3)(H) ACHTUNGTRENNUNG(SiCl3)]
(3e) is more inert than [Nb(Cp) ACHTUNGTRENNUNG(=NAr) ACHTUNGTRENNUNG(PMe3)(H)-
ACHTUNGTRENNUNG(SiMeCl2)] (3d) but in the presence of phosphine it also
transforms to give the compound [Nb(Cp) ACHTUNGTRENNUNG(=NAr)-
ACHTUNGTRENNUNG(PMe3)(Cl)2] (5), the product of formal extrusion of silylene,
SiHCl.


Based on the results of these kinetic studies, we have
eventually succeeded in the preparation of the elusive com-


Scheme 6. Mechanism of the interaction of diphosphine complexes 1 and
6 with silanes.
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plex [Nb(Cp) ACHTUNGTRENNUNG(=NAr)ACHTUNGTRENNUNG(PMe3)(H) ACHTUNGTRENNUNG(SiMe2Cl)] (3b). The reac-
tion between [Nb(Cp) ACHTUNGTRENNUNG(=NAr) ACHTUNGTRENNUNG(PMe3)2] (1) and HSiMe2Cl
was performed in pentane at room temperature. After 1.5 h
the solution was concentrated in vacuo to produce a light
yellow powder of 3b in about 9 % isolated yield. Pure com-
plex 3b is stable in solution in the absence of PMe3 at least
for several hours, allowing for its characterization by spec-
troscopic methods.


Finally, it should be noted the idea of E�H bond (E=


group 14 element) activation on the imido ligand is not
quite new. Wolczanski et al.[36] and Bergman et al.[37] docu-
mented C�H bond cleavage by early transition metal d0


imido complexes, for which oxidative addition pathway is
not feasible. However, these reactions are believed to pro-
ceed through an initial electrophilic C�H activation on the
metal centre.[36d] In contrast, our complexes [M(Cp)ACHTUNGTRENNUNG(=NR)-
ACHTUNGTRENNUNG(PR’’3)2] (M =Group 5 metal) are co-ordinatively saturated
and the Si�H activation process is different in that it pro-
ceeds through an initial nucleophilic addition of electron-
rich imido nitrogen atom to the silicon atom.


DFT study of the mechanism of silane–imido coupling : To
gain an insight into the structure of complexes A–D in
Scheme 6 and to establish their relative stability, we carried
out DFT calculations on model niobium complexes 17–27
(Tables 1 and 2, Figures 4, 5 and 6). For computational sim-


plicity a methyl substituent at nitrogen was used instead of
aryl groups. There is a very good agreement between the
calculated and observed geometries, when the latter are
available from X-ray analyses.


In accord with our experimental findings, the most ther-
modynamically favourable product on the electronic energy
scale is the agostic compound 20, the silylhydride 19 is only
1.4 kcal mol�1 less stable (Figure 4). The order is, however,
reversed on the Gibbs energy scale (�1.7 kcal mol�1). In
both cases the difference is at the limits of accuracy of our
calculations. An isomer of 19, the complex 19-cis, having a
methyl group at silicon trans to hydride, is further destabi-
lized by 2.2 kcal mol�1. The least stable product is the “re-ar-
ranged” complex 21, which accounts for our failure to ob-
serve it experimentally.


We have considered two reaction pathways for the forma-
tion of complexes 19, 20, and 21: i) dissociative, proceeding
through phosphine elimination from 17 to give the mono-
phosphine complex 22 followed by silane addition to pro-
duce 19 (Figure 4), and ii) an associative one, going via a
penta-coordinate silicon compound 18. The latter complex
serves as a model for the proposed key intermediate A dis-
cussed above in Scheme 6. The dissociative mechanism is
strongly disfavoured on the electronic energy scale (complex
22 lies 30.2 kcal mol�1 above 18), but becomes competitive
with the associative mechanism on the free energy scale
(Figure 4). It should be noted that the potential energy sur-
face (PES) around intermediate 22 is very shallow so that
the transition state TS17–22 stands out from the intermediate
22 by merely 1 kcal mol�1 and thus, can be characterized as a
“loose” transition state.[38,39] Phosphine elimination from 17
via TS17–22, however, is much less favourable on the Gibbs
free energy scale (33.1 kcal mol�1).


Addition of HSiMe2Cl to the imido group of diphosphine
17 to give complex 18 goes via the transition state TS17–18
which requires a significant barrier of 33.9 kcal mol�1 (free
energy scale), which is close (within the accuracy of our cal-
culations) to the TS17–22. An interesting feature of complex
18 is that it contains a penta-coordinate silicon centre inter-
acting with the metal through agostic Si�H···M bonding
(vide infra).


We also searched for an alternative associative mechanism
based on direct silane attack on the metal of 17 to give a h1-
silane complex [Cp ACHTUNGTRENNUNG(MeN)Nb(h1-HSiMe2Cl) ACHTUNGTRENNUNG(PMe3)2] or a
similar type of structure. Such a pathway might have been
envisioned, for example, as stemming from changing the
order of the M�N bond from three to two (as a result of dis-
sociation of the nitrogen lone pair) followed by the coordi-
nation of the d�H�d+Si polarized bond to the freed coordi-
nation site. However, all attempts to determine such a struc-
ture, either as intermediate or transition state, failed.


The question of how the intermediate 18 transforms into
the kinetic product 19 is of interest. Given the agostic
nature of 18, a conceivable pathway might include phos-
phine dissociation and hydride migration from silicon to
niobium to give the unsaturated species 23 (Figure 5). Silyl
migration from nitrogen to the metal would then complete


Table 1. Relative energies (DE) and selected interatomic distances [N] in
structures 18–23.


Structures
18 19-cis 19 20 21 23


DE [a] 11.0[b] 3.6 1.4 0.0 6.0 11.4
Nb�H* 1.943 1.793 1.811 2.052 3.378 1.765
Nb�N 1.998 1.793 1.792 2.034 1.784 2.012
Nb�P4, P5 2.587, 2.552 2.535 2.542 2.571 2.638 2.512
Nb�Si 2.909 2.587 2.576 2.746 2.664 3.512
Nb�Cl 4.465 3.904 3.875 2.515 2.566 4.820
Si�N 1.806 3.083 3.134 1.730 3.057 1.731
Si�H* 1.607 2.075 2.035 1.556 1.500 3.458
Si�Cl 2.446 2.149 2.171 3.885 3.127 2.116


[a] [kcal mol�1]; [b] The energy of free PMe3 is subtracted.


Table 2. Relative energies (DE) and selected interatomic distances [N] in
structures 17, 22–27.


Structures
17[a] 22[a,b] 24 25[b] 26[b] 27[b]


DE [c] [d] [e] 9.35 0.62 9.34 0.00
Nb�H* – – 1.928 1.806 2.218 –
Nb�N 1.824 1.797 1.995 1.789 2.031 1.782
Nb�P4,
P5


2.521, 2.536 2.521 2.552, 2.579 2.541 2.549 2.632


Nb�Si – – 2.901 2.551 2.792 2.672
Nb�Cl – – – – 2.508 2.572
Si�N – – 1.786 – 1.724 –
Si�H* – – 1.609 2.052 1.507 1.494
Si�Cl – – 2.289, 2.152 2.144, 2.124 2.100 2.154


[a] The energy of free HSiCl2Me is added; [b] the energy of free PMe3 is
added; [c] [kcal mol�1];[d] 4.9 kcal mol�1 relatively 20, 10.4 kcal mol�1 rela-
tively 27; [e] 41.2 kcal mol�1 relatively 20 ; 46.7 kcal mol�1 relatively 27.
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this rearrangement. To determine the possible structure of
23, we started from an anticipated geometry, in which the
chlorine group on silicon was in the vicinity of metal, thus
amenable to the donation of a chlorine lone pair to a vacant
orbital on niobium to compensate for its unsaturation.[40] To
our surprise, the optimization revealed a structure with a
significant separation (4.820 N) of the chloride group and
the metal. In fact, there is a weak agostic bonding between


the methyl group on nitrogen
and niobium (Nb···H distance
of 2.404 N; C�N�Nb bond
angle of 99.78 versus a
Si�N�Nb bond angle of 139.48)
instead of Cl!Nb donation. In
spite of their pronounced struc-
tural differences, 23 was found
to be only 0.4 kcal mol�1 above
18. However, it is much more
stabilized on the Gibbs energy
scale, owing to the favourable
entropy change upon elimina-
tion of an equivalent of PMe3


(DDG= 16.8 kcal mol�1). Trans-
formation of 23 to 19 goes via a
transition state TS23–19, in which
the silyl group is a slightly
shorter distance from the metal
than in 23, and requires a
modest activation barrier of
18.2 kcal mol�1. Since TS23–19 lies
only 1.4 kcal mol�1 above the
starting complex 18, the highest
barrier in the dissociative path-
way is that separating 18 and 23
(DG� =8.1 kcal mol�1).


We also found a transition
state TS18–19 for the direct trans-
formation of 18 into 19
(Figure 5). This pathway goes
through a concerted silyl and
hydride migration to niobium
and requires a slightly higher
barrier of 11.4 kcal mol�1


(Gibbs energy scale). The rela-
tive stability of TS23–19 and TS18–


19 is reversed on the electronic
energy scale (DE=


�3.5 kcal mol�1). Thus, overall,
a stepwise migration of hydride
and silyl ligands from the imido
group to niobium appears to be
entropically favoured. Howev-
er, the difference between TS18–


23 and TS18–19 is close to the ac-
curacy of our calculations,
which does not allow us to
make a clear-cut differentiation


of the two mechanistic alternatives.
The reaction of 17 with the more acidic dichlorosilane


HSiCl2Me differs in that the direct addition of HSiMeCl2 to
the imido moiety to give the adduct 24 is by 0.9 kcal mol�1


more stable on the electronic energy scale than the starting
diphosphine complex (Figure 6). Although its formation is
still thermodynamically disfavoured (DGf =16.1 kcal mol�1)
for entropic reasons, the dissociative pathway via the unsa-


Figure 4. Relative electronic energies [kcal mol�1] of intermediates and products in the reaction of [Nb(Cp)ACHTUNGTRENNUNG(=
NMe) ACHTUNGTRENNUNG(PMe3)2] with HSiMe2Cl. Gibbs energies are given in brackets.


Figure 5. Two possible routes for the transformation of 18 into 19. Relative electronic energies [kcal mol�1].
Gibbs energies are given in parentheses.
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turated complex 22 turns out to be less profitable on both
the electronic (DDE=37.4 kcal mol�1) and Gibbs free
energy scales (DDGf = 6.4 kcal mol�1). Transformation of the
silane adduct 24 into the agostic product 26 is thermody-
namically feasible (Figure 6), but is by about 10 kcal mol�1


less favourable than the formation of silylhydride 25. This
accounts for our failure to observe this agostic species. In
accord with our experimental findings, the “rearranged”
chloride-silyl derivative 27 is the most stable product on the
electronic energy scale, but is slightly disfavoured relative to
25 on the Gibbs energy scale. Again, these small differences
are within the error margin of our calculations.


To summarize, DFT calculations of model complexes es-
tablish that an associative mechanism of silane addition to
[Cp ACHTUNGTRENNUNG(RN=)Nb ACHTUNGTRENNUNG(PMe3)2] is thermodynamically comparable
with the dissociative mechanism in the case of HSiClMe2


and is the preferred mechanism in the case of more acidic
silane HSiCl2Me.


DFT calculations—Structural aspects :


Silane/imido adducts : The structures of the calculated com-
plexes are of interest too and deserve a more in depth dis-
cussion. As mentioned above, in addition to the anticipated
penta-coordinate silicon centre the silane/imido adducts 18
and 24 display b-Si�H···M agostic bonding. For instance, in
the compound 18 the Nb�H distance of 1.943 N is even
shorter than the Nb�H distance in the b-agostic silylamido
complex 20 (2.052 N). In the adduct of HSiMe2Cl (18), the


unique chlorine atom lies trans
to the nitrogen centre, whereas
two methyl groups and the hy-
dride form an equatorial plane
of a distorted trigonal bipyra-
mid. The apical Si�Cl bond is
significantly elongated (2.446 N
versus average 2.02 N in mono-
chloro organosilanes),[41] as is
usually observed in hypervalent
silicon compounds. The equato-
rial Si�H bond of 1.607 N in 18
is also much longer than the
usual Si�H bond of 1.48 N,
which can be attributed to the
presence of agostic interaction.
In the dichlorosilane adduct 24,
the apical Si�Cl bond is notice-
ably longer than the equatorial
one (2.289 N versus 2.152 N),
as expected. Surprisingly, the
different substitution at silicon
in the adducts 18 and 24 does
not significantly affect the
degree of Si�H bond activation
in these compounds. For exam-
ple, the Si�H bond of 1.607 N
in 18 is identical within error to


1.609 N in 24, and the Nb�H distances are also comparable
(1.943 N versus 1.928 N, respectively). A similar situation,
contradicting the common anticipation that more electron-
withdrawing substituents at silicon lead to more advanced
Si�H bond activation,[42] has been very recently discovered
in the related agostic complexes of molybdenum [Mo ACHTUNGTRENNUNG(=NR)-
ACHTUNGTRENNUNG{h3-N(R)SiMeX�H···}(Cl) ACHTUNGTRENNUNG(PMe3)2] (X=Me or Cl).[20] Such a
behaviour can be rationalized in terms of near cancellation
of the increased back-donation from metal to the s* ACHTUNGTRENNUNG(Si�H)
antibonding orbital by the decreased direct donation from
the sACHTUNGTRENNUNG(Si�H) bonding orbital to a vacant orbital on metal.[20]


Silane coordination to the imido centre of the formally d2


complex 17 results in the elongation of the Nb–N multiple
bond. Thus, the Nb=N bond of 1.824 N in 17 elongates to
1.943 N in 18 upon the addition of HSiMe2Cl. On the other
hand, in the d0 complexes 19, 21, 25 and 27, the Nb�N bond
is noticeably shorter (range 1.784–1.793 N). This is consis-
tent with an incomplete electron lone pair transfer from the
imido ligand to the metal in 17, so that the character of the
metal–imido bond should be regarded as intermediate be-
tween double and triple. Obviously, it is the electron defi-
ciency of the metal centre, enhanced by the Lewis acid coor-
dination to the imido group, which allows for the formation
of the Si�H···M agostic bonding in the compounds 18 and
24.


Mountford et al. have recently showed that in arylimido
complexes [Ti ACHTUNGTRENNUNG(COT)ACHTUNGTRENNUNG(=NR)] (COT= cyclooctatetraene) for
R=Aryl the electron density of the ring is effectively delo-
calized on the M=N linkage, pushing the nitrogen lone pair


Figure 6. Relative electronic energies [kcal mol�1] of stable intermediates and products in the reaction of
[Nb(Cp)ACHTUNGTRENNUNG(=NMe) ACHTUNGTRENNUNG(PMe3)2] with HSiMeCl2. Gibbs energies are given in brackets.


www.chemeurj.org J 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 296 – 310304


G. I. Nikonov, P. Mountford et al.



www.chemeurj.org





higher in energy and thus making it more amenable for an
attack of an electrophile.[43] On the other hand, Sundermey-
er et al. considered the multiple metal-nitrogen bond in
half-sandwich silylimido complexes to be in the limit of p-
saturation (i.e. a genuine triple M�N bond).[44] These argu-
ments and the findings of the current work allows us to ra-
tionalize the earlier observed discrepancy in the reactivity of
the compounds [Nb(Cp) ACHTUNGTRENNUNG(=NAr) ACHTUNGTRENNUNG(PMe3)2] and [Nb(Cp)
ACHTUNGTRENNUNG(=NtBu) ACHTUNGTRENNUNG(PMe3)2]:


[18] it is the lack of electron density on the
nitrogen centre in the latter that prevents the effective cou-
pling of silane with the imido moiety.
Silyl hydrido complexes : The calculated structures of the


silyl hydrido complexes 19 and 25 are consistent with the
presence of IHI.[14–16,18,28] There is a very good agreement
with the previously calculated tantalum complexes [Ta(Cp)-
ACHTUNGTRENNUNG(=NMe) ACHTUNGTRENNUNG(PMe3)(H)(SiMenCl3�n)] (n=0–3).[28] In particular,
the Si�H contacts are shortened[14–16,18, 28] (2.035 and 2.052 N,
respectively) and two types of Si�Cl bonds[15,28] (one elon-
gated (2.144 N), trans to hydride, and one normal (2.124 N))
were observed in 25. IHI consists of electron density trans-
fer from electron-rich metal-hydride bond on the antibond-
ing s* ACHTUNGTRENNUNG(Si�X) orbital of the trans Si�X bond, leading to the
elongation of M�H bond, the contraction of M�Si bond and
the elongation of Si�X bond.[14–16,18,28] Obviously, the overlap
of sACHTUNGTRENNUNG(M�H) and s* ACHTUNGTRENNUNG(Si�X) is optimal when substituent X at
Si is trans to hydride.[14]


To verify this stereochemical aspect of IHI, we also calcu-
lated a “cis-rotamer” of 19 in which the position trans to the
hydride is occupied by the methyl group. The complex 19-
cis, although having almost identical steric properties as 19,
is destabilized by 2–3 kcal mol�1, owing to the loss of IHI.
The rotation of silyl group leads to a shorter Nb�H bond
(1.793 N in 19-cis versus 1.811 N in 19), longer Nb�Si bond
(2.587 N in 19-cis versus 2.576 N in 19), shorter Si�Cl bond
(2.149 N in 19-cis versus 2.171 N in 19) and longer Si�H dis-
tances (2.075 N in 19-cis versus 2.035 N in 19). The short
Nb�H bond of 1.793 N in 19 compares well with the classi-
cal Nb�H bond of 1.765 N in 23, further substantiating our
conclusion that IHI causes relative elongation of the M�H
bonds.[14–18,22] These minor differences in energy and bond
lengths are of little importance when ground states only are
considered, but can be vital in differentiating between tran-
sition states or reactive intermediates in metal mediated
transformations of organosilanes.


Interestingly, optimization of another isomer of 19, which
has the silyl ligand cis to the PMe3 group, converged to a s-
complex type structure [Nb(Cp) ACHTUNGTRENNUNG(=NAr)ACHTUNGTRENNUNG(PMe3)
(h2-H�SiMe2Cl)] that has a Si�H distance of 2.012 N and an
elongated Nb�Si distance of 2.697 N (2.576 N in 19). In con-
trast, the Nb�H distance of 1.741 N is normal for a Nb�Hy-
dride bond and is comparable with the one in 23. These
data are compatible with the presence of a stretched silane
s-complex, which is formed to minimize the steric repulsion
between bulky PMe3 and SiMe2Cl groups.[21e] This view is
supported by significant elongation of the Nb�P distance of
2.668 N versus 2.542 N in 19.


Agostic complexes: The structure of agostic complex 20 is
in good accord with our previous calculation employing the
BP86 potential.[18] The agostic species 26, featuring a chlo-
ride group on the silicon centre, has a less activated Si�H
bond (i.e. stronger Si�H interaction) than its dimethyl sub-
stituted analogue 20. For example, the Nb�H bond elon-
gates (2.052 N in 20 versus 2.218 N in 26) whereas the Si�H
bond contracts (1.556 N in 20 versus 1.507 N in 26). Weaker
Nb�H interaction in 26 corresponds well to longer Nb�Si
distance (2.792 N). Such a weakening of agostic Si�H···M
bonding upon chlorine-for-methyl substitution contradicts
the usual observation that electron-accepting groups at sili-
con promote stronger Si�H bond activation[42] and can be
rationalized in terms of decreased bacisity of the Si�H bond
caused by the presence of an electron-withdrawing chlorine
group at silicon.[20]


Conclusion


The imido ligand has been intensively studied as an isolobal
analogue of the ubiquitous Cp ligand, and in particular has
been extensively used in designing new olefin metathesis
and polymerization catalysts and silane s-bond metathesis
catalysts. This work presents a study case when the imido
ligand shows a distinctly non-innocent behaviour toward si-
lanes: it either transforms itself into an agostic silylamido
ligand or acts as a “chemical smuggler” in silane transfer to
the metal when the final products appear to have an intact
imido ligand, such as in complexes [Nb(Cp) ACHTUNGTRENNUNG(=NR’)-
ACHTUNGTRENNUNG(PMe3)(H)(SiRnCl3�n)], [Nb(Cp) ACHTUNGTRENNUNG(=NR’) ACHTUNGTRENNUNG(PMe3)(Cl)
(SiHRnCl2�n)] or [Nb(Cp) ACHTUNGTRENNUNG(=NR’) ACHTUNGTRENNUNG(PMe3)Cl2]. Combined ex-
perimental and theoretical evidence tends to suggest that
direct silane addition to imido group is a realistic mechanis-
tic concurrent with a “text-book” pathway based on phos-
phine dissociation from the 18e precursor [Nb(Cp) ACHTUNGTRENNUNG(=NR’)-
ACHTUNGTRENNUNG(PMe3)2] and Si�H addition to the 16e intermediate
[Nb(Cp) ACHTUNGTRENNUNG(=NR’) ACHTUNGTRENNUNG(PMe3)]. According to the new mechanism,
reactions of complexes [Nb(Cp) ACHTUNGTRENNUNG(=NR’)ACHTUNGTRENNUNG(PR’’3)2] with silanes
proceeds via an intermediate adduct [Nb(Cp){=N ACHTUNGTRENNUNG(!
SiHClR2)R’}ACHTUNGTRENNUNG(PR’’3)2] that rearranges into the initial products
[Nb(Cp) ACHTUNGTRENNUNG(=NR’) ACHTUNGTRENNUNG(PR’’3)(H) ACHTUNGTRENNUNG(SiR3)] and/or [Nb(Cp) ACHTUNGTRENNUNG{h3-
N(R’)SiR2Cl�H···} ACHTUNGTRENNUNG(PR’’3)(Cl)]. Conversion of kinetic prod-
ucts into the thermodynamic products is catalyzed by phos-
phine addition and proceeds via the same intermediate
[Nb(Cp){=N ACHTUNGTRENNUNG(!SiHClR2)R’}ACHTUNGTRENNUNG(PR’’3)2]. The identity of these
products is controlled by the substitution at silicon and ni-
trogen and the steric properties of the phosphine. Donor
groups at silicon in chlorosilanes and smaller substituents at
nitrogen favour the formation of b-Si�H···Nb agostic prod-
ucts, whereas electron-withdrawing groups at silicon stabi-
lize metal silyl derivatives. The lower stability of agostic
product in the case of HSiCl2Me addition in comparison
with HSiClMe2 can be ascribed to the lower basicity of the
Si�H bond caused by the presence of an accepting chlorine
group at silicon in the former.
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The initial products of silane addition to [Nb(Cp) ACHTUNGTRENNUNG(=NR’)-
ACHTUNGTRENNUNG(PR3)2] are metastable if there are two or three chlorine
groups at silicon atom, decomposing in the presence of
phosphine to complexes [Nb(Cp) ACHTUNGTRENNUNG(=NAr) ACHTUNGTRENNUNG(PMe3)(Cl)
(SiHRnCl2�n)], [Nb(Cp) ACHTUNGTRENNUNG(=NAr) ACHTUNGTRENNUNG(PMe3)Cl2], and/or to
[Nb(Cp) ACHTUNGTRENNUNG(PMe3)3Cl2]. These findings suggest that imido-
group may be not a good platform for supporting s-bond
metathesis type reactions because of its possible involve-
ment in the activation of E�X bonds. This conclusion can
have far-reaching implications for the current research in
the field of early-transition metal catalysis of silane transfor-
mations.[45,50]


Experimental Section


All manipulations were carried out using conventional glove-box and
Schlenk techniques. Solvents were dried over sodium or sodium benzo-
phenone ketyl. NMR spectra were recorded on a Varian Mercury-vx (1H,
300 MHz; 13C, 75.4 MHz; 31P, 121.5 MHz) and Unity-plus (1H, 500 MHz;
13C, 125.7 MHz) spectrometers. IR spectra were obtained as Nujol mulls
with a FTIR Perkin–Elmer 1600 series spectrometer. Silanes were ob-
tained from Sigma–Aldrich and Lancaster and distilled over CaH2. Start-
ing complexes [Nb(Cp) ACHTUNGTRENNUNG(=NR’)(Cl)2] and [Nb(Cp) ACHTUNGTRENNUNG(=NR’) ACHTUNGTRENNUNG(PR’’3)2] (R’=Ar,
Ar’; R’’3P= Me3P, PhMe2P) were prepared in analogy with literature
methods (see Supporting information for details). Compounds 2b and 7b
were previously reported.[18]


[Nb(Cp) ACHTUNGTRENNUNG(=NAr)ACHTUNGTRENNUNG(PMe3)(H) ACHTUNGTRENNUNG(SiMePhH)] (3a): H2SiMePh (0.52 mL,
3.80 mmol) was added through a syringe to a toluene solution (15 mL) of
[Nb(Cp)ACHTUNGTRENNUNG(=NAr)ACHTUNGTRENNUNG(PMe3)2] (0.37 g, 0.76 mmol). The mixture was left for
two days under stirring and constant purging with nitrogen. The volatiles
were removed in vacuo, affording yellow-brown oil. NMR spectra
showed quantitative formation of [Nb(Cp) ACHTUNGTRENNUNG(=NAr)ACHTUNGTRENNUNG(PMe3)(H) ACHTUNGTRENNUNG(SiMePhH)]
as a mixture of two isomers. IR (Nujol): ñ =2068 (Si�H), 1644 cm�1


ACHTUNGTRENNUNG(Nb�H).


First isomer : 1H NMR (C6D6): d=7.96 (d, J ACHTUNGTRENNUNG(H�H) =8.0 Hz, 2H; Ph),
7.33–6.95 (m, 6H; C6H3 + Ph), 5.96 (h, J ACHTUNGTRENNUNG(H�H)=3.7 Hz, 1H; Si�H),
5.27 (d, J ACHTUNGTRENNUNG(P�H)=1.8 Hz, 5H; Cp), 4.11 (q, J ACHTUNGTRENNUNG(H�H) =6.9 Hz, 2 H;
CHMe2), 2.02 (d, J ACHTUNGTRENNUNG(P�H) =67 Hz, 3 H; Nb�H), 1.28 (d, J ACHTUNGTRENNUNG(H�H)=6.9 Hz,
6H; CHMe2), 1.23 (d, J ACHTUNGTRENNUNG(H�H)=6.9 Hz, 6 H; CHMe2), 0.95 (dd,
J ACHTUNGTRENNUNG(H�H)=4.1 Hz, J ACHTUNGTRENNUNG(P�H)= 0.7 Hz, 3 H; SiMe), 0.90 ppm (d, J ACHTUNGTRENNUNG(P�H)=


8.4 Hz, 9 H; PMe3).


Second isomer : 1H NMR NMR (C6D6): d=7.88 (d, J ACHTUNGTRENNUNG(H�H)=8.0 Hz, 2H;
Ph), 5.96 (q, J ACHTUNGTRENNUNG(H�H)=3.7 Hz, 1H; Si�H), 5.29 (d, J ACHTUNGTRENNUNG(P�H) =1.8 Hz, 5 H;
Cp), 4.06 (h, J ACHTUNGTRENNUNG(H�H)=6.8 Hz, 2 H; CHMe2), 1.27 (d, J ACHTUNGTRENNUNG(H�H)=6.9 Hz,
6H; CHMe2), 1.17 (d, J ACHTUNGTRENNUNG(H�H) =6.9 Hz, 6 H; CHMe2), 0.98 (d, J ACHTUNGTRENNUNG(H�H)=


4.0 Hz, 3H; SiMe), 0.91 (d, J ACHTUNGTRENNUNG(P�H)=8.1 Hz, 9 H; PMe3), 2.24 ppm (d,
J ACHTUNGTRENNUNG(P�H)=68 Hz, 3H; Nb�H); 31P NMR (C6D6): d=14.0 ppm (b); 29Si
NMR (C6D6): d=13.3 ppm (1J ACHTUNGTRENNUNG(Si�H) =156 Hz, 2J ACHTUNGTRENNUNG(Si�H)<15 Hz (esti-
mated from the line width).


Isolation of [Nb(Cp)ACHTUNGTRENNUNG(=NAr)ACHTUNGTRENNUNG(PMe3)(H) ACHTUNGTRENNUNG(SiMe2Cl)] (3b): To [Nb(Cp)-
ACHTUNGTRENNUNG(NAr)NbPMe3)2] (0.202 g, 0.42 mmol) in pentane (20 mL) was added
excess HClSiMe2 (1.5 mL). After 1.5 h of stirring at room temperature
the initial dark solution developed a distinctly green-yellow colour. The
solution was concentrated in vacuo to 3 mL and filtered off, the residue
was washed by 1.5 mL of pentane and dried in vacuo. Yield: 0.018 g
(0.04 mmol, 9%). 1H NMR (C6D6): d=5.56 (d, J ACHTUNGTRENNUNG(P�H)=1.5 Hz, 5 H;
Cp), 4.14 (sept, J ACHTUNGTRENNUNG(P�H)= 6.9 Hz, 2 H; CH), 1.65 (broad s, 1H; NbH),
1.26 (d, J ACHTUNGTRENNUNG(H�H)=7.2 Hz, 6H; Me), 1.24 (d, J ACHTUNGTRENNUNG(H�H)=7.2 Hz, 6 H; Me),
1.19 (s, 3 H; SiMe), 0.92 (s, 3 H; SiMe), 0.83 ppm (d, J ACHTUNGTRENNUNG(P�H)=8.1 Hz,
9H; PMe3); 13C NMR (C6D6): d=143.4, 123.3, 122.8 (C6H3), 100.9 (Cp),
27.1 (CH), 24.4, 24.3, 19.5 (d, J ACHTUNGTRENNUNG(C�P)= 26.9 Hz, PMe3), 14.9 (Si�Me),
14.4 ppm (Si�Me); IR (Nujol): ñ =1681 cm�1 (Nb�H). Analogous Ta
compound was prepared and fully characterized.[18]


Reaction of [Nb(Cp) ACHTUNGTRENNUNG(=NAr) ACHTUNGTRENNUNG(PMe3)2] with HSiMePhCl : To a pentane so-
lution (40 mL) of [Nb(Cp) ACHTUNGTRENNUNG(=NAr)ACHTUNGTRENNUNG(PMe3)2] (0.522 g, 1.08 mmol) was
added HSiMePhCl (0.16 mL, 1.08 mL). The mixture was left at room
temperature in dark for 3 days. The solution was filtered from small
amount of grey deposit and left at �30 8C for 5 days, affording a grey
precipitate. After keeping the mixture at �80 8C for a day the cold solu-
tion was filtered, the residue dissolved in ether, filtered and cooled to
�80 8C, affording a light-beige microcrystalline compound. The yield:
0.18 g (0.32 mmol, 30%). The second crop was obtained by concentrating
the mother liquor to 4 mL and cooling it to �80 C. Total yield: 0.28 g
(0.50 mmol, 46%); IR (Nujol): ñ=1632 cm�1 (Nb�H, broad, overlapping
signals due to 2c and 3c); elemental analysis calcd (%) for
C27H40ClNNbPSi: C 57.29, H 7.12, N 2.47; found: C 56.52, H 6.15, N 2.13.


The 1H NMR showed formation of a mixture of two isomers of agostic
complex and two isomers (Ph up and Ph down) of a silylhydride com-
plex:


Agostic major (2c): 1H NMR (C6D6): d= 7.48 (m, Ph), 4.73 (d, J ACHTUNGTRENNUNG(P�H)=


1.7 Hz, 5H; Cp), 2.83 (q, J ACHTUNGTRENNUNG(H�H)=6.9 Hz, 1H; CHMe2), 2.57 (q,
J ACHTUNGTRENNUNG(H�H)=6.9 Hz, 1 H; CHMe2), 1.11 (d, J ACHTUNGTRENNUNG(H�H)=6.9 Hz, 1H; CHMe2),
1.11 (d, J ACHTUNGTRENNUNG(H�H)=6.9 Hz, 1 H; CHMe2), 0.98 (d, J ACHTUNGTRENNUNG(P�H) =10.2 Hz, 9 H;
PMe3), 0.59 (s, 3H; SiMe), �4.75 ppm (d, J=9.1 Hz, 1H; Nb�H);
13C NMR (C6D6): d=93.8 (s, Cp), 17.9 ppm (d, J ACHTUNGTRENNUNG(P�C)=24 Hz, PMe3);
31P NMR (C6D6): d=9.5 ppm.


Agostic minor (2’c): 1H NMR (C6D6): d= 4.83 (d, J ACHTUNGTRENNUNG(P�H)=1.7 Hz, 5H;
Cp), �3.23 ppm (s, 1 H; Nb�H); 13C NMR (C6D6): d=95.6 ppm (s, Cp).


Silylhydride major (3c): 1H NMR (C6D6): d= 8.06 (d, J ACHTUNGTRENNUNG(H�H) =8.5 Hz,
2H; Ph), 7.31 (pseudo t, J ACHTUNGTRENNUNG(H�H)=7.3 Hz, 2H; Ph), 7.17 (m, Ph), 7.05
(m, Ph), 5.40 (d, J=1.6 Hz, 5 H; Cp), 2.15 (d, J ACHTUNGTRENNUNG(P�H)=64.1 Hz, 1H;
Nb�H), 4.16 (q, J ACHTUNGTRENNUNG(H�H) =6.9 Hz, 1 H; CHMe2), 1.27 (d, J ACHTUNGTRENNUNG(H�H)=


6.9 Hz, 1H; CHMe2), 1.23 (d, J ACHTUNGTRENNUNG(H�H)= 6.9 Hz, 1H; CHMe2), 0.93 ppm
(d, J ACHTUNGTRENNUNG(P�H)=8.1 Hz, 9 H; PMe3); 13C NMR (C6D6): d =101.6 (s, Cp), 24.5
(s, CHMe2), 23.3 (s, CHMe2), 19.5 (d, J ACHTUNGTRENNUNG(P�C)=28 Hz, PMe3), 13.8 ppm
(s, SiMe); 31P NMR (C6D6): d= 12.5 ppm.


Silylhydride minor (3c’’): 1H NMR (C6D6): d=8.20 (d, J ACHTUNGTRENNUNG(H�H)=8.5 Hz,
2H; Ph), 5.61 (d, J=1.6 Hz, 5 H; Cp), 3.95 (q, J ACHTUNGTRENNUNG(H�H)= 6.9 Hz, 1 H;
CHMe2), 2.19 (d, J ACHTUNGTRENNUNG(P�H)=64.1 Hz, 1H; Nb�H), 1.37 (d, J ACHTUNGTRENNUNG(H�H)=


6.9 Hz, 1 H; CHMe2), 1.15 ppm (d, J ACHTUNGTRENNUNG(H�H)=6.9 Hz, 1H; CHMe2);
13C NMR (C6D6): d =101.4 (s, Cp), 19.4 (d, J ACHTUNGTRENNUNG(P�C)=28 Hz, PMe3);
31P NMR (C6D6): d=�11.7 ppm.


Complexes 2c, 2c’ and 3c : 29Si NMR (C6D6): d=�51 ppm (1J ACHTUNGTRENNUNG(Si�H)=


96 Hz, “agostic”, Cl trans to H), �72 (1J ACHTUNGTRENNUNG(Si�H) =121 Hz, “agostic”, PMe3


trans to H), 78.8 ppm (broad, “silylhydride”).


[Nb(Cp) ACHTUNGTRENNUNG(=NAr)ACHTUNGTRENNUNG(PMe3)(H) ACHTUNGTRENNUNG(SiMeCl2)] (3d): HSiMeCl2 (0.15 mL,
1.44 mmol) was added to a cooled (�30 8C) pentane solution (40 mL) of
1 (0.40 g, 0.82 mmol). The cold mixture was kept at �30 8C overnight.
Dark yellow crystals formed. The mother liquor was filtered and the resi-
due dried in vacuo. Yield: 0.287 g (0.55 mmol, 67%). 1H NMR (C6D6):
d=5.46 (d, J ACHTUNGTRENNUNG(P�H)= 1.8 Hz, 5 H; Cp), 3.97 (h, J ACHTUNGTRENNUNG(H�H)= 6.8 Hz, 2 H;
CHMe2), 2.51 (d, J ACHTUNGTRENNUNG(P�H)=70.2 Hz, 1H; Nb�H), 1.48 (s, 3 H; Si�Me),
1.21 (d, J ACHTUNGTRENNUNG(H�H)=6.8 Hz, 6 H; CHMe2), 1.17 (d, J ACHTUNGTRENNUNG(H�H)=6.8 Hz, 6 H;
CHMe2), 0.83 ppm (d, J ACHTUNGTRENNUNG(P�H) =8.5 Hz, 1H; P�Me); 13C NMR ACHTUNGTRENNUNG(C6D6):
d=143.5, 124.0, 122.8, 102.4 (Cp), 27.3, 24.3, 24.2, 19.2 ppm (d, J ACHTUNGTRENNUNG(P�C)=


28.3 Hz, P�Me); 31P NMR (C6D6): d=11.4 ppm (b); IR (Nujol): ñ=


1620 cm�1 (Nb�H); elemental analysis calcd (%) for C21H35Cl2NNbPSi:
C 48.10, H 6.73, N 2.67; found: C 48.08, H 7.26, N 2.52.


[Nb(Cp) ACHTUNGTRENNUNG(=NAr)ACHTUNGTRENNUNG(PMe3)(H) ACHTUNGTRENNUNG(SiCl3)] (3e): HSiCl3 (0.12 mL, 1.12 mmol)
was added through a syringe to a solution of 1 (0.270 g, 0.56 mmol) in
ether (10 mL) resulting in a quick colour change to yellow. All volatiles
were removed at reduced pressure and the residue was redissolved in
15 mL of ether, filtered, concentrated to 10 mL and charged with 1 mL of
pentane. The mixture was placed in the �30 8C freezer for a day, afford-
ing yellow crystals (0.035 g). The cold solution was decanted and placed
in �80 8C for 2 days, resulting in further crystallization. Combined yield:
0.237 g (78 %). 1H NMR (C6D6): d=7.00 (d, J ACHTUNGTRENNUNG(H�H) =3.6 Hz, 1H; Ar),
6.98 (s, 2H; m-Ar), 6.92 (m, 1 H; p-Ar), 5.58 (d, J ACHTUNGTRENNUNG(P�H)=1.5 Hz, 5 H;
Cp), 3.96 (h, J ACHTUNGTRENNUNG(H�H)=6.9 Hz, 2H; CHMe2), 3.00 (d, J ACHTUNGTRENNUNG(P�H)=72.6 Hz,
1H; NbH), 1.25 (d, J ACHTUNGTRENNUNG(H�H)=6.9 Hz, 6 H; CHMe2), 1.17 (d, J ACHTUNGTRENNUNG(H�H)=
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6.9 Hz, 6H; CHMe2), 0.82 ppm (d, J ACHTUNGTRENNUNG(P�H)=9.1 Hz, 9 H; PMe);
13C NMR (C6D6): d =143.9, 124.6, 122.9, 102.7 (Cp), 27.5 (CHMe2), 24.3
(CHMe2), 24.1 (CHMe2), 18.9 ppm (d, J ACHTUNGTRENNUNG(P�C)= 29.6 Hz, PMe); 31P NMR
(C6D6): d =9.0 ppm (b); IR (Nujol): ñ== 1626 cm�1 (Nb�H); elemental
analysis calcd (%) for C20H32Cl3NNbPSi: C 44.09, H 5.92, N 2.57; found:
C 44.19, H 5.58, N 2.39.


[Nb(Cp) ACHTUNGTRENNUNG(=NAr)ACHTUNGTRENNUNG(PMe3)(H) ACHTUNGTRENNUNG(SiPh2Cl)] (3 f): HSiPh2Cl (0.25 mL,
1.28 mmol) was added to a pentane solution (30 mL) of 1 (0.50 g,
1.03 mmol). The mixture was kept at room temperature for 9 days, af-
fording a beige microcrystalline compound. The solution was filtered and
the residue was washed with pentane (5 mL) and dried to give 0.224 g.
Second crop (0.275 g) was obtained after keeping the mother liquor at
�80 C. Total yield: 0.499 (0.79 mmol, 77 %). 1H NMR (C6D6): d =8.19 (d,
J ACHTUNGTRENNUNG(H�H)=7.9 Hz, 2H; Ph), 8.06 (d, J ACHTUNGTRENNUNG(H�H) =8.4 Hz, 2 H; Ph), 7.23
(pseudo t, J ACHTUNGTRENNUNG(H�H)=7.6 Hz, 2 H; Ph), 7.17 ACHTUNGTRENNUNG(m, Ar/Ph), 7.09 (m, Ar/Ph),
7.04–6.90 (m, Ar/Ph), 5.45 (d, J ACHTUNGTRENNUNG(H�H)= 1.6 Hz, 5 H; Cp), 4.04 (q,
J ACHTUNGTRENNUNG(H�H)=7.0 Hz, 2H; CHMe2), 2.86 (d, J ACHTUNGTRENNUNG(H�H)=63.5 Hz, 1H; Nb�H),
1.16 (d, J ACHTUNGTRENNUNG(H�H)=6.9 Hz, 6 H; CHMe2), 0.96 (d, J ACHTUNGTRENNUNG(H�H)=6.5 Hz, 6 H;
CHMe2), 0.94 ppm (d, J ACHTUNGTRENNUNG(H�H)=7.9 Hz, 6H; P�Me); 13C NMR (C6D6):
d=146.0 (quaternary), 143.8, 136.0, 134.9, 127.52, 127.46, 123.8, 122.8,
102.0 (Cp), 27.4 (CHMe2), 24.2 (CHMe2), 24.1 ACHTUNGTRENNUNG(CHMe2), 19.2 ppm (d, J-
ACHTUNGTRENNUNG(P�C)=27.1 Hz, P�Me); 31P NMR (C6D6): d=8.0 ppm (vb); IR (Nujol):
ñ= 1616 cm�1 (Nb�H); elemental analysis calcd (%) for
C32H42ClNNbPSi: C 61.19, H 6.74, N 2.23; found: C 60.41, H 6.33, N 2.05.


[Nb(Cp) ACHTUNGTRENNUNG(=NAr)ACHTUNGTRENNUNG(PMe3)(H) ACHTUNGTRENNUNG(SiPhH2)] (3g): To a solution of 1 (0.023 g,
0.05 mmol) in C6D6 (0.7 mL) was added H3SiPh (5.9 mL, 0.05 mmol). Im-
mediate colour change from dark-green to brown occurs. The NMR spec-
tra indicated clean conversion into the product [Nb(Cp) ACHTUNGTRENNUNG(=NAr)-
ACHTUNGTRENNUNG(PMe3)(H) ACHTUNGTRENNUNG(SiPhH2)]. The content of the NMR tube was transferred into
a 5 mL Schlenk tube and dried in vacuo. The residue was redissolved in
small amount of ether and cooled to �30 8C. Nice yellow crystals
(0.017 g) were formed in the course of several days. The cold solution
was accurately removed by pipette was dried. The residue was used to
record the IR spectrum. The crystals left were used for X-ray. 1H NMR
(C6D6): d= 8.02 (d, J ACHTUNGTRENNUNG(H�H) =6.6 Hz, 2H; o-Ph), 7.26 (d, J ACHTUNGTRENNUNG(H�H)=


6.9 Hz, 2H; m-Ph), 7.15 (m, 1 H; p-Ph), 7.06 (m, 2H; m-Ar), 6.96 (m,
1H; p-Ar), 5.84 (s, 1H; Si�H), 5.64 (s, 1H; Si�H), 5.33 (s, 5H; Cp), 4.06
(q, J ACHTUNGTRENNUNG(H�H)=6.9 Hz, 2H; CH), 2.30 (d, J ACHTUNGTRENNUNG(P�H)=66.9 Hz, 1 H; Nb�H),
1.29 (d, J ACHTUNGTRENNUNG(H�H) =6.9 Hz, 6H; Ar), 1.21 (d, J ACHTUNGTRENNUNG(H�H)= 7.2 Hz, 6 H; Ar),
0.87 ppm (d, J ACHTUNGTRENNUNG(P�H)= 7.8 Hz, 9 H; PMe); 13C NMR (C6D6): d =143 (s, o-
Ar), o-Ph), 128.5 (s, p-Ph), 127.5 (s, m-Ph), 123.1 (s, p-Ar), 122.7 (s, m-
Ar), 27.7 (s, CH), 24.1 (s, Ar-CH3), 19.6 ppm (d, J ACHTUNGTRENNUNG(P�C) =27.4 Hz, PMe);
31P NMR (C6D6): d=11.7 ppm (bs); IR (Nujol): ñ=2061 (Si�H),
1627 cm�1 (Nb�H); elemental analysis calcd (%) C26H39NNbPSi: C 60.33,
H 7.60, N 2.71; found: C 59.44, H 7.39, N 2.38.


[Nb(Cp) ACHTUNGTRENNUNG(=NAr)ACHTUNGTRENNUNG(PMe3)(Cl) ACHTUNGTRENNUNG(SiMeHCl)] (4d): HSiMeCl2 (0.20 mL,
1.92 mmol) was added to pentane solution (30 mL) of 1 (0.346 g,
0.71 mmol). The mixture was left at room temperature for two days, af-
fording a yellow solution and light beige crystals. The solution was fil-
tered and the residue dried in vacuo. Yield: 0.234 g (0.45 mmol, 63%).
1H NMR (C6D6): d=6.98 (m, 2H; m-Ar), 6.95 (m, 1H; Ar), 6.24 (q,
J ACHTUNGTRENNUNG(H�H)=3.3 Hz, 1H; SiH), 5.72 (s, 5H; Cp), 3.87 (h, J ACHTUNGTRENNUNG(H�H)=6.9 Hz,
1H; CHMe2), 1.35 (d, J ACHTUNGTRENNUNG(H�H) =6.9 Hz, 6H; CHMe2), 1.23 (d, J ACHTUNGTRENNUNG(H�H)=


3.3 Hz, 3H; SiMe), 1.19 (d, J ACHTUNGTRENNUNG(H�H)=6.9 Hz, 6H; CHMe2), 0.79 ppm (d,
J ACHTUNGTRENNUNG(P�H)=3.3 Hz, 9H; PMe); 13C NMR (C6D6): d=145.8, 125.7, 123.2,
105.4 (Cp), 27.5 (CHMe2), 25.1 (CHMe2), 24.8 (CHMe2), 22.7 (SiMe),
12.8 ppm (d, J ACHTUNGTRENNUNG(P�C)=23 Hz, PMe); 31P NMR (C6D6): d=�8.9 ppm; IR
(Nujol): ñ= 2145 cm�1 (Si�H); elemental analysis calcd (%) for
C21H35Cl2NNbPSi: C 48.10, H 6.73, N 2.67, Cl 13.52; found: C 47.63, H
6.55, N 2.44, Cl 13.10.


[Nb(Cp) ACHTUNGTRENNUNG(=NAr’) ACHTUNGTRENNUNG(PMe3)(H) ACHTUNGTRENNUNG(SiMePhH)] (8a): To an ether solution
(20 mL) of [Nb(Cp) ACHTUNGTRENNUNG(=NAr’) ACHTUNGTRENNUNG(PMe3)2] (0.323 g, 0.75 mmol) was added
H2SiMePh (0.50 mL, 3.60 mL). The mixture was left for 3 days with peri-
odic purging of the Schlenk tube with argon to remove PMe3 released.
The volatiles were removed in vacuo, giving dark-brown oil. This was dis-
solved in pentane (10 mL) and cooled first to �10 8C for overnight and
then to �30 8C. Grey crystals were formed. The cold solution was filtered
and the residue dried. Yield: 0.12 g (0.25 mmol, 34 %) of microcrystalline


compound, a 1:1 mixture of two diastereomers according to 1H NMR
spectroscopy. 1H NMR (C6D6): d=7.94 (d, J ACHTUNGTRENNUNG(H�H)=7.8 Hz, 1H; m-Ar),
7.87 (d, J ACHTUNGTRENNUNG(H�H)=7.8 Hz, 1H; m-Ar), 7.38 (t, J ACHTUNGTRENNUNG(H�H) =7.5 Hz, 1H; p-
Ar), 7.29 (t, J ACHTUNGTRENNUNG(H�H) =7.7 Hz, p-Ph), 7.24 (t, J ACHTUNGTRENNUNG(H�H)=7.4 Hz, 2 H; m-
Ph), 7.2–7.1 (m, Ar’/Ph), 6.99 (m, 2H; o-Ph), 6.8 (m, 1 H; Ph), 6.06 (q,
J ACHTUNGTRENNUNG(H�H)=3.6 Hz, 1 H; Si�H), 5.94 (q, J ACHTUNGTRENNUNG(H�H)=3.6 Hz, 1 H; Si�H), 5.27
(d, J ACHTUNGTRENNUNG(P�H) =1.2 Hz, 5 H; Cp), 5.25 (d, J ACHTUNGTRENNUNG(P�H)= 1.2 Hz, 5 H; Cp), 2.41 (s,
6H; C6H3Me), 2.33 (s, 6 H; C6H3Me), 2.25 (bd, J ACHTUNGTRENNUNG(P�H) =68 Hz, 1H;
NbH), 2.02 (bd, J ACHTUNGTRENNUNG(P�H)=67 Hz, 1 H; NbH), 0.99 (d, J ACHTUNGTRENNUNG(H�H) =3.6 Hz,
3H; SiMe), 0.95 (d, J ACHTUNGTRENNUNG(H�H)=3.6 Hz, 3H; SiMe), 0.84 (d, J ACHTUNGTRENNUNG(P�H)=


7.8 Hz, 9H; PMe), 0.83 ppm (d, J ACHTUNGTRENNUNG(P�H)=8.4 Hz, 9H; PMe); 13C NMR
(C6D6): d =149.4 (o-Ar), 148.8 (o-Ar), 135.2 (m-Ar,), 135.1 (m-Ar), 127.9
(p-Ar), 127.8 (p-Ar), 127.6 (p-Ph), 127.1, 127.0, 121.9, 99.9 (Cp), 99.7
(Cp), 2.9 (s, C6H3Me), 20.8 (s, C6H3Me, 20.2 (d, J ACHTUNGTRENNUNG(P�C)=60.4 Hz, PMe),
19.9 (d, J ACHTUNGTRENNUNG(P�C)=60.4 Hz, PMe), 4.7 (s, SiMe), 2.9 ppm (s, SiMe);
31P NMR (C6D6): d=11.3 ppm (bs); IR (Nujol): ñ=2026 (Si�H),
1644 cm�1 (Nb�H).


[Nb(Cp) ACHTUNGTRENNUNG{h3-N ACHTUNGTRENNUNG(Ar’)SiMePH�H···}Nb ACHTUNGTRENNUNG(PMe3)(Cl)] (7c): To a solution of
[Nb(Cp)ACHTUNGTRENNUNG(=NAr’) ACHTUNGTRENNUNG(PMe3)2] (0.502 g, 1.17 mmol) in toluene/pentane 1:3
(20 mL) was added HSiMePhCl (0.28 mL, 1.86 mL). The mixture was left
at room temperature in the dark for 2 days. The solution was filtered
from dark crystals formed, affording (after drying) 0.421 g (6.83 mmol,
71%) of [Nb(Cp)ACHTUNGTRENNUNG{h3-N ACHTUNGTRENNUNG(Ar’)SiMePH�H···}Nb ACHTUNGTRENNUNG(PMe3)(Cl)] (PMe3 trans to
H). The 1H NMR showed formation of only one isomer of an agostic
complex. 1H NMR (C6D6): d =8.08 (m, 2H; SiPh), 7.19 (m, 3H; SiPh),
6.91 (d, J ACHTUNGTRENNUNG(P�H)=7.4 Hz, 2 H; m-C6H3), 6.78 (m, 1H; p-C6H3), 4.81(s,
5H; C5H5), 2.25 (s, 3H; C6H3Me2), 1.25 (s, 3H; SiMe), 0.63 (d, J ACHTUNGTRENNUNG(P�H)=


7.1 Hz, 9H; PMe3), 0.15 (s, 3 H; C6H3Me2), �2.99 ppm (s, 1H; Nb�H);
13N NMR (C6D6): d=136.4, 130.4, 122.6, 118.7, 95.8 (s, C5H5), 22.7 (s,
C6H3Me2), 19.2 (s, C6H3Me2), 18.7 (s, SiMe), 15.3 ppm (d, J ACHTUNGTRENNUNG(P�C)=21 Hz,
PMe3); 31P NMR (C6D6): d=1.6 ppm (b); 29Si NMR (C6D6): d=


�74.8 ppm (1J ACHTUNGTRENNUNG(Si�H) =120 Hz); IR (Nujol): ñ =1660 (NbHSi); elemental
analysis calcd (%) for C23H32ClNNbPSi: C 54.17, H 6.33, N 2.75; found:
C 53.74, H 6.86, N 2.63.


[Nb(Cp) ACHTUNGTRENNUNG(=NAr’) ACHTUNGTRENNUNG(PMe3)(H) ACHTUNGTRENNUNG(SiMeCl2)] (8d): To ether solution (20 mL) of
[Nb(Cp)ACHTUNGTRENNUNG(=NAr’) ACHTUNGTRENNUNG(PMe3)2] (0.228 g, 0.52 mmol) was added HSiMeCl2


(0.15 mL, 1.44 mL). The mixture was left overnight at room temperature
without stirring and then placed into �30 8C freezer. In two days the so-
lution was filtered from red crystals of [Nb(Cp)ACHTUNGTRENNUNG(PMe3)3(Cl)2] (0.068 g,
0.15 mmol), charged with 2 mL of hexane and cooled to �30 8C. In three
days the cold solution was filtered from yellow crystals. Yield: 0.066 g
(0.14 mmol, 27%) of [Nb(Cp) ACHTUNGTRENNUNG(=NAr’) ACHTUNGTRENNUNG(PMe3)(H) ACHTUNGTRENNUNG(SiMeCl2)]. The com-
pound is unstable in solutions at room temperature and decomposes to
give red [Nb(Cp) ACHTUNGTRENNUNG(PMe3)3(Cl)2] as one of the products. 1H NMR (C6D6):
d=6.82 (d, J=7.8 Hz, 2 H; C6H3), 6.73 (pt, J=7.5 Hz, 1H; C6H3), 5.89 (d,
J ACHTUNGTRENNUNG(P�H)=1.6 Hz, 5H; Cp), 2.93 (b, 1H; Nb�H), 2.27 (s, 6H; C6H3Me2),
1.46 (s, 3H; SiMe), 0.67 ppm (d, J ACHTUNGTRENNUNG(P�H)=8.3 Hz, 9H; PMe). 13C NMR
(C6D6): d=135.1, 128.8, 127.1, 125.5 (all Ar’), 107.3 (Cp), 20.2
(C6H3Me2), 14.3 (SiMe), 12.9 ppm (d, J ACHTUNGTRENNUNG(P�C)=22.1 Hz, PMe); 31P NMR
(C6D6): d =�10.4 ppm (s); IR (Nujol): ñ= 1620 cm�1 (Nb�H); elemental
analysis calcd (%) for C17H27Cl2NNbPSi: C 43.60, H 5.81, N 2.99; found:
C 40.74, H 5.30, N 2.84.


Reaction of [Nb(Cp) ACHTUNGTRENNUNG(=NAr’) ACHTUNGTRENNUNG(PMe3)2] with HSiPh2Cl to give [Nb(Cp)ACHTUNGTRENNUNG(=
NAr’) ACHTUNGTRENNUNG(PMe3)(H) ACHTUNGTRENNUNG(SiPh2Cl)] (8 f): HSiPh2Cl (0.26 mL, 1.33 mmol) was
added to toluene/pentane 1:3 solution (15 mL) of [Nb(Cp) ACHTUNGTRENNUNG(=NAr’)-
ACHTUNGTRENNUNG(PMe3)2] (0.501 g, 1.17 mmol). The mixture was left at room temperature
in the dark for 2 days. The solution was filtered from a grey deposit,
which dissolves poorly in C6D6 and is most likely a decomposition prod-
uct. An NMR check showed formation of a mixture, the major compo-
nents of which are [Nb(Cp) ACHTUNGTRENNUNG(=NAr’) ACHTUNGTRENNUNG(PMe3)(H) ACHTUNGTRENNUNG(SiPh2Cl)] and an agostic
species [Nb(Cp)ACHTUNGTRENNUNG{h3-N ACHTUNGTRENNUNG(Ar’)SiPh2�H···} ACHTUNGTRENNUNG(PMe3)(Cl)]. The mother liquor
was dried in vacuo and the residue was extracted by pentane (5 mL). The
solution was cooled to �80 C, producing crystals of 8 f. The yield: 0.044 g
(0.08 mmol, 7%). 1H NMR (C6D6): d= 8.09 (d, J ACHTUNGTRENNUNG(H�H)=8.1 Hz, 4 H; o-
Ph), 7.26 (pt, J ACHTUNGTRENNUNG(H�H)= 7.5 Hz, 4 H; m-Ph), 7.11 (m, Ph), 6.89 (d,
J ACHTUNGTRENNUNG(H�H)=7.5 Hz, 2H; C6H3), 6.74 (pt, J ACHTUNGTRENNUNG(H�H)=7.2 Hz, 1 H; C6H3), 5.41
(d, J ACHTUNGTRENNUNG(P�H)=7.1 Hz, 5H; Cp), 2.69 (d, J ACHTUNGTRENNUNG(P�H)=64 Hz, 1H; Nb�H), 2.12
(s, 6H; C6H3Me2), 0.89 ppm (d, J ACHTUNGTRENNUNG(P�H)=8.1 Hz, 9H; PMe3); 31P NMR
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(C6D6): d=10.8 ppm (bs); 13N NMR (C6D6): d=102.0 (Cp), 23.0 (Ar’),
19.0 ppm (PMe3); 31P NMR (C6D6): 2 ppm (bs); IR (Nujol): n= 1632 cm�1


(Nb�H).Signals attributed to [Nb(Cp) ACHTUNGTRENNUNG{h3-N(Ar)’SiPh2�H···} ACHTUNGTRENNUNG(PMe3)(Cl)
(7 f): 1H NMR (C6D6): d =4.79 (s, 5H; Cp), 2.10 (s, 6 H; C6H3Me2), 0.67
(bd, J ACHTUNGTRENNUNG(P�H)=3.9 Hz, 9 H; PMe3), �2.05 ppm (bs, 1 H; Nb�H), other sig-
nals are obscured by the signals of other products.


NMR tube preparation of [Nb(Cp) ACHTUNGTRENNUNG(=NAr) ACHTUNGTRENNUNG(SiMeCl2)(H) ACHTUNGTRENNUNG(PPhMe2)]
(11d): Two equivalents of the silane HSiMeCl2 were added to [Nb(Cp)
ACHTUNGTRENNUNG(=NAr)ACHTUNGTRENNUNG(PPhMe2)2] (0.019 g) in C6D6 (0.6 mL). The spectrum run after
29 min showed 10 % conversion into 11d. After 24 h the reaction was
complete, with 11d being the predominant component of the mixture.
After 13 days a 1:1 mixture of 11d and [Nb(Cp) ACHTUNGTRENNUNG(=NAr) ACHTUNGTRENNUNG(SiMeClH)(Cl)-
ACHTUNGTRENNUNG(PPhMe2)] was discovered [Nb(Cp) ACHTUNGTRENNUNG(=NAr)ACHTUNGTRENNUNG(SiMeCl2)(H) ACHTUNGTRENNUNG(PPhMe2)].
1H NMR (C6D6): d=7.41 (m, Ar/Ph), 7.30 (m, Ar/Ph), 7.01–7.00 (m, Ar/
Ph), 5.63 (s, 5 H; Cp), 3.29 (sept, J ACHTUNGTRENNUNG(H�H) =6.8 Hz, 2 H; 2 R CHMe2), 2.72
(d, J ACHTUNGTRENNUNG(P�H) =66.3 Hz, 1 H; Nb�H), 1.47 (s, 3 H; SiMe), 1.25 (d, J ACHTUNGTRENNUNG(P�H)=


17.7 Hz, 9H; PMe), 1.15 (d, J ACHTUNGTRENNUNG(H�H)=6.6 Hz, 6H; p-CHMe2), 1.13 ppm
(d, J ACHTUNGTRENNUNG(H�H) =7.5 Hz, 6H; CHMe2); 31P NMR (C6D6): d =20 ppm (very
broad); IR (Nujol): ñ =1621 cm�1 (Nb�H).


[Nb(Cp) ACHTUNGTRENNUNG{h3-N(Ar)SiMe2-H···}NbCl ACHTUNGTRENNUNG(PPhMe2)] (12b): HSiMe2Cl
(0.25 mL, 2.3 mmol) was added to a stirred suspension of [Nb(Cp)
ACHTUNGTRENNUNG(=NAr)ACHTUNGTRENNUNG(PPhMe2)2] (0.491 g, 0.81 mmol) in hexane (15 mL). The mixture
obtained was placed in the dark for a week, affording a dark precipitate.
The mixture was cooled �20 C, the supernatant solution was decanted
and the residue was washed several times by hexanes (total volume
10 mL). The product was recrystallized from ether by cooling the solution
to �20 C. The yield of dark green crystals: 0.050 g (11 %). 1H NMR
(C6D6): d= 7.34 (t, J ACHTUNGTRENNUNG(H�H) =8.8 Hz, 2H; m-Ph), 7.26 (d, J ACHTUNGTRENNUNG(H�H)=


7.2 Hz, 1H; m-Ar), 7.19 (d, J ACHTUNGTRENNUNG(H�H) =7.2 Hz, 1 H; m-Ar), 7.04 (m, 3H;
o-Ph and p-Ar), 4.63 (d, J ACHTUNGTRENNUNG(P�H)=2.1 Hz, 5H; C5H5), 3.30 and 2.35 (sept,
J ACHTUNGTRENNUNG(H�H)=7.0 Hz, 2H; 2 R CHMe2), 1.49 (d, J ACHTUNGTRENNUNG(H�H)=6.9 Hz, 6 H; 3R
CHMe2), 1.42 (d, J ACHTUNGTRENNUNG(H�H)=6.9 Hz, 3 H; PMe2), 1.37 (d, J ACHTUNGTRENNUNG(H�H) =6.9 Hz,
3H; PMe2), 1.32 (d, J ACHTUNGTRENNUNG(H�H)=6.9 Hz, 3H; 2R CHMe2), 1.28 (d,
J ACHTUNGTRENNUNG(H�H)=6.9 Hz, 3H; 2R CHMe2), 1.12 (d, J ACHTUNGTRENNUNG(H�H)= 6.9 Hz, 3 H; 2R
CHMe2) 0.36 (s, 3H; SiMe2H), 0.19 (s, 3H; SiMe2H), �5.63 ppm (bs, 1 H;
Nb�H); 13N NMR (C6D6): d =149.0 (i-Ar), 141.1 (o-Ar), 139.4 (o-Ar),
130.3 (d, J ACHTUNGTRENNUNG(P�C)=9.0 Hz, m-Ph), 129.2 (Ph), 128.5 (o-Ph), 123.5 (p-Ar),
123.2 (m-Ar), 123.4 (m-Ar), 94.6 (Cp), 27.7 (CHMe2), 27.4 (CHMe2),
26.9 (CHMe2), 25.7 (CHMe2), 25.2 (CHMe2), 24.5 (CHMe2), 17.9 (d, J ACHTUNGTRENNUNG(P�
C)=21.5 Hz, PMe), 14.2 (d, J ACHTUNGTRENNUNG(P�C)=22.8 Hz, PMe), 3.5 (SiMe), 1.9 ppm
(SiMe); 31P NMR: d=33.5 ppm (bs); 29Si NMR: d =�52.9 ppm (d, J ACHTUNGTRENNUNG(H�
Si)=100.0 Hz); IR (Nujol): ñ =1617 cm�1 (Si�H); elemental analysis
calcd (%) for C27H40ClNbNPSi: C 57.29, H 7.12, N 2.47; found: C 57.31,
H 7.27, N 2.20.


[Nb(Cp) ACHTUNGTRENNUNG(=NAr)ACHTUNGTRENNUNG(SiMeHCl)(Cl) ACHTUNGTRENNUNG(PPhMe2)] (13d): HSiMeCl2 (0.2 mL,
2.0 mmol) was added to a solution of [Nb(Cp)ACHTUNGTRENNUNG(=NAr) ACHTUNGTRENNUNG(PPhMe2)2]
(0.294 g, 0.48 mmol) in THF (10 mL). The mixture was left for 4 weeks in
the dark at room temperature. This resulted in a yellow-brown solution
over a small amount of yellow precipitate. The solution was concentrated
to 2 mL and charged by pentane (4 mL), resulting in precipitation of a
yellow-brown solid. The precipitate was filtered, washed by 1 mL of pen-
tane and dried to give 0.034 g (0.06 mmol, 12 %) of 13d. 1H NMR
(C6D6): d=7.85 (d, J ACHTUNGTRENNUNG(H�H)= 6.6 Hz, 2 H; o-Ph), 7.31 (t, J ACHTUNGTRENNUNG(H�H)=


7.2 Hz, 1H; p-Ph), 7.24 (t, J ACHTUNGTRENNUNG(H�H)=6.6 Hz, 2H; m-Ph), 7.11 (d,
J ACHTUNGTRENNUNG(H�H)=8.1 Hz, 2 H; m-Ar), 6.98 (pt, J ACHTUNGTRENNUNG(H�H)=7.4 Hz, 1H; p-Ar), 6.17
(q, J ACHTUNGTRENNUNG(H�H) =3.8 Hz, 1H; SiHClMe), 5.27 (d, J ACHTUNGTRENNUNG(P�H)=1.5 Hz, 5 H; Cp),
4.08 (sept, J ACHTUNGTRENNUNG(H�H)=6.9 Hz, 2 H; CHMe2), 1.30 (d, J ACHTUNGTRENNUNG(H�H)=7.5 Hz, 6H;
CHMe2), 1.24 (d, J ACHTUNGTRENNUNG(H�H)=6.6 Hz, 6H; CHMe2), 1.02 (d, J ACHTUNGTRENNUNG(H�H)=


4.5 Hz, 3H; SiMeHCl), 1.94 ppm (d, J ACHTUNGTRENNUNG(P�H) =9.0 Hz, 6H; PPhMe2);
13N NMR (C6D6): d =153.1 (s, i-Ph), 149.1 (s, i-Ar’), 143.1 (s, o-Ar’), 135.6
(s, o-Ph), 127.9 (s, t-Ph), 127.1 (s, m-Ph), 122.7 (s, m-Ar’), 122.5 (s, p-Ar’),
99.4 (s, Cp), 27.3 (s, CHMe2), 24.4 (s, CHMe2), 24.35 (s, CHMe2),
19.9 ppm (d, J ACHTUNGTRENNUNG(P�C)=29.7 Hz, PPhMe2); 31P NMR: d=�1.6 ppm (s); IR
(Nujol): n=1622 cm�1 (Nb�H); elemental analysis calcd (%) for
C26H37Cl2NbNPSi: C 53.25, H 6.36, N 2.38; found: C 49.22, H 5.87, N
1.80.


[Nb(Cp) ACHTUNGTRENNUNG{h3-N ACHTUNGTRENNUNG(Ar’)SiMe2-H···}(Cl) ACHTUNGTRENNUNG(PPhMe2)] (15b): Excess of HSiMe2Cl
(0.20 mL, 1.8 mmol) was added to a suspension of 0.315 g (0.57 mmol) of


[Nb(Cp)ACHTUNGTRENNUNG(=NAr’) ACHTUNGTRENNUNG(PPhMe2)2] in hexane (10 mL). A grey-green precipitate
started to form immediately upon the addition, accompanied by the
colour change from dark-purple to dark-green. In 1 h the solution
became lighter and dark-green needles deposited. Next day, the crystal-
line precipitate was washed with hexane and dried. The yield: 0.105 g
(36 %). 1H NMR (C6D6): d= 7.13 (d, obscured by C6D5H, o-Ar), 7.06 (t,
J ACHTUNGTRENNUNG(H�H)=8.0, 1 H; p-Ph), 7.0–6.88 (m, 5H; m-PPh and Ar’), 4.70 (d,
J ACHTUNGTRENNUNG(P�H)=1.5 Hz, 5 H; C5H5), 2.96 (s, 3H; C6H3Me2), 1.24 (d, J ACHTUNGTRENNUNG(P�H)=


7.5 Hz, 3 H; PMe), 1.08 (s, 3 H; C6H3Me2), 1.03 (d, J ACHTUNGTRENNUNG(P�H)=6.6 Hz, 3 H;
PMe2), 0.53 (s, 3 H; SiMe), �0.24 (bs, 3 H; SiMe), �3.48 ppm (bs, 1 H;
Nb�H); 13N NMR (C6D6): d=130.1 (bs, o-Ar’), 129.6 (d, J ACHTUNGTRENNUNG(P�C)=9.0 Hz,
o-Ph), 129.4, 129.0, 128.7, 128.2, 122.8 (s, Ar’), 96.8 ACHTUNGTRENNUNG(s, C5H5), 20.5 (s, Me),
19.0 (s, Me), 13.5 (bs, PMe2), 13.3 (bs, PMe2), 0.1 (s, SiMe2), �2.0 ppm (s,
SiMe2); 31P NMR: d=15.5 ppm (bs); 29Si NMR: d=�67.8 ppm (d, JH-Si =


132 Hz); IR (Nujol): ñ =1622 cm�1 (Nb�H); elemental analysis calcd (%)
for C21H32ClNNbPSi: C 54.17, H 6.33, N 2.75; found: C 55.44, H 7.20, N
2.44.


[V(Cp)ACHTUNGTRENNUNG(=NAr)ACHTUNGTRENNUNG(PMe3)(H) ACHTUNGTRENNUNG(SiMeCl2)] (16): HSiMeCl2 (0.20 mL,
1.92 mmol) was added to a pentane solution (20 mL) of [V(Cp) ACHTUNGTRENNUNG(=NAr)-
ACHTUNGTRENNUNG(PMe3)2] (0.50 g, 1.13 mmol). A dark-green solution was formed in
30 min at room temperature and crystallization of green needles began.
The mixture was placed overnight in the �30 8C freezer. The mother
liquor was filtered; the residue was washed by pentane (4 mL) and dried
in vacuo. Yield: 0.112 g (0.23 mmol, 21%). Second crop (0.130 g,
0.24 mmol, 24%) was obtained by cooling the mixture to �30 8C.
1H NMR (C6D6): d =6.94 (m, 2 H; Ar), 6.88 (m, 2 H; Ar), 5.28 (s, 5 H;
Cp), 4.17 (h, J ACHTUNGTRENNUNG(H�H)=6.9 Hz, 2 H; CHMe2), 2.60 (d, J ACHTUNGTRENNUNG(P�H)=48 Hz,
1H; V�H), 1.37 (s, 3H; Si�Me), 1.18 (d, J ACHTUNGTRENNUNG(H�H)=6.9 Hz, 6 H; CHMe2),
1.17 (d, J ACHTUNGTRENNUNG(H�H)=6.9 Hz, 6 H; CHMe2), 0.86 ppm (d, J ACHTUNGTRENNUNG(P�H) =8.5 Hz,
1H; P�Me); 13C NMR (C6D6): d= 94 ppm (s, Cp), other signals cannot
be assigned due to decomposition during acquisition; IR (Nujol): ñ=


1672 cm�1 (V�H); elemental analysis calcd (%) for C21H35Cl2NVPSi: C
52.28, H 7.31, N 2.90; found: C 51.90, H 7.76, N 2.73.


DFT calculations : All calculations were carried out with the Gaussian 03
program package[46] using DFT applying the Becke three parameter
hybrid exchange functional[47a] in conjunction with the gradient-corrected
non-local correlation functional of Perdew and Wang (B3PW91).[47b] The
compound basis set used for the calculation consisted of the 6-31G(d)
basis set for the Si, P, N and Cl atoms, 6-31G for the carbon atoms and
the 3-21G basis set for the H atoms of the Cp ring and Me groups. The
basis set augmented by the p-polarization function (6-31G ACHTUNGTRENNUNG(d,p) basis set)
was used for the hydride H atom. The Hay-Wadt effective core potentials
(ECP) and the corresponding VDZ basis sets were used for the Nb
atom.[48]


X-ray structure analyses : The crystals of 3e, 3g and 15b were grown
from ethereal solutions by cooling to �30 8C. For all compounds, the
crystals were mounted in a film of perfluoropolyether oil on a glass fibre
and transferred to an Enraf–Nonius KappaCCD diffractometer. For all
structures the data were corrected for Lorentz and polarization effects.
The structures were solved by direct methods and refined by full-matrix
least squares procedures.[49] All non-hydrogen atoms were refined aniso-
tropically. In the case of 3e and 3g, the hydride atoms were located from
Fourier difference synthesis and positionally refined isotropically subject
to a loose Nb�H distance restraint, all other hydrogen atoms were placed
in calculated positions and refined in a “riding” model. For 15b, the hy-
dride position was not determined, all other hydrogen atoms were placed
in calculated positions and refined in a “riding” model. The location and
magnitude of the residual electron density was of no chemical signifi-
cance.


Crystal data for 3e (C20H32Cl3NNbPSi): yellow (wedge), 0.14 R 0.22 R
0.22 mm, M=530.80, orthorhombic, space group Pbca ; a=16.2130(3),
b=17.6513(4), c=17.8176(4) N; a= b=g=908 ; V=5099.1(2) N3; Z=8,
1calc =1.38 gcm�3. Data collection: T=150 K, m= 0.90 mm�1, l=


0.71070 N, 2qmax=55.08, 11 564 measured reflections, 5840 unique, 248 pa-
rameters, R1 =0.096, wR2 =0.0971 (3343 observed reflections with I�
3q(I)), and R1 =0.1488 and wR2 =0.1404 (all data), GOOF = 1.03. The
largest peak in the final difference Fourier map had an electron density
of 1.87 e N�3 and the lowest hole was of �0.98 eN�3.
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Crystal data for 3g (C26H39NNbPSi): brown-yellow (block), 0.08 R 0.14 R
0.14 mm; M=517.55; orthorhombic, space group Pca21; a=17.2632(4),
b=9.2235(2), c= 17.0060(4) N; a=b =g=908 ; V=2707.93(11) N3; Z=4,
1calc =1.269 gcm�3. Data collection: T= 150 K, m= 0.56 mm�1, l=


0.71070 N, 2qmax = 54.968, 19580 measured reflections, 5845 unique, 283
parameters, R1 =0.0361, wR2 =0.0755 (4981 observed reflections with I�
2q(I)), and R1 =0.0505 and wR2 =0.0814 (all data), GOOF =1.067. The
largest peak in the final difference Fourier map had an electron density
of 0.942 eN�3 and the lowest hole was of �0.606 eN�3.


Crystal data for 15b (C23H31ClNNbPSi): dark green (block), 0.12 R 0.17 R
0.22 mm; M=508.93; orthorhombic, space group P212121; a=8.3037(17),
b=13.897(3), c=20.980(4) N; a=b =g=908 ; V=2421.0(8) N3; Z=4,
1calc =1.396 gcm�3. Data collection: T=150 K, m=0.732 mm�1, l=


0.71070 N, 2qmax = 54.968, 23491 measured reflections, 5442 unique, 254
parameters, R1 =0.0384, wR2 =0.0381 (4300 observed reflections with I�
3q(I)), and R1 =0.0586 and wR2 =0.0543 (all data), GOOF =1.102. The
largest peak in the final difference Fourier map had an electron density
of 0.64 e N�3 and the lowest hole was of �0.59 eN�3.


CCDC-636863 (for 3e), CCDC-636864 (for 3g) and CCDC-636865 (for
15b) contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from the Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Introduction


The self-organisation of discrete units to form supramolec-
ular aggregates and networks is a field at the vanguard of


current chemical research.[1] In contrast to typical ap-
proaches in this area, in which nitrogen-, oxygen- and/or sul-
phur-donor-containing organic ligands are employed to con-


Abstract: Reaction of complex
[Cp2Mo2(CO)4ACHTUNGTRENNUNG(m,h


2-P2)] (Cp=C5H5


(1)) with CuPF6, AgX (X=BF4, ClO4,
PF6, SbF6, Al{OC ACHTUNGTRENNUNG(CF3)3}4) and
[(Ph3P)AuACHTUNGTRENNUNG(THF)] ACHTUNGTRENNUNG[PF6] (THF= tetrahy-
drofuran), respectively, results in the
facile formation of the dimers 3b–h of
the general formula [M2ACHTUNGTRENNUNG({Cp2Mo2
(CO)4(m,h


2 :h2-P2)}2) ACHTUNGTRENNUNG({Cp2Mo2(CO)4
(m,h2 :h1:h1-P2)}2)][X]2 (M=Cu, Ag, Au;
X=BF4, ClO4, PF6, SbF6, Al{OC-
ACHTUNGTRENNUNG(CF3)3}4). As revealed by X-ray crystal-
lography, all these dimers comprise di-
cationic moieties that are well-separat-
ed from the weakly coordinating
anions in the solid state. If 1 is allowed
to react with AgNO2 and LAuCl (L=


CO or tetrahydrothiophene), respec-
tively, the dimer [Ag2 ACHTUNGTRENNUNG{Cp2Mo2


(CO)4(m,h
2 :h1:h1-P2)}2ACHTUNGTRENNUNG(h


2-NO2)2] (5) and
the complex [AuCl ACHTUNGTRENNUNG{Cp2Mo2(CO)4-
(m,h2 :h1-P2)}] (6) are formed, which
have also been characterised by X-ray
crystallography. In compounds 5 and 6,
the anions remain coordinated to the
Group 11 metal centres. Spectroscopic
data suggest that the dimers 3b–h dis-
play dynamic behaviour in solution and
this is discussed by using the compre-
hensive results obtained for 3g (M=


Ag; X=Al{OC ACHTUNGTRENNUNG(CF3)3}4) as a basis. The
interpretation of the experimental re-


sults is facilitated by density functional
theory (DFT) calculations on 3g (struc-
tures, energetics, NMR shielding ten-
sors). The 31P magic angle spinning
(MAS) NMR spectra recorded for the
dimers 3b (M=Cu; X=PF6) and 3c
(M=Ag; X=BF4) as well as that of
the previously reported one-dimension-
al (1D) polymer [Ag2{Cp2Mo2(CO)4-
(m,h2 :h1:h1-P2)}3(m,h


1:h1-NO3)]nACHTUNGTRENNUNG[NO3]n
(4) are also discussed herein and the
strong dependence of the chemical
shift of the phosphorus atoms within
each compound on subtle structural
differences in the solid state is demon-
strated. Furthermore, the X-ray crystal-
lographic and 31P MAS NMR spectro-
scopic characterisation of a new poly-
morph of 1 is reported.


Keywords: density functional calcu-
lations · group 11 metals · molybde-
num · NMR spectroscopy ·
phosphorus
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nect different metal centres, the
novelty of our work lies in the
use of organometallic En-


[2] and
EmSn-ligand


[3] complexes (E=P,
As) as connecting moieties.
One of the Pn-ligand complexes
utilised in our group as a link-
ing unit between metal centres
is the tetrahedrane complex
[Cp2Mo2(CO)4ACHTUNGTRENNUNG(m,h


2-P2)] (Cp=


C5H5 (1)).
[4] The reaction of 1


with CuI halides leads to the
formation of the one-dimen-
sional (1D) polymers [CuACHTUNGTRENNUNG(m-X)-
ACHTUNGTRENNUNG{Cp2Mo2(CO)4(m,h


2:h1:h1-P2)}]n
(X=Cl (2a), Br (2b), I
(2c)).[2a,d] AgACHTUNGTRENNUNG[CF3SO3] reacts
with 1 to yield the oligomeric
dicationic species [Ag2-
ACHTUNGTRENNUNG({Cp2Mo2(CO)4(m,h


2:h2-P2)}2)-
ACHTUNGTRENNUNG({Cp2Mo2(CO)4(m,h


2:h1:h1-
P2)}2)] ACHTUNGTRENNUNG[CF3SO3]2 (3a), whereas
the reaction of 1 with AgNO3


results in the undulated 1D polymer [Ag2-
ACHTUNGTRENNUNG{Cp2Mo2(CO)4(m,h


2:h1:h1-P2)}3(m,h
1:h1-NO3)]nACHTUNGTRENNUNG[NO3]n (4).[2a]


We report herein the synthesis, solid-state structures and
spectroscopic characterisation of the dimers 3b–h of the
general formula [M2 ACHTUNGTRENNUNG({Cp2Mo2(CO)4(m,h


2 :h2-P2)}2)-
ACHTUNGTRENNUNG({Cp2Mo2(CO)4(m,h


2:h1:h1-P2)}2)][X]2 (M=Cu, Ag, Au; X=


BF4, ClO4, PF6, SbF6, Al{OC ACHTUNGTRENNUNG(CF3)3}4), the dimer [Ag2-
ACHTUNGTRENNUNG{Cp2Mo2(CO)4(m,h


2:h1:h1-P2)}2ACHTUNGTRENNUNG(h
2-NO2)2] (5) and the com-


plex [AuCl ACHTUNGTRENNUNG{Cp2Mo2(CO)4(m,h
2 :h1-P2)}] (6). Spectroscopic


data suggest that the dimers 3a–h display dynamic behav-
iour in solution in the form of monomer/dimer equilibria
and the discussion of these equilibria draws upon the com-
prehensive analytical data obtained for 3g (M=Ag; X=


Al{OC ACHTUNGTRENNUNG(CF3)3}4), owing to its superior solubility characteris-
tics. Density functional theory (DFT) calculations on 3g
contribute to the elucidation of this unexpected dynamic be-
haviour. The results of the 31P magic angle spinning (MAS)
NMR spectroscopic investigation of the dimers 3b (M=Cu;
X=PF6) and 3c (M=Ag; X=BF4) and the polymer 4
reveal that the chemical shift of the phosphorus atoms
within each compound is strongly dependent on subtle con-
formational differences in the solid state.


Results and Discussion


Synthesis of the products : The dimers 3b–h are easily pre-
pared at room temperature in moderate to high yield by the
reaction of complex 1 with CuPF6, AgX (X=BF4, ClO4,
PF6, SbF6, Al{OC ACHTUNGTRENNUNG(CF3)3}4) and [(Ph3P)Au ACHTUNGTRENNUNG(THF)] ACHTUNGTRENNUNG[PF6]
(THF= tetrahydrofuran), respectively, in a 2:1 stoichiometry
(Scheme 1). The [Al{OC ACHTUNGTRENNUNG(CF3)3}4]


� ion was employed as one
of the weakly coordinating anions (WCAs) in order to en-
hance the solubility of the resulting product 3g and thus,


permit its comprehensive spectroscopic characterisation in
solution. Compounds 3b–h are air- and light-sensitive, red-
orange to ruby-red crystalline solids, but can be stored in-
definitely under an inert atmosphere at ambient conditions.
With the exception of 3g, these dimers are only sparingly
soluble in polar solvents such as CH3CN. In contrast, com-
plex 3g is readily soluble in CH2Cl2, THF and CH3CN, and
moderately soluble in toluene.
The dependence of the composition of the product on re-


actant stoichiometry was studied by using the complex 1/
Ag[Al{OC ACHTUNGTRENNUNG(CF3)3}4] system and it could be shown that the
2:1 dimer 3g is always formed regardless of the reactant sto-
ichiometry used (1:1, 2:1 or 6:1), which suggests that the 2:1
product represents a thermodynamic minimum for this
system.
The reaction of 1 with AgNO2 in CH3CN or a mixture of


CH3CN and CH2Cl2 at room temperature leads to the dimer
5 as an insoluble air- and light-sensitive dark brown micro-
crystalline powder (Scheme 1). Complex 5 can be stored in-
definitely under an inert atmosphere at ambient conditions.
As demonstrated for 3g, the formation of 5 also appears to
be independent of reactant stoichiometry. Compound 5 is
obtained regardless of whether a 1:1 or 2:1 reactant stoichi-
ometry is employed. The formation of the dimer 5 was un-
expected since the reaction of 1 with AgNO3 yields the 1D
polymer 4, in which half of the nitrate ions are incorporated
in the polymer chain as bridging ligands.
Complex 6 can be prepared by the reaction of 1 with


[LAuCl] (L=CO,[5] tetrahydrothiophene (THT)[6]) in a 1:1
stoichiometry in CH2Cl2 or a mixture of CH2Cl2 and toluene,
at room temperature (L=THT) and at low temperature
(L=CO), respectively (Scheme 1 and Experimental Sec-
tion). Compound 6 is an air-sensitive, red-orange microcrys-
talline powder, which is only sparingly soluble in solvents


Scheme 1. Preparation of 3b–h, 5 and 6. a) CuPF6, AgX (X=BF4, ClO4, PF6, SbF6, Al{OC ACHTUNGTRENNUNG(CF3)3}4) or
[(Ph3P)Au ACHTUNGTRENNUNG(THF)] ACHTUNGTRENNUNG[PF6]; CH3CN, CH2Cl2, CH3CN/CH2Cl2, CH2Cl2/THF or CH2Cl2/toluene; room temperature;
b) AgNO2; CH3CN or CH3CN/CH2Cl2; room temperature; c) LAuCl (L=CO or tetrahydrothiophene (THT));
CH2Cl2 or CH2Cl2/toluene; low temperature (see Experimental Section; L=CO), room temperature (L=


THT).
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such as CH2Cl2 and THF, and can be stored indefinitely
under an inert atmosphere at ambient conditions. Experi-
ments in which 1 and [LAuCl] were allowed to react in a
stoichiometric ratio of 1:2 resulted, nevertheless, in the for-
mation of the 1:1 product 6.


X-ray crystallographic characterisation : A new polymorph
of the starting material 1, crystallised from a 1:1 mixture of
CH3CN and CH2Cl2, as well as the compounds 3b–h, 5 and
6 have all been characterised by single crystal X-ray crystal-
lography and the measurement details are summarised in
Tables 1–3. A section of the crystal lattice of the new poly-
morph of 1, viewed along the crystallographic c axis, is de-


Table 1. Crystallographic data of the new polymorph of 1 and the products 3b–d.


Crystallographic Data 1 3b·2CH2Cl2 3c·6CH3CN 3d·2CH3CN


empirical formula C14H10Mo2O4P2 C58H44Cl4Cu2F12Mo8O16P10 C68H58Ag2B2F8Mo8N6O16P8 C60H46Ag2Cl2N2Mo8O24P8
Mr 496.04 2571.04 2619.84 2481.20
crystal size [mm] 0.07O0.05O0.04 0.20O0.20O0.05 0.30O0.16O0.04 0.26O0.10O0.04
T [K] 103(2) 200(1) 203(2) 123(1)
l [P] 1.54178 0.71073 0.56087 0.71073
crystal system monoclinic triclinic triclinic triclinic
space group P21/c P1̄ P1̄ P1̄
a [P] 17.056(8) 13.033(3) 11.843(2) 12.006(2)
b [P] 7.568(2) 13.776(3) 13.479(3) 13.484(1)
c [P] 12.735(5) 15.031(3) 15.542(3) 15.538(2)
a [8] 90 80.50(3) 115.03(3) 114.39(1)
b [8] 107.84(4) 64.92(3) 100.09(3) 100.88(1)
g [8] 90 64.45(3) 95.27(3) 95.61(1)
V [P3] 1565(1) 2204.8(8) 2174.5(8) 2205.8(5)
Z 4 1 1 1
1calcd [gcm


�3] 2.105 1.936 2.001 1.868
m [mm�1] 15.194 1.950 4.590 1.800
q range [8] 6.45–50.95 2.20–25.99 1.95–20.00 2.00–25.80
reflections collected/unique 5212/1662 13893/8015 13892/7897 19958/7892
obsvd reflns with [I>2s(I)] 1272 5980 5661 6821
Rint 0.0317 0.0313 0.0547 0.0256
GOF on F2 0.924 1.028 1.014 1.041
final R indices [I>2s(I)] R1=0.0259 wR2=0.0487 R1=0.0511 wR2=0.1434 R1=0.0507 wR2=0.1188 R1=0.0280 wR2=0.0789
R indices (all data) R1=0.0382 wR2=0.0498 R1=0.0643 wR2=0.1486 R1=0.0797 wR2=0.1331 R1=0.0327 wR2=0.0806
max/min D1 [eP�3] 0.556/�0.462 2.517/�0.524 1.297/�1.030 1.356/�0.777


Table 2. Crystallographic data of the products 3e–g.


Crystallographic Data 3e·2CH3CN 3 f·4.5CH3CN 3g·CH2Cl2


empirical formula C60H46Ag2F12N2Mo8O16P10 C65H53.5Ag2F12N4.5Mo8O16P8Sb2 C89H42Ag2Al2Cl2F72Mo8O24P8
Mr 2571.95 2844.14 4219.10
crystal size [mm] 0.40O0.32O0.22 0.32O0.15O0.10 0.30O0.20O0.10
T [K] 173(1) 173(1) 150(1)
l [P] 0.71073 0.71073 0.71073
crystal system triclinic triclinic triclinic
space group P1̄ P1̄ P1̄
a [P] 12.193(1) 12.112(1) 13.838(3)
b [P] 13.420(1) 13.733(1) 14.597(3)
c [P] 15.392(2) 15.671(1) 18.576(4)
a [8] 112.96(1) 113.73(1) 105.90(3)
b [8] 100.11(1) 99.30(1) 100.30(3)
g [8] 94.27(1) 93.50(1) 111.27(3)
V [P3] 2254.5(5) 2332.0(4) 3197(1)
Z 1 1 1
1calcd [gcm


�3] 1.894 2.025 2.192
m [mm�1] 1.753 2.231 1.381
q range [8] 2.20–25.87 2.01–25.81 1.61–27.14
reflections collected/unique 31811/8068 20232/8344 22151/12619
obsvd reflns with [I>2s(I)] 7528 6385 11722
Rint 0.0242 0.0286 0.0385
GOF on F2 1.103 0.916 1.029
final R indices [I>2s(I)] R1=0.0283 wR2=0.0864 R1=0.0280 wR2=0.0708 R1=0.0348 wR2=0.0937
R indices (all data) R1=0.0304 wR2=0.0877 R1=0.0392 wR2=0.0731 R1=0.0372 wR2=0.0958
max/min D1 [eP�3] 1.224/�0.499 0.940/�0.649 0.690/�0.998
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picted in Figure 1. Unlike the polymorph of 1 reported origi-
nally,[4a] which contains two phosphorus atoms rendered
equivalent by a C2 axis bisecting the P�P bond, the new
polymorph of 1 contains two crystallographically distinct
phosphorus atoms. This is most likely attributable to packing
effects induced by the solvent system employed in our work,
since the original polymorph was crystallised from heptane.
Nevertheless, the structural parameters of the new poly-


morph of 1 (Figure 1) are comparable to those of the origi-
nal polymorph.[4a]


Compounds 3b–h are structurally similar to the previously
synthesised silver complex 3a,[2a] in that they consist of a di-
cation well-separated from the anions. In each dication, two
metal centres M (M=Cu, Ag, Au) are doubly bridged by
two units of 1. Two further units of 1, one per M centre, are
attached in a side-on coordination mode and hence the co-
ordination geometry about the M centres is pseudotetrahe-
dral. The structure of the dication in the gold derivative 3h
is shown in Figure 2 and selected bond lengths and angles of
the compounds 3b–h are compared with those of 3a in
Table 4.
Compared to the P�P bond length in uncoordinated 1


(2.079(2),[4a] 2.080(2) P[7]), the P�P bond lengths of the
bridging units of 1 in complexes 3a,c–h are somewhat


Table 3. Crystallographic data of the products 3h, 5 and 6.


Crystallographic Data 3h·2C4H8O·2CH2Cl2 5 6


empirical formula C66H58Au2Cl4F12Mo8O18P10 C28H20Ag2Mo4N2O12P4 C14H10AuClMo2O4P2
Mr 2980.09 1299.84 728.46
crystal size [mm] 0.22O0.18O0.16 0.12O0.08O0.06 0.15O0.08O0.04
T [K] 173(1) 173(1) 203(1)
l [P] 0.71073 0.71073 0.56087
crystal system triclinic monoclinic monoclinic
space group P1̄ P21/c P21/n
a [P] 13.156(1) 9.982(1) 8.345(2)
b [P] 13.930(1) 10.552(1) 23.468(5)
c [P] 15.215(1) 17.578(2) 9.278(2)
a [8] 78.52(1) 90 90
b [8] 64.62(1) 100.97(1) 103.03(3)
g [8] 64.41(1) 90 90
V [P3] 2271.8(5) 1817.7(3) 1770.2(7)
Z 1 2 4
1calcd [gcm


�3] 2.178 2.375 2.733
m [mm�1] 4.658 2.632 9.905
q range [8] 2.79–25.93 2.26–27.98 1.91–20.79
reflections collected/unique 25284/8216 21303/4346 10844/3583
obsvd reflns with [I>2s(I)] 5655 3528 2614
Rint 0.0489 0.0455 0.1520
GOF on F2 0.920 0.978 1.128
final R indices [I>2s(I)] R1=0.0455 wR2=0.1071 R1=0.0236 wR2=0.0566 R1=0.1017 wR2=0.2568
R indices (all data) R1=0.0686 wR2=0.1131 R1=0.0325 wR2=0.0581 R1=0.1264 wR2=0.2808
max/min D1 [eP�3] 1.593/�0.854 0.987/�0.588 8.308/�4.984


Figure 1. Section of the crystal lattice of the new polymorph of 1, viewed
along the crystallographic c axis. Selected bond lengths [P] and angles
[8]: P1�P2 2.080(2), Mo1�Mo2 3.036(2), P1�Mo1 2.554(2), P1�Mo2
2.472(2), P2�Mo1 2.472(2), P2�Mo2 2.548(2), Mo1-P1-Mo2 74.32(5),
Mo1-P2-Mo2 74.43(5), P1-Mo1-Mo2 51.61(4), P1-Mo2-Mo1 54.06(4), P2-
Mo1-Mo2 53.92(5), P2-Mo2-Mo1 51.64(4), P1-Mo1-P2 48.88(5), P1-Mo2-
P2 48.94(5).


Figure 2. Structure of the dication in 3h (hydrogen atoms omitted for
clarity). For selected bond lengths and angles, see Table 4.
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longer whereas these bond lengths in 3b are essentially un-
changed. In contrast, the P�P bond lengths of the side-on
coordinated units of 1 are significantly longer in all dimers.
In the dimer 3b, the Cu�Ps (Ps=P atom of side-on coordi-
nated unit of 1) and the Cu�Pb (Pb=P atom of bridging unit
of 1) bond lengths are markedly shorter than the Cu�P
bond lengths in reported [CuACHTUNGTRENNUNG(PPh3)4]


+ salts (2.465(2)–
2.61(1) P).[8] The Ag�Ps bond lengths in the complexes 3c–g
are comparable with the Ag�P bond lengths found in re-
ported [Ag ACHTUNGTRENNUNG(PPh3)4]


+ salts (2.631(5)–2.746(5) P),[8,9] whereas
the Ag�Pb bond lengths are noticeably shorter. The Au�P
bond lengths in the dication of 3h compare well with those
of [{(tppme)M’ ACHTUNGTRENNUNG(h3-P3)}2Au]


+ (tppme=CH3C ACHTUNGTRENNUNG(CH2PPh2)3;
M’=Co, Rh, Ir; 2.39(1)–2.54(1) P),[10] [Au ACHTUNGTRENNUNG(PPh3)4]ACHTUNGTRENNUNG[BPh4]
(2.392(4)– 2.610(9) P)[11] and
[Au(Ph2PCH2CH2PPh2)2Cl·2H2O] (2.384(2)–2.412(2) P).


[12]


The cores of the dications in
3a–h comprise six-membered
M2P4 rings (Figure 3) in a slight
chair-conformation. The sizes of
the folding angles of the M2P4
rings (dihedral angle between
MP1P2’ and P1P2P1’P2’ planes,
see Figure 3) are listed in
Table 5 along with the radii of
the corresponding anions.[13]


The values of the silver deriva-


tives 3a,c–g reveal that the folding angle increases with
anion size, a phenomenon most likely attributable to crystal
packing effects. In contrast, no trend is apparent upon in-
spection of the folding angles of the PF6


� derivatives 3b,e,h
and the size of the M+ cations.
The structure of dimer 5 is illustrated in Figure 4 and con-


sists of two AgNO2 moieties doubly bridged by two units of
1. Thus, the coordination geometry about each AgI centre is
pseudotetrahedral. The structure of 5 bears some resem-
blance to that of the dimers 3a–h in that its core consists of
a six-membered Ag2P4 ring in a chair-conformation (dihe-
dral angle between Ag1P1P2’ and P1P2P1’P2’ planes=
24.91(1)8). The P�P bond lengths of the units of 1 in 5
(2.110(1) P) are appreciably longer than that in uncoordi-
nated 1 (2.079(2)[4a] and 2.080(2) P[7]). The Ag�P bond
lengths (2.417(8) and 2.560(8) P) lie within and above the
range defined by those of the complexes [(AgNO2)m-
ACHTUNGTRENNUNG(R2P(R’)PR2)]n (R=Ph, R’=CH2 (m=1, n=2); R=Ph,
R’= (CH2)3 (m=1, n=2); R=Ph, R’=CH-CH (m=2, n=


2); R=para-tolyl, R’= (R)-(+)-1,1-binaphthyl (m=1, n=1))
(2.365(1)–2.490(2) P).[14] The O-Ag-O angle (51.6(1)8) is


Table 4. Selected bond lengths [P] and angles [8] of the dimers 3a–h.


Dimer 3a[2a] 3b 3c 3d 3e 3 f 3g 3h
M Ag Cu Ag Ag Ag Ag Ag Au
X CF3SO3 PF6 BF4 ClO4 PF6 SbF6 Al{OC ACHTUNGTRENNUNG(CF3)3}4 PF6


Pb�Pb[a] 2.098(2) 2.077(2) 2.096(3) 2.104(2) 2.099(1) 2.097(2) 2.091(1) 2.089(3)
Ps�Ps[a] 2.137(2) 2.149(2) 2.136(3) 2.150(1) 2.145(1) 2.133(2) 2.143(1) 2.186(3)
M�Pb 2.470(1) 2.259(2) 2.468(2) 2.476(1) 2.483(1) 2.481(1) 2.474(1) 2.349(3)


2.489(1) 2.277(2) 2.487(2) 2.489(1) 2.485(1) 2.502(1) 2.478(1) 2.437(3)
M�Ps 2.610(1) 2.358(2) 2.606(2) 2.621(1) 2.620(1) 2.600(1) 2.580(1) 2.509(3)


2.727(2) 2.378(2) 2.699(2) 2.676(1) 2.704(1) 2.774(1) 2.685(1) 2.536(3)
Pb-M-Pb 120.28(8) 111.37(8) 120.28(8) 120.50(4) 119.95(3) 118.89(4) 112.63(3) 111.15(9)
Ps-M-Ps 47.45(7) 53.97(6) 47.46(7) 47.87(3) 47.50(3) 46.63(4) 47.99(3) 51.36(8)
Pb-M-Ps 98.96(8) 102.89(7) 98.95(7) 100.30(3) 99.48(3) 97.99(4) 107.88(3) 99.74(9)


108.32(8) 110.56(8) 108.34(7) 106.80(4) 106.98(3) 111.39(4) 109.28(4) 113.65(8)
130.25(8) 133.70(7) 130.28(8) 131.07(4) 132.18(3) 129.05(4) 133.42(3) 131.44(8)
131.04(8) 137.55(7) 131.01(7) 131.68(3) 132.73(4) 134.00(4) 134.43(3) 142.13(10)


Pb=P atom of bridging unit of 1; Ps=P atom of side-on coordinated unit of 1. [a] P�P bond length in uncoordinated 1=2.079(2),[4a] 2.080(2) P.[7]


Figure 3. Schematic represen-
tation of the folded cores of
the dications in 3a–h with la-
belling scheme (M=Cu, Ag,
Au).


Table 5. Comparison of the anionic radii [P] and folding angles [8] of the
M2P4 rings (dihedral angle between MP1P2’ and P1P2P1’P2’ planes, see
Figure 3) in compounds 3a–h.


Compound M Anion Anion radius Folding angle


3b Cu PF6
� 2.42 12.88(3)


3c Ag BF4
� 2.05 6.05(3)


3d Ag ClO4
� 2.25 6.74(3)


3a[2a] Ag CF3SO3
� 2.30 7.08(2)


3e Ag PF6
� 2.42 7.96(3)


3 f Ag SbF6
� 2.52 10.11(5)


3g Ag Al{OC ACHTUNGTRENNUNG(CF3)3}4
� 6.25 20.69(2)


3h Au PF6
� 2.42 17.30(1)


Figure 4. Structure of compound 5 (hydrogen atoms omitted for clarity).
Selected bond lengths [P] and angles [8]: P1�P2 2.110(1), Mo1�Mo2
3.046(1), Ag1�P1 2.560(8), Ag1�P2’ 2.417(8), Ag1�O5 2.439(3), Ag1�O6
2.379(3), P1-Ag1-P2’ 118.58(3), O5-Ag1-O6 51.6(1), P1-Ag1-O5 96.9(1),
P1-Ag1-O6 94.71(8), P2’-Ag1-O5 136.30(9), P2’-Ag1-O6 138.71(7).
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within the range defined by the reference compounds
(41.0(5)–54.2(5)8).
The structure of 6 consists of a unit of 1 with the Lewis-


acidic fragment [AuCl] coordinated to one of the P atoms
(Figure 5). The P�P bond length (2.095(8) P) is only slightly
longer than that in the uncoordinated complex 1
(2.079(2),[4a] 2.080(2) P[7]). The Au�P bond length
(2.235(5) P) compares well with that found in
[(Ph3P)AuCl]


[15] (2.232(1) P), whereas the Au�Cl bond
length (2.325(5) P) is noticeably longer than that in the ref-
erence compound (2.277(1) P). Although the coordination
mode of the AuI centre in [(Ph3P)AuCl] is essentially linear
(P-Au-Cl 179.7(1)8), the P-Au-Cl angle in 6 deviates appre-
ciably from linearity (170.4(2)8).


Solution spectroscopic data of the products : The 31P{1H}
NMR spectra of the compounds 3a–h in solution (3a–g :
CD3CN; 3h : CD2Cl2) display slightly broad singlets


[16] at
room temperature which are shifted by about 25–35 ppm
upfield compared to uncoordinated 1 (�43 ppm in CD3CN),
without any detectable coupling to the 107/109Ag or 63/65Cu
nuclei (Table 6). Considering the solid-state structures of


these compounds, one would expect at least two signals in
the 31P NMR spectra if the integrity of the corresponding di-
cations were maintained in solution. However, the experi-
mental spectra suggest dynamic behaviour in solution, which
could not be resolved in previous investigations on 3a.[2a]


Positive ion electrospray ionisation mass spectrometry
(ESI MS) measurements on the compounds 3c–g in CH3CN
at room temperature reveal that the peaks with 100% rela-
tive abundance correspond to the monocation [Ag-
ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2}2]


+ (I). Other larger fragments, detected in
smaller amounts, allude to the presence of the dication [Ag2-


ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2}4]
2+ (II) observed in the solid state and


thus, to the existence of a dynamic monomer/dimer equilib-
rium in solution. In the case of 3e, the ESI MS spectra even
suggest the presence of the trication [Ag3-
ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2}5]


3+ (III), albeit in minute amounts. In the
negative ion ESI-MS spectra of the compounds 3c–g, only
peaks attributable to the corresponding anions are observed.
Owing to the enhanced solubility of 3g, room tempera-


ture positive ion ESI MS spectra of this complex could also
be recorded in CH2Cl2. The spectra display only one frag-
ment attributable to the monocation I. Interestingly, if 1 and
Ag[Al{OC ACHTUNGTRENNUNG(CF3)3}4] are dissolved in CH2Cl2 in a 1:1 ratio, I
is the only fragment containing both Ag+ cations and units
of 1 observed in the ESI MS spectrum of this solution. Fur-
thermore, vapour pressure osmometric (VPO) measure-
ments on 3g in CH2Cl2 at 28 8C suggest the virtually exclu-
sive presence of the monomer [Ag ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2}2]
[Al{OC ACHTUNGTRENNUNG(CF3)3}4] (7). The slightly overestimated molecular
mass value for 7 (2257�113 gmol�1; calculated:
2067 gmol�1) is indicative of the existence of a small
amount of larger species and, therefore, of a monomer/
dimer equilibrium, albeit almost exclusively in favour of the
monomer.
In order to gain further insight into the structure of the


species in solutions of 3g, variable temperature 31P{1H}
NMR spectra were recorded. The spectrum of the com-
pound in CD2Cl2 at room temperature displays a slightly
broadened singlet at �96.1 ppm, which becomes broader
and shifts to lower field as the temperature is reduced, but
nevertheless shows no splitting even at �80 8C. 31P NMR
measurements on 3g were thus performed in a 4:1 mixture
of [D8]THF and CD2Cl2 since it was expected that the split-
ting of the signal would occur at a temperature below the
freezing point of CD2Cl2. At room temperature in this mix-
ture, the compound displays a singlet at �82.0 ppm and this
signal begins to split at �70 8C. At �80 8C, two peaks are ob-
served, centred at �77.2 and �90.4 ppm, with an integration
ratio of approximately 1:2 (Figure 6).
The 31P{1H} NMR spectrum of the gold complex 3h in


CD2Cl2 at room temperature exhibits a slightly broadened
singlet at �52.7 ppm and a septet at �143.9 ppm (PF6


�,


Figure 5. Structure of the compound 6 (hydrogen atoms omitted for clari-
ty). Selected bond lengths [P] and angles [8]: P1�P2 2.095(8), Mo1�Mo2
3.063(1), Au�P1 2.235(5), Au�Cl 2.325(5), P1-Au-Cl 170.4(2).


Table 6. Room temperature 31P{1H} NMR chemical shifts of the com-
pounds 3a–h in solution (3a–g : CD3CN; 3h : CD2Cl2).


Compound d [ppm] Compound d [ppm]


3a[2a] �69.0 3e �64.2
3b �49.6 3 f �71.3
3c �71.3 3g �77.5
3d �59.5 3h �52.7


Figure 6. Variable temperature 31P{1H} NMR spectra of 3g in a 4:1 mix-
ture of [D8]THF and CD2Cl2.
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1JPF=710 Hz). In the ESI MS spectra of the compound in
CH2Cl2, the fragments with the highest relative abundance
are attributable to the cations [AuACHTUNGTRENNUNG{Cp2Mo2(CO)4P2}2-
ACHTUNGTRENNUNG(THF)2]


+ (THF is present in crystals of 3h) and [Au-
ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2}2]


+ . In addition, the fragments detected in
the positive ion ESI MS spectra of the reaction solution for
the synthesis of 3h display further peaks attributable to the
cations [AuACHTUNGTRENNUNG{Cp2Mo2(CO)4P2} ACHTUNGTRENNUNG(PPh3)]


+ and [AuACHTUNGTRENNUNG(PPh3)2]
+ .


These data demonstrate, as in the case of the analogous CuI


and AgI complexes, the flexibility of this system and that a
monomer/dimer equilibrium most likely exists in solution.
In parallel with the observations made for 3g, which showed
that its synthesis appears to be independent of reactant stoi-
chiometry, the reaction of [(Ph3P)Au ACHTUNGTRENNUNG(THF)] ACHTUNGTRENNUNG[PF6] and 1 in a
1:1 stoichiometry also demonstrates this independence and
leads to the formation of 3h.
The solubility of 5 prohibits the acquisition of solution


NMR spectra, but the trace amounts of the compound that
dissolve in CH3CN are sufficient for recording ESI MS spec-
tra. Some of the peaks detected in these spectra (for exam-
ple, [(Ag2ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2}4) ACHTUNGTRENNUNG(NO2)]


+ , [(Ag3ACHTUNGTRENNUNG{Cp2Mo2(CO)4
P2}3) ACHTUNGTRENNUNG(NO2)2]


+ and [(Ag2 ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2}3) ACHTUNGTRENNUNG(NO2)]
+) demon-


strate that species larger than that observed in the solid
state structure of 5 are most probably present in solution.
The 31P NMR spectrum of 6 in [D8]THF at room tempera-


ture displays a somewhat broadened peak at �77.2 ppm,
thus, suggesting dynamic behaviour in solution which may
be comparable to that observed
for the complex
[{Cp2Mo2(CO)4(m,h


2 :h1-P2)}
{W(CO)5}].


[17] However, this be-
haviour could not be examined
by variable temperature NMR
experiments, owing to the poor
solubility of 6. Interestingly, the
fragments detected in the posi-
tive and negative ion ESI MS
spectra of 6 in a mixture of
CH3CN and CH2Cl2 suggest
that the species in solution
might be [AuACHTUNGTRENNUNG{Cp2Mo2(CO)4
P2}2] ACHTUNGTRENNUNG[AuCl2] (8).


Theoretical calculations : Densi-
ty functional theory (DFT) cal-
culations were performed in
order to facilitate the interpre-
tation of the spectroscopic data
of 3g. The calculations have
shown that the structure of
lowest energy for the monocat-
ion I in CH2Cl2 at room temper-
ature is one in which the two
units of 1 are bound to the
silver cation in a h2 coordina-
tion mode (Ia, Scheme 2), and
is hence reminiscent of that of


the cation [Ag ACHTUNGTRENNUNG(h2-P4)2]
+ .[18] It is likely that the structure of


the gold-containing monocation in the proposed complex 8
is similar to that of Ia.[19]


The monocation Ia was calculated to be only 9 kJmol�1


more stable than the h1:h2 monocation (Ib, Scheme 2). The
reaction enthalpy for the formation of the dication II
(Scheme 2) from Ia at standard conditions was calculated to
be mildly exothermic (�4.5 kJmol�1), but clearly endergonic
(48 kJmol�1). One could thus envisage the following equili-
bria in solutions of the compound 3g : one between the
monocations Ia and Ib, and one between Ib and the dicat-
ion II (Scheme 2).
The calculated 31P NMR chemical shifts of the phosphorus


atoms in the cations Ia, Ib and II (Scheme 2) are listed in
Table 7. The calculated shifts are overestimated compared
to the experimental values of 3g at �80 8C (�77.2,
�90.4 ppm). Furthermore, the integration ratio of the signals
in the experimental spectrum of 3g at this temperature
ACHTUNGTRENNUNG(�1:2) does not correspond to any of those that would be
expected for the proposed cations (singlet for Ia ; 2:1:1 for
Ib ; 1:1 for II), which suggests that a mixture of all three cat-
ions is most probably present in solutions of 3g, as might be
expected from the small energy differences calculated for
these species.
The small positive dissociation enthalpy calculated for the


dissociation of dication II into Ia at standard conditions im-
plies that the concentration of II should be higher at lower


Scheme 2. Proposed equilibria of the cations in solutions of 3g. Ia, Ib and II are the calculated cation struc-
tures in CH2Cl2 at room temperature (hydrogen atoms omitted for clarity).
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temperatures, since entropic contributions decrease with
temperature. Thus, by considering the difference between
the 31P NMR chemical shift of the cation Ia and the average
chemical shifts of the cations Ib and II (Table 7) as well as
the chemical shift difference between the resonances in the
experimental spectrum of 3g at �80 8C (�13 ppm), the
signal at �90.4 ppm in this spectrum may be assigned to the
dication II. The resonance at �77.2 ppm may then be as-
signed to the cations Ia and Ib, which are engaged in a fast
exchange process. As the integration ratio of these two sig-
nals is approximately 2:1, a monomer:dimer ratio of about
1:1 can be inferred. Furthermore, VPO measurements have
demonstrated that room temperature solutions of 3g consist
almost entirely of the monomer 7 and therefore, a monomer
concentration of 3 mmolL�1 (5 mg of the dimer 3g in
0.8 mL solvent) can be assumed for the solution under
NMR investigation at room temperature. Hence, given that
DrG=�RTlnK, DrG for the dissociation of 3g into 7 at
�80 8C is about �11 kJmol�1.
The spectroscopic data of 3g as well as the solution equi-


librium proposed above for the compound (Scheme 2) raise
the question of why the dimer 3g, rather than the monomer
7, is the species observed in the solid state. The Born–Haber
cycle of 3g, illustrated in Scheme 3, sheds light on this query


and demonstrates that crystallisation of the dimer is fav-
oured, owing to the greater lattice energy (�909 kJmol�1 as
opposed to �305 kJmol�1 for the monomer 7), whereas dis-
solution of 3g under essentially complete dissociation to 7 is
driven by entropy (DHDiss=4.5 kJmol


�1, but DGDiss=


�48 kJmol�1).


Solid-state 31P MAS NMR spectra : The inequivalence of the
two phosphorus atoms in the new polymorph of 1 (Figure 1)
is clearly, if not surprisingly, reflected in its 31P MAS NMR
spectrum (Figure 7). The spectrum is characteristic of an


AB spin system and displays two doublets at �50.0 and
�38.6 ppm (1JPP=495 � 20 Hz). In order to assign the reso-
nances, a closer examination of the structural features of the
polymorph is necessary. In a previous study in which we an-
alysed the solid state conforma-
tion of the polymers 2a-c
(Figure 8) by MAS NMR and
DFT calculations,[2d] we showed
that subtle differences in the ar-
rangement of the Cp and partic-
ularly the CO ligands at the
molybdenum atoms have a dra-
matic effect on the chemical
shift of the phosphorus atoms.
Thus, the phosphorus atoms
within each unit of 1 in the
polymers 2a,b have strongly dif-
fering chemical shifts, although
at first sight, one would expect
them to be electronically similar
despite being crystallographical-
ly distinct. In contrast, only one
broad signal is observed in the 31P MAS NMR spectrum of
2c since the arrangement of the Cp and CO ligands with re-
spect to each phosphorus atom within each unit of 1 is es-
sentially identical.
An inspection of the average interatomic distance be-


tween the CO carbon atoms and the phosphorus atoms
within a molecule of 1 in the new polymorph (P1:


Table 7. Calculated 31P NMR chemical shifts d for the cations Ia, Ib and
II in CD2Cl2 at 0 K (see Scheme 2 for clarification of labelling scheme).


Cation P atom d [ppm] Average d [ppm] dIa�Average d [ppm]


Ia PA �117 – –
Ib PA �122


PB �133 �123 6
PC �115


II PA �124 �140 23
PB �155


Scheme 3. Born–Haber cycle of 3g. a) �DHLatt=909 kJmol
�1; b) DHDiss=


4.5 kJmol�1 (COSMO/BP86/SV(P)), DGDiss=�48 kJmol�1; c) DHLatt=


�305 kJmol�1; d) DHDiss=�83 kJmol�1 (BP86/SV(P)); e) DHDiss=


216 kJmol�1.


Figure 7. Solid-state 31P MAS NMR spectrum of the new polymorph of 1
at 283.4 MHz and a spinning frequency of 30 kHz.


Figure 8. Schematic represen-
tation of the structure of the
polymers 2a–c.
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3.153(1) P; P2: 3.165(1) P) reveals a negligible difference.
However, the topologies of the P1 and P2 atoms within a
molecule of 1 relative to neighbouring molecules of 1 dis-
play noticeable differences, as demonstrated by the structur-
al representations in Figure 9. These representations were


constructed as follows: the relevant phosphorus atom (P1:
Figure 9a; P2: Figure 9a) was set as the centre of a sphere
with a radius of 4 P and then all atoms which were up to
4 P away from that phosphorus atom were added. The most
striking difference in the topologies of the P1 and P2 atoms
is the number of Cp carbon atoms (CCp) of neighbouring
molecules of 1 at a distance of less than 4 P. There are
three such atoms in the vicinity of P1 (C15’, C21’’, C25’’)
and four such atoms in the vicinity of P2 (C13’, C14’, C24’’,
C25’’). Furthermore, the average P···CCp distance (P1:
3.798(1), P2: 3.695(1) P) is smaller for P2. Thus, the reso-
nance at lower field is tentatively assigned to P2 since the
greater number of CCp atoms of neighbouring molecules of 1
in its vicinity and the shorter average P···CCp distance, com-
pared to P1, may lead to a somewhat larger deshielding of
P2.
The 31P MAS NMR spectrum of the dimer 3b is depicted


in Figure 10. In addition to the septet characteristic of the
PF6


� anion (�143.9 ppm), the spectrum of 3b exhibits three
fairly broad peaks at �89, �74 and �58 ppm with an inte-
grated area ratio of about 1:1:2. Since the structure of 3b
(Figure 11) possesses four types of crystallographically dis-
tinct phosphorus atoms (P1–P4), up to four resonances
would be expected in the 31P MAS NMR spectrum of 3b.
The coordination of the phosphorus atoms to CuI centres
might have resulted in multiplet splitting owing to 63/65Cu di-
polar and scalar interactions, but they, however, were not
observed.
An inspection of the interatomic distances between the


phosphorus atoms of the bridging units of 1 (P1 and P2) and
the corresponding CO carbon atoms (CCO; C1–C4) in 3b
suggests that the environments of these two phosphorus
atoms are quite similar (Table 8). Likewise, the interatomic


distances between the phosphorus atoms of the side-on co-
ordinated units of 1 (P3 and P4) and the corresponding CCO
atoms (C15–C18) reveal negligible differences (Table 8).
Furthermore, the distances between the P1 and P2 atoms,
respectively, and the CCO atoms C1’–C4’, C15–C18 and
C15’–C18’ do not exhibit any striking dissimilarities
(Table 8). However, an evaluation of the distances between
P3 and P4, respectively, and the CCO atoms of the bridging
units of 1 (Table 8) shows that P4···C3’ (3.776(2) P) and
P4···C4’ (3.894(2) P) are particularly short. The shortest
P3···CCO distances resulting from this evaluation are P3···C2
(4.576(1) P) and P3···C4’ (5.408(2) P). As a consequence of
these structural features, P4 is most likely deshielded to a
greater extent than P3. Thus, given that the integration ratio
of the resonances in the 31P MAS NMR spectrum of 3b at
�89.4, �73.9 and �57.4 ppm is about 1:1:2, the peak at


Figure 9. Structural representations demonstrating the differences in the
topologies of the a) P1 and the b) P2 atoms in the new polymorph of 1.
In each representation, the relevant phosphorus atom was set as the
centre of a sphere with a radius of 4 P to which all atoms up to 4 P away
from that phosphorus atom were then added.


Figure 10. Solid-state 31P MAS NMR spectrum of 3b at 121.5 MHz and a
spinning frequency of 25 kHz.


Figure 11. Structure of 3b (hydrogen atoms omitted for clarity). For se-
lected bond lengths and angles, see Table 4.
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�57.4 ppm may be assigned to P1 and P2, because the envi-
ronments of these two phosphorus atoms are similar. Since
P4 is probably more deshielded than P3, the peaks at �89.4
and �73.9 ppm may then be assigned to P3 and P4, respec-
tively.
The solid state 31P MAS NMR spectrum of the dimer 3c


(Figure 12) displays three resonances at �94.3, �81.4 and
�69.8 ppm with an integration ratio of approximately 2:1:1.
The structure of 3c (Figure 13) possesses four types of crys-
tallographically distinct P atoms (P1–P4) and hence four res-
onances would be expected in the 31P MAS NMR spectrum
of 3c, each being flanked by 107/109Ag satellites. In the experi-
mental spectra, no resolvable couplings to 107/109 Ag are de-
tected, but rather peak splittings, owing to 31P–31P homonu-
clear J-couplings are observed. Examination of the P···CCO
interatomic distances in 3c reveals only minor discrepancies,
which are too small to permit an unambiguous assignment


of the resonances. However, inspection of the Ag�P bond
lengths is more informative. The Ag�Pb bond lengths
(Ag�P1 2.487(2), Ag�P2’ 2.468(2) P) are much shorter than
the Ag�Ps bond lengths (Ag�P3 2.699(2), Ag�P4
2.606(2) P). At the same time, the difference between the
Ag�P1 and Ag�P2’ bond lengths is noticeably smaller than
that between the Ag�P3 and Ag�P4 bond lengths. Consider-
ing the integration ratio of the resonances in the spectrum
of 3c, the peak at �94.3 ppm may therefore be assigned to
P1 and P2. In turn, since the Ag�P4 bond length is shorter
than that of the Ag�P3 bond, the peaks at �81.4 and
�69.8 ppm may then be assigned to P4 and P3, respectively.
The solid-state 31P MAS NMR spectrum of the previously


reported 1D polymer 4[2a] is depicted in Figure 14. It exhibits
three resonances at �102.2, �94.1 and �84.7 ppm in an inte-
grated area ratio of approximately 3:2:3 and shows no fine
structure, but some peak overlapping is evident. Even an in-
spection of the relevant P···CCO interatomic distances and
Ag�P bond lengths renders an unambiguous assignment of
the resonances impossible since six types of crystallographi-
cally distinct P atoms are present in the structure of 4
(Figure 15).


Table 8. P···CCO interatomic distances [P] in 3b (CCO=carbonyl C atom).


P1···C1 3.075(1) P2···C1 2.985(1) P3···C1 5.624(2) P4···C1 5.311(2)
P1···C2 3.906(2) P2···C2 2.734(1) P3···C2 4.576(1) P4···C2 5.330(2)
P1···C3 2.754(1) P2···C3 3.895(1) P3···C3 7.369(2) P4···C3 8.194(2)
P1···C4 2.947(1) P2···C4 3.183(1) P3···C4 5.826(2) P4···C4 6.750(1)
P1···C1’ 5.473(2) P2···C1’ 5.411(2) P3···C1’ 6.340(2) P4···C1’ 6.416(1)
P1···C2’ 6.228(3) P2···C2’ 6.734(4) P3···C2’ 8.095(4) P4···C2’ 7.456(3)
P1···C3’ 6.622(2) P2···C3’ 5.920(3) P3···C3’ 5.436(3) P4···C3’ 3.776(2)
P1···C4’ 4.699(1) P2···C4’ 4.407(2) P3···C4’ 5.408(2) P4···C4’ 3.894(2)
P1···C15 5.932(2) P2···C15 4.253(1) P3···C15 3.223(1) P4···C15 2.838(1)
P1···C16 8.114(2) P2···C16 6.399(1) P3···C16 3.956(1) P4···C16 2.780(1)
P1···C17 8.448(3) P2···C17 6.453(2) P3···C17 2.749(1) P4···C17 3.927(1)
P1···C18 7.345(2) P2···C18 5.693(2) P3···C18 2.910(1) P4···C18 3.154(1)
P1···C15’ 5.645(2) P2···C15’ 6.910(2) P3···C15’ 9.439(3) P4···C15’ 9.432(3)
P1···C16’ 6.339(2) P2···C16’ 7.991(2) P3···C16’ 11.081(3) P4···C16’ 11.325(3)
P1···C17’ 6.182(3) P2···C17’ 8.169(3) P3···C17’ 11.595(4) P4···C17’ 11.141(4)
P1···C18’ 3.965(2) P2···C18’ 6.003(2) P3···C18’ 9.676(3) P4···C18’ 9.470(3)


Figure 12. Solid-state 31P MAS NMR spectra of 3c at a) 283.4 MHz and
b) 121.5 MHz, both at a spinning frequency of 30 kHz.


Figure 13. Structure of 3c (hydrogen atoms omitted for clarity). For se-
lected bond lengths and angles, see Table 4.
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Conclusion


As compounds 3b–h demonstrate, reactions of MI salts of
various weakly coordinating anions (WCAs) (M=Cu, Ag,
Au) with 1 yield dimeric complex salts consisting of a dicat-
ion with the same basic structure, regardless of the identity
of the WCA. Minor variations of the dication geometry
appear to depend on the size of the WCA and hence on
crystal packing effects. The compounds 3b–h appear to ex-
hibit dynamic behaviour in solution, as demonstrated by
31P NMR spectroscopy and ESI-MS. Owing to the excellent
solubility characteristics imparted to the dimer 3g by the
[Al{OC ACHTUNGTRENNUNG(CF3)3}4]


� anion, an in-depth investigation of the so-
lution behaviour of this compound could be undertaken.
According to VPO measurements, a monomer/dimer equi-
librium exists in solutions of 3g, which is almost exclusively
in favour of the monomer at room temperature and shifts in
favour of the dimer as the temperature is reduced. DFT cal-
culations support the conclusions drawn from the experi-
mental results.
Solid state 31P MAS NMR measurements were performed


on a new polymorph of the starting material 1, the dimers


3b,c and the previously reported 1D polymer 4.[2a] Surpris-
ingly, the inequivalence of the P1 and P2 atoms in the new
polymorph of 1, most probably induced by packing effects,
is clearly reflected in its spectrum despite the apparently
small topological differences. Similarly, the spectra of 3b,c
and 4 reveal the extreme sensitivity of the chemical shift to
subtle structural differences.
In earlier studies, we showed that reactions of 1 with salts


of coordinating anions such as CuX (X=Cl, Br, I)[2a,d] and
AgNO3


[2a] yield 1D polymers (2a–c, 4) in which all the
anions (CuX-based polymers 2a–c) or one half of the anions
(AgNO3-based polymer 4) are incorporated in the polymer
chain. In the light of this observation, experiments were car-
ried out in which the reactivity of 1 with other salts of coor-
dinating anions, namely AgNO2 and LAuCl (L=CO, THT),
was probed. Surprisingly, the dimer 5 and the complex 6, re-
spectively, instead of polymeric products resulted from these
reactions, thus demonstrating the versatility of 1 as a ligand.


Experimental Section


General remarks : All manipulations
were performed under an atmosphere
of dry nitrogen using standard glove-
box and Schlenk techniques. All sol-
vents were freshly distilled from ap-
propriate drying agents immediately
prior to use. IR spectra were recorded
either on a Bruker IFS 280 or a Varian
FTS 2000 spectrometer. Solution
NMR spectra were acquired either on
a Bruker AC250 or a Bruker–Avance
300, 400 or 600 MHz spectrometer.
ESI-MS spectra were measured on a
Finnigan Thermoquest TSQ 7000
mass-spectrometer. VPO measure-
ments were performed on a Knauer


K-7000 vapour pressure osmometer.


Reagents : The compounds 1,[4b] 4,[2a] Ag[Al{OC ACHTUNGTRENNUNG(CF3)3}4],
[20] [(Ph3P)Au-


ACHTUNGTRENNUNG(THF)] ACHTUNGTRENNUNG[PF6]
[10b] and [LAuCl] (L=CO,[5] THT,[6] PPh3


[21]) were prepared
according to literature procedures. [Cu ACHTUNGTRENNUNG(NCCH3)4] ACHTUNGTRENNUNG[PF6] (Aldrich), [Ag-
ACHTUNGTRENNUNG(NCCH3)4] ACHTUNGTRENNUNG[BF4] (Aldrich), AgClO4 (Strem), AgPF6 (Aldrich), AgSbF6
(Lancaster), AgNO2 (Fluka) and TlPF6 (Strem) were transferred to a
glove-box for storage and used as received.


Crystal structure analysis : Data were collected on an Oxford Gemini R
Ultra or a STOE IPDS diffractometer. The structures were solved using
either SIR-97[22] or SHELXS-97[23] and refined using SHELXL-97[24] with
anisotropic displacements for non-hydrogen atoms. Hydrogen atoms
were located in idealised positions and refined isotropically according to
the riding model. Only a moderate data set could be collected for com-
pound 6, since the crystals obtained were of limited quality, despite re-
peated attempts to crystallise the compound in a variety of solvent sys-
tems. CCDC-610584 (3b), -610585 (3c), -610586 (3d), -610587 (3e),
-610588 (3 f), -610589 (3g), -610590 (3h), -610591 (5), -610592 (6) and
-638285 (1) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.


Solid state 31P MAS NMR spectroscopy: Solid-state 31P MAS NMR data
were obtained at either 283.4 MHz using a Bruker–Avance RX-700
NMR spectrometer or at 202.5 MHz on a Bruker aSX-500 machine. The
spectra were recorded using 908 pulses of 2.5 ms and recycle delays of 15–
60 s. Additional low-field data were recorded at 121.5 MHz on a Bruker–
Avance–II 300 spectrometer. In all cases, a 2.5 mm fast-spinning MAS


Figure 14. Solid-state 31P MAS NMR spectrum of 4 at 202.5 MHz and a
spinning frequency of 30 kHz.


Figure 15. Structure of a section of the polycation in 4 (Cp and CO ligands omitted for clarity).
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probe was employed operating at ambient temperature. All chemical
shifts are reported relative to 85% phosphoric acid.


Theoretical calculations : Calculations were executed at the DFT level
using the TURBOMOLE programme package.[25] The 28 electron cores
of Mo and Ag were replaced by quasi-relativistic effective core poten-
tials.[26] All species were fully optimised using the BP86[27] exchange-cor-
relation functional along with the SV(P) basis set,[28] and solvation ener-
gies were calculated using the conductor-like screening model (COSMO)
approach.[29] 31P NMR shift calculations, performed at the BP86/SV(P)
level (Mo and Ag: SVPalls2 all-electron basis set optimised for NMR cal-
culations),[30] were done as single points on the BP86/SV(P) optimised ge-
ometries.


Synthesis of 3b·2CH2Cl2: A solution of [Cu ACHTUNGTRENNUNG(NCCH3)4] ACHTUNGTRENNUNG[PF6] (37 mg,
0.10 mmol) in CH2Cl2 (10 mL) was added to a solution of 1 (100 mg,
0.20 mmol) in CH2Cl2 (15 mL). This mixture was kept at room tempera-
ture for two days, and red-orange crystals of 3b were formed. The prod-
uct was filtered, washed with CH2Cl2 (5 mL) and then dried under
vacuum. Yield: 106 mg (83%); m.p.: 92 8C (decomp.); 1H NMR
(300.13 MHz, CD3CN, 25 8C): d=5.32 ppm (s; C5H5);


13C{1H} NMR
(100.63 MHz, CD3CN, 27 8C): d =87.51 (s; C5H5), 226.56 ppm (s; CO);
19F NMR (282.38 MHz, CD3CN, 25 8C): d =�71.67 ppm (d; 1JPF=706 Hz;
[PF6


�]); 31P{1H} NMR (121.49 MHz, CD3CN, 25 8C): d =�143.2 (m; 1JPF=


706 Hz; PF6), �49.6 ppm (s); 31P MAS NMR: d=�89.4, �73.9,
�57.4 ppm; positive ion ESI-MS (CH3CN, RT): m/z (%)=1099.7 (4)
[Cu ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2}2ACHTUNGTRENNUNG(NCCH3)]


+ , 1054.8 (42) [Cu ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2}2]
+ ,


1028.7 (6) [Cu ACHTUNGTRENNUNG{Cp2Mo2(CO)3.5P2}2]
+ , 1002.8 (2) [Cu ACHTUNGTRENNUNG{Cp2Mo2(CO)1.5P2}2-


ACHTUNGTRENNUNG(NCCH3)2]
+ , 985.8 (3) [Cu ACHTUNGTRENNUNG{Cp2Mo2(CO)2P2}2 ACHTUNGTRENNUNG(NCCH3)]


+ , 957.8 (5) [Cu-
ACHTUNGTRENNUNG{Cp2Mo2(CO)1.5P2}2 ACHTUNGTRENNUNG(NCCH3)]


+ , 927.8 (1) [Cu ACHTUNGTRENNUNG{Cp2Mo2(CO)P2}2-
ACHTUNGTRENNUNG(NCCH3)]


+ , 916.7 (2) [CuACHTUNGTRENNUNG{Cp2Mo2(CO)1.5P2}2]
+ , 871.8 (2) [Cu-


ACHTUNGTRENNUNG{Cp2Mo2P2}2 ACHTUNGTRENNUNG(NCCH3)]
+ , 656.1 (2) [Cu ACHTUNGTRENNUNG{Cp2Mo2(CO)3P2} ACHTUNGTRENNUNG(NCCH3)3]


+ ,
612.8 (6) [Cu ACHTUNGTRENNUNG{Cp2Mo2(CO)3P2} ACHTUNGTRENNUNG(NCCH3)2]


+ , 599.9 (28) [Cu-
ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2} ACHTUNGTRENNUNG(NCCH3)]


+ , 571.9 (14) [Cu ACHTUNGTRENNUNG{Cp2Mo2(CO)3P2} ACHTUNGTRENNUNG(NCCH3)]
+


, 543.9 (30) [Cu ACHTUNGTRENNUNG{Cp2Mo2(CO)2P2} ACHTUNGTRENNUNG(NCCH3)]
+ , 515.9 (14) [Cu-


ACHTUNGTRENNUNG{Cp2Mo2(CO)P2} ACHTUNGTRENNUNG(NCCH3)]
+, 145.1 (100) [Cu ACHTUNGTRENNUNG(NCCH3)2]


+ ; negative ion
ESI-MS (CH3CN, RT): m/z (%): 145.0 (100) [PF6]


� ; IR (KBr): ñ =3121
(w), 1970 (vs; CO), 1936 (vs; CO), 1421 (m), 1358 (w), 1266 (w), 1108
(w), 1065 (m), 1013 (m), 843 (vs), 829 (vs), 733 (m), 702 (w), 558 (s), 520
(m), 489 (m), 455 (s) cm�1; elemental analysis calcd (%) for
C29H22Cl2CuF6Mo4O8P5 (1285.52): C 27.08, H 1.72; found: C 27.07, H
1.71.


Synthesis of 3c : A solution of [Ag ACHTUNGTRENNUNG(NCCH3)4] ACHTUNGTRENNUNG[BF4] (36 mg, 0.10 mmol) in
CH3CN (25 mL) was added to a solution of 1 (100 mg, 0.20 mmol) in
CH3CN (15 mL) at 0 8C. This mixture was kept at �30 8C for two days,
and red-orange crystals of 3c·6CH3CN were formed. The product was fil-
tered, washed with CH3CN (15 mL) and then dried under vacuum. The
solvent of crystallisation was completely removed during the drying pro-
cess. Yield: 98 mg (75%); m.p.: 148 8C (decomp.); 1H NMR
(300.13 MHz, CD3CN, 25 8C): d=5.31 ppm (s; C5H5);


13C{1H} NMR
(100.63 MHz, CD3CN, 27 8C): d =87.43 (s; C5H5), 226.95 ppm (s; CO);
19F NMR (282.38 MHz, CD3CN, 25 8C): d=150.37 ppm (s; BF4


�);
31P{1H} NMR (101.26 MHz, CD3CN, 25 8C): d=�71.3 ppm (s); 31P MAS
NMR: �94.3, �81.4, �69.8 ppm; positive ion ESI-MS (CH3CN, RT): m/z
(%)=1207.0 (3) [Ag2 ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2}2]


+ , 1102.8 (2) [Ag-
ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2}2]


+ , 1056.9 (100) [Ag ACHTUNGTRENNUNG{Cp2Mo2(CO)2.5P2}2 ACHTUNGTRENNUNG(NCCH3)]
+ ,


1027.9 (18) [Ag ACHTUNGTRENNUNG{Cp2Mo2(CO)2P2}2 ACHTUNGTRENNUNG(NCCH3)]
+ , 985.9 (12) [Ag-


ACHTUNGTRENNUNG{Cp2Mo2(CO)2P2}2]
+ , 957.9 (20) [Ag ACHTUNGTRENNUNG{Cp2Mo2(CO)1.5P2}2]


+ , 873.9 (9) [Ag-
ACHTUNGTRENNUNG{Cp2Mo2P2}2]


+ , 745.0 (16) [Ag2 ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2} ACHTUNGTRENNUNG(NCCH3)]
+ , 602.8 (8)


[Ag ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2}]
+ ; negative ion ESI-MS (CH3CN, RT): m/z (%):


87.2 (100) [BF4]
� ; IR (KBr): ñ=3116 (w), 1962 (vs; CO), 1930 (vs; CO),


1420 (m), 1358 (w), 1284 (w), 1082 (m), 1048 (m), 1011 (m), 829 (m), 560
(m), 521 (m), 491 (m), 455 (m) cm�1; elemental analysis calcd (%) for
C28H20AgBF4Mo4O8P4: C 28.31, H 1.68; found: C 28.47, H 1.79.


Synthesis of 3d·2CH3CN: A solution of AgClO4 (24 mg, 0.12 mmol) in
CH3CN (10 mL) was carefully layered over a solution of 1 (100 mg,
0.20 mmol) in CH2Cl2 (10 mL) at room temperature. The vessel was then
placed in a refrigerator (4 8C) and red prism-shaped crystals of
3d·2CH3CN appeared within a week. These crystals were filtered,
washed with CH3CN (2O3 mL) and dried under vacuum. Yield: 111 mg


(89%); m.p. 160 8C (decomp.); 1H NMR (400.13 MHz, CD3CN, 27 8C):
d=5.35 ppm (s; C5H5);


13C{1H} NMR (100.63 MHz, CD3CN, 27 8C): d=


87.83 ppm (s; C5H5);
31P{1H} NMR (161.98 MHz, CD3CN, 27 8C): d=


�59.5 ppm (s); positive ion ESI-MS (CH3CN, RT): m/z (%)=2298.9
(1.5) [(Ag2 ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2}4) ACHTUNGTRENNUNG(ClO4)]


+ , 1804.9 (1) [(Ag2-
ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2}3) ACHTUNGTRENNUNG(ClO4)]


+ , 1593.9 (4) [Ag ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2}3]
+ , 1100.8


(100) [Ag ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2}2]
+ , 643.8 (60) [Ag ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2}-


ACHTUNGTRENNUNG(NCCH3)]
+ , 597.7 (0.5) [Ag ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2}]


+ ; negative ion ESI-MS
(CH3CN, RT): m/z (%): 99.0 (100) [ClO4]


� ; IR (KBr): ñ =3114 (w), 1947
(vs; CO), 1919 (vs; CO), 1420 (m), 1104 (s), 1058 (m), 1011 (w), 828 (m),
624 (w), 562 (w), 520 (w), 491 (w), 455 (m) cm�1; elemental analysis calcd
(%) for C60H46Ag2Cl2Mo8N2O24P8 (2480.97): C 29.05, H 1.87, N 1.13;
found: C 29.02, H 2.12, N 1.33.


Synthesis of 3e : A mixture of AgPF6 (29 mg, 0.11 mmol), 1 (100 mg,
0.20 mmol) and CH3CN (30 mL) was stirred in the dark at room temper-
ature for 1 h. The reaction vessel was then placed overnight in a freezer
(�28 8C), during which time 3e precipitated as a bright orange microcrys-
talline powder. The solid was filtered, washed with CH3CN (2O3 mL)
and dried under vacuum. Crystals of 3e·2CH3CN suitable for X-ray dif-
fraction analysis were obtained as red prisms by controlled diffusion of a
CH3CN solution of AgPF6 into a CH2Cl2 solution of 1 at room tempera-
ture in the absence of light. Yield: 70 mg (56%); m.p.: 180 8C (decomp.);
1H NMR (600.13 MHz, CD3CN, 27 8C): d=5.38 ppm (s; C5H5);


13C{1H}
NMR (150.92 MHz, CD3CN, 27 8C): d=88.45 (s; C5H5), 226.22 ppm (s;
CO); 19F NMR (376.47 MHz, CD3CN, 27 8C): d=�71.74 ppm (d; 1JPF=


706 Hz; [PF6
�]); 31P{1H} NMR (161.98 MHz, CD3CN,27 8C): d=�143.1


(m; 1JPF=706 Hz; PF6), �64.2 ppm (s); positive ion ESI-MS (CH3CN,
RT): m/z (%): 3095.2 (0.1) [(Ag3 ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2}5) ACHTUNGTRENNUNG(PF6)2]


+ , 2346.8 (1)
[(Ag2ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2}4) ACHTUNGTRENNUNG(PF6)]


+ , 2100.7 (0.5) [(Ag3 ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2}3)-
ACHTUNGTRENNUNG(PF6)2]


+ , 1847.6 (0.5) [(Ag2 ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2}3)ACHTUNGTRENNUNG(PF6)]
+ , 1595.0 (10) [Ag-


ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2}3]
+ , 1100.7 (100) [Ag ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2}2]


+ , 645.8 (60)
[Ag ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2} ACHTUNGTRENNUNG(NCCH3)]


+ , 600.7 (8) [Ag ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2}]
+ ; nega-


tive ion ESI-MS (CH3CN, RT): m/z (%): 145.0 (100) [PF6]
� ; IR (KBr):


ñ=2926 (w), 1953 (vs; CO), 1915 (vs; CO), 1420 (m), 1108 (w), 1063 (w),
1012 (w), 868 (s), 846 (s), 831 (s), 558 (m), 530 (m), 520 (m), 493 (w), 457
(m), 442 (m) cm�1; elemental analysis calcd (%) for
C56H40Ag2F12Mo8O16P10 (2489.90): C 27.01, H 1.62; found: C 27.25, H
1.58.


Synthesis of 3 f : A mixture of AgSbF6 (40 mg, 0.12 mmol), 1 (100 mg,
0.20 mmol) and CH3CN (30 mL) was stirred in the absence of light at
room temperature for 1 h. The reaction vessel was then placed overnight
in a freezer (�28 8C), during which time 3 f precipitated as a bright
orange microcrystalline powder. The solid was filtered, washed with
CH3CN (2O3 mL) and dried under vacuum. Crystals of 3 f·4.5CH3CN
suitable for X-ray diffraction analysis were obtained as orange-red prisms
by controlled diffusion of a CH3CN solution of AgSbF6 into a CH2Cl2 so-
lution of 1 at room temperature in the dark. Yield: 85 mg (63%); m.p.:
170 8C (decomp.); 1H NMR (400.13 MHz, CD3CN, 27 8C): d=5.34 ppm
(s; C5H5);


13C{1H} NMR (100.63 MHz, CD3CN, 27 8C): d =88.06 (s;
C5H5), 225.08 ppm (s; CO); 19F NMR (CD3CN, 376.47 MHz, 27 8C): d=


�122.82 (m; 1JSbF=1050 Hz; 123SbF6
�), �122.81 ppm (m; 1JSbF=1934 Hz;


121SbF6
�); 31P{1H} NMR (161.98 MHz, CD3CN, 27 8C): d=�71.3 ppm (s);


positive ion ESI-MS (CH3CN, RT): m/z (%): 2436.9 (2) [(Ag2-
ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2}4) ACHTUNGTRENNUNG(SbF6)]


+ , 1941.1 (0.5) [(Ag2 ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2}3)-
ACHTUNGTRENNUNG(SbF6)]


+ , 1596.7 (4) [Ag ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2}3]
+ , 1100.8 (100) [Ag-


ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2}2]
+ , 643.9 (30) [Ag ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2} ACHTUNGTRENNUNG(NCCH3)]


+ , 601.9
(0.5) [Ag ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2}]


+ ; negative ion ESI-MS (CH3CN, RT): m/z
(%): 234.8 (100) [SbF6]


� ; IR (KBr): ñ=3121 (w), 1965 (vs; CO), 1946
(vs; CO), 1422 (m), 1109 (w), 1063 (w), 1012 (w), 837 (m), 829 (m), 660
(s), 560 (m), 519 (m), 490 (m), 456 (m) cm�1; elemental analysis calcd
(%) for C56H40Ag2F12Mo8O16P8Sb2 (2671.45): C 25.18, H 1.51; found: C
25.17, H 1.68.


Synthesis of 3g : A mixture of Ag[Al{OC ACHTUNGTRENNUNG(CF3)3}4]·CH2Cl2 (117 mg,
0.10 mmol), 1 (100 mg, 0.20 mmol) and CH2Cl2 (10 mL) was stirred in the
absence of light for 8 h at room temperature. The solution was filtered
over diatomaceous earth, which was subsequently washed with CH2Cl2
(2O2 mL). The combined filtrate and washings were stored in a freezer
(�28 8C) and crystals of 3g·CH2Cl2 appeared within two days in the form
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of orange-red needles. These crystals were isolated by filtration at
�30 8C, washed with pentane (2O3 mL) at room temperature and dried
under vacuum. The solvent of crystallisation was completely removed
during the drying process. Addition of an equal volume of pentane to the
mother liquor led to the isolation of a further crop of 3g as a bright
orange powder. Alternatively, 3g·CH2Cl2 can be prepared in the form of
red prisms by controlled diffusion of a toluene solution of 1 into a
CH2Cl2 solution of Ag[Al{OC ACHTUNGTRENNUNG(CF3)3}4] at room temperature in the ab-
sence of light. Yield: 168 mg (81%); m.p.: 179 8C (decomp.); 1H NMR
(400.13 MHz, CD2Cl2, 27 8C): d=5.36 ppm (s; C5H5);


13C{1H} NMR
(62.90 MHz, CD2Cl2, 27 8C): d=87.81 (s; C5H5), 121.66 (q;


1JFC=291 Hz;
CF3), 223.09 ppm (s; CO); 27Al NMR (78.21 MHz, CD2Cl2, 27 8C): d=


33.77 ppm (s; [Al{OC ACHTUNGTRENNUNG(CF3)3}4]
�); 19F NMR (376.50 MHz, CD2Cl2, 25 8C):


d=�75.32 ppm (s; CF3);
31P{1H} NMR (161.98 MHz, CD2Cl2, 27 8C): d=


�96.1 ppm (s); 31P{1H} NMR (161.98 MHz, CD3CN, 27 8C): d=


�77.5 ppm (s); 31P{1H} NMR ([D8]THF/CD2Cl2 (4:1), 161.98 MHz,
27 8C): d =�82.0 ppm (s); 31P{1H} NMR ([D8]THF/CD2Cl2 (4:1),
161.98 MHz, �110 8C): d=�95.2 (b), �77.3 ppm (b); positive ion ESI-
MS (CH2Cl2, RT): m/z (%): 1100.8 (100) [Ag ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2}2]


+ ; nega-
tive ion ESI-MS (CH2Cl2, RT): m/z (%): 967.1 (100) [Al{OC ACHTUNGTRENNUNG(CF3)3}4]


� ;
positive ion ESI-MS (CH3CN, RT): m/z (%): 3164.2 (45) [(Ag2-
ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2}4)(Al{OC ACHTUNGTRENNUNG(CF3)3}4)]


+ , 2670.6 (3.5) [(Ag2 ACHTUNGTRENNUNG{Cp2Mo2
(CO)4P2}3)(Al{OC ACHTUNGTRENNUNG(CF3)3}4)]


+ , 1100.7 (100) [Ag ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2}2]
+ , 643.8


(35) [Ag ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2} ACHTUNGTRENNUNG(NCCH3)]
+ ; negative ion ESI-MS (CH3CN,


RT): m/z (%): 967.1 (100) [Al{OC ACHTUNGTRENNUNG(CF3)3}4]
� ; IR (CH2Cl2): ñ =1987 (s;


CO), 1943 (s; CO), 1420 (w), 1352 (m), 1300 (s), 1278 (s), 1264 (s), 1241
(vs), 1224 (vs), 976 (vs) cm�1; IR (KBr): n bar=1985 (vs; CO), 1951 (vs;
CO), 1423 (m), 1352 (s), 1302 (vs), 1277 (vs), 1242 (vs), 1219 (vs), 1169
(m), 1066 (w), 1014 (w), 974 (vs), 829 (s), 756 (w), 728 (vs), 561 (m), 537
(m), 520 (m), 488 (m), 444 (s) cm�1; theoretical molecular mass for
C88H40Ag2Al2F72Mo8O24P8: 4134.17 gmol


�1; found (osmometric, CH2Cl2,
28 8C): 2257 � 113 gmol�1; elemental analysis calcd (%) for
C88H40Ag2Al2F72Mo8O24P8 (4134.17): C 25.57, H 0.98; found: C 25.72, H
1.04.


Synthesis of 3h·2C4H8O·2CH2Cl2: A mixture of [(Ph3P)AuCl] (46 mg,
0.09 mmol), TlPF6 (35 mg, 0.10 mmol), THF (5 mL) and CH2Cl2 (5 mL)
was stirred at room temperature in the dark for 8 h, during which time
TlCl was formed as a fine pale grey precipitate. The [(Ph3P)Au ACHTUNGTRENNUNG(THF)]-
ACHTUNGTRENNUNG[PF6] solution was filtered over diatomaceous earth, which was subse-
quently washed with THF (2O2 mL). The combined filtrate and washings
were added to a solution of 1 (100 mg, 0.20 mmol) in CH2Cl2 (10 mL).
This mixture was stirred overnight and then filtered over diatomaceous
earth, which was subsequently washed with CH2Cl2 (2O3 mL). The com-
bined filtrate and washings were concentrated under reduced pressure
and at room temperature to about a quarter of the original volume and
stored at �28 8C. Ruby red plates of 3h·2C4H8O·2CH2Cl2 crystallised
within a week and were filtered, washed with pentane (2O3 mL) and
dried under vacuum. Yield: 45 mg (32%); m.p.: 166 8C (decomp.);
1H NMR (400.13 MHz, CD2Cl2, 27 8C): d=1.82 (m; THF), 3.68 (m;
THF), 5.39 ppm (s; C5H5);


13C{1H} NMR (CD2Cl2, 100.63 MHz, 27 8C):
d=25.99 (s; THF), 68.18 (s; THF), 88.45 (s; C5H5), 222.67 ppm (s; CO);
19F NMR (376.47 MHz, CD2Cl2, 27 8C): d=�73.35 ppm (d; 1JPF=710 Hz;
[PF6


�]); 31P{1H} NMR (161.98 MHz, CD2Cl2, 27 8C): d=�143.9 (m; 1JPF=


710 Hz; [PF6
�]), �52.7 ppm (s); positive ion ESI-MS (CH2Cl2, RT): m/z


(%): 1340.5 (100) [Au ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2}2 ACHTUNGTRENNUNG(THF)2]
+ , 1190.8 (98) [Au-


ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2}2]
+ , 1161.7 (15) [Au ACHTUNGTRENNUNG{Cp2Mo2(CO)3.5P2}2]


+ , 1134.7 (94)
[Au ACHTUNGTRENNUNG{Cp2Mo2(CO)3P2}2]


+ , 1105.7 (100) [(Au2 ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2} ACHTUNGTRENNUNG{THF})-
ACHTUNGTRENNUNG(PF6)]


+ , 1077.8 (6) [(Au2ACHTUNGTRENNUNG{Cp2Mo2(CO)3P2} ACHTUNGTRENNUNG{THF}) ACHTUNGTRENNUNG(PF6)]
+ , 1048.6 (4)


[(Au2 ACHTUNGTRENNUNG{Cp2Mo2(CO)2P2} ACHTUNGTRENNUNG(THF)) ACHTUNGTRENNUNG(PF6)]
+ ; negative ion ESI-MS (CH2Cl2,


RT): m/z (%): 144.9 (100) [PF6]
� ; IR (KBr): ñ=1975 (vs; CO), 1942 (vs;


CO), 1637 (m), 1559 (m), 1420 (m), 1357 (w), 1262 (w), 1063 (w), 1012
(w), 845 (s), 830 (s), 668 (m), 558 (s), 518 (m), 488 (m), 456 (m) cm�1; ele-
mental analysis calcd (%) for C66H60Au2Cl4F12Mo8O18P10 (2982.17): C
26.58, H 2.03; found: C 26.74, H 1.98.


Synthesis of 5 : A mixture of AgNO2 (35 mg, 0.23 mmol), 1 (100 mg,
0.20 mmol) and CH3CN (30 mL) was stirred in the absence of light at
room temperature for 1 h, during which time 5 was formed as a micro-
crystalline dark brown powder. The solid was filtered, washed with
CH3CN (2O3 mL) and dried under vacuum. Crystals of 5 suitable for X-


ray diffraction analysis were obtained as dark brown plates by controlled
diffusion of a CH3CN solution of AgNO2 into a CH2Cl2 solution of 1 at
room temperature in the dark. Yield: 121 mg (92%); m.p.: 103 8C
(decomp.); positive ion ESI-MS (CH3CN, RT): m/z (%): 2249.8 (8)
[(Ag2ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2}4) ACHTUNGTRENNUNG(NO2)]


+ , 1904.7 (20) [(Ag3 ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2}3)-
ACHTUNGTRENNUNG(NO2)2]


+ , 1748.9 (38) [(Ag2ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2}3) ACHTUNGTRENNUNG(NO2)]
+ , 1596.8 (11) [Ag-


ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2}3]
+ , 1255.8 (5) [(Ag2 ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2}2) ACHTUNGTRENNUNG(NO2)]


+ , 1100.7
(100) [Ag ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2}2]


+ , 643.8 (40) [Ag ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2}-
ACHTUNGTRENNUNG(NCCH3)]


+ , 599.9 (1) [Ag ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2}]
+ ; negative ion ESI-MS


(CH3CN, RT): m/z (%): 46.3 (100) [NO2]
� ; IR (KBr): ñ =3115 (w), 1997


(vs; CO), 1954 (vs; CO), 1919 (vs; CO), 1419 (m), 1264 (m), 1241 (m),
1103 (w), 1061 (w), 1010 (w), 867 (w), 828 (m), 669 (w), 559 (w), 514 (w),
483 (w), 455 (m) cm�1; elemental analysis calcd (%) for
C28H20Ag2Mo4N2O12P4 (1299.86): C 25.87, H 1.55, N 2.16; found: C 25.41,
H 1.83, N 2.07.


Synthesis of 6 : A room temperature solution of 1 (100 mg, 0.20 mmol) in
toluene (10 mL) was layered over a frozen solution of [(OC)AuCl]
(52 mg, 0.20 mmol) in toluene (10 mL) submerged in a Dewar flask con-
taining liquid nitrogen. The vessel was left in the Dewar flask, connected
to a mercury valve, and allowed to gradually reach room temperature in
the absence of light. Crystals of 6 were formed within two weeks as red
needles, which were filtered, washed with pentane (2O3 mL) and dried
under vacuum. Alternatively, 6 can be prepared as an orange powder by
mixing [(THT)AuCl] and 1 in CH2Cl2 at room temperature. Yield:
130 mg (89%); m.p.: 160 8C (decomp.); 1H NMR (400.13 MHz, [D8]THF,
27 8C): d =5.55 ppm (s; C5H5);


31P{1H} NMR ([D8]THF, 161.98 MHz,
27 8C): d=�77.2 ppm (b); positive ion ESI-MS (CH3CN/CH2Cl2, RT):
m/z (%): 1915.0 (2.5) [Au2Cl ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2}3]


+ , 1425.0 (1.5) [Au2Cl-
ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2}2]


+ , 1189.0 (100) [Au ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2}2]
+ ; negative ion


ESI-MS (CH3CN/CH2Cl2, RT):
m/z (%): 996.9 (2.5) [Au2Cl3 ACHTUNGTRENNUNG{Cp2Mo2(CO)4P2}]


� , 266.8 (100) [AuCl2]
� ; IR


(KBr): ñ=3098 (w), 2006 (vs; CO), 1984 (vs; CO), 1946 (vs; CO), 1924
(vs; CO), 1630 (w), 1418 (m), 1356 (w), 1263 (w), 1105 (w), 1060 (w), 928
(w), 854 (w), 839 (m), 829 (m), 818 (m), 735 (w), 605 (w), 561 (m), 519
(s), 485 (m), 456 (s), 447 (s) cm�1; elemental analysis calcd (%) for
C14H10AuClMo2O4P2 (728.48): C 23.08, H 1.38; found: C 22.65, H 1.43.
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Copper(II)-Mediated Aromatic ortho-Hydroxylation:
A Hybrid DFT and Ab Initio Exploration
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Brett Shapiro, and Timon Stork[a]


Introduction


The selective hydroxylation of aromatic compounds is one
of the big challenges in synthetic organic chemistry and has
gained considerable attention in recent years, particularly
because hydroxylated aromatic compounds are important
precursors in the pharmaceutical industry.[1] In nature metal-
loproteins with iron (pterin-dependent aromatic amino-acid
hydroxylases and toluene mono-oxygenases) and copper-
active centers (phenylalanine monoxygenase and tyrosinase)
perform selective and efficient hydroxylation of aromatic
rings.[2–7] A key to the understanding of the catalytic mecha-
nism of these enzymes is the development of synthetic
model compounds that mimic their catalytic activity, and a
thorough investigation of their structural, electronic, and
mechanistic properties.


There are a number of simple hydroxylation processes,
such as reactions with H2O2 (H2O2–BF3 or HF3),


[8] KMnO4–
H2SO4 mixtures,[9,10] COH radicals produced by X-ray radiol-
ysis,[11] the classical or the modified Fenton4s reactions,[9,12]


the thermal decomposition of cupric salts of benzoic
acid,[13,14] and the copper-mediated industrial production of
phenol by the pyrolysis of benzoic acid in the Dow–Phenol
process.[15–18] Many of these reactions have deficiencies in
terms of efficiency and/or selectivity. Therefore, there is a
continuous search for new catalyst systems with improved
efficiency and selectivity.


The aromatic hydroxylation by iron enzymes is well estab-
lished, and several active model compounds have been re-
ported.[19–26] An interesting example is [FeACHTUNGTRENNUNG(bpmen)-
ACHTUNGTRENNUNG(NCMe)2]


2+ (bpmen=N,N’-dimethyl-N,N’-bis(2-pyridylme-
thyl)ethance-1,2-diamine), which converts benzoic acid with
H2O2 to salicylic acid with high selectivity (>90%) and effi-
ciency.[27,28] The proposed mechanism features an electro-
philic high-valence iron–oxo group as oxidant, and this is
supported by experimental and theoretical work (note that
catalysis by a (HOO)FeIII-type species cannot be exclud-
ed[27]).[29] The putative CuIII=O species, believed to be in-
volved in copper-based catalytic cycles, is much less stable
than the corresponding FeIV=O complexes that have been


Abstract: Mechanistic pathways for the
aromatic hydroxylation by [CuII(L1)-
ACHTUNGTRENNUNG(TMAO)(O)]� (L1=hippuric acid,
TMAO= trimethylamine N-oxide), de-
rived from the O�N bond homolysis of
its [CuII(L1) ACHTUNGTRENNUNG(TMAO)2] precursor, were
explored by using hybrid density func-
tional theory (B3LYP) and highly cor-
related ab initio methods (QCISD and
CCSD). Published experimental studies
suggest that the catalytic reaction is
triggered by a terminal copper–oxo
species, and a detailed study of elec-


tronic structures, bonding, and energet-
ics of the corresponding electromers is
presented. Two pathways, a stepwise
and a concerted reaction, were consid-
ered for the hydroxylation process. The
results reveal a clear preference for the
concerted pathway, in which the termi-
nal oxygen atom directly attacks the


carbon atom of the benzene ring, lead-
ing to the ortho-selectively hydroxylat-
ed product. Solvent effects were
probed by using the PCM and CPCM
solvation models, and the PCM model
was found to perform better in the
present case. Excellent agreement be-
tween the experimental and computa-
tional results was found, in particular
also for changes in reactivity with de-
rivatives of L1.
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characterized by spectroscopic and crystallographic analy-
sis.[30–33]


The copper(II)-assisted ortho-hydroxylation of benzoic
acid with trimethylamine N-oxide (TMAO, see Scheme 1) is
an efficient and selective process.[34–38] The proposed mecha-


nism (Scheme 2) involves coordination of CuII to the carbox-
ylate group, followed by the oxidation with TMAO. This
generates a highly reactive CuII�OC or CuIII=O intermediate
that reacts with the adjacent benzyl group to produce the se-
lectively ortho-hydroxylated products.[36] TMAO has been
proposed as the source of oxygen, as the reaction does not
evolve spontaneously and is inert towards atmospheric O2,
however, in association with TMAO, it produces the catalyt-


ically active species responsible for the hydroxylation pro-
cess.[36] With the aim to thoroughly understand the mecha-
nism and to probe the scope of the reaction, we have stud-
ied it with several benzoate derivatives (Scheme 3).[39] Only
three of the seven ligands, L1–3, are catalytically active.


L4 has a methyl group at the amide nitrogen and L5–7 have
longer spacer groups between either the amide and carbox-
ylate or the amide and the benzene groups. These structural
elements seem to prevent the formation of the copper com-
plex, which is the putative resting state of the catalyst. The
crystal-structure analysis of the copper(II) catalyst precursor
and experiments with various derivatives of the ligand con-
firm that the formation of a copper–substrate–TMAO com-
plex is essential for the catalytic reaction, and all experimen-
tal results support the formation of a CuII�OC or a CuIII=O
complex as the catalytically active species.[39] This undergoes


Scheme 1.


Scheme 2.


Scheme 3.


Chem. Eur. J. 2008, 14, 344 – 357 J 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 345


FULL PAPER



www.chemeurj.org





intramolecular hydroxylation to yield selectively ortho-hy-
droxylated products. Despite extensive experimental studies,
an evaluation of the bonding and reactivity of the terminal
copper–oxo group seemed to be required to fully under-
stand the catalytic cycle.


Here, we describe our results based on DFT and ab initio
methods to explore the mechanism of the copper-mediated
aromatic hydroxylation. Our main focus was the reactivity
and the catalytic activity of the terminal copper–oxo inter-
mediate, derived from the [CuII(L1) ACHTUNGTRENNUNG(TMAO)2] complex.
Copper–oxo groups are believed to be the catalytically
active species in a number of biosystems, such as dopamine
b-mono-oxygenase (DBM)[2,40,41] and methane mono-oxy-
genase,[42] and the energetics and mechanistic aspects dis-
cussed here might also provide a better understanding of
the mechanism of these enzymes. The possible role of sol-
vent in the process discussed here was investigated by using
two different solvation models (PCM[43] and CPCM[44,45]).
The validity of DFT methods, specifically that of the hybrid
B3LYP functional, was addressed by performing calculations
with high-level correlated methods and ab initio theory
(QCISD[46] and CCSD[47–50]) for some species, and by com-
paring the trends of the computed and experimental data.


Computational Details


All calculations were performed by using the Gaussian03[51]


or Jaguar5.5[52] suites of programs. The geometries were op-
timized by using the B3LYP functional.[53,54] Two different
basis sets were used; BSI used in Jaguar5.5 encompasses a
double z-quality basis set with the Los Alamos effective
core potential for Cu (commonly known as LanL2DZ[55–58]


and a 6–31G basis set for the other atoms;[59] BSII used in
the Gaussian suites of programs encompasses an Ahlrichs
TZV basis set.[60, 61] The single-point QCISD[46] and
CCSD[47–50] calculations were performed with Gaussian03
suite of programs on model complexes (see below), by using
BSI on DFT-optimized geometries. Frequency calculations
were performed on the optimized structures to verify that
they are minima on the potential-energy surface (PES) and
also to obtain zero-point energy corrections. The quoted
DFT energies are B3LYP/TZV (BSII), including zero-point
and free-energy corrections (enthalpy and entropy) from the
frequency calculations at the temperature of 298.15 K,
unless otherwise mentioned. For the location of transition
states either the normal transition state search with a start-
ing geometry obtained from B3LYP/BSI in Jaguar or the
synchronous transit-guided quasi-Newton (STQN) method
implemented in Gaussian03 or a combination of both were
used. The resulting optimized structures were verified as
transition states by frequency calculations, and the single
negative frequency was investigated visually by Molekel[62,63]


to verify that the correct transition state was obtained.
The role of solvent on the structures and energetics was


studied by reoptimization of some of the species at the
B3LYP/BSII level with the polarizable continuum solvent


model (PCM).[64–67] The conductor-like screening model
(COSMO) implementation in Gaussian03 (CPCM) was
used for comparative purposes.[44,45] The UA0 (united atom
model applied on atomic radii of the UFF force field) defi-
nition was used for the construction of the solute cavity. In
the PCM solvent models studied the molecule is placed in a
cavity, formed by overlapping atom-centered spheres, sur-
rounded by a dielectric medium. The induced polarization
of the environment is represented by point charges distribut-
ed on the surface of the cavity. In the CPCM model the sol-
vent is described by a dielectric with the infinite permittivity,
in which the polarization charges on the cavity surface are
determined by supposing that the total electrostatic poten-
tial cancels out on the surface. Throughout the study aceto-
nitrile was used as the solvent. For the transition states in
the hydrogen-migration reaction, an individual sphere on
the hydrogen atom of interest was used.


Results and Discussion


Based on the experimental observations, Scheme 4 was
adopted for the DFT calculations. The DFT-optimized struc-
ture of [CuII(L1)ACHTUNGTRENNUNG(TMAO)2] (21 in Scheme 4) is shown in Fig-
ure 1a, and the computed parameters together with those
from the X-ray analysis are collected in Table 1. The com-
puted structure is in excellent agreement with the experi-
mental data. The lengths of the two Cu�O bonds to the
TMAO donors are significantly different, and this depends
on the donor atom in the trans position. The geometry is ap-
proximately square planar, but the TMAO ligand trans to
O3 significantly deviates from the O3-Cu-N1 plane. There is
experimental evidence for the homolytic cleavage of the O�
N bond in TMAO.[36] Terminal copper–oxo groups are be-
lieved to be involved in the catalytic cycles of the DBM and
peptidylglycine-hydroxylating mono-oxygenase (PHM) fam-
ilies of copper mono-oxygenases as well as in the oxidation
of methane by methane mono-oxygenase (MMO).[2,40–42] The
active site of these enzymes possess different donor groups
(typically histidines, methionine, and glutamate), but in all
examples the copper centers are tetra-coordinated as in the
complexes studied here. The homolytic cleavage of the O�N
bond results in the formation a transient CuII�OC (1,32) or
CuIII=O complex (13) that is believed to be the active species
in the ortho-hydroxylation process.[68] These are the catalyti-
cally active species and also have significant biological rele-
vance. Therefore, we first discuss in detail the structure, en-
ergetics and bonding of the possible electromers of CuII�OC,
before we present our results of the reaction mechanism.


Electronic structure and bonding of CuII�OC and CuIII=O :
The formation of terminal copper–oxo compounds by the
spontaneous decomposition (the homolytic cleavage of the
O�O bond) of m-peroxo–dicopper(II) complexes has been
reported.[69,70] It was shown that these transients are able to
oxidize alkenes to the corresponding epoxides and to hy-
droxylated products.[69,70] However, there is no direct struc-
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tural or spectroscopic evidence for 1,32- or 13-type com-
pounds, which is attributed presumably to a very short life-
time due to a high reactivity, in particular also towards the
formation of m-oxo–dicopper ACHTUNGTRENNUNG(III) complexes.[2]


There are two electromeric forms of the terminal copper–
oxo complex, a CuII–oxy radical 2 and the CuIII–oxo species
3. The two unpaired electrons in 2 are exchange coupled, re-
sulting in the two possible total-spin ground states of S=1
(triplet) and S=0 (singlet). Due to the strict orthogonality
condition met by two magnetic orbitals, the exchange inter-
action in 2 is expected to stabilize the triplet state.[71, 72] The
optimized structure of the triplet state of 2 (32) is shown in
Figure 1b. Selected structural parameters for 32 together
with those of the structures of the corresponding singlet
state 12 and the singlet state of 3 (13) are given in Table 2.
The electromer 32 is found to be the ground state with 12
being 16.1 kJmol�1 and 13 being 87.3 kJmol�1 higher in
energy.


The Cu�O1 bond in 32 is significantly shorter than that in
reactant 21 (see Tables 1 and 2). The angle O1-Cu-O3 in-
creases from 150.8 to 156.88, and this moves the oxygen
atom O1 into the copper–peptide plane. The distances be-
tween O1–C3 and O1–H1 are significantly shortened in the
reactive species, which results in an ideal arrangement for
the ortho-hydroxylation. The tetrahedral twist between the
two planes N1-Cu-O3 and O1-Cu-O2 is 33.7 and 29.98 for 21
and 32, respectively. The spin density on the copper atom of
32 is delocalized to the donor atoms (the calculated Mullik-


en spin densities are collected in Table 3). The spin-density
plot (Figure 1c) indicates that the unpaired electron on
copper is in the dx2�y2 orbital and that of O1 is in one of the
p orbitals.


The structural parameters of 32 and 12 are similar, except
for the O1–C3 and O1–H1 distances, in which the former is
significantly longer and the latter is shorter in the singlet
state of 2. This leads to a larger tetrahedral twist for the sin-
glet-state structure (Table 2). Between 32 and 13 there are
significant structural differences. Particularly, the Cu�O1
bond is very short in 13 (1.752 vs. 1.886 P), consistent with
the expected double-bond character. The strength of the
Cu�O bond in 13 with respect to the two forms of 2 follows
also from the stretching frequencies for the 13 state
(491 cm�1 for 32, 498 cm�1 for 12, and 656 cm�1 for 13). A
qualitative molecular orbital (MO) diagram for 32 and 13 is
shown in Figure 2, together with plots of the relevant DFT-
computed molecular orbitals. There are two types of interac-
tions between CuII and the oxy radical in 32. The one shown
in Figure 2a has the unpaired electron on oxygen in a non-
bonding orbital, and the closed-shell electrons interact with
the dx2�y2 orbital, resulting in s bonding and s*-antibonding
combinations. This leads to two unpaired electrons in the
non-bonding oxygen and s*-antibonding molecular orbitals,
and these are orthogonal to each other and, therefore, stabi-
lize the triplet state (note that C3 in the ortho-position has a
significant contribution to this singly occupied molecular or-
bital (SOMO)). The singlet state 12 can be accommodated


Scheme 4.
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in the same diagram with an opposite spin on the oxygen
and the copper orbitals.


An additional p-type interaction between the singly occu-
pied orbitals of oxygen and the doubly occupied orbitals of
copper occurs in the 13 state. Here, the electrons are paired
in the p-antibonding orbital, resulting in a CuIII=O-type spe-
cies.[73] As this p interaction involves the filled dp orbital, it
considerably destabilizes the Cu�O p-antibonding orbital.[74]


The bonding situation is similar to that in the FeIV=O com-
plexes, in which the stability is due to the available empty d
orbitals for the p-type interaction. Due to the singly occu-
pied orbitals and longer Cu–O distances 2 is expected to be
a more powerful oxidant than 3.


We now turn to the mechanism of the aromatic ortho-hy-
droxylation by 1,32 and 13. In the concluding sections we dis-


cuss the influence of solvation on the structures and energet-
ics, compare the DFT data with ab initio (QCISD and
CCSD) calculations, and finally compare the computed with
experimental reactivities.


Aromatic ortho-hydroxylation: Electrophilic versus H-ab-
straction pathways : The reactivity of the 1,32 and 13 species
for the ortho-hydroxylation of aromatic compounds was
studied by exploring the two alternative mechanisms of
Scheme 4. In the concerted reaction the reactive species 1,32
or 13 activate the C�H bond in ortho position (C3; for
labels, see Figure 1b), leading to TS1 (Figure 3), which pro-
duces the ortho-hydroxylated product and copper(I). The al-
ternative involves a stepwise pathway in which the C–H ac-
tivation takes place when the terminal oxygen atom ab-
stracts the benzylic hydrogen atom via TS2 to produce a
radical intermediate.[75,76] Here, we describe an intramolecu-
lar process in which only one of the orientations is possible.
The hydroxylated product emerges then via TS3. The two
pathways differ in the reactivity of the terminal oxygen
atom. This is an important issue in the area of C–H activa-
tion by CuII�OC groups in which catalysts with efficient hy-
drogen-abstraction capacity (stepwise pathway) and others
that preferentially operate by electrophilic attack (concerted
mechanism) are known.[41] The key results of the calcula-
tions related to the concerted reaction are shown in Figure 3
in which the optimized structures of TS1–32 and the product
14 also are presented; the corresponding structural parame-
ters are given in Table 2.


Although the triplet state is the ground state for 2, the re-
activity on the other surfaces (12 and 13) was also considered
(see Table 2 and Figure 3). The transition state TS1 leads to
an energy barrier of 34.9 kJmol�1 on the 32 surface. The bar-
riers for 12 and 13 are 47.6 and 123.3 kJmol�1, respectively.[77]


The reaction is highly exothermic with a reaction energy of


Figure 1. B3LYP-optimized structure of a) [CuII(L1) ACHTUNGTRENNUNG(TMAO)2]; b) the
triplet state of [CuII(L1) ACHTUNGTRENNUNG(TMAO)(O)]� (32); c) spin-density plot of the
triplet-state species 32. Bond lengths are given in P; the a-spin density is
given by the dark-grey shading.


Table 1. Selected structural parameters of [CuII(L1) ACHTUNGTRENNUNG(TMAO)2]; experi-
mental values are given in italics[42] (see Figure 1a for labeling).


Bond lengths [P]


Cu�O1 1.996 1.955(1)
Cu�O2 2.040 1.928(1)
Cu�O3 1.945 1.945(1)
Cu�N1 1.938 1.928(1)
O1�N2 1.467 1.404(2)
O2�N3 1.461 1.406(2)
O1�C3 3.532 3.567
O1�H1 3.719 3.777


Valence angles [8]


N1-Cu-O1 94.5 91.72(5)
N1-Cu-O2 162.4 160.78(6)
N1-Cu-O3 84.5 83.69(5)
O1-Cu-O2 94.6 95.88(5)
O1-Cu-O3 150.8 142.82(6)
O2-Cu-O3 94.7 100.41(5)


Dihedral angles [8]


Cu-N1-C1-C2 29.5 31.55(2)
N1-C1-C2-C3 39.5 38.04(2)
N1-C1-C2-C4 �145.8 �146.87(2)
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184.2 kJmol�1. The C3–H1 distance in the transition state is
not significantly elongated. An intrinsic reaction coordinate
analysis (IRC) on the transition state reveals that the calcu-
lated transition state connects the two sides and, therefore,
the process takes place in one rather than in multiple steps.
A similar synchronous path for an aliphatic hydroxylation
reaction from an IRC calculation has been observed for an-
other mechanistic study with a bis ACHTUNGTRENNUNG(m-oxo)dicopper ACHTUNGTRENNUNG(III) com-
plex.[78] In the calculated transition state TS1 the Cu�O1
bond is elongated relative to that of the reactant on all sur-
faces. The distances of the new interactions O1–C3 and O1–


H1 increase in the order 32<
12< 13. Other salient structural
features in the calculated tran-
sition state, in contrast to the
reactants, are the distortion of
the N1-Cu-O2 angle, the N1-
C1-C2-C3 dihedral and the tet-
rahedral twist angle: all these
parameters are related to the
geometry of the chromophore,
and this is close to perfectly
square planar in the transition
state. The larger energy barriers
calculated on the 12 and 13 sur-
faces are essentially due to the
energy difference of the reac-
tants. The additional electronic


and/or steric strain in the transition state on the different
surfaces is within �5 kJmol�1. Note that the reactant has a
triplet ground state and the product is a singlet. Therefore, a
spin crossover after the formation of the transition state is
predicted,[79–83] and this is favoured by spin-orbit coupling of
the metal center.[84,85]


The spin-density distribution on the transition state
TS1–32 deserves some comment. The corresponding plot is
shown in Figure 4a together with the two SOMOs (Fig-
ure 4b, c). The DFT-calculated spin-density values are given
in Table 3. The absolute value of the spin density on the


Table 2. Selected B3LYP-computed structural parameters for the reactants, transition states, intermediate, and product for the ortho-hydroxylation
mechanism (see Figure 1b for labeling).


32 12 13 TS1–32 TS1–12 TS1–13 TS2–32 TS2–12 TS2–13 INT–32 TS3–32 14
Bond lengths [P]


Cu�O1 1.886 1.885 1.752 1.906 1.905 1.791 1.907 1.907 1.831 1.950 1.964 3.157
Cu�O2 2.067 2.062 2.083 2.066 2.059 1.976 2.049 2.052 2.173 2.040 2.032 1.955
Cu�O3 1.987 1.985 1.972 1.999 1.988 1.960 1.990 1.981 1.984 2.102 1.957 2.185
Cu�N1 1.987 1.979 1.881 1.962 1.971 1.943 1.975 1.979 2.007 1.941 1.909 1.956
O1�C3 2.689 3.087 2.946 1.899 1.944 2.085 2.478 2.465 2.482 2.909 1.550 1.379
O1�H1 2.264 2.025 2.631 2.190 2.209 2.224 1.067 1.082 1.009 0.979 0.981 1.023
C3�H1 1.080 1.079 1.076 1.484 1.441 1.712 2.754 2.105 1.934
C2�C3 1.431 1.426 1.419 1.387 1.388 1.384 1.401 1.446 1.414
C2�C4 1.395 1.395 1.391 1.410 1.410 1.394 1.397 1.405 1.398
C3�C7 1.431 1.425 1.413 1.387 1.387 1.385 1.391 1.421 1.399


Valence angles [8]


N1-Cu-O1 108.9 105.4 95.4 99.5 99.7 94.0 105.6 105.8 112.8 106.7 95.1 –
N1-Cu-O2 158.9 152.2 164.2 175.2 174.7 178.0 156.7 157.4 141.8 156.9 173.6 169.1
N1-Cu-O3 84.5 83.6 86.1 83.5 83.3 85.6 85.2 85.1 82.4 80.4 85.8 84.5
O1-Cu-O2 83.4 89.1 89.1 84.5 84.6 84.5 90.6 80.0 89.5 96.3 88.9 –
O1-Cu-O3 156.8 152.8 167.9 176.2 176.0 178.9 148.4 149.5 152.0 109.3 171.9 –
O2-Cu-O3 90.2 94.3 92.7 92.5 92.4 95.9 89.7 89.2 91.8 92.5 96.1 106.4
Cu-O1-C3 106.3 105.6 114.7 97.3 88.4 88.4 46.3 112.4 91.3
Cu-O1-H1 86.7 86.4 95.5 107.5 106.8 115.0 110.1 112.4 42.5


Dihedral angles [8]


Cu-N1-C1-C2 23.6 �0.4 28.3 �19.2 �19.9 �28.6 2.6 2.9 �8.6 �2.0 10.8 58.1
N1-C1-C2-C3 36.7 29.5 20.1 �31.8 �32.4 �28.7 22.5 21.3 23.8 �0.3 5.9 30.0
N1-C1-C2-C4 �148.4 �151.9 �165.1 148.3 147.7 147.6 �159.3 �160.4 155.9 �179.0 179.0 156.6


Tetrahedral twist [8]


aN1-Cu-O3�aO1-Cu-O2 29.9 39.5 20.2 3.70 4.38 1.51 38.1 36.6 46.49 72.9 10.7 –


Table 3. Calculated spin densities of various species along the PES for the ortho-hydroxylation reaction (see
Figure 1b for numbering).[a]


32 12[a] TS1–32 TS1–12 TS2–32 TS2–12 INT–32 TS3–32


Cu 0.554 0.585 0.546 0.556 0.588 0.600 0.721 0.647
O1 1.155 �0.831 0.825 �0.462 0.521 �0.245 0.398 0.069
O2 0.082 0.048 0.047 0.048 0.070 0.064 0.072 0.045
O3 0.059 0.071 0.053 0.059 0.065 0.070 0.049 0.100
N1 0.110 0.109 0.138 0.114 0.109 0.115 0.233 0.193
C1 �0.010 �0.003 �0.037 0.021 0.011 �0.024 �0.005 �0.004
C2 0.008 �0.005 0.282 �0.252 �0.003 0.008 0.027 0.117
C3 0.023 �0.010 �0.186 0.165 0.574 �0.569 0.393 0.521
C4 �0.006 0.001 �0.136 0.120 0.038 �0.039 0.019 �0.053
C5 0.015 0.001 0.263 �0.236 �0.022 0.023 �0.022 0.149
C6 �0.008 �0.001 �0.127 0.116 0.028 �0.031 0.023 0.051
C7 0.012 0.000 0.259 �0.235 �0.038 0.039 0.007 �0.009
H1 �0.015 0.016 0.034 �0.032 �0.004 0.008 �0.011 0.056


[a] The computed species from 13 have zero spin densities on all atoms.
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copper atom does not vary much across the row. However,
the spin density on the oxygen atom that attacks the sub-
strate is significantly reduced in the transition state TS1–32.
The approach of O1 towards C3 transfers a significant
amount of spin density from the carbon atom. This occurs
through a spin-polarization mechanism, and the accumulat-
ed spin density on C3 has the opposite sign to that of O1
(Figure 4a and Table 3). The accumulated spin density on
C3 propagates in the benzene ring through a dominant spin-


polarization mechanism and,
therefore, the neighbouring
carbon atoms have alternate
spin densities.


The potential-energy diagram
along the reaction coordinate
for the hydrogen-abstraction
(stepwise) path is shown in
Figure 5. The optimized struc-
tures of TS2–32, INT–32, and
TS2–32 are shown in Figure 6a–
c, respectively. The calculated
energy barrier for the transition
state is 45.9 kJmol�1 on the 32
surface, and the formation of
the intermediate is endothermic
by 18.4 kJmol�1. The barrier
heights on the 12 and 13 surfaces
are 51.8 and 161.0 kJmol�1, re-
spectively, relative to the 32
ground state. In contrast to the
concerted pathway, the transi-
tion states have different steric
and electronic strain on the
three spin surfaces. From the
TS2–13 transition state in par-


ticular emerges a very high energy barrier of 73.7 kJmol�1,
that is, the 13 reactant is a poor hydrogen acceptor. In the
transition state, the C3�H1 bond is elongated and the O1�
H1 bond is fully formed. The C3�H1 bond length and the
barrier for TS2 from the individual reactant increase in the
order 12< 32< 13. The spin density of TS2–32 (Figure 6d) on
O1 is significantly smaller than that of the corresponding
transition state in the concerted mechanism (0.521 vs.
�0.825, Table 3). The C3 carbon atom has significant posi-
tive spin density. This is due to spin polarization, in which


Figure 2. A qualitative MO diagram for a) 32 and b) 13. The plotted molecular orbitals are derived from the B3LYP calculations.


Figure 3. Computed-energy diagram for the concerted path of the ortho-hydroxylation mechanism. The results
are summarized for all three states, 32, 12, and 13 ; the optimized structure of the transition state is that of
TS1–32 ; bond lengths are given in P; the imaginary frequencies are �495.2, �474.0, and �332.2 cm�1 for the
32, 12, and 13 surfaces, respectively.
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the transferred hydrogen atom H1 gains negative spin densi-
ty and induces an alternative sign for the spin density on
carbon atom C3. In the aromatic ring the spin density is de-
localized through spin polarization. In the TS2–12 the spin
density on O1 is half of that found in the triplet state
(Table 3), but C3 has similar spin contributions on both spin
surfaces.


Hydrogen abstraction leads to a radical center on the aro-
matic ring and the radical intermediate is stabilized by for-
mation of a Cu–C interaction. Therefore, the intermediate
on the 32 surface has a square-pyramidal geometry (Fig-
ure 6b). The second transition state in the stepwise mecha-
nism (TS3–32) has an energy barrier of 50.3 kJmol�1 from
the intermediate on the 32 surface.[86] In TS3–32 the new O1–
C3 interaction is much stronger than in the concerted mech-
anism (1.550 vs. 1.899 P), and the Cu–O1 interaction is elon-
gated in preparation of the bond cleavage for the subse-
quent product formation. The reactant has a triplet ground
state and the product is a singlet, and the spin crossover is


expected to take place after the formation of the first transi-
tion state.


The barrier for the concerted mechanism is significantly
smaller than the barriers on the 32 surface of the stepwise
pathway. The exothermicity of the formation of the radical
intermediate and a substantial energy barrier for the second
transition state indicate a kinetic as well as a thermodynam-
ic preference for a concerted mechanism for the ortho-hy-
droxylation of benzoic acid derivatives. Clearly, FeIV=O
complexes are structurally and electronically different from
the CuII�OC compounds discussed here. However, it is of in-
terest that a recent experimental and theoretical study re-
veals that the FeIV=O unit in [FeIV


ACHTUNGTRENNUNG(N4Py)O]2+ (N4Py=N,N-
bis(2-pyridyl)methylamine) performs hydroxylation through
an electrophilic attack at the carbon atom. The lowest
energy barrier from the quintet ground state in that study is
37.7 kJmol�1, and this is comparable to the computed barri-
er of 34.9 kJmol�1 presented here for the concerted path-
way.[29] Recently, aromatic hydroxylation by a mononuclear
CuII–alkylperoxo complex has been reported.[87] The CuII–al-
kylperoxo complex was spectroscopically characterized and
it has been shown that this complex gradually decomposes
to another intermediate that is responsible for the hydroxyl-
ation reaction. Although structural information of that cata-
lytically active species is not available, there is a possibility
that it is related to the 32 form discussed here. The observed
kinetic deuterium-isotope effect supports the electrophilic-
substitution pathway, and the estimated barrier height (en-
thalpy) of 24.9�1.2 kJmol�1 is in excellent agreement with
the DFT-computed barrier (solvation effect included, see
below) for the concerted pathway.[87]


Previous computational studies on the catalytic mecha-
nism of dopamine b-mono-oxygenase (DBM) favor the hy-
drogen-abstraction mechanism by a CuII�OC species for the


Figure 4. a) Spin-density plot of the transition state TS1–32 ; b, c) singly
occupied orbitals of TS1–32 ; the a-spin density is given by the dark-grey
shading and the b-spin density by the light-grey shading.


Figure 5. Computed-energy diagram for the stepwise path of the ortho-
hydroxylation mechanism. The results are summarized for all three
states, 32, 12, and 13, see text for details ; the imaginary frequencies for
TS2 are �816.4, �663.5, and �427.4 cm�1 for the 32, 12, and 13 surfaces,
respectively, and for TS3–32 it is �106.6 cm�1.
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C�H activation.[41] The calculated energy barrier for the first
transition state on the triplet and singlet surfaces are only
3.3 and 15.9 kJmol�1, respectively.[41] The substantially lower
energy barriers might be due to the different structure of


the active site. However, and more importantly, the reported
mechanism involves the activation of an aliphatic C�H
bond. The radical intermediate in the DBM mechanism is
exothermic by 83.7 kJmol�1. Similarly, the CuII�OC species
in methane mono-oxygenase,[42] in which the first energy
barrier is 74.5 kJmol�1, and the radical intermediate is stabi-
lized by 49.3 kJmol�1, also has favorable energetics for the
hydrogen-abstraction path. From these studies it appears
that the mechanism of C�H activation by terminal copper–
oxo complexes primarily depends on the strength of the C�
H bond. If it is aromatic it prefers an electrophilic attack at
the carbon atom and for an aliphatic C�H activation, the
hydrogen-abstraction pathway is preferred. Therefore, our
mechanistic investigation provides an important insight into
the reactivity of the terminal copper–oxo group, and the
presented results have significant scope beyond our mecha-
nistic issues.


Solvation effects on the mechanism of aromatic ortho-hy-
droxylation : Exploring the role of solvent in transition-
metal-mediated reactions is a challenging task, especially if
the geometries need to be reoptimized in the solvent
phase.[88] Except for the calculations of redox potentials and
absorption spectra,[89–92] the explicit consideration of solvent
effects, for example, in mechanistic studies, with the full
structural optimization of the solvated species, with either
PCM or CPCM, is scarce.[93–95] The role of solvent is essen-
tial for our mechanistic study because the effect of the bulk
solvent on the energetics of the reactant and transition
states may favor one mechanism over another. Here, we
have probed the solvent effects with two solvation models,
that is, PCM and CPCM, for comparison. Selected structural
parameters of the optimized structures of the reactants,
transition states, and the product with solvation included,
are given in Table 4.[96]


The calculated solvated structures are similar to those in
the gas phase. Significant deviations include the O1–C3 and
O1–H1 distances and the O1-Cu-O2 angle. In the solvated
transition state the newly forming O�C bond is longer than
that in the gas-phase geometry. Deviations between the two
solvent models are small. In general, the calculated spin
densities with solvent included are higher than those in the
gas phase (Cu: 0.567 (PCM and CPCM) vs. 0.554 (vacuum)
for 32), and this is consistent with earlier studies on copper
proteins.[94] Solvation has also a significant effect on the en-
ergetics. The energy difference between the 32 and 13 elec-
tromers decreases to 64.7 kJmol�1 with the PCM model and
increases to 112.2 kJmol�1 with the CPCM approach, from
87.3 kJmol�1 in the gas phase. The energy barrier for the
concerted transition state on the 32 and 13 surfaces are
smaller than in the gas phase with the PCM solvation model
(25.3 vs. 111.1 kJmol�1). However, the energy barrier on the
32 surface is essentially unchanged with the CPCM model
(34.9 vs. 34.2 kJmol�1).[97] The reaction energy is exothermic
with 185.6 and 177.4 kJmol�1 for the PCM and CPCM
models, respectively. The energy barrier for the first transi-
tion state on the stepwise path is 39.7 kJmol�1 with the


Figure 6. B3LYP-optimized structure of a) transition state TS2–32, b) in-
termediate INT–32, c) transition state TS3–32 ; d) spin-density plot of
TS2–32. Bond lengths are given in P and angles in degrees; the a-spin
density is given by the dark-grey shading and the b-spin density by the
light-grey shading.
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PCM and 49.3 kJmol�1 with the CPCM models; here the
PCM values are again lower than those in the gas phase,
and the CPCM values are slightly higher.


As there is no significantly charged species involved, the
reaction is expected to be accelerated in solution. Of the
two solvation models the performance of the PCM approach
is more satisfactory because the overall reaction is favored
in solution, rather than in the gas phase. The reason for the
contradictory energetics with the CPCM model are unclear,
however, small deviations in the structures and the fact that
this procedure may overestimate the entropic effects in the
calculation of the free energy in solution might contrib-
ute.[98–100] Although the overall energetics change when sol-
vation is included, the general trend remains the same:
there is a preference for the concerted over the stepwise
mechanism.


Reliability of DFT methods—comparison with QCISD and
CCSD methods : The mechanism studied here involves
open-shell molecules and possesses multi-determinant char-
acteristics. Therefore, it is important to evaluate carefully
the choice of DFT method. The performance of the hybrid
B3LYP functional for this kind of study is well document-
ed.[101–109] However, there are cases in which B3LYP fails to
predict the correct spin-state ordering in contrast to high-
level CASPT2 calculations.[107] A study of particular rele-
vance to that discussed here is the failure of DFT (BLYP)
to predict the correct ground state of the copper ACHTUNGTRENNUNG(III) perox-
ide–copper(II) superoxide continuum in mononuclear
copper complexes with a b-diketiminate ligand back-


bone:[110] BLYP predicts a triplet as the ground state, where-
as CASPT2 calculations reveal that the true ground state is
a singlet over a range of Cu–O distances. The discrepancies
in energetics between the two levels in this particular case is
as high as 90 kJmol�1 (note that the comparison has been
made with the BLYP functional, which is known to disfavor
the singlet state much more than the hybrid B3LYP func-
tional).[111] In most cases the expected errors due to B3LYP
calculations are in the range of 10–20 kJ.[112]


Because DFT calculations have been shown to fail to pre-
dict the ground state for systems with biradical character, it
is essential at this point to test the performance of DFT
(B3LYP) for our system, as our complexes also have a bir-
adical-like behavior and the energy differences calculated
by DFT for 32 and 13 are within the 90 kJmol�1 error margin
discussed above.[110] Although multi-configuration CI calcu-
lations (especially CASSCF and CASPT2) are the methods
of choice for this kind of investigation, they are problematic
due to the size of the systems of interest because they nor-
mally require a very large active space for high quality re-
sults.[113–115] Additionally, the calculation of transition states
for such large molecules with CASPT2 is beyond scope.
Therefore, we have adopted QCISD and CCSD calculations
(without the connected triples) for our benchmarking. Both
the QCISD and the variant of CCSD methods are size con-
sistent, and there are few instances in which CCSD is found
to be superior to the QCISD methodology.[116–118] Therefore,
we have adopted both approaches to validate the methods
used for our mechanistic studies. Both methods are compu-
tationally very demanding and, therefore, some compromis-


Table 4. Selected B3LYP-computed structural parameters for the reactants, transition states, intermediate, and product for the ortho-hydroxylation
mechanism using PCM and CPCM solvation models (see Figure 1b for labeling).


32 13 TS1–32 TS1–13 TS2–32 14
Bond lengths [P] PCM CPCM PCM CPCM PCM CPCM PCM PCM CPCM PCM CPCM


Cu�O1 1.889 1.890 1.783 1.784 1.919 1.919 1.812 1.907 1.915 3.199 3.193
Cu�O2 2.037 2.030 1.979 1.975 2.036 2.036 1.960 2.034 2.023 1.937 1.937
Cu�O3 1.980 1.996 1.989 1.986 2.010 2.010 1.964 1.981 1.989 2.233 2.237
Cu�N1 1.997 1.991 1.885 1.884 1.974 1.975 2.013 2.007 1.964 1.960
O1�C3 2.731 2.773 3.023 3.032 1.913 1.914 2.097 2.506 2.513 1.389 1.390
O1�H1 2.709 2.724 2.001 2.014 2.206 2.206 2.244 1.067 1.074 1.017 1.013
C3�H1 1.082 1.082 1.078 1.484 1.473 1.941 1.945
C2�C3 1.432 1.432 1.419 1.386 1.387 1.413 1.413
C2�C4 1.395 1.395 1.394 1.411 1.411 1.401 1.401
C3�C7 1.431 1.431 1.412 1.384 1.384 1.397 1.397


Valence angles [8]


N1-Cu-O1 103.4 103.9 95.5 95.4 98.4 98.4 92.6 100.8 100.8 – –
N1-Cu-O2 159.3 156.6 165.3 167.7 172.8 172.8 175.6 160.2 158.2 163.2 163.2
N1-Cu-O3 83.8 93.7 84.1 84.0 82.8 82.8 84.1 83.5 83.6 82.6 82.5
O1-Cu-O2 82.2 82.5 88.1 87.5 83.1 83.0 84.9 86.9 87.8 – –
O1-Cu-O3 165.2 165.2 157.0 158.0 172.8 175.8 173.5 158.9 156.1 – –
O2-Cu-O3 95.5 95.6 98.2 97.9 96.2 96.3 98.8 96.0 96.7 114.2 114.3
Cu-O1-C3 106.1 106.1 115.2 98.0 96.0 90.2 90.2
Cu-O1-H1 86.1 86.1 95.8 107.1 105.5 41.3 41.6


Dihedral angles [8]


Cu-N1-C1-C2 24.7 25.2 �10.9 �11.2 �16.8 �16.4 �28.7 �3.8 �5.8 56.9 54.9
N1-C1-C2-C3 48.1 47.2 34.3 31.9 �32.9 �33.1 �30.4 27.6 28.1 32.5 33.8
N1-C1-C2-C4 �138.1 �139.3 �145.8 �147.8 147.2 147.0 146.5 �154.3 152.9 �154.2 �152.9
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es (to energetics and accuracy) have been made: 1) The
complexes were simplified to [Cu(L1)(O) ACHTUNGTRENNUNG(NH3)]


� and
2) only single-point calculations using BSI at the B3LYP/
BSI geometry on the selected species have been per-
formed.[119]


The CCSD and the QCISD calculations yield 32 to 13
energy gaps of 95.9 and 67.2 kJmol�1, respectively, com-
pared to the B3LYP value of 83.7 kJmol�1. This result itself
is interesting because the QCISD and CCSD calculations
vary by approximately 29 kJmol�1 and the B3LYP results
are rather close to the CCSD value. Because in several stud-
ies CCSD calculations have been shown to be superior to
QCISD calculations,[116–118] it is tempting to assume that the
QCISD calculations underestimate the 32–13 energy gap
while the B3LYP results are acceptable. The calculated
energy barrier for TS1–32 is 48.7 kJmol�1 (QCISD) and
49.0 kJmol�1 (CCSD), compared to that of 30.4 kJmol�1 by
DFT. The QCISD and CCSD calculations yield a reaction
energy of �194.7 and �152.7 kJmol�1, respectively, com-
pared to that of �203.9 kJmol�1 by DFT. That is, the calcu-
lated energy barrier of both ab initio methods is the same
and the DFT calculations underestimate the barrier height
and slightly overestimate the reaction energy, compared to
the ab initio results.


Selected Mulliken spin densities, calculated with all three
methods, are given in Table 5. For the 32 species the spin
density on the copper atom calculated using the CCSD and


QCISD methods is significantly higher and that on O1 is
lower than those calculated by DFT methods. This is due to
the well-known overestimation by DFT calculations of the
covalency in CuII complexes.[120–123] A similar situation is ob-
served for TS1–32. Surprisingly, the spin density on carbon
atom C3 (and all other benzylic carbon atoms through spin
polarization) is much higher than that calculated with
B3LYP (�0.930 vs. �0.210).


Although the B3LYP calculations provide a reliable sin-
glet–triplet gap (32–13), compared to the CCSD method,
there are discrepancies between the two methodologies in
the calculated energy-barrier height on the triplet surface


and the computed reaction energy. This may be due partly
to the B3LYP functional.[124–126] However, a quantitative
comparison cannot be made as this would require the use of
higher basis sets for the CCSD and QCISD calculations and
such calculations are beyond our computational resour-
ces.[127] In general, the higher-level results (QCISD and
CCSD) are qualitatively comparable to those with B3LYP.
To this end, we conclude that, within the expected error
limit, the B3LYP functional is the method of choice for
large transition-metal-ion complexes.


Relevance to experimental results: Effects of ligand substi-
tution on the reactivity : There are no kinetic results to esti-
mate the height of the energy barrier of the reaction for
comparison with the computational results. However, the
present theoretical data can be compared with the experi-
mental results of the aromatic hydroxylation with differently
substituted ligands. Among the several ligand systems, stud-
ied L1, L2, and L3 (Scheme 1 and 3) are catalytically active
for the ortho-hydroxylation. The most active catalyst is
based on L2 and the ratio of ortho-hydroxylation after a re-
action time of 24 h is 35.2% (L1), 46.8% (L2), and 25.6%
(L3). Therefore, the experiments reveal a reactivity pattern
of L2>L1>L3.[39]


The DFT results for the systems with L2 and L3 are sum-
marized in Figure 7, and important structural parameters


are given in Table 6. The ground state in both cases is 32,
and the energy difference between the 32 and 13 is 88.5 and
91.7 kJmol�1 for L2 and L3, respectively. Concerted and
stepwise paths were considered, and in both cases TS1–32 is
found to be lower in energy than TS2–32. The calculated
energy-barrier heights are 30.6 and 40.1 kJmol�1 for the L2-


Table 5. A comparison between the CCSD-, QCISD-, and B3LYP-calcu-
lated spin densities of selected species on the PES for the ortho-hydroxyl-
ation reaction (see Figure 1b for numbering).[a]


32[a] TS1–32
CCSD QCISD B3LYP CCSD QCISD B3LYP


Cu 0.816 0.816 0.489 0.821 0.821 0.493
O1 1.085 1.085 1.204 0.923 0.922 0.890
C2 �0.033 �0.033 0.020 0.970 0.970 0.299
C3 0.047 0.047 0.002 �0.930 �0.930 �0.210
C4 0.039 0.039 �0.011 �0.915 �0.915 �0.166
C5 �0.035 �0.034 0.018 0.969 0.969 0.277
C6 0.039 0.039 �0.010 �0.899 �0.899 �0.155
C7 �0.034 �0.035 0.016 0.953 0.952 0.290
H1 �0.014 �0.013 �0.006 0.085 0.085 0.029


[a] The computed species from the 13 have zero spin densities on all
atoms.


Figure 7. Computed-energy diagram of the concerted and stepwise paths
for the ortho-hydroxylation mechanism with the L2- and L3-based com-
plexes; solid lines are for L2 and dotted lines for L3. The imaginary fre-
quencies are, for TS1: �478.4 cm�1 on the 32 surface for the L2 and L3


complexes; for TS2 : �548.0 and �815.4 cm�1 on the 32 surface for the L2


and L3 complexes, respectively; for TS2–13 : �480.2 cm�1 for the L2 com-
plex.
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and L3-based copper(II) complexes, respectively. As with L1,
the reaction is highly exothermic with a reaction energy of
186.1 and 173.9 kJmol�1 for the L2- and L3-based systems,
respectively. The stepwise path is higher in energy with a
TS2–32 barrier of 48.5 and 62.2 kJmol�1 for the L2- and L3-
based systems. The formation of the intermediate is endo-
thermic in both cases (6.5 and 17.9 kJmol�1 for the L2- and
L3-based systems). Assuming that the reaction in L1�3 occurs
through a concerted mechanism, the energy barrier decreas-
es and the exothermicity of the reaction increases in the
order L2>L1>L3, that is, as observed experimentally.[39] The
calculated product ratio, based on the barrier heights of the
concerted transition state alone (100(L2):88(L1):76(L3)) is in
good agreement with the experimentally observed product
ratio (100(L2):75(L1):54(L3)). That is, the reactivity pattern
predicted by DFT is in excellent agreement with the experi-
mental observations.[36,39]


Another set of calculations, for which a comparison to ex-
periment can be made is the N1-C1-C2-C3 dihedral angle in
32. When 3’-fluoro-substituted benzamide is used, the hy-
droxylation produces both ortho- and para-hydroxylated
products with respect to the fluorine substituent. The esti-
mated ortho/para ratio is 0.41.[36] The formation of the two
products reveals that the energy required for rotation of the
N1-C1-C2-C3 dihedral angle should be smaller than the
computed barrier height for the concerted path. To validate
this prediction, a relaxed potential-energy scan on 32 was
performed at the B3LYP/BSI level by varying the N1-C1-
C2-C3 dihedral angle from 36.7 to 156.78. This scan
(Figure 8) yields as upper limit of the rotational-energy bar-
rier 19.0 kJmol�1, that is, a value that is smaller than the cal-
culated energy barrier of the concerted pathway
(45.9 kJmol�1), and, therefore, is consistent with the experi-
mental observations.[36]


Conclusions


The results of density functional theory (B3LYP) and ab
initio (QCISD and CCSD) calculations were used to under-
stand the mechanism of aromatic hydroxylation by a transi-
ent terminal copper–oxo complex. Calculations with differ-
ent levels of sophistication to incorporate electron correla-
tion consistently reveal the triplet state as the ground state


for CuII�OC. The closed-shell
singlet CuIII=O is, due to its in-
stability, caused by a weak p in-
teraction between the filled
metal dp and the oxygen p orbi-
tal, too high in energy to be in-
volved in C–H activation. Two
pathways were considered; a
concerted mechanism in which
the terminal oxygen atom at-
tacks the benzene ring and cap-


tures the benzylic hydrogen atom, and a stepwise process in
which the hydrogen transfer occurs in two steps. Both path-
ways are regioselective with respect to the ortho position
and all calculations consistently favor the concerted path-
way. Although the barrier height for the first transition state
in the stepwise path is only �10 kJmol�1 higher than that of
the more favorable concerted reaction, the severe energy
penalty involved in the formation of the radical intermedi-
ate and the high energy of the second transition state indi-
cate that the stepwise pathway may be excluded for the aro-
matic hydroxylation process. Solvation does not change this
trend and the calculated barrier height of 25.3 kJmol�1 with
the PCM method is in excellent agreement with the experi-
mental barrier (24.9�1.2 kJmol�1) reported for the aromat-
ic hydroxylation reaction by a copper species.[87] Calcula-
tions on various ligand derivatives demonstrate the influ-
ence of substituents on the reactivity. The trends observed
by experiment are fully supported by the DFT calcula-
tions.[39] Our mechanistic studies also shed some light on the
reactivity of the two faces of CuII�OC, which activates aro-
matic C�H bonds by a concerted path and aliphatic C�H
bonds by a stepwise mechanism.


Table 6. Selected B3LYP-computed geometric parameters for the reactants, transition states, and intermediate,
of the ortho-hydroxylation mechanism for L2 and L3 copper complexes (see Figure 1b for labeling).


32 13 TS1–32 TS2–32
Bond lengths [P] L2 L3 L2 L3 L2 L3 L2 L3


Cu�O1 1.885 1.884 1.773 1.776 1.900 1.896 1.885 1.908
O1�C3 2.667 2.411 3.138 3.333 1.903 1.902 2.461 2.450
O1�H1 2.565 2.650 3.360 3.583 2.213 2.214 1.053 1.078
C3�H1


Bond angles [8]


N1-Cu-O2 158.3 158.9 173.6 174.4 175.4 171.5 156.6 153.0
N1-C1-C2-C3 39.1 40.0 42.3 38.3 �33.0 �0.2 35.6 26.8


Figure 8. Relaxed potential-energy scan for the N1-C1-C2-C3 dihedral-
angle rotation in 32 ; see Figure 1a for labeling.
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Introduction


Most saturated hydrocarbons favour staggered conforma-
tions (A) substantially over their eclipsed ones (B).[1] The
latter are usually not even local minimum structures, but
rather they represent the transition-state geometries that are
passed upon the transition from one stable conformational
minimum structure to another. The nature of the energy


barrier (and hence the origin of the A/B energy difference)
of the parent hydrocarbon ethane has been (and probably
still is) a matter of controversial discussion.[2] For the higher
alkanes or systems with spatially (sterically) more demand-
ing substituents it seems commonly accepted that four-elec-
tron Pauli repulsion between in-plane C�C s-bonds make
the eclipsed conformer B unfavourable. However, recently
there has been lively scientific discussion about the funda-
mental physical and chemical aspects of this interaction and
bonding concepts in general, as exemplified for the case of
the C�C bond rotation in biphenyl.[3]


One must realise that the overall situation of predicting
and understanding the preferred (conformational) structures
of molecules often becomes complicated by the interplay of
various types of secondary interactions between adjacent
subunits. In such situations energetic compensation effects
may lead to the observation of unusual or unexpected struc-
tural global minima, the appearance of which cannot be ra-
tionalised by any simplified general analysis.


The hetero-analogues of the alkanes are prominent exam-
ples of such a situation. Examples of both conformers A
and B were experimentally observed for differently substi-
tuted borane-phosphine adducts R3P�BR’3.


[4,5] The Ph3P�B-
ACHTUNGTRENNUNG(C6F5)3 system (2)[5] is a typical example of an eclipsed struc-
ture in the solid state, whereas the related Ph3P�B ACHTUNGTRENNUNG(C�C�
CMe3)3 adduct (1)[4] exhibits a staggered conformation in
the crystal. We synthesised a series of P�B addition prod-
ucts that conceptually may be thought to be located be-


Keywords: boranes · donor–accept-
or systems · phosphines · quantum
chemical calculations · structure
elucidation


Abstract: The series of phosphine–borane adducts, Ph2ACHTUNGTRENNUNG(H3C�C�C)P�B ACHTUNGTRENNUNG(C6F5)3
(8c), Ph ACHTUNGTRENNUNG(H3C�C�C)2P�B ACHTUNGTRENNUNG(C6F5)3 (8b) and (H3C�C�C)3P�B ACHTUNGTRENNUNG(C6F5)3 (8a), was pre-
pared. The X-ray crystal structure analyses revealed close to eclipsed conforma-
tions for all members of this series with average dihedral angles qACHTUNGTRENNUNG(C-P-B-C) of
8.18 (8c), 12.38 (8b) and 20.38 (8a). Quantum chemical analysis of these com-
pounds revealed the importance of a subtle interplay between competing attractive
and repulsive secondary interactions, causing the surprising eclipsed conformation-
al preference for systems of this degree of complexity. Some cyclic phosphine–
borane adducts were studied for comparison.
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tween the extremes 1 and 2, namely the B ACHTUNGTRENNUNG(C6F5)3 adducts of
PACHTUNGTRENNUNG(C�C�CH3)3, PhP ACHTUNGTRENNUNG(C�C�CH3)2 and Ph2P ACHTUNGTRENNUNG(C�C�CH3). The
preferred conformational structures of these heteroana-
logues of A and B in the crystal were determined by X-ray
diffraction. The observed structures were then analysed by
quantum chemical calculations to reveal the major secon-
dary interaction effects that were responsible for the occur-
rence of such favoured structural types. This revealed some
general features that need to be taken into account to un-
derstand or predict the correct structures of more complex
“alkane-like” molecular systems. We will begin our discus-
sion with a description of the structural features of a small
series of selected cyclic phosphine–borane adducts.


Results and Discussion


Syntheses and structural features of cyclic phosphine–
borane adducts : Allylbis(tert-butyl)phosphine (4a) was syn-
thesised by treatment of chlorobis(tert-butyl)phosphine (3a)
with allylmagnesium bromide.[6a] Subsequent reaction of 4a
with “PiersJ borane” [HB ACHTUNGTRENNUNG(C6F5)2]


[6b] in toluene at reflux tem-
peratures resulted in a clean hydroboration reaction to yield
5a (28%) (Scheme 1). Compound 5a features a single


1H NMR tert-butyl resonance at d=1.25 ppm (18H), a
broad 31P NMR signal at d=++42 ppm (n1/2=140 Hz) and a
typical 11B NMR resonance for a four-coordinated boron
atom at d=�10 ppm. A set of three 19F NMR signals was
observed at d=�128.5 (4F, o-), �159.5 (2F, p-) and
�165.0 ppm (4F, m-C6F5). The reaction of chlorodiphenyl-
phosphine (3b) with the allyl Grignard reagent followed by
hydroboration with HBACHTUNGTRENNUNG(C6F5)2 proceeded similarly to give
the five-membered P,B-compound 5b [51% isolated,
13C NMR of the P-(CH2)3-B unit at d=27.2 (1J ACHTUNGTRENNUNG(P,C)=


42.6 Hz), 25.6 (2J ACHTUNGTRENNUNG(P,C)=14.8 Hz), 23.7 ppm (br)]. Com-
pound 5b featured very typical NMR signals at d=22.6
(31P); �9 (11B) and �129.5 (o), �158.5 (p) and �164.2 ppm
(m) (19F).


Single crystals were obtained for both 5a and 5b (from di-
ethyl ether). Both compounds in the crystal feature five-
membered heterocyclic structures, as expected, created by
internal adduct formation between the phosphine moieties
and the strong Lewis acid boron centres (dACHTUNGTRENNUNG(P1�B1)=


2.064(2) (5a), 2.060(2) Q (5b)). Both compounds exhibit
distorted envelope-shaped conformations of the boraphos-
phacyclopentane core, but they are distinctly different from
each other. Compound 5a shows a conventional envelope
conformation with the tBu2P group adjacent to phosphorus
atom, representing the tip, and the C1-C2-C3-B1 moiety the
almost coplanar base. This leads to an arrangement of the
bulky substituents at P and B that is as close as possible to a
sterically favourable staggered orientation of the five-mem-
bered heterocyclic framework (dihedral angles q : C8-P1-B1-
C21 28.6(1), C8-P1-B1-C31 �96.5(1), C4-P1-B1-C31 47.7(1),
C4-P1-B1-C21 172.7(1)8) (Figure 1).


Compound 5b also features a distorted envelope confor-
mation in the crystal, but it is distinctly different from 5a
(see Figure 1). In 5b the central �CH2� group forms the tip
of the envelope and C1-P1-B1-C2 forms the base. This leads
to an eclipsed conformational arrangement of the bulky aryl
substituents at the adjacent phosphorus and boron centres
(dihedral angles q : C10-P1-B1-C21 �6.8(1), C4-P1-B1-C31
�4.0(2), C10-P1-B1-C31 �131.9(1), C4-P1-B1-C21
121.1(1)8). It may be that this unconventional conformation
has become slightly favoured by some p-stacking interaction
of the C6H5 ring at phosphorus with the C6F5 ring at boron.
Such p–p arene interactions can be energetically quite sub-
stantial, especially when strong acceptors such as the penta-
fluorophenyl moiety are involved.[7] We note that the
C10–C15 phenyl group at P1 and the C21–C26 pentafluoro-
phenyl group at B1 are oriented close to parallel with the
framework (angle between the C10–C15 and C21–C26
planes: �24.88, C21···C10 separation: 3.093 Q).


The corresponding cyclic six-membered P�B adduct 6 was
prepared by treatment of Ph2PCl (3c) with butenylmagnesi-
um bromide to yield 4c (59%) followed by the hydrobora-
tion reaction with HBACHTUNGTRENNUNG(C6F5)2 (see Scheme 1). Compound 6
was isolated in 66% yield as a white solid (31P NMR: d=


0.5, 11B NMR: d=�12 ppm). It features a set of four
13C NMR methylene signals (C1–C4) at d=23.5 (1J ACHTUNGTRENNUNG(P,C)=


Scheme 1.


Figure 1. Views of the different envelope type structures of 5a (left) and
5b (right).
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32.2 Hz), 25.5 (2J ACHTUNGTRENNUNG(P,C)=3.6 Hz), 24.6 (3J ACHTUNGTRENNUNG(P,C)=7.7 Hz) and
19.6 ppm (br). Compound 6 exhibits dynamic NMR spectra.
At 300 K in [D2]dichloromethane a sharp 19F NMR signal at
d=�163.0 ppm (m-C6F5), a slightly broadened p-C6F5 reso-
nance at d=�157.8 ppm, and a very broad o-C6F5 signal at
d=�128.4 ppm were observed. Upon lowering the monitor-
ing temperature (see Figure 2) the p-C6F5 resonance rapidly


splits into a 1:1 pair of signals, whereas the o-C6F5 signals
decoalesces into a sharp 1:1 pair and a broad signal, each of
relative intensity 2. The m-C6F5 resonances of the system
are isochronous and do not change much with temperature.


The characteristic appearance of the temperature-depen-
dent 19F NMR signals of 6 indicates “freezing” of the inver-
sion process of the conventional cyclohexane chair frame-
work (see below) with decreasing temperature, which leads
to a differentiation between axial and equatorial �C6F5 sub-
stituents, in addition to an increasingly hindered rotation
around the B�C6F5 vectors.[8] From the coalescence behav-
iour we estimated a Gibbs activation energy of
DG�


inv ACHTUNGTRENNUNG(243 K)=10.7�0.5 kcalmol�1 for the ring inversion
process and DG�


rotACHTUNGTRENNUNG(275 K)=11.0�0.5 kcalmol�1 for the rota-
tion barrier of the first B�C6F5 unit (the second value could
not be obtained from this experiment, see Figure 2).


Single crystals of 6 suitable for X-ray crystal structure
analysis (see Figure 3) were obtained from diethyl ether.
The crystal features four-coordinate pseudotetrahedral
boron and phosphorus centres (dACHTUNGTRENNUNG(P1�B1)=2.021(3) Q).
Compound 6 exhibits a close to ideal chair conformation
with a nearly perfect staggering of the bulky aryl substitu-
ents along the P–B vector (see the respective projection in
Figure 3, left). The corresponding dihedral angle of the anti-
periplanar substituents amounts to C21-P1-B1-C31:
�179.6(2)8, the respective gauche orientations are character-


ised by dihedral angles C11-P1-B1-C41 �60.9(2), C11-P1-
B1-C31 57.9(2), C21-P1-B1-C41 61.6(2) and C1-P1-B1-C4
49.8(2)8.


A DFT calculation also finds a respective conventional
chair conformation as the global minimum; only the C6H5


and C6F5 groups are slightly rotated in the gas-phase calcula-
tion. However, the DFT calculation located a second confor-
mer as a local minimum, energetically only 1.7 kcalmol�1


less favourable than the global minimum chair conformer.
This isomer exhibits a distorted twist-conformation. It is
characterised by an eclipsed geometric arrangement of the
substituents along the P–B vector. The negative influence by
steric hindrance in this unconventional arrangement is appa-
rently more than compensated by some positive arene p–p


interaction between the coplanar C6H5/C6F5 pair at the P–B
unit (see Figure 3, right).


So far this study has shown that the favoured structures of
bulky phosphine–borane adducts may be influenced by a va-
riety of stabilizing and destabilizing forces, which may make
them difficult to predict. We therefore studied a related
series of acyclic phosphine–borane adducts in some detail,
all of which have favoured unconventional conformational
structures.


Syntheses and spectroscopic characterisation of new phos-
phine–B ACHTUNGTRENNUNG(C6F5)3 adducts : The phosphines used for this study
were prepared analogously to published procedures
(Scheme 2). Thus, treatment of Ph2PCl with one molar
equivalent of propynyllithium gave Ph2P ACHTUNGTRENNUNG(C�C�CH3) (7c).[9]


The compound features a typical 31P NMR resonance at d=


�32.0 ppm and a sharp ñ ACHTUNGTRENNUNG(C�C) IR band at 2183 cm�1. Simi-
larly, treatment of the related starting material PhPCl2 with
two molar equivalents of the Li�C�C�CH3 reagent yielded
PhP ACHTUNGTRENNUNG(C�C�CH3)2 (7b)[10] (31P NMR d=�43.0 ppm, IR: ñ=


2182 cm�1), and three equivalents propynyllithium were
treated with PCl3 to yield PACHTUNGTRENNUNG(C�C�CH3)3 (7a)[11] (31P NMR
d=�86.3 ppm, IR: ñ=2189 cm�1] .


Figure 2. Temperature dependent 19F DNMR spectra of 6
([D2]dichloromethane, 564 MHz).


Figure 3. Views of the conformational arrangements of the experimental-
ly determined global minimum chair structure (left) and a DFT calculat-
ed local minimum twist structure of 6 (right).
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The reaction of 7c with B ACHTUNGTRENNUNG(C6F5)3 was carried out at ambi-
ent temperature in toluene. The usual workup (for details
see the Experimental Section) gave the adduct (8c) as a
white solid in 78% yield. The PhP ACHTUNGTRENNUNG(C�C�CH3)2/B ACHTUNGTRENNUNG(C6F5)3
adduct (8b) was prepared from the phosphine 7b and
tris(pentafluorophenyl)borane (54% isolated). Compound
8c features a 31P NMR resonance at d=6.4 ppm. The
11B NMR signal of 8c is observed at d=�8 ppm (cf. free
B ACHTUNGTRENNUNG(C6F5)3: d=60 ppm[12]). The PhACHTUNGTRENNUNG(H3C�C�C)2P�B ACHTUNGTRENNUNG(C6F5)3
adduct (8b) features a 31P NMR resonance at d=�15 ppm.
The coordinated B ACHTUNGTRENNUNG(C6F5)3 unit shows NMR data that is
quite different from the free tris(pentafluorophenyl)borane
Lewis acid. It features a set of three 19F NMR multiplets at
d=�127.3 (o), �157.2 (p) and �165.3 ppm (m). Free
B ACHTUNGTRENNUNG(C6F5)3 characteristically shows a much wider separation of
the respective p-F and m-F resonances (free B ACHTUNGTRENNUNG(C6F5)3: d=


�129.1 (o), �142.4 (p), �160.3 ppm (m)).[12] The 11B NMR
resonance of compound 8b is found at d=�7 ppm. The
adduct 8b features a sharp alkynyl IR band at 2204 cm�1.
Tris(pentafluorophenyl)borane was treated with tripropynyl-
phosphine (7a) in toluene at ambient temperature to give
the 1:1 adduct (8a) in 63% yield. It shows the typical NMR
features of both a tetra-coordinated phosphorus atom
(31P NMR: d=�38.0 ppm) and a tetra-coordinated boron
(11B NMR: d=�9 ppm). The 19F NMR spectrum shows a
typical set of corresponding C6F5 resonances at d=�126.0
(o), �155.2 (p) and �163.2 ppm (m-C6F5). The


13C NMR sig-
nals of the P ACHTUNGTRENNUNG(C�C�CH3)3 substituent were found at d=


108.9 (2JACHTUNGTRENNUNG(P,C)=25.6 Hz, b-C), 64.1 (1J ACHTUNGTRENNUNG(P,C)=156.8 Hz, a-C)
and 5.2 ppm (3JACHTUNGTRENNUNG(P,C)=3.5 Hz, CH3).


X-ray crystal structure analyses of the adducts : The struc-
tures of all three B ACHTUNGTRENNUNG(C6F5)3-phosphine adducts (8a–c) were
determined by X-ray diffraction.[13–15] Single crystals of 8c
that were suited for the X-ray crystal structure determina-
tion were obtained from diethyl ether. The structure


(Figure 4) shows that a new phosphorus–boron bond was
formed (P�B: 2.157(3) Q). Although this P�B linkage is
rather long, bond formation between the group 13 and


group 15 element results in a severe distortion of the re-
maining bond angles at both the main group element cen-
tres upon going from the three- to four-coordinate states.
With respect to the free phosphine all distal C-P-C angles at
phosphorus have opened up to approximately 1048 upon
adduct formation (C1-P-C21 104.1(2), C1-P-C11 104.6(1),
C11-P-C21 104.2(2)8). The bond angles at phosphorus which
are proximal to the boron centre are much larger at 110.3(2)
(C1-P-B), 114.4(1) (C11-P-B), and 118.0(1)8 (C21-P-B). The
P�C1 bond (1.718(4) Q) is much shorter than the adjacent
P–arene s-bonds (P�C11 1.823(3), P�C21 1.823(3) Q). The
C1�C2 bond is in the typical range of a C�C triple bond
(1.204(4) Q)[13] and the adjacent (sp)C2�ACHTUNGTRENNUNG(sp3)C3 bond
amounts to a typical 1.461(5) Q. The three B�C carbon s-
bonds to the C6F5 rings were found in a very close range be-
tween 1.628(5) and 1.636(5) Q. The distal C�B�C angles are
found to be 111.0(3) (C31-B-C41), 114.0(3) (C41-B-C51)
and 115.6(3)8 (C31-B-C51). All three are larger than the
proximal angles (C31-B-P 102.7(2), C51-B-P 103.5(2), C41-


Scheme 2.


Figure 4. Two views of the molecular structure of 8c.
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B-P 108.9(2)8). The conformation of the six substituents at
the P�B unit in compound 8c is eclipsed. Typical dihedral
angles q that characterise this situation are, for example,
C11-P-B-C51: 10.2(2), C21-P-B-C31: 7.8(3) and C1-P-B-C41:
6.2(3)8.


Compound 8b shows similar structural features in the
crystal (Figure 5). As compared to 8c the P�B bond in 8b
seems to be marginally stronger, as judged from its slightly


shorter length (8b ; P1�B1: 2.125(2) Q). The overall confor-
mation in 8b is again eclipsed with pertinent dihedral angles
q being for example, �13.9(1) (C4-P1-B1-C21), �12.8(2)
(C1-P1-B1-C11) and �10.1(1)8 (C41-P1-B1-C31). The P–
acetylide bond lengths again are short (P1�C1 1.741(2),
P1�C4 1.740(2) Q) as compared to the remaining P–arene
linkage (P1�C41 1.813(2) Q). The bond angles at P1 fall
into two groups: being within a narrow range between
104.2(1) and 105.6(1)8 on the “distal” side, and amounting
to larger values of 109.3(1) (C4-P1-B1), 115.6(1) (C41-P1-
B1) and 116.3(1)8 (C1-P1-B1) in the “proximal” sector. Con-
versely, the “proximal” bond angles at B1 are smaller
(102.3(1) (C21-B1-P1), 102.6(1) (C31-B1-P1), 108.7(1)8
(C11-B1-P1)) than the “distal” angles at the borane end of


adduct 8b (110.8(2) (C11-B1-C21), 114.7(2) (C11-B1-C31),
116.3(2)8 (C21-B1-C31)).


Single crystals of the adduct 8a were obtained from
diethyl ACHTUNGTRENNUNG ether. As expected for a compound derived from the
sterically least encumbered phosphine in this series the P�B
bond in 8a (2.062(3) Q) is the shortest of the three adducts.
In the crystal the molecule is C3-symmetric along the P–B
vector. Again the ipso-C(C6F5)-P-B angles (C11-B-P1
105.3(1)8) are markedly smaller than the acetylide-C-P-B
angles (C1-P1-B 113.6(1)8). Consequently, the “distal”
angles at boron (C11-B-C11* 113.3(1)8) increase and the re-
spective C1-P1-C1’ angles are decreased (105.1(1)8). The
P1–acetylide moieties are close to linear (P angles P1-C1-C2
176.9(2), C1-C2-C3 178.0(2)8 ; bond lengths P1�C1: 1.737(2),
C1�C2 1.190(2), C2�C3: 1.463(3) Q). The B�C6F5 linkage
amounts to B1�C11: 1.633(2) Q.


The (H3C�C�C)3P�B ACHTUNGTRENNUNG(C6F5)3 adduct 8a again exhibits an
eclipsed conformation of the substituents at boron and phos-
phorous along the P–B vector (see Figure 6), although this is
the example in this series of adducts that features the largest
deviation from the ideal geometric situation. The corre-
sponding dihedral angle q (C1-P1-B1-C11) was found to be
20.38(1).


Quantum chemical calculations : To get more insight into
the origin of structural preferences for eclipsed or staggered


Figure 5. Two views of the molecular structure of 8b.


Figure 6. Two views of the molecular structure of 8a.
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conformations depending on the substituents, we performed
a series of quantum chemical calculations first on two model
compounds PH3�BH3 (9) and PMe3�BMe3 (10) and second-


ly on the real systems 2 and
8 ACHTUNGTRENNUNG(a–c), also to elucidate possi-
ble crystal-packing effects. For
10 we also computed the poten-
tial-energy curve for the P�B
bond dissociation. The depth of


this potential and the associated force constant are strongly
related to the ability for torsion around the B�P bond as,
for example, steric interactions between the substituents
may be compensated by B�P bond stretching. Before discus-
sing these systems in detail, a closer look at the appropriate
quantum chemical methods is necessary.


The so-called steric interactions between the substituents
can be rationalised as the sum of repulsive Pauli and attrac-
tive electrostatic and van der Waals (vdW) interactions. The
latter are usually not accounted for by standard density
functional theory (DFT) methods that are normally used for
systems of this size (up to 68 atoms and about 1200 AO
basis functions). In our case we have many interatomic dis-
tances not far away from those of typical vdW minima (3.5–
4.5 Q) and thus, inclusion of vdW effects (the other terms
are accounted for quite accurately by DFT) is mandatory.
We do this with the recently developed dispersion correction
to DFT termed DFT-D,[17a] which has proven very successful
in many different chemical applications.[17,18] This approach
is used here together with the PBE density functional[19] and
its excellent performance for predicting structures and rota-
tional barriers in the P–B system is demonstrated for the
two model compounds 9 and 10. The comparison with refer-
ence data obtained at very reliable MP2 and SCS-MP2[20]


levels is shown in Table 1.
For the P�B bond lengths, the two methods agree to


within 0.01–0.02 Q, while the bond angles are within 0.38.
Note that also the trend when going from the eclipsed to
the staggered form (increase of R ACHTUNGTRENNUNG(P�B) by 0.02–0.03 Q) and
the larger effect for R=Me is reproduced accurately by the


DFT-D method. Also the rotational barriers agree to within
0.1 kcalmol�1. For 10, the barrier is about the same as for
ethane (2.9 kcalmol�1), but only slightly larger than for 9
(R=H). For 9 the experimental value of the rotational bar-
rier is 2.47�0.05 kcalmol�1 .[21] This indicates that (when
electronic effects are neglected, for a recent discussion see
reference [22]) already the a-carbon atoms are located not
far away from regions of attractive vdW interactions. We
furthermore determined the torsional barrier for a larger
(fixed) B�P distance of 2.22 Q and found a decrease from
2.9 to 1.5 kcalmol�1. This already, at least in part, explains
why some compounds may favour the eclipsed conforma-
tion: for B�P distances found experimentally (2.05–2.20 Q),
the inherent barrier is already so small that attractive vdW
interactions between the large substituents can overcompen-
sate.


The potential-energy curves for B�P bond stretching in 10
(all other degrees of freedom fully relaxed at the DFT-D-
PBE/TZV ACHTUNGTRENNUNG(2df,2p) level) are shown in Figure 7. The agree-
ment between DFT-D-PBE and SCS-MP2 is almost perfect,


and the importance of the dispersion correction for DFT is
also evident from comparison with the plain PBE curve, in
which it is seen that it clearly misses some attraction in the
minimum region. The dissociation energy is found to be
only about 19 kcalmol�1, and around the minimum, bond
lengths changes of, for example, 0.3 Q increase the energy
by less than 2 kcalmol�1. Thus, this P�B interaction should
be considered as quite weak, which explains the wide varia-
tions of the P�B distances found experimentally.


The comparison between experimental and computed
geometrical parameters that are characteristic for the inves-
tigated question are given in Table 2. We do not show all
computed geometries here as these are visually not distin-
guishable from the X-ray data already shown. Perusing this
table, one finds that our calculations in all cases predict the
right conformer, that is, eclipsed in cases 2 and 8a–c. The
averaged dihedral angles and their trend towards conformer


Table 1. Comparison of structural data [Q, 8] and rotational barriers
[kcalmol�1] for the two model compounds R3P�BR3 9 (R=H) and 10
(R=Me) at DFT-D-PBE/TZV ACHTUNGTRENNUNG(2df,2p) and (SCS-)MP2/TZV ACHTUNGTRENNUNG(2df,2p)
levels, respectively.


dihedral angle bond angle
Method Conf. d ACHTUNGTRENNUNG(B�P) R-B-P-R R-B-P barrier


10 : R=Me
MP2 A 1.962 60.6 105.9
DFTD-PBE A 1.978 60.5 105.8
MP2 B 2.004 0.0 106.3 2.8[a]


DFTD-PBE B 2.026 0.0 106.2 2.9[b]


9 : R=H
MP2 A 1.934 60.2 103.5
DFTD-PBE A 1.922 60.0 103.7
MP2 B 1.963 0.0 103.7 2.3[a]


DFTD-PBE B 1.947 0.0 104.0 2.3


[a] SCS-MP2 level. [b] The barrier decreases to 1.5 kcalmol�1 at a
R ACHTUNGTRENNUNG(P�B) of 2.22 Q.


Figure 7. Computed potential-energy curves (TZV ACHTUNGTRENNUNG(2df,2p) AO basis) for
B�P bond stretching of Me3P�BMe3 (10).
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A when phenyl is replaced by the smaller CCMe group is
nicely reproduced by our calculations.


For 8a, we also started the geometry optimisation in con-
formation A, but finally obtained the minimum B. This indi-
cates that for these systems only the eclipsed conformation
corresponds to a real minimum. We also performed a cross-
check and optimised 1 that experimentally prefers confor-
mation A, and found also in this case theoretically the right
structure. Although crystal packing effects cannot be ruled
out, these findings not only support our theoretical treat-
ment, but furthermore indicate that the general phenomen-
on probably represents an inherent property of the mole-
cules. However, it is also noted that the B�P distances are
systematically overestimated by our calculations. Consider-
ing the good performance of DFT-D-PBE for the model sys-
tems discussed above, this is quite unexpected. Tentatively,
these differences between 0.04 and 0.12 Q can be attributed
to some “compression” of the structures in the crystal.


But what about the intramolecular vdW interactions men-
tioned above? These are certainly of importance in the pres-
ent system but not decisive for the preferred conformation.
A first hint comes from computations with the pure PBE
functional for which the dispersion correction was switched
off. For example, for 8a we still obtained B as a minimum,
that is, no qualitative change of the structure was observed.
Although the separation of the vdW interaction between the
PBE functional and the dispersion correction is only qualita-
tive and one should not take this result too seriously, it
points to a different reasoning for the preference of an
eclipsed conformation in our systems.


A closer look at the structures in a space-filling model
with atomic surfaces drawn at their vdW radius reveals a
strong interference of the substituents at phosphorus with
the B ACHTUNGTRENNUNG(C6F6)3 group. This is shown for example for 8a in
Figure 8, in which we compare the minimum structure (left)
with a hypothetically staggered conformation (dihedral
angles adjusted manually to 608 while keeping all other pa-
rameters fixed). In Figure 8 (right side), it is seen clearly
that this causes clashes of the fluorine atoms with the
carbon atoms of the triple bonds. Because the B ACHTUNGTRENNUNG(C6F6)3
group has a strong preference for a propeller-shape due to
otherwise too close F···F contacts, the energetically most
favoured pathway is thus the torsion around the B�P bond
into conformation B. A similar explanation holds for the
preferred staggered conformation of 1, where the bulky tert-


butyl groups on the boron side move in between two phenyl
groups on the phosphorous side.


Conclusion


A systematic series of Lewis acid/Lewis base adducts
ACHTUNGTRENNUNG(8a–8c) of B ACHTUNGTRENNUNG(C6F5)3 (3) with the propynylphosphines Ph2P-
ACHTUNGTRENNUNG(C�C�CH3) (7c), PhP ACHTUNGTRENNUNG(C�C�CH3)2 (7b), and PACHTUNGTRENNUNG(C�C�CH3)3
(7a) were prepared and their structures in the solid state de-
termined by X-ray diffraction. The adducts 8a–c all exhibit
molecular conformations that are close to eclipsed, with
their averaged characteristic dihedral angles q (C�P�B�C)
ranging from 8.1 (8c) to 12.3 (8b) and 20.38 (8a). In a com-
parison with the preference of typical alkanes for staggered
conformations (A, q=608) the structural behaviour of the
adducts 8 and some similar systems towards favouring the
converse eclipsed conformations (B, ideal q=08) is striking.
From this structural behaviour, which is systematically dif-
ferent from that of the simple alkanes, it is evident that ad-
ditional attractive and/or repulsive components of interac-
tion between essential subunits of the molecular entities of
the adducts 8, other than the ubiquitous four-electron repul-
sion between localised bond orbitals, must be held responsi-
ble for this unusual behaviour. Our detailed theoretical
analysis has revealed the significance of the interplay of ad-
ditional attractive dispersion forces and specific components
of steric hindrance for the qualitative and quantitative de-
scription of the specific structural situations encountered in
these phosphine–borane addition products. Thus, energetic
compensation effects can become quite important for the
determination of the favoured structures, especially in sys-
tems such as 8, for which a shallow and soft potential of the
P�B bonds favour a rather pronounced response of the
overall system to even subtle changes in the periphery.
Structural determination by various such secondary effects
is probably not limited to such specific systems as the ones
used in this combined experimental/theoretical study, but is
likely to be encountered more frequently in other systems
of a similar topological complexity. It is good to see that re-
cently developed theoretical tools can adequately deal with


Table 2. Comparison of calculated (DFT-D-PBE/TZVP’) and experimen-
tal structural data for 2 and 8a–c.[a]


2 8c 8b 8a
exptl calcd exptl calcd exptl calcd exptl calcd


d ACHTUNGTRENNUNG(B�P) 2.18 2.22 2.16 2.22 2.13 2.22 2.06 2.18
C-B-P[b] 105 105 114 104 105 103 105 103
C-B-P-C[c] 3.5 0 8.1 1.8 12.3 12.6 20.3 14.7


[a] Bond length in Q, bond angles and dihedral angles in degrees.
[b] Average of the three bond angles. [c] Average of the three dihedral
angles.


Figure 8. Space-filling model of 8a in the minimum conformation (left)
and a hypothetically staggered form (right).
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the description (and consequently the prediction) of the
structural features of such complex molecular systems.[23]


Experimental Section


Materials : All reactions involving air- or moisture-sensitive compounds
were carried out under an inert gas atmosphere (Argon) by using
Schlenk-type glassware or in a glovebox. Solvents were dried and dis-
tilled prior to use. Unless otherwise noted, all starting materials were
commercially available and were used without further purification. Pro-
pynyllithium[24] and tris(pentafluorophenyl)borane[12] were synthesised ac-
cording to literature procedure.


Techniques : The following instruments were used for physical characteri-
sation of the compounds: melting points: DSC 2010 TA-instruments; ele-
mental analyses: Foss–Heraeus CHNO-Rapid; NMR: Bruker AC 200 P
(11B: 64.2 MHz; 31P: 81 MHz), AMX 300/AV 300 (1H: 300 MHz; 13C:
75 MHz, 31P: 121.5 MHz; 19F: 282.4 MHz), Varian UNITY plus NMR
spectrometer (1H: 599.9 MHz; 13C: 150.8 MHz; 31P: 242.8 MHz; 19F:
564.2 MHz).


X-ray crystal structure determinations: Data sets were collected with a
Nonius KappaCCD diffractometer equipped with a rotating anode gener-
ator. Programs used: data collection COLLECT (Nonius B.V., 1998),
data reduction Denzo-SMN,[28] , absorption correction SORTAV[29] and
Denzo,[30] structure solution SHELXS-97,[31] structure refinement
SHELXL-97,[32] graphics SCHAKAL.[33]


CCDC-644001–644006 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.


Allyldi-tert-butylphosphine (4a): Allylmagnesium bromide solution in
THF (1m, 33 mL, 33.0 mmol) was added to a mixture of di-tert-butyl-
chlorophosphine (5.00 g, 27.6 mmol) in THF (75 mL). The solution was
heated for 1 h under reflux. The reaction mixture was concentrated in
vacuo until approximately 15 mL remained, then pentane was added
(30 mL). After filtration and removal of the solvent in vacuo the residue
was distilled under reduced pressure (b.p. 42 8C, 0.25 mbar). A colourless
oil was obtained (2.5 g, 49%). 1H NMR (300 MHz, [D2]dichloromethane,
25 8C, TMS): d=5.9 (m, 1H; CH=), 5.01 (m, 2H; =CH2), 2.35 (m, 2H;
CH2), 1.2 ppm (d, 3J ACHTUNGTRENNUNG(P,H)=13.3 Hz, 12H; tBu); 13C{1H} NMR (76 MHz,
[D2]dichloromethane, 25 8C, TMS): d=139.6 (d, 2J ACHTUNGTRENNUNG(P,C)=16.6 Hz; =CH),
115.2 (d, 3J ACHTUNGTRENNUNG(P,C)=10.5 Hz; =CH2), 32.3 (d, 1J ACHTUNGTRENNUNG(P,C)=22.5 Hz; tBu), 30.2
(d, 2J ACHTUNGTRENNUNG(P,C)=13.5 Hz; tBu), 27.5 ppm (d, 1J ACHTUNGTRENNUNG(P,C)=21.4 Hz; CH2);
31P{1H} NMR (122 MHz, [D2]dichloromethane, 25 8C, H3PO4): d=


60.9 ppm (n1/2=95.2 Hz).


General procedure for the synthesis of alkenyldiphenylphosphines (4b,
4c): Chlorodiphenylphosphine (2 mL, 2.4 g, 10.8 mmol) was dissolved in
diethyl ether (100 mL) and cooled down to 0 8C. A solution of the respec-
tive enylmagnesium bromide solution (1 equiv) in THF was added at
0 8C. The suspension was stirred for one hour at room temperature. The
solid was removed by filtration. The solvent was removed and the prod-
uct was isolated using vacuum distillation.


Allyldiphenylphosphine (4b): Chlorodiphenylphosphine (2 mL,
10.8 mmol) and 1m allylmagnesium bromide/THF solution (11 mL,
10.8 mmol) yielded 1.28 g (5.6 mmol, 52%) of a colourless oil (b.p.
107 8C, oil pump vacuum). 1H NMR (300 MHz, [D6]benzene, 25 8C,
TMS): d =7.38 (m, 4H; Ph), 7.06 (m, 6H; Ph), 5.77 (m, 1H, =CH), 4.91,
4.89 (2m, 2ZH; =CH2), 2.71 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=7.4 Hz, 2H; P-CH2);
13C{1H} NMR (76 MHz, [D6]benzene, 25 8C, TMS): d=139.0 (d, 1J ACHTUNGTRENNUNG(P,C)=


16.2 Hz; i-Ph), 133.5 (d, 2J ACHTUNGTRENNUNG(P,C)=9.6 Hz; CH= ), 133.2 (d,
2J ACHTUNGTRENNUNG(P,C)=18.6 Hz; o-Ph), 128.7 (p-Ph), 128.6 (d, 3J ACHTUNGTRENNUNG(P,C)=6.5 Hz; m-Ph),
117.4 (d, 3J ACHTUNGTRENNUNG(P,C)=10.7 Hz; =CH2), 34.0 ppm (d, 1J ACHTUNGTRENNUNG(P,C)=14.7 Hz; CH2);
31P{1H} NMR (121 MHz, [D6]benzene, 25 8C, H3PO4): d=�14.8 ppm
(n1/2=4 Hz).


But-3-enyldiphenylphosphine (4c): Chlorodiphenylphosphine (2 mL,
10.8 mmol) and 0.5m but-3-enylmagnesium bromide/THF solution


(22 mL, 10.8 mmol) yielded 1.53 g (6.4 mmol, 59%) of a colourless oil
(b.p. 130 8C, oil pump vacuum). 1H NMR (300 MHz, [D6]benzene, 25 8C,
TMS): d=7.39 (m, 4H; Ph), 7.06 (m, 6H; Ph), 5.76 (m, 1H; =CH), 4.92
(m, 2H; =CH2), 2.13, 2.00 ppm (2m, 2Z2H; -CH2CH2-);


13C{1H} NMR
(76 MHz, [D6]benzene, 25 8C, TMS): d=139.5 (d, J ACHTUNGTRENNUNG(P,C)=14.6 Hz), 138.9
(d, J ACHTUNGTRENNUNG(P,C)=13.6 Hz) (i-Ph; CH=), 133.1 (d, 2J ACHTUNGTRENNUNG(P,C)=18.8 Hz; o-Ph), 128.7
(d, 3J ACHTUNGTRENNUNG(P,C)�5.4 Hz; m-Ph), 128.6 (p-Ph), 114.7 (=CH2), 30.5 (d, 1J ACHTUNGTRENNUNG(P,C)=


17.1 Hz; PCH2), 27.8 ppm (d, 2J ACHTUNGTRENNUNG(P,C)=13.1 Hz; CH2);
31P{1H} NMR


(121 MHz, [D6]benzene, 25 8C, H3PO4): d =�15.0 ppm (n1/2=5 Hz).


General procedure for the synthesis of cyclic phosphine–borane adducts
(5a, 5b, 6): Bis(pentafluorophenyl)borane was dissolved in toluene
(100 mL) and the enylphosphine (1 equiv) was added. Then the reaction
mixture was heated for two hours under reflux. After cooling to room
temperature the solvent was removed in oil-pump vacuum. The residue
was eluted in pentane (20 mL), isolated by filtration and dried in oil-
pump vacuum.


Hydroboration of 4a—formation of 5a : Reaction of bis(pentafluorophe-
nyl)borane (500 mg, 1.45 mmol) and 4a (271 mg, 1.45 mmol) yielded
217 mg (28%) of a white solid. 1H NMR (600 MHz,
[D2]dichloromethane, 25 8C, TMS): d=2.10 (m, 4H; CH2-CH2-P), 1.69
(m, 2H; CH2-B), 1.25 ppm (d, 3J ACHTUNGTRENNUNG(P,H)=12.5 Hz, 18H; tBu);
13C{1H} NMR (151 MHz, [D2]dichloromethane, 25 8C, TMS): d=148.1
(dm, 1J ACHTUNGTRENNUNG(F,C)=244 Hz; o-C6F5), 139.7 (dm, 1J ACHTUNGTRENNUNG(F,C)=240 Hz; p-C6F5),
137.6 (dm, 1J ACHTUNGTRENNUNG(F,C)=248 Hz; m-C6F5), 122.9 (m; i-C6F5), 35.4 (d, 1J ACHTUNGTRENNUNG(P,C)=


15.8 Hz; tBu), 29.9 (s; tBu), 22.3 (br; BCH2), 21.8 (d, 1J ACHTUNGTRENNUNG(P,C)=37.5 Hz;
PCH2), 21.1 ppm (d, 2J ACHTUNGTRENNUNG(P,C)=10.9 Hz; CH2);


19F NMR (564 MHz,
[D2]dichloromethane, 25 8C, CFCl3): d=�128.5 (br; o-C6F5), �159.5
ACHTUNGTRENNUNG(p-C6F5), �165.0 ppm (m-C6F5);


31P{1H} NMR (122 MHz,
[D2]dichloromethane, 25 8C, H3PO4): d =42 ppm (n1/2=140 Hz);
11B{1H} NMR (160 MHz, [D2]dichloromethane, 25 8C, BF3OEt2): d=


�10 ppm (d, 1J ACHTUNGTRENNUNG(P,B) �50 Hz, n1/2=70 Hz); elemental analysis calcd (%)
for C23H24BF10P: C 51.91, H 4.55; found: C 51.82, H 4.25.


X-ray crystal structure analysis of 5a : formula C23H24BF10P, Mr=532.20,
colourless crystal 0.40Z0.30Z0.10 mm, a=9.5439(2), b=10.2216(2), c=


13.4103(3) Q, a=70.592(1). b=71.347(2), g=72.095(1)8, V=


1139.07(4) Q3, 1calcd=1.552 gcm�3, m=0.213 mm�1, empirical absorption
correction (min/max transmission: 0.920/0.979), Z=2, triclinic, space
group P1̄ (No. 2), l=0.71073 Q, T=198 K, w and f scans, 12463 reflec-
tions collected (�h, �k, � l), [(sinq)/l]=0.67 Q�1, 5470 independent
(Rint=0.037) and 4691 observed reflections [I�2s(I)], 322 refined param-
eters, R=0.037, wR2=0.104, max/min residual electron density 0.34/
�0.34 eQ�3, hydrogen atoms calculated and refined as riding atoms.


Hydroboration of 4b—formation of 5b : Bis(pentafluorophenyl)borane
(1.25 g, 3.6 mmol) and 4b (0.82 g, 3.6 mmol) yielded 1.05 g (1.8 mmol,
51%) of a white solid, m.p. 140 8C (DSC). 1H NMR (600 MHz,
[D6]benzene, 25 8C, TMS): d=6.98 (m, 4H, o-Ph), 6.90 (m, 2H, p-Ph),
6.79 (m, 4H, m-Ph), 2.05 (m, 4H, CH2-CH2-P), 1.86 ppm (m, 2H; CH2-
B); 13C{1H} NMR (151 MHz, [D6]benzene, 25 8C, TMS): d=148.3 (dm,
1J ACHTUNGTRENNUNG(F,C)=240 Hz; o-C6F5), 139.7 (dm, 1J ACHTUNGTRENNUNG(F,C)=250 Hz; p-C6F5), 137.4
(dm, 1J ACHTUNGTRENNUNG(F,C)=248 Hz; m-C6F5), 132.0 (d, 2J ACHTUNGTRENNUNG(P,C)=8.1 Hz; o-Ph), 131.4
(d, 4J ACHTUNGTRENNUNG(P,C)=2.8 Hz; p-Ph), 128.7 (d, 3J ACHTUNGTRENNUNG(P,C)=10.2 Hz; m-Ph), 127.8 (d,
1J ACHTUNGTRENNUNG(P,C)=50.3 Hz; i-Ph), 119.6 (br; i-C6F5), 27.2 (d, 1J ACHTUNGTRENNUNG(P,C)=42.6 Hz;
PCH2), 25.6 (d, 2J ACHTUNGTRENNUNG(P,C)=14.8 Hz; CH2), 23.7 ppm (br; CH2-B);


19F NMR
(564 MHz, [D6]benzene, 25 8C, CFCl3): d=�129.5 (o-C6F5), �158.5
ACHTUNGTRENNUNG(p-C6F5), �164.2 ppm (m-C6F5);


31P{1H} NMR (243 MHz, [D6]benzene,
25 8C, H3PO4): d=22.6 ppm (n1/2=80 Hz); 11B{1H} NMR (96 MHz,
[D6]benzene, 25 8C, BF3OEt2): d =�9 ppm (n1/2=180 Hz); elemental
analysis calcd (%) for C27H16BF10P: C 56.68, H 2.82; found: C 56.86, H
2.99.


X-ray crystal structure analysis of 5b : formula C27H16BF10P, Mr=572.18,
colourless crystal 0.40Z0.25Z0.15 mm, a=8.928(1), b=11.558(1), c=


13.358(1) Q, a=66.15(1). b=84.05(1), g =68.74(1)8, V=1173.4(2) Q3,
1calcd=1.619 gcm�3, m =0.213 mm�1, empirical absorption correction
(min/max transmission: 0.920/0.969), Z=2, triclinic, space group P1̄ (No.
2), l=0.71073 Q, T=198 K, w and f scans, 10859 reflections collected
(�h, �k, � l), [(sinq)/l]=0.67 Q�1, 5590 independent (Rint=0.032) and
4227 observed reflections [I�2s(I)], 352 refined parameters, R=0.042,
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wR2=0.105, max/min residual electron density 0.38/�0.36 eQ�3, hydro-
gen atoms calculated and refined as riding atoms.


Hydroboration of 4c—formation of 6 : Bis(pentafluorophenyl)borane
(1.44 g, 4.1 mmol) and 4c (1.00 g, 4.1 mmol) yielded 1.58 g (2.7 mmol,
66%) of a white solid, m.p. 143 8C (DSC). 1H NMR (600 MHz,
[D2]dichloromethane, 25 8C, TMS): d =7.49, 7.38 (2m, 10H; Ph), 2.64 (dt,
3J ACHTUNGTRENNUNG(H,H)=6.7 Hz, 2J ACHTUNGTRENNUNG(P,H)=11.5 Hz, 2H; PCH2), 1.98 (br, 2H; CH2),
1.57 ppm (br, 4H; -CH2-CH2B);


13C{1H} NMR(101 MHz,
[D2]dichloromethane, 25 8C, TMS): d=148.2 (dm, 1J ACHTUNGTRENNUNG(F,C)=239 Hz;
o-C6F5), 139.5 (dm, 1J ACHTUNGTRENNUNG(F,C)=234 Hz; p-C6F5), 137.4 (dm, 1J ACHTUNGTRENNUNG(F,C)=


256 Hz; m-C6F5), 133.0 (d, 3J ACHTUNGTRENNUNG(P,C)=8.2 Hz; o-Ph), 131.7 (d, 4J ACHTUNGTRENNUNG(P,C)=


2.5 Hz; p-Ph), 130.0 (d, 1J ACHTUNGTRENNUNG(P,C)=54.0 Hz; i-Ph), 129.0 (d, 2J ACHTUNGTRENNUNG(P,C)=


10.0 Hz; m-Ph), 120.4 (br; i-C6F5), 25.5 (d, 2J ACHTUNGTRENNUNG(P,C)=3.6 Hz; PCH2CH2),
24.6 (d,
3J ACHTUNGTRENNUNG(P,C)=7.7 Hz; CH2


CH2B), 23.5 (d, 1J ACHTUNGTRENNUNG(P,C)=32.2 Hz; PCH2), 19.6 ppm
(br; BCH2);


19F NMR (564 MHz, [D2]dichloromethane, 25 8C, CFCl3):
d=�128.4 (br; o-C6F5), �157.8 (p-C6F5), �163.0 ppm (m-C6F5);
31P{1H} NMR(121 MHz, [D2]dichloromethane, 25 8C, H3PO4): d=0.5 ppm
(n1/2=120 Hz); 11B{1H} NMR (64 MHz, [D2]dichloromethane, 25 8C,
BF3OEt2): d =�12 ppm
(n1/2=164 Hz); elemental analysis calcd (%) for C28H18BF10P: C 57.37, H
3.09; found: C 57.60, H 3.32. For the determination of the Gibbs activa-
tion energies equation DG�


ACHTUNGTRENNUNG(TC,Dn(T))=RTC ACHTUNGTRENNUNG(22.96+ln ACHTUNGTRENNUNG(Tc/Dn) was used
with the following parameters : ring inversion process: DG�


inv (243 K,
511 Hz (188 K))=10.7�0.5 kcalmol�1; rotation barrier of the first B-C6F5


unit: DG�
rot (275 K, 4320 Hz (188 K))=11.0�0.5 kcalmol�1).


X-ray crystal structure analysis of 6 : formula C28H18BF10P, Mr=586.20,
colourless crystal 0.15Z0.10Z0.03 mm, a=9.451(1), b=10.780(1), c=


13.504(1) Q, a=83.21(1). b=76.56(1), g =68.09(1)8, V=1240.7(2) Q3,
1calcd=1.569 gcm�3, m =0.204 mm�1, empirical absorption correction (min/
max transmission: 0.970/0.994), Z=2, triclinic, space group P1̄ (No. 2),
l=0.71073 Q, T=223 K, w and f scans, 11642 reflections collected (�h,
�k, � l), [(sinq)/l]=0.67 Q�1, 5897 independent (Rint=0.046) and 3723
observed reflections [I�2s(I)], 361 refined parameters, R=0.057, wR2=


0.124, max/min residual electron density 0.28/�0.38 eQ�3, hydrogen
atoms calculated and refined as riding atoms.


General procedure for the synthesis of alkynylphosphines (7a–c):[7–11] A
suspension of propynyl lithium (1 equiv) in THF (100 mL) was cooled to
�78 8C. The molar equivalent of the respective chlorophosphine was
added and the resulting brown solution was stirred for one hour without
a cooling bath. For workup, the solvent was evaporated and the product
was extracted (under argon) with dry diethyl ether (3Z30 mL) by using a
filter canula. The ether layer was evaporated to dryness and the product
was isolated by distillation or sublimation.


Diphenylpropynylphosphine (7c):[9] Reaction of propynyl lithium (1.20 g,
26.1 mmol) with chlorodiphenylphosphine (4.5 mL, 24.4 mmol) yielded
7c (2.85 g, 52%) as a colourless oil, which becomes a solid after a few
hours. The product was purified by distillation (b.p. 150 8C, oil pump
vacuum). 1H NMR (400 MHz, [D6]benzene, 25 8C, TMS): d =7.72 (m,
4H; Ph), 7.07, 7.02 (2m, 6H; Ph), 1.53 ppm (d, 4J ACHTUNGTRENNUNG(P,H)=1.5 Hz, 3H;
CH3);


13C{1H} NMR (101 MHz, [D6]benzene, 25 8C, TMS): d =137.7 (d,
1J ACHTUNGTRENNUNG(P,C)=7.6 Hz; i-Ph), 132.9 (d, 2J ACHTUNGTRENNUNG(P,C)=21.0 Hz; o-Ph), 129.0 (p-Ph),
128.8 (d, 3J ACHTUNGTRENNUNG(P,C)=7.7 Hz; m-Ph), 106.0 (d, 2J ACHTUNGTRENNUNG(P,C)=4.5 Hz; �CCH3), 76.1
(d, 1J ACHTUNGTRENNUNG(P,C)=3.3 Hz; PC�), 4.9 ppm (d, 3J ACHTUNGTRENNUNG(P,C)=1.1 Hz, CH3);
31P{1H} NMR (121.5 MHz, [D6]benzene, 25 8C, TMS): d =�32.0 ppm
(n1/2=3 Hz); IR (KBr): ñ =2183 cm�1 (vs, C�C).
Phenyldipropynylphosphine (7b):[10] Reaction of propynyl lithium (1.17 g,
25.4 mmol) with dichlorophenylphosphine (1.35 mL, 10.3 mmol) yielded
7b (2.85 g, 66%) as a colourless oil. The product was purified by distilla-
tion (b.p. 135 8C, oil pump vacuum). 1H NMR (300 MHz, [D6]benzene,
25 8C, TMS): d=7.98 (m, 2H; Ph), 7.23, 7.15 (2m, 3H; Ph), 1.56 ppm (d,
4J ACHTUNGTRENNUNG(P,H)=1.9 Hz, 6H; CH3);


13C{1H} NMR (75 MHz, [D6]benzene, 25 8C,
TMS): d =135.3 (i-Ph), 132.4 (d, 2J ACHTUNGTRENNUNG(P,C)=22.3 Hz; o-Ph), 129.3 (p-Ph),
128.8 (d, 3J ACHTUNGTRENNUNG(P,C)=7.9 Hz; m-Ph) 104.2 (d, 2J ACHTUNGTRENNUNG(P,C)=6.6 Hz; �CCH3), 74.1
(PC�), 4.8 ppm (CH3);


31P{1H} NMR (121 MHz, [D6]benzene, 25 8C,
H3PO4): d=�43.0 ppm (n1/2=20 Hz). IR (KBr): ñ =2182 cm�1 (vs, C�C).
Tripropynylphosphine (7a):[11,9c] Reaction of propynyl lithium (2.12 g,
46.1 mmol) with phosphorustrichloride (1.3 mL, 15.4 mmol) yielded 7a


(1.32 g, 58%) as a white solid. The product was purified by sublimation
(100 8C, oil pump vacuum). 1H NMR (300 MHz, [D6]benzene, 25 8C,
TMS): d =1.40 ppm (d, 4J ACHTUNGTRENNUNG(P,H)=2.3 Hz, 9H; CH3);


13C{1H} NMR
(101 MHz, [D6]benzene, 25 8C, TMS): d=103.3 (d, 2J ACHTUNGTRENNUNG(P,C)=10.8 Hz; �
CCH3), 71.5 (d, 1J ACHTUNGTRENNUNG(P,C)=9.4 Hz; PC�), 4.6 ppm (CH3);


31P{1H} NMR
(121.5 MHz, [D6]benzene, 25 8C, H3PO4): d =�86.3 ppm (n1/2=10 Hz); IR
(KBr): ñ=2189 cm�1 (vs, C�C).
Diphenylpropynylphosphine–tris(pentafluorophenyl)borane adduct (8c):
Tris(pentafluorophenyl)borane (0.67 g, 1.3 mmol) and diphenylpropynyl-
phosphine (0.29 g, 1.3 mmol) were dissolved in toluene (30 mL). The re-
action mixture was stirred for 2 h at ambient temperature. The solvent
was removed until 5 mL remained in the flask. Pentane (20 mL) was
added and the product started to precipitate as a white solid. It was col-
lected by filtration, washed with pentane (3 mL) and dried in vacuum to
yield 8c (0.75 g, 78%). M.p. 140 8C (DSC, decomp); 1H NMR (600 MHz,
[D2]dichloromethane, 25 8C, TMS): d =7.50 (m, 6H; Ph), 7.35 (m, 4H;
Ph), 2.00 ppm (d, 4J ACHTUNGTRENNUNG(P,H)=4.0 Hz, 3H; CH3);


13C{1H} NMR (151 MHz,
[D2]dichloromethane, 25 8C, TMS): d=148.8 (dm, 1J ACHTUNGTRENNUNG(F,C)=242 Hz;
o-C6F5), 140.6 (dm, 1J ACHTUNGTRENNUNG(F,C)=251 Hz; p-C6F5), 137.3 (dm, 1J ACHTUNGTRENNUNG(F,C)=


255 Hz; m-C6F5), 133.2 (d, 3J ACHTUNGTRENNUNG(P,C)=9.6 Hz; o-Ph), 132.3 (d, 4J ACHTUNGTRENNUNG(P,C)=


2.8 Hz; p-Ph), 129.0 (d, 2J ACHTUNGTRENNUNG(P,C)=11.1 Hz; m-Ph), 126.2 (d, 1J ACHTUNGTRENNUNG(P,C)=


58.0 Hz; i-Ph), 115.6 (br; i-C6F5), 113.2 (d, 2J ACHTUNGTRENNUNG(P,C)=15.4 Hz; �C�), 67.1
(d, 1J ACHTUNGTRENNUNG(P,C)=119.3 Hz; PC�), 5.4 ppm (d, 4J ACHTUNGTRENNUNG(P,C)=2.9 Hz; CH3);
31P{1H} NMR (121 MHz, [D2]dichloromethane, 25 8C, H3PO4): d=


6.4 ppm (n1/2=85 Hz); 11B{1H} NMR (64 MHz, [D2]dichloromethane,
25 8C, BF3OEt2): d=�8 ppm (n1/2=220 Hz); 19F NMR (282 MHz,
[D2]dichloromethane, 25 8C, CFCl3): d=�125.1 (o-C6F5), �155.1 (p-
C6F5), �163.1 ppm
ACHTUNGTRENNUNG(m-C6F5); IR (KBr): ñ=2211 cm�1 (vs, C�C); elemental analysis calcd
(%) for C33H13BF15P: C 53.84, H 1.78; found: C 53.48, H 1.95.


X-ray crystal structure analysis of 8c : Single crystals were obtained from
diethyl ether, formula C33H13BF15P, Mr=736.21, yellow crystal 0.20Z
0.15Z0.15 mm, a=10.251(1), b=11.515(1), c=13.523(1) Q, a=85.89(1),
b=75.16(1), g=73.11(1)8, V=1476.5(2) Q3, 1calcd=1.656 gcm�3, m=


0.214 mm�1, empirical absorption correction (min/max transmission:
0.959/0.969), Z=2, triclinic, space group P1̄ (No. 2), l=0.71073 Q, T=


198 K, w and f scans, 18013 reflections collected (�h, �k, � l), [(sinq)/
l]=0.62 Q�1, 5981 independent (Rint=0.052) and 3327 observed reflec-
tions [I�2s(I)], 452 refined parameters, R=0.056, wR2=0.137, max/min
residual electron density 0.61/�0.34 eQ�3, hydrogen atoms calculated and
refined as riding atoms.


Phenyldipropynylphosphine–tris(pentafluorophenyl)borane adduct (8b):
Tris(pentafluorophenyl)borane (0.67 g, 1.30 mmol) was dissolved in tolu-
ene (30 mL). Phenyldipropynylphosphine (0.24 g, 1.30 mmol) was added
and the reaction mixture stirred for 2 h at ambient temperature. The sol-
vent was removed until 5 mL remained in the flask. Pentane (20 mL) was
added and the product started to precipitate as a white solid. It was col-
lected by filtration, washed with pentane (3 mL) and dried in vacuum to
yield 8b (0.30 g, 54%) as a white solid. M.p. 147 8C (DSC, decomp);
1H NMR (600 MHz, [D2]dichloromethane, 25 8C, TMS): d=7.75 (m, 2H;
o-Ph), 7.51 (m, 1H; p-Ph), 7.41 (m, 2H; o-Ph), 1.98 ppm (d, 4J ACHTUNGTRENNUNG(P,H)=


4.1 Hz, 6H; CH3);
13C{1H} NMR (151 MHz, 600 MHz,


[D2]dichloromethane, 25 8C, TMS): d=149.1 (dm, 1J ACHTUNGTRENNUNG(F,C)=240 Hz; o-
C6F5), 140.6 (dm, 1J ACHTUNGTRENNUNG(F,C)=251 Hz; p-C6F5), 137.3 (dm, 1J ACHTUNGTRENNUNG(F,C)=249 Hz;
m-C6F5), 132.7 (d, 2J ACHTUNGTRENNUNG(P,C)�10 Hz; o-Ph), 132.69 (br; p-Ph), 129.0 (d, 3J-
ACHTUNGTRENNUNG(P,C)=12.1 Hz; m-Ph), 124.1 (d, 1J ACHTUNGTRENNUNG(P,C)=70.9 Hz; i-Ph), 115.3
(br; i-C6F5), 110.5 (d, 2J ACHTUNGTRENNUNG(P,C)=20.1 Hz; �C�), 65.5 (d, 1J ACHTUNGTRENNUNG(P,C)=134.9 Hz;
PC�), 5.3 ppm (d, 4J ACHTUNGTRENNUNG(P,C)=3.0 Hz; Me); 31P{1H} NMR (243 MHz,
[D2]dichloromethane, 25 8C, H3PO4): d=�15 ppm (n1/2=130 Hz);
11B{1H} NMR (64 MHz, [D2]dichloromethane, 25 8C, BF3OEt2): d=


�7 ppm (n1/2=310 Hz); 19F NMR (564 MHz, [D2]dichloromethane, 25 8C,
CFCl3): d=�127.3 (o-C6F5), �157.2 (br, p-C6F5), �165.3 ppm (m-C6F5);
IR ACHTUNGTRENNUNG(KBr): ñ=2204 cm�1 (vs, C�C); elemental analysis calcd (%) for
C30H11BF15P: C 51.61, H 1.59; found: C 51.23, H 1.62.


X-ray crystal structure analysis of 8b : Single crystals were obtained from
diethyl ether, formula C30H11BF15P, Mr=698.17, colourless crystal 0.30Z
0.30Z0.15 mm, a=10.707(1), b=11.438(1), c=11.566(1) Q, a=91.71(1),
b=101.31(1), g=93.91(1)8, V=1384.4(2) Q3, 1calcd=1.675 gcm�3, m=
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0.223 mm�1, empirical absorption correction (min/max transmission
0.936/0.967), Z=2, triclinic, space group P1̄ (No. 2), l=0.71073 Q, T=


198 K, w and f scans, 15421 reflections collected (�h, �k, � l), [(sinq)/
l]=0.67 Q�1, 6709 independent (Rint=0.039) and 5084 observed reflec-
tions [I�2s(I)], 426 refined parameters, R=0.045, wR2=0.119, max/min
residual electron density 0.34/�0.31 eQ�3, hydrogen atoms calculated and
refined as riding atoms.


Tripropynylphosphine–tris(pentafluorophenyl)borane-adduct (8a):
Tris(pentafluorophenyl)borane (0.67 g, 1.30 mmol) and tripropynylphos-
phine (0.19 g, 1.30 mmol) were dissolved in toluene (30 mL). The reac-
tion mixture was stirred for 2 h at ambient temperature. The solvent was
removed until 5 mL remained in the flask. Pentane (20 mL) was added
and the product started to precipitate as a white solid. It was collected by
filtration, washed with pentane (3 mL) and dried in vacuum to yield 8a
(0.54 g, 63%) as a white solid. M.p. 160 8C (DSC, decomp); 1H NMR
(600 MHz, [D2]dichloromethane, 25 8C, TMS): d =1.92 ppm (d, 4J ACHTUNGTRENNUNG(P,H)=


4.2 Hz; CH3);
13C{1H} NMR (151 MHz, [D2]dichloromethane, 25 8C,


TMS): d=149.2 (dm, 1J ACHTUNGTRENNUNG(F,C)=240 Hz; o-C6F5), 140.6 (dm, 1J ACHTUNGTRENNUNG(F,C)=


248 Hz; p-C6F5), 137.4 (dm, 1J ACHTUNGTRENNUNG(F,C)=250 Hz; m-C6F5), 115.0 (br, i-C6F5),
108.9 (d, 2J ACHTUNGTRENNUNG(P,C)=25.6 Hz; �C�), 64.1 (d, 1J ACHTUNGTRENNUNG(P,C)=156.8 Hz; PC�),
5.2 ppm (d, 3J ACHTUNGTRENNUNG(P,C)=3.5 Hz; CH3);


31P{1H} NMR (121 MHz,
[D2]dichloromethane, 25 8C, H3PO4): d=�38.0 ppm (n1/2=150 Hz);
11B{1H} NMR (64 MHz, [D2]dichloromethane, 25 8C, BF3OEt2): d=


�9 ppm (n1/2=200 Hz); 19F NMR (282 MHz, [D2]dichloromethane, 25 8C,
CFCl3): d=�126.0 (o-C6F5), �155.2 (p-C6F5), �163.2 ppm (m-C6F5); IR-
ACHTUNGTRENNUNG(KBr): ñ =2217 cm�1 (vs, C�C); elemental analysis calcd (%) for
C27H9BF15P: C 49.13, H 1.37; found: C 48.95, H 1.68.


X-ray crystal structure analysis of 8a : Single crystals were obtained from
diethyl ether, formula C27H9BF15P, Mr=660.12, colourless crystal 0.30Z
0.25Z0.20 mm, a=17.629(1), b=17.629(1), c=15.180(1) Q, a=90.00, b=


90.00, g=120.008, V=4085.6(4) Q3, 1calcd=1.610 gcm�3, m =0.221 mm�1,
empirical absorption correction (min/max transmission0.937/0.957), Z=6,
hexagonal, space group R3̄ (No. 148), l=0.71073 Q, T=198 K, w and f
scans, 4893 reflections collected (�h, �k, � l), [(sinq)/l]=0.66 Q�1, 2140
independent (Rint=0.027) and 1542 observed reflections [I�2s(I)], 134
refined parameters, R=0.041, wR2=0.114, max/min residual electron
density 0.17/�0.25 eQ�3, hydrogen atoms calculated and refined as riding
atoms.


Theoretical methods used : The quantum chemical calculations were per-
formed with slightly modified versions of the TURBOMOLE suite of
programs.[25] As AO basis, triple-zeta (TZV) sets of Ahlrichs et al.[26]


were employed. In the calculations of the model compounds, (2df,2p) po-
larisation functions were added. For the real systems (2df) polarisation
functions were used only for the phosphorus and boron atoms, while for
all other atoms a smaller (d,p) set was used. This basis was denoted as
TZVP’. In the (SCS-)MP2 treatments for the correlation energy (frozen-
core approximation) and for the Coulomb operator in the DFT treat-
ments, the RI-approximation and the m4 numerical quadrature grid were
used.[27] For a detailed description of the dispersion correction used to-
gether with the PBE[19] density functional (termed DFT-D-PBE), see ref-
erence [17a]). The geometries of 2 and 5a–c were fully optimised at the
corresponding theoretical level without any symmetry restrictions. In the
model calculations and for the potential energy curves, the C3v or C3 sym-
metry, respectively, was used. As starting geometries, in most cases the
experimental X-ray structures were employed, which ensured that the
right minima with respect to rotations of the substituents were computed.
In selected cases, cross-checks were made by optimisations started from
conformers with rotations around the B�P bond.
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Diastereoselective Synthesis of Three-, Five-, Six-, and Seven-Membered
Rings from Fischer Carbene Complexes and 4-Unsubstituted
1-Amino-1,3-Dienes


Fernando Aznar,* Mart/n FaÇan1s-Mastral, Jorge Alonso, and Francisco J. FaÇan1s*[a]


Introduction


The search for new methodologies for the selective synthesis
of small- and medium-sized carbocycles continues to be of
great interest for organic chemists[1] due to the presence of
these skeletons in biologically relevant compounds.[2] Organ-
ometallic compounds have considerably contributed to the
development of important processes for the construction of
cyclic products with different ring sizes.[3] In this context,
Fischer carbene complexes have proved to be very efficient
and extraordinarily versatile starting materials for carrying
out a wide range of cycloaddition reactions, which provide a
great array of carbocyclic and heterocyclic ring systems with
a high degree of selectivity in most cases.[4,5] In particular,
the reaction of stabilized Group 6 carbene complexes and


aminodienes has resulted to be an interesting entry for the
preparation of five-, six-, and seven-membered carbo- and
heterocycles. Thus, reactions of aryl and alkenylcarbene
complexes with 1,3-diamino-1,3-dienes leads to the forma-
tion of formal [4+1] cyclopentenones.[6] Nevertheless, 1-
amino-1-aza-1,3-dienes and chromium alkenylcarbene com-
plexes also undergo cyclopentannulation to furnish [3+2]-
substituted cyclopentenes in a regio and disatereoselective
way along with minor amounts of [4+1] pyrrole deriva-
tives.[7] While 2-amino-1,3-butadienes react with Group 6 ar-
ylcarbene complexes giving the metathesis products,[8] a,b-
unsaturated boroxy-[9] and methoxycarbene[10] complexes
lead to the corresponding [4+2] cycloaddition products. In-
terestingly, the use of b-substituted methoxy alkenyl chromi-
um carbenes instead of the corresponding tungsten deriva-
tives produces a substantial change on the reaction outcome
and the formal [4+3] cycloheptadienone derivatives are ob-
tained.[6,11] [4+3] Heterocyclizations have been successfully
effected by starting from 4-amino-1-aza-1,3-dienes and unsa-
turated carbene complexes.[12] Imines derived from pyrrole-
and indolecarbaldehydes, which can be considered as 3-
amino-1-aza-1,3-diene derivatives, react with unsaturated
carbene complexes giving rise to the formal [3+3] or
[4+3][13] cycloadducts depending on the substitution pattern


Abstract: Fischer carbene complexes
react with 4-unsubstituted 1-amino-1,3-
dienes to give different carbocycliza-
tion products depending on the nature
of the carbene complex and on the sub-
stitution pattern of the aminodiene.
Thus, the reaction of arylcarbene chro-
mium complexes and 1-aminodienes
diastereoselectively affords cyclopro-
pane derivatives by means of a formal
[2+1] carbocyclization reaction. In par-
ticular, pentacarbonyl ACHTUNGTRENNUNG[(2-furyl)-
ACHTUNGTRENNUNG(methoxy)methylene]chromium com-
plex furnishes formal [4+1] carbocycli-


zation products. Starting from b-substi-
tuted alkenylcarbene complexes,
formal [4+1] reactions occur and cyclo-
pentenamine derivatives are diastereo-
selectively formed. However, when the
a,b-disubstituted alkenylcarbene com-
plex pentacarbonyl[(5,6-dihydro-2H-
pyran-2-yl)(methoxy)methylene]-


tungsten is used, the outcome of the re-
action depends on the substitution on
the carbon atom at the 3-position of
the aminodiene, generating the [3+2]
or [4+3]-cyclization products if the
substituent is or is not a hydrogen
atom, respectively. Finally, when the re-
action is performed with alkynylcar-
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tives are obtained if the triple-bond
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derivatives if the group is an alkenyl
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of the heterocyclic nitrogen. Finally, 2-amino-1,3-butadienes
can also participate in reactions with alkynylcarbene com-
plexes. Particularly when aryl- and alkenylalkynylcarbene
complexes were used, mono, double, or triple [4+2] cycload-
dition–cyclopentannulation tandem reactions were ob-
served.[14] Considering that 1-aminodienes have been scarce-
ly used in these types of transformations, we present herein
the reaction of Group 6 carbene complexes and 4-unsubsti-
tuted 1-amino-1,3-butadienes to afford three-, five-, six-, and
seven-membered carbocyclic rings in a diastereoselective
way. Formal [2+1], [3+2], [4+2], and [4+3] cyclization reac-
tions are observed and the reaction outcome depends on the
nature of the substituents of both the 1-aminodiene and the
carbene complex, and also on the metal of the carbene com-
plex.


Results and Discussion


Taking into account that the results of the reaction of car-
bene complexes and 4-unsubstituted 1-aminodienes are
highly dependent on the nature of the substituent of the car-
bene complex used, the results and discussion have been
systematized according to the structure of these starting
complexes.


Aryl carbene complexes. Formal [2+1] cyclizations : When
arylcarbene chromium complexes 1 were treated with one
equivalent of 1-aminodienes 2 in THF at temperatures rang-
ing between 0 and 20 8C, cyclopropane derivatives 3 were
obtained, after hydrolysis with silica gel, in moderate yield
and as single diastereoisomers (Scheme 1 and Table 1).


Compounds 3 can be considered as a result of a formal
[2+1] carbocyclization reaction, in which the aminodiene
acts as synthon of two carbon units and the carbene com-
plex as a synthon of one carbon unit. The structure and rela-
tive configuration of the stereogenic centers of compounds
3a–e were determined by 2D NMR spectroscopic analysis
(COSY, HMQC, HMBC, and NOESY).


It is interesting to note that the reaction of furylcarbene
complex 1d with aminodienes 2 under the same reaction


conditions does not proceed and it is necessary to warm to
50 8C for complete consumption of the starting carbene
complex. Under these new reaction conditions, the formal
[4+1] cyclopentenamine derivatives 4, in which the amino-
diene has acted as a four-unit component and the carbene
complex as a one-unit component, are isolated (Scheme 1
and Table 1). Also remarkable is that all these reactions did
not proceed when using the corresponding tungsten carbene
complexes.


Alkenylcarbene complexes. Formal [4+1], [3+2], and [4+3]
cyclization reactions : Next, we decided to investigate the be-
havior of alkenylcarbene complexes towards aminodienes 2.
Initially, we began the study with b-substituted alkenylcar-
bene complexes 5. Therefore, reaction of aminodienes 2
with alkenylcarbene tungsten complexes 5 in diethyl ether
or THF at temperatures ranging between 0 and 20 8C gave
rise, after hydrolysis with silica gel, to cyclopentenamine de-
rivatives 6 in good yields and with high diastereoselectivity
(Scheme 2 and Table 2). This transformation can be consid-


Scheme 1. Reaction of arylcarbene complexes 1 and 4-unsubstituted 1,3-
aminodienes 2 to give cyclopropane derivatives 3 and cyclopentenamines
4.


Table 1. Cyclopropane derivatives 3 and cyclopentenamines 4 from aryl-
carbene complexes 1 and 1-aminodienes 2.


Carbene
complex


Ar Aminodiene R1 R2 Product Yield [%][a]


1a Ph 2a H H 3a 62
1a Ph 2b H Me 3b 70
1a Ph 2c Me H 3c 73
1b 1-Naph[b] 2a H H 3d 52
1c 2-Fu[c] 2b H Me 4a 62
1c 2-Fu[c] 2c Me H 4b 60


[a] Isolated yield based on starting carbene complexes 1. [b] 1-Naphthyl.
[c] 2-Furyl.


Scheme 2. Reaction of b-substituted alkenylcarbene complexes 5 and
aminodienes 2 to give cyclopentenamine derivatives 6.


Table 2. Cyclopentenamine derivatives 6 from alkenylcarbene complexes
5 and aminodienes 2.


Entry Carbene
complex


Ar Amino
diene


R1 R2 Solvent Product Yield
[%][a]


ACHTUNGTRENNUNG(de [%])[b]


1 5a Ph 2a H H Et2O 6a 78 (65)
2 5a Ph 2a H H THF 6a 81 (87)
3 5a Ph 2b H Me Et2O 6b 81 (68)
4 5a Ph 2b H Me THF 6b 89 (90)
5 5b Fu[c] 2b H Me Et2O 6c 86 (60)[d]


6 5b Fu[c] 2b H Me THF 6c 80 (80)[d]


7 5a Ph 2c Me H THF 6d 73 (>95)
8 5b Fu[c] 2c Me H THF 6e 71 (80)


[a] Isolated yield based on starting carbene complexes 5. [b] The diaste-
reoisomeric excess was determined by 1H NMR spectroscopy on the re-
action crude. [c] 2-Furyl. [d] Compound 6c and diast-6c can be separated
by column chromatography.
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ered as a formal [4+1] cyclization reaction. The structure
and configuration of the stereogenic centers formed were
determined by 2D NMR spectroscopic analysis (COSY,
HMQC, HMBC, and NOESY) carried out on 6d.


From the results summarized in Table 2, it can be inferred
that a more polar solvent, THF versus Et2O, increases the
diastereoselectivity of the reaction (Table 2, entries 1–6).
The presence of a heteroatom in the aryl substituent of the
carbene complex produces a slight decrease in the diastereo-
selectivity (Table 2, entries 4, 6, 7, and 8). The substitution
pattern of the aminodiene also influences on the diastereo-
selectivity. So, substitution at the 3-position of the amino-
diene leads to better diastereoselectivities (Table 2, entry 7).


A different reaction outcome was observed when a,b-di-
substituted alkenyl–tungsten carbene complex 7 was used.[15]


Thus, treatment of carbene complex 7 with aminodienes
2a,b under the same reaction conditions as above described
led, after hydrolysis, to cyclopenta[b]pyrane derivatives 8 in
good yields (Scheme 3). These compounds could be consid-


ered formal [3+2] cyclization products, in which the carbene
complex has acted as a synthon of three carbon units and
the aminodiene as a synthon of two carbon units. Although
compound 8b was obtained as a mixture of two diastereo-
isomers, it is interesting to remark that the cyclization reac-
tion is a completely diastereoselective process and the ob-
served diastereoselectivity comes from the formation of two
epimers at the a-position of the aldehyde. Attempts to equi-
librate this mixture to give a single diastereoisomer by treat-
ment with catalytic amounts of acid or base were unsuccess-
ful.


The structure of compounds 8 was unequivocally deter-
mined by 2D NMR experiments (COSY, HMQC, and
HMBC) carried out on compound 8a. The same chemical
shift for H6 and H7 protons did not allow us to clearly de-
termine the relative configuration of the stereogenic centers


of the ring system and it was ascertained by the coupling
constants and selective NOE experiments. The quartet of
doublets signal for H5ax (d=0.92 ppm, J=12.9, 3.6 Hz) fixes
an axial disposition for the H6 proton. The cross peaks on
the resolved J 2D spectrum allow the assignation of H8 pro-
tons and fix an axial disposition for the H7 proton as a con-
sequence of the triplet signal for H8ax (d=1.93 ppm, J=


12.1 Hz). Moreover, the selective NOE experiments place
H11 and H5eq protons on the same face of the molecule and
confirm the axial disposition of H6 and H7 protons. Con-
versely, when the carbene complex 7 was reacted with the 3-
substituted aminodiene 2c under the same reaction condi-
tions, a different reaction outcome was observed and the
formal [4+3] cyclization cyclohepta[b]pyranamine derivative
9 (four carbon units come from the aminodiene and three
from the carbene complex) was formed in 69% yield as a
unique diastereoisomer, as deduced from the 2D NMR spec-
troscopic analysis (Scheme 3).


Alkynylcarbene complexes. Formal [4+2] cyclization and
cascade reactions : Considering the influence of the nature
of the group bound to the carbene carbon of the carbene
complex, we decided to further study the behavior of alky-
nylcarbene complexes in this chemistry. Initially, arylalky-
nylcarbene complex 10a was treated with aminodienes 2 in
THF at temperatures ranging between �50 and 0 8C leading,
after hydrolysis, to the corresponding benzaldehyde deriva-
tives 11 in good yields. However, a different result was ach-
ieved when starting from alkenylalkynylcarbene complexes
10b,c which reacted with aminodienes 2 under the same re-
action conditions to afford indene derivatives 12 in moder-
ate to good yields (Scheme 4 and Table 3).


Mechanistic proposals : Tentative mechanisms to rationalize
the formation of the different products obtained in the reac-
tion of carbene complexes 1, 5, 7, and 10 and aminodienes 2
are presented. We assume in the first place that a 1,2-addi-
tion of the distal carbon atom of the aminodiene 2 to the
carbene complexes 1, 5, and 7 occurs to form intermediates
13, 14, or 15. The evolution of these intermediates depends
on the nature of the R group of the carbene complex. Thus,
when R is an aryl group, a Michael addition of the carbon


Scheme 3. Reaction of a,b-substituted alkenylcarbene complex 7 and
aminodienes 2 to give cyclopenta[b]pyrane and cyclohepta[b]pyranamine
derivatives 8 and 9.


Scheme 4. Reaction of carbene complexes 10 and aminodienes 2 to give
benzaldehydes 11 and indene derivatives 12.
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atom attached to the pentacarbonylmetalate to the unsatu-
rated immonium moiety in intermediates 13 would lead to
the cyclic systems 16, which after hydrolysis, would give rise
to the cyclopropane derivatives 3. Formation of products 4
could be accounted for considering a nucleophilic attack of
the carbon atom of the allylpentacarbonylmetallate to the
immonium group in intermediates 13. Moreover, the com-
plete diastereoselectivity found in the formation of com-
pounds 3 could be attributed to transition states with the
same geometric disposition as intermediates 13, probably fa-
vored by an electrostatic interaction between the negatively
charged pentacarbonylmetal fragment and the positively
charged immonium group. Consequently, the smaller me-
thoxy group would be positioned on the side of the R1 and
R2 groups (Scheme 5).


The evolution of intermediates 14, bearing an alkenyl
group, depends on the substitution pattern of the double
bond. Thus for b-substituted alkenyl groups, we could con-
sider that intermediate 14 could be in equilibrium with 14’,
derived from an 1,3-migration[16] of the pentacarbonylmetal.
A nucleophilic attack of the g-carbon atom of the allylpen-
tacarbonylmetallate to the carbon atom of the immonium
moiety in intermediates 14’ would lead to the cyclopentena-
mines 6, after hydrolysis and metal decoordination. Alterna-
tively, compounds 6 could be formed by an attack of the a-
carbon atom of the allylmetallate moiety of intermediate 14
to the immonium group (Scheme 6). The high diastereose-
lectivity found in the formation of compounds 6 could be at-


tributed to transition states with the same geometric disposi-
tion as those shown in intermediates 14 and 14’, respectively.
Thus, the immonium and alkenyl moieties would be placed
in a pseudoequatorial disposition on a chairlike transition
state. A similar mechanism could account for the formation
of compounds 4.


On the other hand, a,b-disubstituted alkenylcarbene com-
plexes follow a different reaction pattern.[15] Moreover, the
evolution of intermediates 15 is also different depending on
the nature of the R2 group. Thus, when the R2 group is a hy-
drogen atom, intermediate 15 could undergo an intramolec-
ular Michael addition of the allyltungstate to the unsaturat-
ed immonium moiety, presumably induced by a 1,2-migra-
tion[17] of the pentacarbonyltungsten fragment, affording the
five-membered intermediate 17. Further elimination of the
metal moiety would furnish, after hydrolysis and metal de-
coordination, the cyclopentapyrane derivatives 8. On the
contrary, when the R2 group is a methyl group, the Michael
addition would as a result be disfavored by steric hindrance
of the methyl group. In these circumstances, a nucleophilic
attack to the immonium carbon atom would be preferred
and the seven-membered intermediate 18 would be formed.
Elimination of the metal fragment would furnish the cyclo-
heptapyrane derivative 9 (Scheme 7).


Table 3. Benzaldehydes 11 and indene derivatives 12 from alkynylcar-
bene complexes 10 and 1-aminodienes 2.


Carbene
complex


R3 Aminodiene R1 R2 Product Yield
[%][a]


10a Ph 2a H H 11a 66
10a Ph 2b H Me 11b 70
10a Ph 2c Me H 11c 72
10b R4-R5= (CH2)4 2b H Me 12a 61
10c R4=H,


R5=Ph
2a H H 12b 55


[a] Isolated yield based on starting carbene complexes 10.


Scheme 5. Mechanistic proposal for the formation of cyclopropane deriv-
atives 3.


Scheme 6. Mechanistic proposal for the formation of cyclopentenamine
derivatives 6.


Scheme 7. Mechanistic proposal for the formation of cyclopentapyrane
and cycloheptapyrane derivatives 8 and 9.
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The complete diastereoselectivity found in the formation
of compounds 8 and 9 could be attributed to transition
states with the same geometric disposition as intermediates
15 (R2=H or R2=Me), in which the unsaturated immonium
or the immonium moiety, respectively, would be placed in a
pseudoequatorial disposition on the chairlike transition
state, thus avoiding the interaction with the sterically de-
manding methylene group of the dihydropyranyl moiety.


Finally, in Scheme 8, a tentative proposal to account for
the formation of products 11 and 12 is presented. We first
consider a formal [4+2] cycloaddition reaction, probably by


a successive Michael addition of the distal carbon atom of
the 1-aminodiene 2 to the alkynylcarbene complex 10 and
further cyclization, giving intermediate 19. Subsequent elim-
ination of diisopropylamine would lead to arylcarbene com-
plexes 20. The evolution of these intermediates depends on
the nature of the R3 substituent. In the case that R3 is a
phenyl group, the diisopropylamine generated in the aroma-
tization process could be added to the carbene carbon atom
of 20, giving the intermediate 21, which could undergo a re-
ductive elimination to afford the addition product 22. Final
acid hydrolysis would furnish the benzaldehyde derivatives
11. Conversely, when R3 is an alkenyl group, arylcarbene
complexes 20 could evolve through an electrocyclic reaction
leading to cromacyclohexadiene derivatives 23. Subsequent
reductive elimination would afford indene derivatives 12.
The different behavior of intermediate 20 could be attribut-
ed to the increase in activation energy required for the cy-
clopentannulation in a system containing two aromatic rings.


Conclusion


We have described the reaction of Group 6 carbene com-
plexes and 1-amino-1,3-butadienes. The reaction outcome


highly depends on the structure of the carbene complex.
Thus, starting from arylcarbene chromium complexes, cyclo-
propane derivatives derived from a formal [2+1] carbocycli-
zation reaction are diastereoselectively obtained. Only for
the furylcarbene complex, a formal [4+1] carbocyclization
reaction was observed. In the case of b-substituted alkenyl-
carbene complexes, formation of five-membered rings by
formal [4+1] carbocyclization reactions occurs. Conversely,
a,b-disubstituted alkenylcarbene complexes lead under the
same reaction conditions to five- and seven-membered car-
bocycles by formal [3+2] and [4+3] carbocyclization reac-
tions, with the substitution pattern on the 1-aminodiene re-
sponsible for the formation of the five- or seven-membered
ring. On the other hand, reaction of alkynylcarbene chromi-
um complexes with 1-aminodienes generates benzaldehyde
or indene derivatives, with the substituent bound to the al-
kynyl moiety, phenyl, or alkenyl groups responsible for the
formation of one or other product. Moreover, mechanistical
proposals for all cyclization patterns have been discussed.
Finally, it is important to point out the simplicity of the
starting materials, 1-aminodienes, and Fischer-type carbene
complexes.


Experimental Section


General : All reactions involving organometallic species were carried out
under an atmosphere of dry N2 by using oven-dried glassware and syring-
es. THF and Et2O were distilled from sodium benzophenone ketyl under
N2 immediately prior to use. TLC was performed on aluminum-backed
plates coated with silica gel 60 with F254 indicator (Scharlab). Flash
column chromatography was carried out on commercial and deactivated
silica gel 60, 230–240 mesh (deactivated silica gel was prepared as fol-
lows: silica gel (125 g) was stirred with a 4% aqueous solution of
K2HPO4 (500 mL) for 3 h; after filtration, the resulting solid was oven-
dried at 100 8C for 2 d). 1H NMR (200, 300 MHz) and 13C NMR (50.5,
75.5 MHz) spectra were measured at room temperature on Bruker AC-
200, AV-300, and DPX-300 instruments, with tetramethylsilane (TMS)
(d=0.0 ppm, 1H NMR spectra) and CDCl3 (d=77.0 ppm, 13C NMR spec-
tra), or C6D6 (d =127.8, 13C NMR) as internal standards. Carbon multi-
plicities were assigned by DEPT techniques. Bidimensional NMR experi-
ments (COSY, HMQC, HMBC, and NOESY) were recorded on a
Bruker AMX-400 (400 MHz) and AV-600 (600 MHz). High-resolution
mass spectra (HRMS) were determined on a Finnigang MAT95 spec-
trometer.


Materials : Carbene complexes 1a,b,[18] 1c,[19] 5,[20] 7,[21] 10a,[22] and
10b,c[23] were prepared according to literature procedures. 1-Amino-1,3-
dienes were prepared according to the following procedure: The corre-
sponding aldehyde (crotonaldehyde, 3-methyl-2-butenal, or trans-2-
methyl-2-butenal; 10 mmol) was added to a solution of LDA, prepared
from diisopropylamine (12.5 mmol) and BuLi (12.5 mmol, 1.6m hexane
solution) in THF (10 mL) at 0 8C under an argon atmosphere and the
mixture was stirred 5 min. Chlorotrimethylsilane (15 mmol) was added to
the resulting solution at the same temperature. The mixture was stirred
for 30 min until the temperature reached room temperature. Solvents
were removed and pentane (15 mL) was added to the resulting residue.
The mixture was filtered and the pentane was removed from the filtrate
to give the 1-amino-1,3-dienes 2, which were used without further purifi-
cation.


(E)-N,N-Diisopropyl-1,3-butadien-1-amine (2a): 1H NMR (300 MHz,
C6D6): d=6.61 (dt, J=16.7, 10.3 Hz, 1H; CHCH2), 6.35 (d, J=13.3 Hz,
1H; =CHN), 5.37 (dd, J=13.3, 10.5 Hz, 1H; NCH=CH), 5.11 (d, J=


16.7 Hz, 1H; CHH), 4.89 (dd, J=10.5 Hz, 1H; CHH), 3.27 (heptet, J=


Scheme 8. Mechanistic proposal for the formation of benzaldehyde and
indene derivatives 11 and 12.
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6.7 Hz, 2H; 2QCHN), 0.91 ppm (d, J=6.7 Hz, 12H; 4QMe); 13C NMR
(DEPT, 75.5 MHz, C6D6): d=138.5 (CH), 136.3 (CH), 103.1 (CH2), 99.2
(CH), 45.7 (CH), 21.3 ppm (CH3).


(E)-N,N-Diisopropyl-3-methyl-1,3-butadien-1-amine (2b): 1H NMR
(300 MHz, C6D6): d=6.44 (d, J=14.1 Hz, 1H; =CHN), 5.49 (d, J=


14.1 Hz, 1H; NCH=CH), 4.97 (br s, 1H; CHH), 4.80 (br s, 1H; CHH),
3.38 (heptet, J=6.7 Hz, 2H; 2QCHN), 2.03 (s, 3H; MeC=), 0.91 ppm (d,
J=6.7 Hz, 12H; 4QMeCH); 13C NMR (DEPT, 75.5 MHz, C6D6): d=


142.7 (C), 132.2 (CH), 104.9 (CH2), 100.7 (CH), 45.8 (CH), 21.3 (CH3),
19.6 ppm (CH3).


(E)-N,N-Diisopropyl-2-methyl-1,3-butadien-1-amine (2c): 1H NMR
(300 MHz, C6D6): d=6.59 (dd, J=16.5, 10.6 Hz, 1H; CHCH2), 6.08 (s,
1H; =CHN), 5.05 (d, J=16.5 Hz, 1H; CHH), 4.90 (d, J=10.6 Hz, 1H;
CHH), 3.24 (heptet, J=6.8 Hz, 2H; 2QCHN), 1.90 (s, 3H; MeC=),
0.91 ppm (d, J=6.8 Hz, 12H; 4QMeCH); 13C NMR (DEPT, 75.5 MHz,
C6D6): d=141.9 (CH), 136.1 (CH), 115.6 (C),104.9 (CH2), 48.4 (CH), 21.7
(CH3), 12.7 ppm (CH3).


General procedure for the preparation of compounds 3, 4, 6, 8, 9, 11, and
12 : Carbene complexes 1, 5, 7, or 10 (0.4 mmol) were added to a solution
of the corresponding 1-amino-1,3-diene 2 (0.5 mmol) in THF (or diethyl
ether) (10 mL) under an argon atmosphere at 0 8C (50 8C for alkynylcar-
bene complexes 10). The mixture was stirred for 30 min until the temper-
ature reached room temperature. The reaction mixture was quenched
with a small amount of silica gel, solvents were removed and the result-
ing residue was purified by flash column chromatography on silica gel
(hexanes/ethyl acetate 40:1 to 10:1) to give compounds 3, 4, 6, 8, 9, 11,
and 12.


2-[(1R*,2S*)-2-Methoxy-2-phenylcyclopropyl]acetaldehyde (3a): Amino-
diene 2a (77 mg, 0.5 mmol) and carbene complex 1a (125 mg, 0.4 mmol)
afforded 3a (47 mg, 62%) as a colorless oil. Rf : 0.46 (hexane/ethyl ace-
tate 3:1); 1H NMR (300 MHz, CDCl3): d=9.67 (t, J=1.6 Hz, 1H; CH=


O), 7.41–7.32 (m, 5H; ArH), 3.18 (s, 3H; OMe), 2.17 (ddd, J=17.8, 7.2,
1.6 Hz, 1H; CHHCHO), 2.02, (ddd, J=17.8, 7.2, 1.6 Hz, 1H;
CHHCHO), 1.79 (dtd, J=10.1, 7.2, 6.1 Hz, 1H; CHCOMe), 1.30 (dd, J=


10.1, 6.1 Hz, 1H; CHHCOMe), 1.00 ppm (t, J=6.1 Hz, 1H;
CHHCOMe); 13C NMR (DEPT, 75 MHz, CDCl3): d =201.2 (CH), 136.2
(C), 128.9 (CH), 128.3 (CH), 127.9 (CH), 79.8 (C), 54.3 (CH3), 43.9
(CH2), 20.0 (CH), 14.9 ppm (CH2); HRMS (70 eV, EI): m/z : calcd for
C11H13O: 161.0960 [M+�CHO]; found: 161.0958.


2-[(1R*,2S*)-2-Methoxy-1-methyl-2-phenylcyclopropyl]acetaldehyde
(3b): Aminodiene 2b (84 mg, 0.5 mmol) and carbene complex 1a
(125 mg, 0.4 mmol) afforded 3b (57 mg, 70%) as a colorless oil. Rf : 0.49
(hexane/ethyl acetate 3:1); 1H NMR (300 MHz, CDCl3): d =9.61 (t, J=


2.2 Hz, 1H; CH=O), 7.42–7.32 (m, 5H; ArH), 3.18 (s, 3H; OMe), 2.13
(dd, J=16.8, 2.2 Hz, 1H; CHHCHO), 1.92 (dd, J=16.8, 2.2 Hz, 1H;
CHHCHO), 1.45 (s, 3H; MeC), 1.26 (d, J=6.1 Hz, 1H; CHHCOMe),
0.90 ppm (d, J=6.1 Hz, 1H; CHHCOMe); 13C NMR (DEPT, 75 MHz,
CDCl3): d =202.1 (CH), 137.5 (C), 128.8 (CH), 128.3 (CH), 127.7 (CH),
70.0 (C), 54.7 (CH3), 49.6 (CH2), 28.1 (C), 20.1 (CH2), 14.9 ppm (CH3);
HRMS (70 eV, EI): m/z : calcd for C12H15O: 175.1117 [M+�CHO];
found: 175.1115.


2-[(1R*,2S*)-2-Methoxy-2-phenylcyclopropyl]propanal (3c): Aminodiene
2c (84 mg, 0.5 mmol) and carbene complex 1a (125 mg, 0.4 mmol) afford-
ed 3c (60 mg, 73%, de) as a colorless oil. Rf : 0.51 (hexane/ethyl acetate
3:1); 1H NMR (300 MHz, CDCl3): d=9.68 (s, 1H; CH=O), 7.48–7.32 (m,
5H; ArH), 3.18 (s, 3H; OMe), 1.42 (m, 1H; CHMe), 1.29 (m, 1H;
CHCOMe), 1.05 (t, J=6.8 Hz, 1H; CHHCOMe), 0.96 (d, J=6.7 Hz, 1H;
MeCH), 0.92 ppm (dd, J=13.7, 6.8 Hz, 1H; CHHCOMe); 13C NMR
(DEPT, 75 MHz, CDCl3): d=203.8 (CH), 136.1 (C), 128.8 (CH), 128.3
(CH), 127.8 (CH), 67.3 (C), 54.4 (CH3), 46.3 (CH2), 28.0 (CH), 13.7
(CH2), 13.0 ppm (CH3).


2-[(1R*,2S*)-2-Methoxy-2-(2-naphthyl)cyclopropyl]acetaldehyde (3d):
Aminodiene 2a (77 mg, 0.5 mmol) and carbene complex 1b (145 mg,
0.4 mmol) afforded 3d (50 mg, 52%) as a colorless oil. Rf : 0.42 (hexane/
ethyl acetate 3:1). 1H NMR (300 MHz, CDCl3): d=9.64 (t, J=1.5 Hz,
1H; CH=O), 7.96–7.67 (m, 4H; ArH), 7.61–7.40 (m, 3H; ArH), 3.19 (s,
3H; OMe), 2.20 (ddd, J=12.5, 7.0, 1.5 Hz, 1H; CHHCHO), 2.11 (ddd,
J=12.5, 7.0, 1.5 Hz, 1H; CHHCHO), 1.83 (dtd, J=10.2, 7.0, 6.6 Hz, 1H;


CHCOMe), 1.34 (dd, J=10.2, 5.9 Hz, 1H; CHHCOMe), 1.12 ppm (t, J=


6.3 Hz, 1H; CHHCOMe); 13C NMR (DEPT, 75 MHz, CDCl3): d=201.1
(CH), 137.8 (C), 133.9 (C), 133.0 (C), 128.3 (CH), 127.8 (CH), 127.7
(CH), 127.6 (CH), 126.8 (CH), 126.1 (CH), 125.1 (CH), 67.6 (C), 54.4
(CH3), 43.8 (CH2), 20.1 (CH), 14.7 ppm (CH2).


ACHTUNGTRENNUNG(1R*,5R*)-5-(2-Furyl)-N,N-diisopropyl-5-methoxy-3-methyl-2-cyclopen-
tenamine (4a): Aminodiene 2b (84 mg, 0.5 mmol) and carbene complex
1c (121 mg, 0.4 mmol) afforded 4a (69 mg, 62%) as a colorless oil. Rf :
0.57 (hexane/ethyl acetate 3:1); 1H NMR (300 MHz, CDCl3): d=7.43 (d,
J=1.8 Hz, 1H; =CHO), 6.32 (dd, J=3.1, 1.8 Hz, 1H; CH=CHO), 6.28
(d, J=3.1 Hz, 1H; CHCH=CHO), 5.43 (br s, 1H; =CH), 4.05 (br s, 1H; =


CHCHN), 3.14–2.91 (m, 2H; 2QNCHMe), 3.05 (s, 3H; OMe), 2.83 (d,
J=17.3 Hz, 1H; CHH), 2.57 (d, J=17.3 Hz, 1H; CHH), 1.84 (s, 3H;
MeC=), 0.93 (d, J=6.0 Hz, 6H; 2QNCHMeMe), 0.85–0.60 ppm (m, 6H;
2QNCHMeMe); 13C NMR (DEPT, 75 MHz, CDCl3): d=154.4 (C), 141.7
(CH), 137.1 (C), 128.0 (CH), 109.5 (CH), 109.4 (CH), 88.4 (C), 72.2
(CH), 51.3 (CH3), 45.6 (br; CH), 41.6 (CH2), 23.1 (br; CH3), 22.1 (CH3),
17.0 ppm (CH3); HRMS (70 eV, EI): m/z : calcd for C17H27NO2: 277.2036
[M+]; found: 277.2038.


ACHTUNGTRENNUNG(1R*,5R*)-5-(2-Furyl)-N,N-diisopropyl-5-methoxy-2-methyl-2-cyclopen-
tenamine (4b): Aminodiene 2c (84 mg, 0.5 mmol) and carbene complex
1c (121 mg, 0.4 mmol) afforded 4b (67 mg, 60%) as a colorless oil. Rf :
0.60 (hexane/ethyl acetate 3:1); 1H NMR (400 MHz, CDCl3): d =7.39
(br s, 1H; =CHO), 6.30 (d, J=3.1 Hz, 1H; CH=CHO), 6.18 (d, J=


3.1 Hz, 1H; CHCH=CHO), 5.47 (br s, 1H; =CH), 3.79 (br s, 1H; =


CHCHN), 3.32–3.19 (m, 1H; NCHMe), 3.07 (s, 3H; OMe), 3.03–2.82 (m,
1H; NCHMe), 2.76 (d, J=16.0 Hz, 1H; CHH), 2.50 (d, J=16.0 Hz, 1H;
CHH), 1.66 (s, 3H; MeC=), 1.16 (d, J=6.6 Hz, 6H; 2QNCHMeMe),
1.03–0.95 ppm (m, 6H; 2QNCHMeMe); 13C NMR (DEPT, 100 MHz,
CDCl3): d =159.2 (C), 141.7 (CH), 140.5 (C), 123.0 (CH), 109.6 (CH),
106.6 (CH), 82.4 (C), 70.3 (CH), 51.8 (CH3), 46.8 (br, CH), 43.6 (br;
CH), 39.5 (CH2), 23.4 (br; CH3), 22.7 (br; CH3), 15.8 ppm (CH3); HRMS
(70 eV, EI): m/z : calcd for C17H27NO2: 277.2036 [M+]; found: 277.2029.


ACHTUNGTRENNUNG(1R*,5R*)-N,N-Diisopropyl-5-methoxy-5-[(E)-styryl]-2-cyclopentena-
mine (6a): Aminodiene 2a (77 mg, 0.5 mmol) and carbene complex 5a
(188 mg, 0.4 mmol) afforded 6b (93 mg, 78%, 65% de (de=diastereo-
meric excess) in Et2O; 97 mg, 81%, 87% de in THF) as a colorless oil.
Rf : 0.34 (hexane/ethyl acetate 5:1). 1H NMR (300 MHz, C6D6): d =7.29–
7.02 (m, 5H; ArH), 6.48 (d, J=16.3 Hz, 1H; CH=CHAr), 6.35 (d, J=


16.3 Hz, 1H; CH=CHAr), 5.68 (ddt, J=6.0, 3.9, 2.0 Hz, 1H; =CHCHN),
5.62 (dq, J=6.0, 2.0 Hz, 1H; =CHCH2), 3.78 (ddd, J=3.9, 2.0, 1.0 Hz,
1H; NCHC=), 3.15 (heptet, J=6.6 Hz, 1H; NCHMe), 3.13 (s, 3H;
OMe), 2.52 (dq, J=16.7, 2.0 Hz, 1H; CHH), 2.27 (dtd, J=16.7, 2.2,
1.0 Hz, 1H; CHH), 1.15 (d, J=6.6 Hz, 1H; 2QMeCH), 0.96 ppm (d, J=


6.6 Hz, 1H; 2QMeCH); 13C NMR (DEPT, 75.5 MHz, C6D6): d=137.6
(C), 134.9 (CH), 134.0 (CH), 128.6 (CH), 128.4 (CH), 127.6 (CH), 127.1
(CH), 126.4 (CH), 85.6 (C), 69.0 (CH), 51.5 (CH3), 46.1 (CH), 39.3
(CH2), 23.6 (CH3), 22.6 ppm (CH3); HRMS (70 eV, EI): m/z : calcd for
C20H29NO: 299.2244 [M+]; found: 299.2243.


ACHTUNGTRENNUNG(1R*,5R*)-N,N-Diisopropyl-5-methoxy-3-methyl-5-[(E)-styryl]-2-cyclo-
pentenamine (6b): Aminodiene 2b (84 mg, 0.5 mmol) and carbene com-
plex 5a (188 mg, 0.4 mmol) afforded 6a (102 mg, 81%, 68% de in Et2O;
112 mg, 89%, 90% de in THF) as a colorless oil. Rf : 0.45 (hexane/ethyl
acetate 5:1); 1H NMR (300 MHz, C6D6): d=7.34–7.02 (m, 5H; ArH),
6.52 (d, J=16.4 Hz, 1H; PhCH=CH), 6.39 (d, J=16.4 Hz, 1H; PhCH=


CH), 5.32 (br s, 1H; MeC=CH), 3.82 (br s, 1H; CHN), 3.28–3.12 (m, 2H;
2QNCHMe), 3.18 (s, 3H; OMe), 2.51 (d, J=16.4 Hz, 1H; CHH), 2.16 (d,
J=16.4 Hz, 1H; CHH), 1.64 (s, 3H; MeC=), 1.18 (d, J=6.7 Hz, 6H; 2Q
NCHMeMe), 1.02 ppm (d, J=6.7 Hz, 6H; 2QNCHMeMe); 13C NMR
(DEPT, 75.5 MHz, C6D6): d=137.6 (C), 136.9 (C), 135.2 (CH), 128.6
(CH), 128.2 (CH), 127.7 (CH), 127.2 (CH), 126.5 (CH), 86.7 (C), 69.4
(CH), 51.5 (CH3), 46.2 (CH), 43.5 (CH2), 23.7 (CH3), 22.6 (CH3),
17.1 ppm (CH3); HRMS (70 eV, EI): m/z : calcd for C21H31NO: 313.2406
[M+]; found: 313.2413.


ACHTUNGTRENNUNG(1R*,5R*)-5-[(E)-(2-Furyl)ethenyl]-N,N-diisopropyl-5-methoxy-3-methyl-
2-cyclopentenamine (6c): Aminodiene 2b (84 mg, 0.5 mmol) and carbene
complex 5b (184 mg, 0.4 mmol) afforded 6c (104 mg, 86%, 60% de in
Et2O; 97 mg, 80%, 80% de in THF) as a colorless oil. Rf : 0.20 (hexane/
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ethyl acetate 5:1); 1H NMR (300 MHz, C6D6): d=7.03 (d, J=1.8 Hz, 1H;
=CHO), 6.54 (d, J=16.4 Hz, 1H; 2-FuCH=CH), 6.37 (d, J=16.4 Hz, 1H;
2-FuCH=CH), 6.08 (dd, J=3.3, 1.8 Hz, 1H; CH=CHO), 6.02 (d, J=


3.3 Hz, 1H; CHCH=CHO), 5.29 (br s, 1H; MeC=CH), 3.81 (br s, 1H; =


CCHN), 3.15 (heptet, J=6.7 Hz, 2H; 2QN ACHTUNGTRENNUNG(CHMe), 3.15 (s, 3H; OMe),
2.49 (d, J=16.4 Hz, 1H; CHH), 2.09 (d, J=16.4 Hz, 1H; CHH), 1.60 (s,
3H; MeC=), 1.19 (d, J=6.7 Hz, 6H; 2QN ACHTUNGTRENNUNG(CHMeMe), 1.01 (d, J=6.7 Hz,
6H; 2QN ACHTUNGTRENNUNG(CHMeMe); 13C NMR (DEPT, 75.5 MHz, C6D6): d=153.3 (C),
141.5 (CH), 136.9 (C), 134.5 (CH), 128.1 (CH), 116.7 (CH), 111.3 (CH),
107.2 (CH), 86.2 (C), 69.4 (CH), 51.6 (CH3), 46.0 (CH), 43.9 (CH2), 23.5
(CH3), 22.7 (CH3), 17.0 ppm (CH3); HRMS (70 eV, EI): m/z : calcd for
C19H29NO2: 303.2198 [M+]; found: 303.2203.


ACHTUNGTRENNUNG(1R*,5S*)-5-[(E)-(2-Furyl)ethenyl]-N,N-diisopropyl-5-methoxy-3-methyl-
2-cyclopentenamine diast-(6c): Rf : 0.50 (hexane/ethyl acetate 5:1);
1H NMR (300 MHz, C6D6): d=7.14 (d, J=1.8 Hz, 1H; =CHO), 6.73 (d,
J=16.6 Hz, 1H; 2-FuCH=CH), 6.42 (d, J=16.6 Hz, 1H; 2-FuCH=CH),
6.23–6.15 (m, 2H; CH=CHO, CHCH=CHO), 5.49 (br s, 1H; MeC=CH),
4.33 (br s, 1H; =CCHN), 3.20 (s, 3H; OMe), 2.92 (heptet, J=6.5 Hz, 2H;
2QNCHMe, 2.41 (s, 2H; CH2), 1.76 (s, 3H; MeC=), 1.22 (d, J=6.5 Hz,
6H; 2QNCHMeMe), 1.03 ppm (d, J=6.5 Hz, 6H; NCHMeMe);
13C NMR (DEPT, 75.5 MHz, C6D6): d=153.6 (C), 141.8 (CH), 137.5 (C),
132.2 (CH), 128.6 (CH), 118.4 (CH), 111.2 (CH), 107.0 (CH), 89.3 (C),
72.4 (CH), 50.6 (CH3), 45.9 (CH), 41.5 (CH2), 23.5 (CH3), 22.1 (CH3),
15.7 ppm (CH3); HRMS (70 eV, EI): m/z : calcd for C19H29NO2: 303.2198
[M+]; found: 303.2187.


ACHTUNGTRENNUNG(1R*,5R*)-N,N-Diisopropyl-5-methoxy-2-methyl-5-[(E)-styryl]-2-cyclo-
pentenamine (6d): Aminodiene 2c (84 mg, 0.5 mmol) and carbene com-
plex 5a (188 mg, 0.4 mmol) afforded 6d (92 mg, 73%, >95% de) as a
colorless oil. Rf : 0.36 (hexane/ethyl acetate 5:1); 1H NMR (300 MHz,
C6D6): d=7.29–7.04 (m, 5H; ArH), 6.51 (d, J=16.4 Hz, 1H; PhCH=


CH), 6.35 (d, J=16.4 Hz, 1H; PhCH=CH), 5.40–5.36 (m, 1H; MeC=


CH), 3.54 (s, 1H; =CCHN), 3.21–2.97 (m, 2H; 2QNCHMe), 3.11 (s, 3H;
OMe), 2.45–2.21 (m, 2H; CH2), 1.70 (d, J=1.6 Hz, 3H; =CMe), 1.29 (d,
J=6.7 Hz, 6H; 2QNCHMeMe), 1.02 ppm (d, J=6.7 Hz, 6H; 2Q
NCHMeMe); 13C NMR (DEPT, 75.5 MHz, C6D6): d =141.0 (C), 137.6
(CH), 135.9 (CH), 128.6 (CH), 127.3 (CH), 127.1 (CH), 126.4 (CH),
123.1 (CH), 84.3 (C), 72.4 (CH), 51.3 (CH3), 48.1 (br; CH), 44.7 (br;
CH), 39.4 (CH2), 24.9 (br; CH3), 23.0 (br; CH3), 15.7 ppm (CH3); HRMS
(70 eV, EI): m/z : calcd for C21H31NO: 313.2406 [M+]; found: 313.2415.


ACHTUNGTRENNUNG(1R*,5R*)-5-[(E)-(2-Furyl)ethenyl]-N,N-diisopropyl-5-methoxy-2-methyl-
2-cyclopentenamine (6e): Aminodiene 2b (84 mg, 0.5 mmol) and carbene
complex 5b (184 mg, 0.4 mmol) afforded 6e (86 mg, 71%, 80% de) as a
colorless oil. Rf : 0.36 (hexane/ethyl acetate 5:1); 1H NMR (300 MHz,
C6D6): d =7.00 (d, J=1.6 Hz, 1H; =CHO), 6.54 (d, J=16.0 Hz, 1H; 2-
FuCH=CH), 6.37 (d, J=16.0 Hz, 1H; 2-FuCH=CH), 6.07 (dd, J=3.5,
1.6 Hz, 1H; CH=CHO), 5.97 (d, J=3.5 Hz, 1H; CHCH=CHO), 5.33–
5.29 (m, 1H; MeC=CH), 3.52 (br s, 1H; =CCHN), 3.20–2.90 (m, 2H; 2Q
NCHMe), 3.09 (s, 3H; OMe), 2.36 (brd, J=16.0 Hz, 1H; CHH), 2.19
(app.d, J=16.0 Hz, 1H; CHH), 1.64 (d, J=1.5 Hz, 3H; Me), 1.24 (d, J=


6.3 Hz, 6H; 2QNCHMeMe), 0.98 ppm (d, J=6.7 Hz, 6H; 2Q
NCHMeMe); 13C NMR (DEPT, 75.5 MHz, C6D6): d =153.3 (C), 141.4
(CH), 141.0 (C), 135.2 (CH), 123.0 (CH), 115.9 (CH), 111.3 (CH), 107.1
(CH), 84.1 (C), 72.4 (CH), 51.3 (CH3), 47.9 (br; CH), 44.6 (br; CH), 39.4
(CH2), 24.8 (br; CH3), 23.1 (br; CH3), 15.7 ppm (CH3); HRMS (70 eV,
EI): m/z : calcd for C19H29NO2: 303.2198 [M+]; found: 303.2204.


2-{(4aS*,5S*)-2,3,4,4a,5,6-Hexahydro-7-methoxycyclopenta[b]pyran-5-
yl}ethanal (8a): Aminodiene 2a (77 mg, 0.5 mmol) and carbene complex
7 (180 mg, 0.4 mmol) afforded 8a (60 mg, 76%) as a colorless oil. Rf :
0.27 (hexane/ethyl acetate 5:1); 1H NMR (600 MHz, C6D6): d=9.35 (t,
J=1.6 Hz, 1H; CHO), 3.85 (ddt, J=10.6, 4.4, 1.7 Hz, 1H; CHHO), 3.81
(s, 3H; OMe), 3.27 (ddd, J=12.9, 10.6, 2.3 Hz, 1H; CHHO), 2.47–2.43
(m, 1H; CHHCOMe), 2.05 (ddd, J=15.7, 4.8, 1.6 Hz, 1H; CHHCH=O),
1.98–1.87 (m, 4H; CHHCOMe, CHHCH=O, CHCO, CHCH2CH=O),
1.75 (dqd, J=12.9, 3.5, 1.7 Hz; 1H; CHHCHCO), 1.41 (qdd, J=12.9,
4.4,3.6 Hz, 1H; CHHCH2CH2O), 1.24–1.19 (m, 1H; CHHCH2CH2O),
0.92 ppm (qd, J=12.9, 3.6, 1H; CHHCHCO); 13C NMR (DEPT,
150 MHz, C6D6): d=200.1 (CH), 132.9 (C), 129.5 (C), 68.7 (CH2), 57.5
(CH3), 48.6 (CH2), 43.9 (CH), 34.8 (CH2), 34.1 (CH), 30.9 (CH2),


24.9 ppm (CH2); HRMS (70 eV, EI): m/z : calcd for C11H16O3: 196.1099
[M+]; found: 196.1105.


2-{(4aS*,5S*)-2,3,4,4a,5,6-Hexahydro-7-methoxycyclopenta[b]pyran-5-
yl}propanal (8b): Aminodiene 2b (84 mg, 0.5 mmol) and carbene com-
plex 7 (180 mg, 0.4 mmol) afforded 8b (66 mg, 79%, 1:1 mixture of dia-
stereoisomers) as a colorless oil. Rf : 0.30 (hexane/ethyl acetate 5:1);
1H NMR (200 MHz, C6D6): d=9.29, 9.28 (2s, 2H; 2QCHO), 3.90–3.70
(m, 2H; 2QCHHO), 3.86 (s, 6H; 2QOMe), 3.21 (app.ddd, J=12.8, 10.5,
2.3 Hz, 2H; 2QCHHO), 2.20–0.80 (m, 18H; 2QCH2CH2CHCH-
ACHTUNGTRENNUNG(CH2)CHMe), 0.72, 0.69 ppm (2Qd, J=6.9 Hz, 6H; 2QMe); 13C NMR
(DEPT, 100 MHz, C6D6): d =202.9 (CH), 202.6 (CH), 133.0 (C), 132.9
(C), 129.4 (C), 68.8 (CH2), 57.5 (CH3), 57.5 (CH3), 50.2 (CH), 50.1 (CH),
41.9 (CH), 41.2 (CH), 40.3 (CH), 40.0 (CH), 33.0 (CH2), 32.3 (CH2), 31.7
(CH2), 31.6 (CH2), 25.0 (CH2), 25.0 (CH2), 11.1 (CH3), 11.0 ppm (CH3).


(4aS*,5R*)-2,3,4,4a,5,8-Hexahydro-N,N-diisopropyl-9-methoxy-7-methyl-
cyclohepta[b]pyran-5-amine (9): Aminodiene 2c (84 mg, 0.5 mmol) and
carbene complex 7 (180 mg, 0.4 mmol) afforded 9 (81 mg, 69%) as a col-
orless oil. Rf : 0.52 (hexane/ethyl acetate 5:1); 1H NMR (400 MHz, C6D6):
d=5.57 (br s, 1H; CH=), 3.83–3.70 (m, 2H; CH2O), 3.68 (s, 3H; OMe),
3.39 (d, J=17.4 Hz, 1H; CHHCMe), 3.38–3.26 (m, 3H; =CCHN, 2Q
NCHMe), 2.66–2.48 (m, 1H; CHCHN), 2.41 (d, J=17.4 Hz, 1H;
CHHCMe), 1.86 (s, 3H; Me), 1.85–1.60 (m, 3H; CH2CH2O, CHHCH),
1.60–1.45 (m, 1H; CHHCH), 1.14 (d, J=6.8 Hz, 6H; 2QNCHMeMe),
1.03 ppm (d, J=6.5 Hz, 6H; 2QNCHMeMe); 13C NMR (DEPT,
100 MHz, C6D6): d=138.9 (C), 133.8 (C), 128.2 (CH), 127.7 (CH), 68.6
(CH2), 58.6 (CH3), 54.6 (CH), 46.6 (CH), 42.1 (CH), 35.2 (CH2), 26.6
(CH3), 24.8 (CH2), 24.4 (CH2), 23.9 (CH3), 21.8 ppm (CH3); HRMS
(70 eV, EI): m/z : calcd for C18H31NO2: 293.2355 [M+]; found: 293.2351.


Biphenyl-2-carbaldehyde (11a): Aminodiene 2a (77 mg, 0.5 mmol) and
carbene complex 10a (134 mg, 0.4 mmol) afforded 11a (48 mg, 66%) as
a colorless oil. The analytical data are identical to those described in the
literature.[24]


5-Methylbiphenyl-2-carbaldehyde (11b): Aminodiene 2b (84 mg,
0.5 mmol) and carbene complex 10a (134 mg, 0.4 mmol) afforded 11b
(55 mg, 70%) as a colorless oil. Rf : 0.50 (hexane/ethyl acetate 5:1);
1H NMR (300 MHz, CDCl3): d=9.98 (s, 1H; CHO), 7.99 (d, J=8.0 Hz,
1H; ArH), 7.51–7.33 (m, 6H; ArH), 7.30 (s, 1H; ArH), 2.50 ppm (s, 3H;
Me); 13C NMR (DEPT, 75 MHz, CDCl3): d =192.0 (CH), 146.0 (C), 144.4
(C), 137.8 (C), 131.4 (C), 131.2 (CH), 129.9 (CH), 128.5 (CH), 128.2
(CH), 127.9 (CH), 127.5 (CH), 21.7 ppm (CH3).


4-Methylbiphenyl-2-carbaldehyde (11c): Aminodiene 2c (84 mg,
0.5 mmol) and carbene complex 10a (134 mg, 0.4 mmol) afforded 11c
(57 mg, 72%) as a colorless oil. Rf : 0.50 (hexane/ethyl acetate 5:1);
1H NMR (300 MHz, CDCl3): d =10.00 (s, 1H; CHO), 7.89 (s, 1H; ArH),
7.57–7.26 (m, 7H; ArH), 2.49 ppm (s, 3H; Me); 13C NMR (DEPT,
75 MHz, CDCl3): d=192.6 (CH), 139.9 (C), 137.8 (C), 137.6 (C), 134.3
(CH), 133.4 (C), 130.6 (CH), 130.0 (CH), 128.2 (CH), 127.8 (CH), 127.6
(CH), 20.9 ppm (CH3).


1,2,3,4-Tetrahydro-9-methoxy-6-methyl-4H-fluorene (12a): Aminodiene
2b (84 mg, 0.5 mmol) and carbene complex 10c (136 mg, 0.4 mmol) af-
forded 12b (52 mg, 61%) as a colorless oil. Rf : 0.58 (hexane/ethyl acetate
3:1); 1H NMR (300 MHz, CDCl3): d=7.72 (d, J=7.8 Hz, 1H; ArH), 7.32
(d, J=7.8 Hz, 1H; ArH), 6.96 (s, 1H; ArH), 4.88 (s, 1H; OCH), 3.07 (s,
3H; OMe), 2.40 (s, 3H; MeC), 1.83–1.62 ppm (m, 8H; aliphatic ring);
13C NMR (DEPT, 75 MHz, CDCl3): d=137.9 (C), 137.0 (C), 136.6 (C),
130.2 (C), 127.4 (C), 125.2 (CH), 123.2 (CH), 118.6 (CH), 83.5 (CH), 51.9
(CH3), 29.6 (CH2), 23.4 (CH2), 22.7 (CH2), 22.3 (CH2), 21.5 ppm (CH3).


3-Methoxy-2-phenyl-1H-indene (12b): Aminodiene 2a (77 mg, 0.5 mmol)
and carbene complex 10d (145 mg, 0.4 mmol) afforded 12c (49 mg, 55%)
as a colorless oil. Rf : 0.51 (hexane/ethyl acetate 3:1); 1H NMR (300 MHz,
CDCl3): d=7.80 (d, J=8.3 Hz, 1H; ArH), 7.51–7.13 (m, 8H; ArH), 3.97
(s, 3H; OMe), 3.66 ppm (s, 2H; CH2);


13C NMR (DEPT, 75 MHz,
CDCl3): d=141.1 (C), 140.8 (C), 135.2 (C), 128.3 (CH), 128.0 (C), 126.7
(CH), 126.5 (CH), 126.3 (CH), 125.3 (CH), 124.6 (C), 123.9 (CH), 118.5
(CH), 58.8 (CH3), 36.1 ppm (CH2).
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Introduction


Bulk silver chalcogenide materials, such as crystalline solids,
glasses, and liquids, commonly act as electrical conductors,
with the Ag+ ion as the primary charge carrier.[1–6] While in-
vestigating possible molecular precursors to these materials,
the cluster compound [Ag28S26(P(O)PhOMe)12 ACHTUNGTRENNUNG(PPh3)12] (1,
Scheme 1 and Figure 1) was synthesized. The data extracted
from the X-ray diffraction (XRD) study on the crystal were
insufficient to fully characterize the state of the cluster in
the solid. While the exterior of the cluster was very well de-
fined, the organic ligands showed some conformational dis- order, and the central core of the cluster had significant dis-


order.[7] Electron density representing two silver atoms was
distributed over six sites corresponding to three pairs of Ci-
related atom positions with apparent percentage occupation
weights of 60:20:20 (Figure 2, right). Additionally, two pairs
of silver atoms further from the core were each split into
two positions separated by 50 pm. A third pair of silver
atoms was not visibly split, but was related to the former
pairs by a pseudo-threefold rotation. Interestingly, except
for the two disordered silver atoms at its core and some con-
formational disorder of phenyl groups, the molecule has S6


symmetry, although only the inversion center is strictly en-
forced by the crystal symmetry.


These observations lead to questions. Was the silver disor-
der due to the entire cluster settling into various orienta-
tions during crystallization, or were the central silver atoms
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Scheme 1. Synthesis of 1 (Ar=4-anisyl).
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actively jumping among the six symmetry-related local envi-
ronments, similar to the conduction of Ag+ in the bulk?
How tightly coupled are conformational changes of the li-
gands and the interior of the cluster, and does one deter-
mine the other? Is there enough room in the core to support
a third silver (in line with the threefold nature of the rest of
the cluster), but with its additional electron density being
masked by the X-ray refinement artificially contracting the
nearby inorganic shell?


To answer these questions, XRD of new crystals of 1 were
performed, and extensive molecular electronic structure cal-
culations conducted. With this study, we continue our recent
successful characterization of problematic inorganic struc-
tures by the combined use of quantum chemical methods
and XRD.[8–10] We apply density functional theory to check
the quality of putative structures by comparing computed
energies and optimized geometries with those from the X-
ray investigation, giving a more definitive picture of the
molecule. We next describe the details of experiment and
computation, their results, and derive from them conclusions
about the nature of the compound.


Experimental and Computational Details


Crystals of 1 were prepared according to a published procedure[7] and re-
measured. Details of the original structure determination can be obtained
free of charge The Cambridge Crystallographic Data Centre (CCDC-
283239) via www.ccdc.cam.ac.uk/data_request/cif. Data were measured
on a STOE IPDS II diffractometer by using MoKa radiation. The struc-
tures were solved by direct methods, and refined by full-matrix least-
squares against F2 using all data (see Table 1 for details).[11] Hydrogen
atoms were placed in idealized positions.


The TURBOMOLE v5.8 quantum chemistry software package was used
for all electronic structure calculations. Unless otherwise noted, all calcu-
lations were conducted with the DFT functional BP86[12] using the def-
SV(P) (split-valence plus polarization functions on the non-hydrogen
atoms) orbital and auxiliary basis sets[13] plus corresponding 28-electron
effective core potential[14] on silver. Integration was performed on the m3


multilevel quadrature, and checked in
part on m4.[13c] Interelectronic Cou-
lomb interaction was treated with the
resolution of the identity (RI-J)
method[15] together with the multipole-
accelerated resolution of the identity
approximation (MARI-J).[16] Geomet-
ric structures were optimized by a re-
laxation procedure based on analytic
gradients[13b] of the energy and using
redundant internal coordinates;[17] geo-
metries were considered converged
when the differences in energies be-
tween consecutive iterations were
below 5O10�5 Eh and the norm of the
gradient dropped below 4O10�3 in
atomic units.


A very limited ab initio molecular dy-
namics calculation was carried out
solely for estimating the barrier to
concerted motion of a pair of silver
atoms from one pocket to the next.
For this, the same functional and basis


sets as in the geometry optimizations were used. To save CPU time, an
SCF energy convergence criterion of 10�5 Eh was employed instead of
the usual 10�6 Eh. The leapfrog algorithm to propagate molecular geome-
try based on the DFT gradients was used. It was considered sufficient to
use a relatively large time step of 80 atomic time units (1.935 fs). Addi-
tionally, the high-frequency C�H bond vibrations were damped by using
a minor modification of the SHAKE[18] and RATTLE[19] algorithms that
conserve translational and angular momentum of the constrained atoms,
while the constrained bond lengths were allowed to vary by up to 0.01
Bohr per time step to adjust to conformational changes in the ligands.
The total system energy was monitored to give a measure of integration
error.


Figure 1. Molecular structure of 1 in the solid state (disordered compo-
nents and phenyl groups were omitted; only a-C atoms of 4-anisyl- sub-
stituents are displayed). Selected ranges of bond lengths [P]: Ag�S
2.212(3)–2.925(2), Ag�P 2.4077(19)–2.4153(16), Ag�O 2.426(5)–2.503(4),
P�S 2.037(3)–2.087(2), P�O 1.489(4)–1.506(4), Ag···Ag 2.7632(3)–
3.3670(18).


Figure 2. Disorder in the core of 1. Representation of the central Ag2S2 unit, which is slightly disordered in the
new crystal (left), but heavily disordered in the previously published result (right, ref. [7]). Arrows in the
image on the right represent the initial velocity vectors of the central silver atoms in the molecular dynamics
trajectory.
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Results and Discussion


X-ray structural analysis : The diffraction data of the title
compound were originally modeled as a neutral cluster on
an inversion center, with two central silver atoms disordered
over six sites. The charge was based on the lack of counter-
ions detected in the crystal structure, as well as the crystalli-
zation from THF not easily supporting the small counterions
(H+ , OH�) that might go unnoticed among disordered sol-
vent molecules. The disorder of the central silver atoms is
the main roadblock in determining the exact nature of this
cluster, and is exacerbated by the large number of refine-
ment parameters available. The Ag2S2 core of the X-ray
structure is a distorted rhombus with the S(1)···S(1’) diago-
nal tilted slightly from the pseudo-threefold axis, and the
major equatorial silver atom positions at 60% occupancy.
Two additional inversion-related pairs of Ag at 20% occu-
pancy are related to the first by rough S6 operations about
the pseudo-axis. It is not immediately clear if the disorder is
primarily temporal or translational, or if a possible third
silver atom could be comfortably accommodated.


To get a qualitative picture of the disorder present in 1,
the X-ray structure determination of 1 was repeated on sev-
eral newly grown crystals. A comparison of the new and old
datasets indicates that a significant decrease in disorder of
the central Ag atom Ag(1) (Figure 2) was possible, probably
due to small changes in crystallization conditions. The bulk
of the cluster, including even the conformationally disor-
dered phenyl ligands, remained almost unchanged despite a
change in the disorder of central silver atoms, suggesting a
very low energy barrier to central silver rearrangement. The
likely fluxional nature of the cluster supports the hypothesis
that 1 could be considered as a model compound for solid


silver-based ion conductors, and initiated a comprehensive
DFT study.


DFT analysis of disorder in 1: As a first step, we examined
the structure suggested by the previously published X-ray
refinement. Eleven starting geometries for 1 were generated
by populating various Ci-symmetry combinations of disor-
dered silver sites; two more initial structures were generated
by populating two central silver positions separated by 608
(“ortho”) or 1208 (“meta”) rotation about the core S···S axis.
All structures featured the complete ligand shell, and were
relaxed to local minimum-energy geometries while main-
taining initial symmetry.


All Ci starting geometries converged to essentially identi-
cal structures, which could be mapped onto each other by
rotational symmetry operations of the S6 prototype. Truncat-
ing the computed structures at phosphorus, the inorganic
portions were overlaid to minimize the mass-weighted dif-
ference in the positions of corresponding atoms, which were
then averaged to generate the structure 1av. The root-mean-
square of absolute differences in the atomic positions of any
of these Ci-symmetry computed geometries to those in 1av


ranged from 9.3 to 26.6 pm. A similar comparison of 1av to
the XRD structures gave an rms difference of 29.5 pm for
the old, and 36.3 pm for the new. This means that the devia-
tion of any one computed structure from the average over
ligand conformations is of the same magnitude as the devia-
tion of the crystal structure from that same average. Consid-
ering that small differences in bond lengths and angles in
such a large cluster can add up to large absolute changes at
the exterior, this deviation, as can be seen in Figure 3, is
indeed very small. As they are directly attached to the am-
biguous silver positions, the distance between the axial
sulfur atoms should be most susceptible to changing silver


Table 1. X-ray data collection parameters for two crystals of
1·2Et2O·2THF.


Compound 1 (ref. [7]; CCDC: 283239) 1 (this work)


formula C300H264Ag28O24-
P24S26·2Et2O·2THF


C300H264Ag28O24-
P24S26·2Et2O·2THF


formula weight 9935.90 9935.90
T/K 100 100
crystal system triclinic triclinic
space group P1̄ P1̄
a [P] 22.8410(6) 22.824(1)
b [P] 23.4102(7) 23.347(1)
c [P] 23.8337(6) 23.891(1)
a [8] 118.290(2) 117.683(3)
b [8] 96.031(2) 97.838(3)
g [8] 113.295(2) 112.942(4)
V [P3] 9609.6(5) 9563.1(8)
Z 1 1
m [mm�1] 1.692 1.700
F ACHTUNGTRENNUNG(000) 4952 4952
reflections collected 77691 48366
unique data 39248 32620
Rint 0.0458 0.0418
parameters 1943 1943
wR2 (all data) 0.1945 0.1781
R1 [I>2s(I)] 0.0630 0.0547


Figure 3. Overlaid interiors of 1 from the new X-ray structure (light) and
the average of eleven calculated geometries 1av (dark).


Chem. Eur. J. 2008, 14, 319 – 324 G 2008 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim www.chemeurj.org 321


FULL PAPERDisorder and Mobility in Semiconductor Clusters



www.chemeurj.org





occupancy. The core S(1)···S(1’) distance for the averaged
computed structure [394 pm] is close to the experimental
distance [398–410 pm].


After discussion of specific structural aspects, we now
turn to the examination of bond lengths within the inorganic
portion of the cluster, since these are of most direct interest
and are usually well reproduced by electronic structure cal-
culations. In Table 2, the averages of two types of Ag�S


bond lengths for the new X-ray structure are given with the
standard deviation within each group. Although they have
essentially identical average distances, the silver atoms that
are only bonded to sulfur, largely located in the interior,
have double the variation in Ag�S distances as the phospho-
rous-bonded silver atoms on the exterior. This is likely due
to the much more varied local environment of the interior
perturbing the Ag�S interaction from its preferred distance.


The bond lengths in the new X-ray structure were taken
as individual references for comparison with the old struc-
ture, as well as with the computed structures. Each of the 24
symmetry-unique interior Ag�S bonds of the old structure
was around 3 pm shorter (�4 pm) than its corresponding
new version, while the 12 symmetry-unique surface Ag�S
bonds were virtually unchanged. It is dangerous to infer too
much from such small changes, but this hints that the effects
of increasing disorder of the core are isolated from the exte-
rior. The bond lengths in the core are also nearly identical
to those of the average computed structure, 1av, which are
only 2�6 pm longer than those in the reference. This differ-
ence in bond lengths is doubled for the exterior Ag�S
bonds, but this is attributable to the nearby ligands being ex-
posed to vacuum in the calculations, but a condensed envi-
ronment in the crystal. The optimized structure of 1 with
the most deviance from the average, denoted 1*, was also
quite close in bond length statistics.


Our findings imply that independent of the start geome-
try, structure optimization converges to one of the three
pockets where the central silver pair are in para positions.


This is in line with approximate S6 symmetry, although with-
out corresponding rotation of the ligand shell, thereby indi-
cating that the cluster core is largely decoupled from ligand
conformation changes. There are, however, consequences to
ligand conformation changes: seven of the optimized struc-
tures have energies within 30 kJmol�1 of the lowest, while
one is higher by 92 kJmol�1.


A natural population analysis (NPA)[20] was conducted to
elucidate the degree of ionicity within the cluster. Results
are in agreement with chemical intuition, with charges on
silver varying between +0.52 and +0.67, and most sulfur be-
tween �0.71 and �0.76, with the exception of the central
sulfur pair at �1.11 each. The variation reflects the number
and electronegativity of surrounding atoms, with the large
negative charge at the central sulfur atoms being in line
with an environment of five silver atoms.


The observed disorder of the central silver atoms as a
rough hexagon may also be the result of occasional breaking
of Ci symmetry: going from an Ag-S-S-Ag torsion angle of
1808 to a torsion of �1208 or �608. Geometry optimizations
starting from these “meta” and “ortho” configurations pro-
ceeded rapidly to the observed pseudo-Ci “para” structure,
but to eliminate them as possibilities a more rigorous ap-
proach was required. Three geometry optimizations, starting
from a C3-symmetric conformation of the ligands, were car-
ried out with the central Ag-S-S-Ag torsion angle constrain-
ed to 608, 1208, or 1808. As anticipated, the ortho conformer
relaxes to a significantly distorted geometry that is
50 kJmol�1 higher than the para. Surprisingly, the meta con-
former relaxes to a geometry that, apart form the constrain-
ed silvers, is almost indistinguishable from the para, only an
insignificant 4 kJmol�1 higher in energy, and consistent with
the X-ray structure anaylsis. This is clearly not enough to
eliminate the meta conformer as a significant contributor to
the ensemble and likely source of the lower-occupancy
silver positions.


DFT analysis of [Ag29S26(P(O)PhOMe)12 ACHTUNGTRENNUNG(PPh3)12], 2 : The
geometries of the +1, 0, and �1 charge states of 2, an ana-
logue of the structure solved by X-ray diffraction in which a
third silver atom was added to the core to form an Ag3 tri-
angle, were optimized under C3 symmetry. The cores of the
calculated Ag29 clusters form trigonal bipyramids with sulfur
atoms at the axial positions and a triangle of silver atoms on
the equator. The positively and negatively charged clusters
had closed-shell electronic configurations with HOMO–
LUMO gaps of 1.46 eV and 0.72 eV, respectively. The neu-
tral molecule was closer to the anion in both geometric and
electronic structure, with a singly occupied a-type HOMO,
analogous to the HOMO of the anion. The calculated S···S
distance in the positive cluster [378 pm] is shorter than the
experimentally detetrmined distances of 398–410 pm, while
those in the neutral [432 pm] and negative [448 pm] are too
long. When truncated to the ligand phosphorus atoms, and
retaining only one of the core silver atoms (and its inversion
image), the computed cluster geometry can be superim-
posed on that of the crystal to give rms absolute deviations


Table 2. Distance comparison of selected bonds and bond types[a] in pm.


Bond type X-ray
ACHTUNGTRENNUNG(new)


D X-ray
ACHTUNGTRENNUNG(ref. [7])


D 1av D 1* [b] D 2+ [c]


(S)Ag�S ACHTUNGTRENNUNG[O24] 258.2�9.8 �2.9�3.9 1.8�5.8 3.9�5.5 2.0�7.3
(P)Ag�S ACHTUNGTRENNUNG[O12] 258.1�5.0 �0.2�1.2 4.2�3.5 3.3�2.8 4.1�3.6


Bond X-ray
ACHTUNGTRENNUNG(new)[d]


X-ray
ACHTUNGTRENNUNG(ref. [7])[d]


1av 1* [b] 2+ [c]


Ag(1)�S(1) 248.7–273.7 268.7–276.4 259.4 260.8 268.2
Ag(1)�S(1’) 248.2–252.4 247.3–252.4 259.0 262.9 265.2
S(1)···S(1’) 409.5 398.2 393.9 396.7 377.9
Ag(1)···Ag(1’) 281.5–331.1 329.0–348.7 336.9 341.8 376.4


[a] Bond type differences (D) compare each individual bond of a type to
its partner in the new X-ray. [b] Computed structure with the worst over-
lap to 1av. [c] The central Ag3 ring was converted to Ag2 for comparison
by taking the atom that is closest to the X-ray Ag(1) position and gener-
ating its inversion image with respect to the center of mass. [d] Measure-
ments including disordered positions are given as a range.


www.chemeurj.org G 2008 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 319 – 324322


R. Ahlrichs et al.



www.chemeurj.org





of 36.86, 38.83, and 41.92 pm for the positive, neutral, and
negative clusters respectively. The Ag3 versions of the clus-
ter are not unreasonable, but do not match the X-ray data
nearly as well as the Ag2, and are therefore quite unlikely.


Barrier estimation of Ag2 motion in 1: To estimate barriers
to central silver motion, a highly restricted molecular dy-
namics simulation on the full neutral Ag28 cluster was per-
formed by using the same density functional and basis set as
the geometry optimizations. A full exploration of the ab
initio potential energy surface, required for a thorough ki-
netic description of the transition, is clearly not feasible for
us at present, since one time step takes around four hours.
A single trajectory was thus generated from a fully relaxed
Ci-symmetric molecule at 0 K and adding 93 kJmol�1 of ki-
netic energy (each) to the two central silver atoms. The ve-
locities of Ag(1) and Ag(1’) (Figure 2) were in the direction
of Ag(1A) and Ag ACHTUNGTRENNUNG(1A’) respectively. Their inversion-related
velocity vectors (6O10�4 atomic units) were nearly in the
equatorial plane and tangential to a circle about the pseudo-
S6 axis. The Ci-symmetry initial conditions allowed the simu-
lation to run completely under Ci symmetry, saving compu-
tational resources and simplifying interpretation.


As can be seen in Figure 4, the first maximum in the po-
tential energy is reached at 78 fs. This is slightly over


26 kJmol�1 above the local minimum, representing an upper
bound for the barrier to concerted motion of the central
silver pair from one S6 pocket to the next. As this small
value is on par with the possible uncertainty due to the
method of computation, the most we can say is that this bar-
rier is relatively small. The second potential energy mini-
mum of the trajectory at 126 fs is close to a local minimum
of the structure, and converges to that in a standard geome-


try optimization. A third, shallow, dip in potential energy is
found 221 fs along the trajectory, and relaxes to a local mini-
mum corresponding to another of the S6 pockets.


Conclusion


Starting from the X-ray structures, several Ci symmetry ar-
rangements of the disordered silver positions were subjected
to structure optimization, which all resulted in geometries
with inorganic cores that could be overlaid with pseudo-S6


rotations. The ligand conformations of all starting geome-
tries were identical, and did not change appreciably on re-
laxation, resulting in different relative conformations of
ligand to core. It is clear from this that conformational
changes in the ligands should not significantly affect the
core. Populating the central silver positions in a meta ar-
rangement leads to a similar energy, while the ortho geome-
try can be excluded. If either para or meta arrangements
were statistically distributed over the pockets, they would be
consistent with the observed Ci symmetry X-ray result. Fur-
thermore, the barrier for the concerted 1208 rotation of the
para silver dimer from one well to another is no more than
about 26 kJmol�1, indicating that a fluxional nature of the
cluster is allowed even at low temperatures.


The theoretical treatment described in this work answers
several questions that arose from the initial disordered crys-
tal structure. The X-ray results, as they measure an ensem-
ble of conformations, are fully consistent with both the dy-
namic and static (or combination thereof) disorder models.
Although theoretically reasonable, the cluster with a central
Ag3 unit contains too much electron density at the core to
be compatible with experiment. Compound 1 is not particu-
larly large for a semiconductor cluster, yet it is able to sup-
port large changes in the internal geometry and even the
total number of silver cations without distortion of the exte-
rior. It is quite possible that similarly pliant local geometries
account for the cation conduction in silver chalcogenides.
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Carboxylate Anion Diminishes Chloride Transport through a Synthetic, Self-
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Introduction


Over the last ten years, numerous anion-complexing
agents[1,2] have been designed, prepared, and studied.[3,4,5] In
many cases, the ability of these receptor molecules to com-
plex anions has been characterized by X-ray crystallography.
Solution complexation of various anions has also been stud-
ied for cyclic[6] and acyclic receptors.[7] Our particular inter-
est has been in designing molecules that can form pores in
phospholipid bilayers and not only complex anions, but
transport them across a membrane.[8] The successful forma-


tion of a transmembrane, anion-conducting pore would
mimic some functions of the ClC family of chloride-trans-
porting proteins.[9,10,11, 12]


The first solid-state structure of a ClC protein was report-
ed in 2002.[13] The amino acid sequence GACHTUNGTRENNUNG(K/R)EGP at posi-
tions 146 to 150, which is conserved in ClC Cl� transporting
proteins, was thought to be part of the conductance pore.
Subsequent study led to the proposal that chloride transport
was gated, at least in part, by a glutamate residue at position
148 (E-148).[14] The solid-state structure of a Glu148!Ala148


mutant revealed a fully open channel. The ion path suggest-
ed by structural studies for chloride transport is complex
and involves interactions with at least a main-chain amide
NH, tyrosine and serine side chains, and a phenylalanine.[14]


Glutamic acid has a side chain carboxyl pKa of �4.3. We
presume that there is a significant concentration of water
within the self-assembled pores. At physiological pH, the
glutamate carboxyl group should be completely deprotonat-
ed. A carboxylate anion should certainly repel a chloride
anion, but the effect of a carboxylate anion present within a
pore on transport is less clear. Within a pore, a carboxyl
group could repel Cl� and prevent passage of this ion. Alter-
natively, the combination of negative charges could cause


Abstract: Six amphiphilic heptapepti-
des with the structure (C18H37)2ACHTUNGTRENNUNGNCO-
ACHTUNGTRENNUNGCH2OACHTUNGTRENNUNGCH2 ACHTUNGTRENNUNGCO-(Gly)3-Pro-(Gly)n-(Glx)-
(Gly)m-O ACHTUNGTRENNUNG(CH2)6CH3, in which Glx rep-
resents glutamic acid or its benzyl ester
and n+m=2, have been studied. In
addition, the glutamate residue in the
GGGPGGE sequence was esterified
by fluorescent 1-pyrenemethanol.
These compounds insert into phospho-
lipid bilayers and form anion-conduct-
ing pores. Hill plots based on carboxy-
fluorescein release indicate that the
pores are at least dimeric. Studies that
involved ion-selective electrode tech-


niques showed that transport of chlo-
ride varied with the position of gluta-
mate within the peptide chain and
whether glutamic acid was present as
the free acid or its benzyl ester. Chlo-
ride transport activity was significantly
higher for the glutamate esters than for
free carboxylates irrespective of the
glutamate position. Activity was high-
est when the glutamate residue in


~ (Gly)3-Pro-(Xxx)3~ was closest to the
C terminus of the peptide. A fluores-
cent pyrene residue was introduced to
probe the aggregation state of the am-
phiphile. The selectivity of the pore for
Cl� over K+ was maintained even
when the carboxylate anion was pres-
ent within it. Complexation of Cl� by
the ionophoric peptides was confirmed
by negative ion mass spectrometry.
Planar bilayer voltage clamp experi-
ments confirmed that pores with more
than one conductance state may form
in these dynamic, self-assembled pores.
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the pore to collapse. A third possibility is that if the Cl� con-
centration gradient was large, the carboxyl could be repelled
by Cl�, the pore opened to a wide diameter, and ions (possi-
bly of both charge types) could traverse the membrane. This
would be a simple charge-based
gating mechanism. A challenge
is to develop a dynamic trans-
port system that functions
within the bilayer and incorpo-
rates features of complex
modern proteins.


In extensive previous stud-
ies,[15] we have found that com-
pounds of the general form
(CnH2n+1)2NCOCH2OCH2CO-
(Gly)3-Pro-(Gly)3-OR insert in
phospholipid liposomes to form
a chloride-selective, ion-perme-
able pore. Variations in both
the N- (CnH2n+1) and C-termi-
nal (OR or NHR) alkyl groups
altered the properties of the
pores that formed.[15c,e,g] Studies
of carboxyfluorescein anion
(CF�) release from liposomes
mediated by these compounds
suggested that pore formation
requires at least a dimer aggre-
gate.[15j] These synthetic pep-
tides have also been shown to
bind Cl� ions in CDCl3 in a
cation-dependent fashion.[15g,k]


In the work presented herein,
we have varied the triad of
amino acids on the C-terminal
side of proline in heptapeptides
GGGPXXX. Glycines in posi-
tions five to seven were systematically replaced by either
glutamic acid or by its benzyl ester. This modification per-
mitted us to assess the effect of a negative charge in each of
the three “X” positions and to compare it with the presence
of a sterically similar, but uncharged, side chain. Glutamic
acid, rather than aspartic acid, was chosen for this study be-
cause it is glutamate that is present in the putative ion path-
way of the ClC proteins.


Results and Discussion


Compounds used in the study : Seven amphiphilic heptapep-
tides of the type known to form chloride-conducting
pores[11] were prepared for use in the present study. Six of
these compounds (1–6) all have the basic structure ~ (Gly)3-
Pro-(Xxx)3~ . A seventh (7), discussed below, is a fluores-
cent analogue of 5. The sequence was inspired by two obser-
vations. First, the GKxGP sequence, noted above as GACHTUNGTRENNUNG(K/
R)EGP, was conserved in the ClC transporter ion path. Fur-


ther, hinge bend sequences involving proline were typically
GxxP. The simplest emulation of GxxP is GGGP, which was
employed as ~ (Gly)3-Pro-(Gly)3~ , as the first example in
this system.


At the C-terminal side of proline, triglycine (~GlyGlyG-
ly~ ) was systematically replaced by ~GlxGlyGly~ ,
~GlyGlxGly~ , or ~GlyGlyGlx~ , in which Glx represents
both glutamic acid and its benzyl ester. The suite of com-
pounds thus comprises three pairs of related structures:
1 and 2, 3 and 4, and 5 and 6. The first pair (1 and 2)
can be described by the general formula
(C18H37)2NCOCH2OCH2CO-(Gly)3-Pro-Glx-(Gly)2-O-
ACHTUNGTRENNUNG(CH2)6CH3. In 1, Glx is glutamic acid and its side chain car-
boxyl group is benzylated. In 2, Glx is glutamic acid (Glu),
which has a free carboxyl group. Similarly, peptide sequen-
ces for 3 and 4 are (Gly)3-Pro-Gly-Glx-Gly in which Glx is
benzylated Glu in 3 and Glu in 4. The final two peptides, 5
and 6, have the sequence (Gly)3-Pro-Gly-Gly-Glx in which
Glx is benzylated Glu in 5, Glu in 6, and in 7 Glx is Glu
that has been esterified by 1-pyrenemethanol. All eight hep-
tapeptides (1–8), have the (C18H37)2NCOCH2OCH2CO~
group at the N terminus of the peptide.


The twin octadecyl chains in 1–8 are intended to commin-
gle with the fatty acid chains in the bilayer, thus anchoring
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the amphiphilic peptide within the membrane[16] and the C-
terminal heptyl group serves as a secondary anchor.[15c]


From an evolutionary perspective, we surmise that the earli-
est transmembrane pores were formed by molecules that re-
sembled the membrane monomers themselves. In modern
bilayers, the monomers are phospholipids. We thus incorpo-
rated the diglycoyl residue as a spacer and connector that
links the twin hydrocarbon chains to the peptide. Diglycolic
acid (O ACHTUNGTRENNUNG(CH2COOH)2) was chosen because it can be easily
converted into its anhydride, which can then be opened by
treatment with a secondary amine (R2NH) to give
R2NCOCH2OCH2COOH. Equally important, however, is
the fact that the polar atoms in the diglycoyl residue are
positioned to emulate the polar elements of the glyceryl
subunit of a phospholipid.


The alkyl chain span (C-18!N) is �22.4 M and the digly-
colic acid chain adds �6.4 M (total length �29 M). Together
with the diglycolic acid subunit, the twin chains approximate
the length and polarity of the diacylglycerol unit of phos-
pholipids. The span of the insulator or hydrocarbon regime
of a bilayer is typically estimated to be 30 to 35 M. The hy-
drocarbon chains of 1 to 8 will not span this distance,
but a pore can form by rearrangement of the phospholipid
monomer head groups in the lower leaflet of the
bilayer.[17] Both Cl� and CF� release are mediated by


(H37C18)2NCOCH2OCH2CON-
H-GGGPGGG-OCH2Ph.[15h]


Hill plots based on the concen-
tration dependence of ion re-
lease showed that a minimum
of two amphiphilic peptides
were required for ions to pass
through a liposomal bilayer.[15h]


Thus, pore formation can occur
by insertion of the amphiphiles
into the outer leaflet of the bi-
layer. This will place glutamate
residues in the chloride ion
pathway; this is illustrated sche-
matically in Figure 1.


Synthetic access to compounds
1–7: The series under study
comprises three pairs of compounds, 1 and 2, 3 and 4, and 5
and 6. Compound 7 is a pyrenyl ester analogue of 5. The
production of each of the free acids and esters within the
series confronts similar synthetic issues. Thus, we show the
preparation of 5 and 6, the pair of compounds that have the
~ (Gly)3-Pro-(Gly)2Glx~ heptapeptide sequence, in
Scheme 1.


Figure 1. Schematic represen-
tation of a pore formed by the
association of two amphiphilic
heptapeptides.


Scheme 1. Synthesis of compounds 5 and 6. i) 1-(3-dimethylaminopropyl)-3-ethyl carbodiimide hydrochloride (EDCI), 4-dimethylaminopyridine
(DMAP), 1-heptanol, CH2Cl2, 88%; ii) 1. HCl, dioxane, 2. Boc-Gly-OH, EDCI, 1-hydroxybenzotriazole (HOBt), Et3N, CH2Cl2, 76%, iii) 1. HCl, dioxane,
2. Boc-Gly-OH, EDCI, HOBt, Et3N, CH2Cl2, 84%; iv) 1. HCl, dioxane, 2. Boc-Pro-OH, EDCI, HOBt, Et3N, CH2Cl2, 74%; v) 1. HCl, dioxane,
2. 182DGA-GGG-OH, EDCI, HOBt, Et3N, CH2Cl2, 47%; vi) 10% Pd/C, EtOH, H2, 93%.
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2-t-Butoxycarbonylaminopentanedioic acid 5-benzyl ester
(N-Boc l-glutamic acid g-benzyl ester) was esterified with n-
heptanol, the t-Boc group was removed (HCl/dioxane), and
the heptyl ester was coupled to t-Boc-Gly-OH. The resulting
dipeptide was coupled to t-Boc-Gly-OH to give Boc-Gly-
Gly-Glu ACHTUNGTRENNUNG(OCH2Ph)-OC7H15 after Boc deprotection. Sequen-
tial reaction with HCl/dioxane and then t-Boc-Pro-OH
gave the t-Boc-protected tetrapeptide Pro-(Gly)2-Glu. We
have previously reported the preparation of
(C18H37)2NCOCH2OCH2CO-(Gly)3-OH, which was coupled
to the deprotected tetrapeptide to form diester 5.[11d] The
side chain benzyl ester in 5 was hydrogenolytically removed
to give 6. Details of the preparation of compounds 1 to 7
are given in the Experimental Section.


Chloride release from liposomes mediated by 1–6 : Chloride
transport can be assessed in various ways. Planar bilayer
clamp studies give the most detailed picture of a conduc-
tance pore, but the method is complex and time consuming.
For the compounds described herein, we used an assay in
which Cl� release from liposomes was detected by an Accu-
met chloride-selective electrode. Thus, liposomes (200 nm
average diameter) were prepared from a 7:3 (w/w) mixture
of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and
1,2-dioleoyl-sn-glycero-3-phosphate (DOPA) as described in
the Experimental Section. The vesicles were loaded with
KCl (600 mm) in HEPES buffer (pH 7). The external buffer
was chloride free K2SO4 (400 mm) in HEPES (pH 7). With
the electrode inserted into the aqueous liposome suspension,
the ionophore under study was introduced as a solution in
2-propanol and the response of the electrode was recorded
over 1800 s.


Typically, the chloride electrode began to respond to ion
release within five seconds after ionophore addition. Data
collection is automated and a value was typically recorded
every second. At the conclusion of an experiment, Triton X-
100 detergent was added to lyse the vesicles and a final
value was determined for chloride concentration. This value
was arbitrarily set to one and the release data presented are
the fraction of total chloride measured after vesicular lysis.
Each data set is the average of at least three independent
experiments. Typical results are shown in Figure 2 for 3, 4, 5
and 6.


The chloride release data in Figure 2 show that initial
chloride transport is similar (0–250 s) for 3 and 4. We infer
that the insertion of either compound into the bilayer occurs
with similar dynamics. In contrast with the initial behavior,
Cl� release after 1800 s is significantly higher for 3 than for
4. Structurally, these compounds differ only by the presence
or absence of the benzyl ester on the glutamic acid residue
at position 6 in the peptide. Although the modes of insertion
and pore formation remain speculative, it is clear that 4
must present a negative charge in or near the pore and 3
does not. If the pore is dimeric or oligomeric, more than
one negative charge will be present proximate to the pore
(see Figure 1). The side chain carboxyl of glutamic acid is
reported to have a pKa value of 4.32, so it will be completely
ionized beyond about pH 6.8; the experiment is conducted
at pH 7.


Compounds 6 and 5 are identical (sequence:
GGGPGGE) except that the former is the free acid and the
latter is its benzyl ester. Thus, the glutamate residue is at
the C-terminal (position 7) end of the heptapeptide. Com-
pound 4 is a free acid with the peptide sequence
GGGPGEG; chloride release for free acids 4 and 6 is very
similar, both in terms of curve shape and ultimate ion re-
lease. Chloride release mediated by benzyl ester 5, however,
is about twice (0.65 vs. 0.32) that observed for the benzyl
ester of 4, that is, 3. The curve shapes exhibited by ion re-
lease can be difficult to interpret, but either insertion or the
initial organization into a pore clearly occurs differently for
esters 5 and 3.


The chloride transport activity of glutamic acid derivative
2 (G3PEGG) is slightly less than, but similar to, that shown
above for 4 (G3PGEG) and 6 (G3PGGE). In all three cases,
however, the ability of free acid compounds 2, 4, and 6 to
transport Cl� is less than that observed for esterified ana-
logues 1, 3, and 5. We infer from this that the presence of
one or more negative charges in the ion pathway impeded
Cl� entry into the pore and/or transport through it. In terms
of electrostatic interactions, it seems reasonable that this
should be so, although the curve shape does not reveal
which, if either, of these variables is dominant. In the ClC
channel, the Glu148!Ala148 mutation appeared to foster an
open ion conduction pathway.[18] The lower activity of 2, 4,
and 6 (charged) than 1, 3, and 5 (neutral) suggests that the
self-assembled pores described herein are similarly affected
by a charge in the ion path.


Comparison of transport rates : Compounds 1–6 are similar
in overall structure, but the variations in transport rates are
significant. In addition, the curve shapes differ. In all cases,
any divergence in the curve shapes occurs primarily in the
first 0 to 300 seconds of observation. The various curve
shapes must reflect differences in the rates of amphiphile in-
sertions and the dynamics of pore formation. The details of
these processes remain to be characterized, but the curves
exhibit reasonably regular shapes, at least after this initial
period.Figure 2. Chloride release from phospholipid liposomes mediated by 3


and 4, 5 and 6 (lipids (0.31 mm), compounds (65 mm), pH 7.0).
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Chloride ion release data are summarized in Table 1.
Compound 5 showed the greatest ion release at the arbitra-
rily selected time point of 1500 s. Its release value at 1500 s


was therefore set to 100 and the values shown in column 4
of Table 1 were calculated accordingly. Thus, 22 to 100 rep-
resents the overall range of chloride release values.


Thus far, the synthetic anion transporter (SAT) deriva-
tives have not yielded crystals suitable for solid-state struc-
tural analysis. A detailed solution NMR analysis on
(C18H37)2N-COCH2OCH2CO-(Gly)3-Pro-(Gly)3-OCH2Ph in
the presence of Bu4NCl showed a folded structure in which
the amide NH hydrogen atoms on 5Gly and 7Gly strongly in-
teract with chloride anions in homogeneous solution.[15k,l]


Both 1D and 2D NMR indicated that the amide protons of
the fifth and seventh residues (i.e., the fourth and sixth gly-
cines) are hydrogen bonded to Cl� in solution in CDCl3, but
the NH of glycine-5 (the sixth residue) is not. Replacement
of either glycine residue by glutamate will obviously have
conformational consequences on this NH donor interaction.
The data presented in Table 1 confirm that a Gly!Glu mu-
tation at positions 5 (5Gly) or 7 (7Gly), alters the Cl� trans-
port rate more than a corresponding alteration at position 6.


To confirm the validity of comparisons between the am-
phiphile pairs 1–2, 3–4, and 5–6, we computed the difference
in transport rate for each pair
at time values between 300 and
1500 s. This gave three 1200-
point lines that are shown in
Figure 3. Each of the three data
sets is overlaid by a calculated
second order fit. The scatter in
each line is clearly modest and
the calculated correlation factor
(R2) is at least 0.91 in each
case. We infer that although the
dynamics of pore formation
may vary, which is reflected in
the 0 to 300 s time frame, ion
release is reasonably consistent
thereafter.


Comparison of ester compounds : In the ester series (1, 3,
and 5), 5 is the most active and 3 is the least active Cl�


transporter. The presence of a bulky benzyl ester side chain
is expected to alter the conformation of the peptide and to
have an especially large effect when it is near either of the
amide protons (5Gly or 7Gly), which were identified above
as the key donor residues. We surmise that the benzyl group
will have the greatest effect where it is most flexible (C ter-
minus) and the least effect near the rigid proline. Computa-
tional studies were conducted by using Gaussian 03[19] (gas
phase, see the Experimental Section) to gain insight into
this structural question.


The calculations were performed on analogues of
(C18H37)2N-COCH2OCH2CO-(Gly)3-Pro-(Gly)3-OCH2Ph in
which the N-terminal octadecyl alkyl chains and the C-ter-
minal benzyl ester were replaced by methyl groups. This
simplified the calculation, which was intended to focus on
the heptapeptide chain. The structures that correspond to 1,
3, and 5 are arranged in Figure 4 with the proline residue at
or near the apex of each structure. The N-terminal side of
the chain descends from it to the left and the C-terminal
chain, which includes the glutamate benzyl ester, appears at
the right.


Table 1. Comparison of fractional chloride release from liposomes medi-
ated by 1–6 at 1500 s


Compound Peptide sequence Release at
1500 s[a]


Relative
rate[b]


%[c]


1 GGGPE ACHTUNGTRENNUNG(OCH2Ph)GG 0.42 65
�
33%


2 GGGPEGG 0.14 22
3 GGGPGE ACHTUNGTRENNUNG(OCH2Ph)G 0.32 49


�
62%


4 GGGPGEG 0.20 30
5 GGGPGGE ACHTUNGTRENNUNG(OCH2Ph) 0.65 100


�
38%


6 GGGPGGE 0.25 38


[a] Fraction of Cl� detected after liposomal lysis. [b] Comparison of 1–6 ;
release for 5 arbitrarily set to 100. [c] Percentage of activity for the less
effective compound in each pair.


Figure 3. Difference in Cl� release from liposomes for the amphiphile
pairs 1–2 (middle, R2=0.92), 3–4 (bottom, R2 =0.91), and 5–6 (top, R2=


0.96). The solid line in each case is the calculated fit.


Figure 4. Calculated structures for 1 (left), 3 (center), and 5 (right).
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A key finding of the calculated structures (Figure 4) is
that the benzyl group of 5 (right structure) may serve as an
additional anchor to the bilayer. Assuming that a better
anchored monomer contributes to a more stable conduction
pore, then 5 should be superior to either 1 or 3 as an ion
transporter. This accounts, at least in part, for the higher
transport activity observed for 5 in this group of three close-
ly related structures. It is interesting to note that the ben-
zene ring in the peptide of 3 is very close to the amide NH
of the sixth glycine (position-7, C terminus). The NMR re-
sults described above[15k] clearly show that this NH is critical
for binding Cl�. An NH···p hydrogen-bond contact between
the benzyl ester and 7GNH could further diminish the trans-
port activity of 3 relative to 1 and 5 by hindering access of
the transient chloride ion to the molecule.


Secondary anchor effect : The pores formed by molecules 1
to 6 are self-assembled. As such, the effect of residues that
can help to anchor and/or organize the monomers in the bi-
layer is potentially very significant. Diglycolic acid is used in
our SAT design as the glycerol-mimetic transition from the
peptide to the N-terminal alkyl chain anchors. The similarity
of diglycolic and glutamic acids to each other and to the
glyceryl residue is apparent (Figure 5). It is plausible that
glutamic acid could serve as a transitional component for a
benzyl group anchor.


It is interesting to note that Tirrell and co-workers have
used a similar structural motif as an N-terminal midpolar
regime mimetic.[20] They have also observed antibiotic activi-
ty for their compounds.[21] The peptides reported herein
have not yet been screened for antibacterial activity, but our
hydraphile cation-selective channels have shown significant
cytotoxicity.[15]


Acid position on the heptapeptide chain : The chloride trans-
port activity of free acids 2, 4, and 6 are all lower than their
esterified analogues. Their transport efficacy increases
almost linearly as the glutamate residue is moved from its


position adjacent to proline (2) towards the C terminus of
the peptide. Thus, at 1800 s, the fractional Cl� release values
are 0.13 for 2, 0.20 for 4, and 0.25 for 6. The release profiles
(line shapes) are similar in all three cases (see Figures 2 and
3). Based simply on charge–charge repulsion, it seems rea-
sonable that Cl� transport would be hindered by encounter-
ing a negative charge within the pore. It was also plausible
that charge–charge repulsions between Cl� and carboxylate
could force the self-assembled monomers apart, which re-
sults in making the pore larger, increasing ion flux, and re-
ducing selectivity.


Anion versus cation transport : Early studies of (C18H37)2N-
COCH2OCH2CO-(Gly)3-Pro-(Gly)3-OCH2Ph showed a min-
imum ten-fold selectivity for Cl� over K+ .[15b] This informa-
tion was obtained by the cumbersome planar bilayer con-
ductance method. An alternative approach is to measure po-
tassium efflux and compare it with chloride release data. Po-
tassium cation transport experiments were conducted as de-
scribed for the corresponding Cl� experiments, except that
the external buffer was a mixture of choline chloride
(600 mm) and HEPES (10 mm) held at pH 7.0. Compounds
1 to 6 all mediated K+ release from DOPC/DOPA lipo-
somes to a small extent. The most active chloride transport-
er (5) showed 12% K+ release at 1500 s compared with
65% for Cl� release. The least active Cl� transporter (2)
showed approximately 1% K+ release compared with 14%
Cl� release at 1500 s. These data correspond to selectivity
ratios of �5:1 to 14:1 for Cl� over K+ . The key finding of
this part of the study is that the self-assembled transmem-
brane pores remain Cl� selective even when the free carbox-
ylate anion is present within or proximate to the pore. A
negatively charged side chain within the pore could electro-
statically attract K+ . Effective transport depends on both
transient complexation and release. If K+ enters the pore,
but is neither released nor blocks the pore, Cl� transport
will dominate and selectivity will be maintained. This ex-
planation is consistent with our recent finding (unpublished)
that a positive charge within the pore does not enhance
anion transport.


Negative ion mass spectral study : Electrospray mass spec-
trometry (ES-MS) is a powerful structural tool that has
been used relatively little to probe anion complexation.[22,23]


We have used it to characterize the SAT molecules and the
Cl� complexes that are the subject of this paper.


When (C18H37)2N-COCH2OCH2CO-(Gly)3-Pro-(Gly)2-
Glu-O ACHTUNGTRENNUNG(CH2)6CH3 (6) in CH3CN/2-PrOH (1:1 v/v) was
sprayed, only two peaks with ion abundances greater than
20% were observed in the mass range 600 to 2400. The base
peak was observed at m/z 1245.6 and corresponds to
[6�H]� . The other peak in the spectrum occurred at m/z
1217.6 and corresponds to loss of a proton and CO from 6.
Loss of 28 mass units could correspond to CO or to ethyl-
ene. We were unable to find any precedent for this decom-
position mode of glutamate in negative ion MS. There is,
however, a report of CO loss from glutaric acid esters that


Figure 5. The structures of the diacylglyceryl and diglycolic acid subunits,
which are similar to that of the glutamic acid subunit.
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suggests it is CO rather than CH2=CH2 that is lost in the
present case.[24]


When a 1:3 molar ratio mixture of 6 and Cl� was sprayed
in CH3CN, four major peaks were observed in the 1192 to
1314 mass range, m/z 1217.6 (46%), 1245.6 (100%), 1253.5
(18%), and 1281.5 (27%). These ions correspond to
[6�H�28]� , [6�H]� , [6+Cl�28]� , and [6+Cl]� , respective-
ly. As in the absence of Cl�, the base peak is deprotonated
6. Its complex with Cl� has an abundance of 27%. This is a
ratio of [6�H]�/ ACHTUNGTRENNUNG[6+Cl]� of �3.7:1. This ratio was un-
changed when the 6/Cl� molar ratio was increased from 1:3
to 1:12. Similarly, the decarbonylated derivative of 6 has a
ratio of parent to complex of �2.4.


Similar experiments were conducted for 5. When a 1:3
molar ratio mixture of 5 and Bu4NCl was sprayed, only two
major peaks were detected above 1000, m/z 1343.6 (50%)
and m/z 1371.6 (100%). These ions are [5+Cl�28]� and
[5+Cl]� , respectively. Of course, free neutral 5 cannot be
detected by negative ion ES-MS.


It would be interesting to use ES-MS to observe the
extent of complexation by 6 compared to its ester analogue
5. Therefore, competition experiments were performed. A
mixture of 5, 6, and Bu4NCl (molar ratio 1:1:1) was sprayed.
Six species were observed above 1000, 1217.6 (35%)
[6�H�28]� , 1245.6 (100%) [6�H]� , 1253.5 (12%)
[6+Cl�28]� , 1281.5 (20%) [6+Cl]� , 1343.6 (30%)
[5+Cl�28]� , and 1371.6 (72%) [5+Cl]� . The results are
shown in Figure 6. When a 1:1:12 molar ratio of 5, 6, and


Cl� was used, the abundances for [5+Cl�28]� and [5+Cl]�


increased to 47 and 94%, respectively. The peak intensity
ratio for [5+Cl]� over [6+Cl]� was 3.6 for the 1:1:1 case
and 4.7 when the molar ratios were 1:1:12.


It is apparent from these experiments that neutral 5 binds
chloride anions. This result is expected from solution NMR
results reported previously.[15k] The results for 5 are in con-
trasts with the behavior of 6, which shows poor complexa-
tion behavior. Compound 6 is deprotonated to the extent
that the negative charge will repel the chloride anion and
result in poor binding. The poorer chloride binding, and


therefore, poorer ion-recognition capability of 6 compared
with 5 may contribute to the lower transport efficacy of 6.


Stoichiometry of pore formation : Chloride ion transport, as
shown above, may be measured by using ion-selective elec-
trodes. This method is reproducible and reliable, but sensi-
tivity and the speed of the response are both limited. Car-
boxyfluorescein (CF�) is an anion whose efflux from vesicles
can be quantitatively monitored by fluorescence technique-
s.[15a] The increased sensitivity also permits a broader con-
centration range to be surveyed than that for chloride re-
lease. Chloride and carboxyfluorescein may seem to be too
different for comparison, but they have behaved similarly in
a number of previous studies.[15h]


Release of CF� from DOPC/DOPA liposomes (see the
Experimental Section) was monitored over a concentration
range from 0.99 to 7.86 mm. The ion-release data are shown
in Figure 7a. Carboxyfluorescein release is consistent and


concentration dependent. The Hill equation[25] was applied
to the release data to determine the minimum number of
monomers required for pore formation. The plot is shown in
the Figure 7b; the slope of 2.4 suggests that at least two
monomers are required, although more amphiphiles may be
present in some pores.


Previous compounds of the general type
R1


2NCOCH2OCH2CO-(Gly)3-Pro-(Gly)3-OR2, which have
been studied, to date, formed pores that were at least dimer-
ic.[15a] Additional evidence for dimeric pore formation was
acquired by covalently linking two amphiphilic monomers


Figure 6. Negative ion mass spectrum of a 1:1 CH3CN/2-PrOH solution
of 5/6/Cl� in a 1:1:1 molar ratio.


Figure 7. a) Carboxyfluorescein release from DOPC:DOPA vesicles
mediated by 5 at the following concentrations (bottom to top): 0.99, 1.98,
2.47, 3.45, 5.66, and 7.86 mm. b) Hill plot of CF release by 5.
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either at the two C- or N-terminal ends.[15j] The latter study
is strongly suggestive that dimeric pore formation occurs,
but is limited by the C-terminal to C-terminal and N-termi-
nal to N-terminal linkages. In fact, the organization of the
dimer pore may occur in a C-terminal to N-terminal fashion,
as intuition suggests. To date, there is no direct experimental
evidence to confirm a C!N organization in the bilayer. It
should be noted, however, that both the C�C and N�N
pseudo-dimers mediated Cl� release from liposomes more
effectively than twice the concentration of monomers.[15j]


We note that the Cl� and CF� release experiments were
run under different conditions because the anions differ in
structure and presumably in hydration state. These differen-
ces notwithstanding, the line shapes observed for release of
these two ions are similar. Further, separate studies in which
the two anions were compared, revealed comparable release
profiles from vesicles when mediated by this family of iono-
phores.[15h]


Fluorescent heptapeptide monomers : Pyrenyl ester 7 is
identical to 5 except that the glutamic acid residue is esteri-
fied by hydroxymethylpyrene rather than hydroxymethyl-
benzene. It was prepared specifically to be used as a probe
of membrane insertion and dynamics. Pyrene fluorescence
can afford information on the polarity of the environment
experienced by the fluorophore and excimer formation,
when it is observed, indicates association. The experimental
studies are described below. First, however, it was essential
to demonstrate that the presence of a pyrenyl ester did not
alter the Cl� transport behavior of the SAT. Figure 8 shows


the fractional chloride release from liposomes mediated by
benzyl ester 5 and by pyrenylmethyl ester 7. The curves are
not identical, but they are nearly so. If anything, the pyre-
nylmethyl ester appears to give a cleaner sigmoidal release
than 5.


The fluorescence spectrum of 7 was determined in aque-
ous HEPES buffer in the concentration range 0.25 to
3.72 mm by using an excitation wavelength of 345 nm
(Figure 9). The major band was centered at �470 nm in all
spectra. This broad band is typical of excimer formation for
pyrene, which suggests aggregation of the amphiphiles in


aqueous solution. A plot of fluorescence intensity versus
concentration was linear (R2=0.99, data not shown).


Formation of the well-known pyrene excimer by amphi-
philic 7 in a polar solvent was not surprising. However, we
wished to determine if aggregation was controlled by the
ionophoric peptide rather than by pyrene at these concen-
trations. Fluorescence spectra were therefore determined for
1-pyrenylmethanol (Figure 10a) and for 7 (Figure 10b) in
CH2Cl2, EtOH, and HEPES buffer. The concentrations of 1-
pyrenylmethanol (0.62 mm) and 7 (1.25 mm) were adjusted to
afford similar fluorescent intensities and thereby to facilitate
comparison. In these solvents at these concentrations, only 7
showed an excimer band. No excimer band was detected for


Figure 8. Fractional chloride release from DOPC/DOPA liposomes medi-
ated by 5 and 7.


Figure 9. Fluorescence titration curves determined in HEPES buffer for
7. The concentrations of 7 used were, from bottom to top, 0.25, 0.62, 1.25,
1.87, 2.49, 3.10, and 3.72 mm. The excitation wavelength was 345 nm.


Figure 10. a) Solvent dependence of 1-pyrenylmethanol in HEPES
buffer, CH2Cl2, and EtOH. b) Solvent dependence of 7 in HEPES buffer,
CH2Cl2, and EtOH. The excimer band centered at l =470 nm is observed
only for 7 in aqueous buffer.
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1-pyrenylmethanol in buffer, CH2Cl2, or ethanol. The inten-
sities of the spectra diminished in the order HEPES>
CH2Cl2>EtOH. The approximate dielectric constants of
these solvents are 80 in aqueous buffer, 24 in EtOH, and 5
in CH2Cl2. Thus, the spectral intensity order does not follow
the polarity order, which suggests that other forces are at
work.


The striking difference in solvent dependence between 1-
pyrenylmethanol and 7 shows that aggregation results from
peptide interactions rather than an aggregation of pyrene
itself. Of course, the excimer emission shows that pyrene–
pyrene contact occurs in 72, even though many other resi-
dues are present. The aggregation suggests that 7 dimerizes
or oligomerizes in aqueous suspension before inserting into
a vesicular membrane.


Two comparisons are of interest concerning Figure 11.
First, we note that there is relatively little difference in the
fluorescence spectra obtained for 7 in DOPC vesicles (Fig-


ure 11a) compared to liposomes formed from 7:3 DOPC/
DOPA (Figure 11b). DOPA has an anionic head group and
DOPC has a cationic head group. Differences in amphiphile
insertion into the membrane and/or aggregation of the iono-
phores might have been apparent, but were not. Similar re-
sults were obtained for Cl� release from the two different
types of liposomes (data not shown).


Divergence in behavior is more apparent when the fluo-
rescence spectra of 7, obtained in solutions or vesicular sus-
pension, are compared. Compound 7 showed excimer for-


mation in homogeneous solution only in aqueous buffer and
not in CH2Cl2 or EtOH (Figure 10b). When the excimer of 7
was observed in HEPES buffer, no monomer peak was ap-
parent. In either liposomal preparation, however, monomer
and excimer peaks were observed. Our interpretation of
these observations is that 7 aggregates to form at least
dimers in aqueous solution. These dimers or oligomers then
contact the liposome surface and partition into the mem-
brane where they form pores. The overall process must be
rapid because both Cl� and CF� release are detected rapidly.
To the extent that monomer and dimer both exist in the bi-
layer, the equilibrium could account for the observed open–
close behavior (see below) of the synthetic channels.


To further determine if excimer formation influenced ag-
gregation and/or pore formation, a solution of 7 (1.87 mm)
was titrated with (C18H37)2NCOCH2OCH2CO-(Gly)3-Pro-
(Gly)3-O ACHTUNGTRENNUNG(CH2)CH3 (8). The latter is nonfluorescent, but
structurally similar to 7. The amounts of 8 added ranged
from about two to twenty equivalents. As the amount of 8
increased, The fluorescence arising from the monomer in-
creased. The monomer/excimer intensity ratio was mea-
sured. The fluorescence intensity ratio was plotted as a func-
tion of concentration (0–40 mm). A straight line (slope 0.05)
was obtained with an R2 value of 0.97. We thus infer that 7
behaves in a similar manner to other amphiphilic iono-
phores in this class and pyrene serves effectively as a report-
er.


Planar bilayer conductance : The formation of ion-conduct-
ing pores and channels can be distinguished from the action
of carrier molecules by using planar bilayer conductance
methods. In this experiment, a bilayer membrane is created
in a plate that separates two aqueous salt reservoirs. The bi-
layer membrane is an insulator in the absence of added ion-
ophore. Thereafter, ion transport may be observed and
monitored. Figure 12 shows a representative group of re-
cordings obtained when 6 was added to a DOPC/DOPA
(2:1 mol/mol, 7:3 w/w) membrane. The two reservoirs (cuv-
ette and chamber) each contained a KCl (450 mm) buffer so-
lution (10 mm HEPES, pH 7).


Figure 11. a) Fluorescence spectra of 7 in DOPC liposomes (0.31 mm)
suspended in HEPES buffer. b) Fluorescence spectra of 7 in DOPC-
DOPA liposomes (0.31 mm) suspended in HEPES buffer.


Figure 12. Planar bilayer conductance results for 6 in DOPC/DOPA bi-
layer membranes.
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The recordings shown clearly illustrate that the channels
or pores formed have regular, open–close states. The record-
ings shown here illustrate the predominant conductance
state. During analyses of this system, more than one conduc-
tance state was observed, which is not surprising because
multiple monomers may interact to give different pores si-
multaneously. The Hill analysis suggests that at least two
monomers are involved in the formation of a pore. Thus,
both 2- and 3-monomer pores are reasonable and expected.
Of course, the ion release plots shown in this paper illustrate
the average release over time from all pores that occur
within the liposomes. A plot of current versus voltage (I–V
curve) gave the expected straight line, which indicated that
the pore was nonrectifying. The conductance calculated for
the state illustrated in Figure 12 is 29.8 pS. Two other states
were observed in different experiments that had conduc-
tance values of �6 and �100 pS.


Conclusion


The family of amphiphilic heptapeptides presented herein
insert into phospholipid bilayers and form anion-conducting
pores. These pores are at least dimeric, and planar bilayer
experiments show that more than one conductance state
may form. Ion-selective electrode and fluorescence tech-
niques showed that chloride and carboxyfluorescein anions
pass through the pores and the behavior of the average pore
varies with the position of glutamate. Activity is highest
when the glutamate residue is farthest from the central pro-
line bend (i.e., closest to the C terminus). This suggests that
charge is most influential when it is closest to the center of
the ion pathway. Activity is also higher for glutamate esters
than for the free carboxylate residue irrespective of the glu-
tamate position. The influence of carboxyl compared with
ester is largest for 5Glx and 7Glx, the two residues known
from previous NMR studies to involve direct NH contact to
anions.


As noted above, 7 is identical to 5 except that the gluta-
mate residue is esterified by 1-pyrenemethanol rather than
benzyl alcohol. Despite the significantly larger size of the ar-
omatic residue, Cl� transport by these two compounds is
similar. This is an important observation because concern is
sometimes expressed that the presence of a fluorescent resi-
due necessarily alters the experiment. In the present case,
esterification by hydroxymethylpyrene rather than hydroxy-
methylbenzene shows no deleterious effect. On the contrary,
the fluorescence of pyrene permits an assessment of the en-
vironment it experiences within the liposome or in aqueous
suspension. The assembly of peptide amphiphiles and inser-
tion into liposomes can be monitored by the intensity
changes observed in the monomer and excimer peaks.


Although these compounds are dynamic pore formers, the
influence of the glutamate residue on ion transport is clearly
in evidence. The presence of the negatively charged side
chain within the heptapeptide sequence clearly diminished
Cl� transport. An attempt was made to reverse the negative


charge effect in these heptapeptides by preparing liposomes
at pH 4. At this pH, glutamate should be largely protonated
and differences between acid and ester should be mini-
mized. Unfortunately, at pH 4, the vesicles proved to be un-
stable.


Negative ion ES-MS has clearly shown that chloride ion
binding occurs with the neutral ionophoric peptides, but less
well when a free carboxyl is present. Selectivity studies
showed that the self-assembled pores favor Cl� over K+


transport even when the free and ionizable carboxyl group
is present on the peptide. It is proposed that the ClC pro-
teins have a similar electrostatic influence in their ion-con-
duction pathway. It is postulated that in the closed state the
pore is blocked by E-148 by a hydrogen-bond interaction
with the main-chain amide. The possibility that glutamate
could serve as a charged gate in a more rigid protein system
is certainly plausible in light of the present results.


Experimental Section


General : 1H NMR spectra were recorded in CDCl3 unless otherwise
specified at 300 MHz on a Varian Gemini 300 MHz NMR spectrometer
and are reported in the following manner: chemical shifts reported in
ppm (d) downfield from internal (CH3)4Si (multiplicity (br=broad, s=


singlet, d=doublet, t= triplet, q=quartet, br s=broad singlet, m=mul-
tiplet, etc.), coupling constants in Hz, integrated intensity, assignment).
13C NMR spectra (in CDCl3 unless otherwise noted) were obtained at
75 MHz and are referenced to CDCl3 (77.23 ppm). Infrared spectra were
recorded by using a Perkin–Elmer 1710 Fourier transform infrared spec-
trometer. Melting points were determined on a Thomas Hoover appara-
tus in open capillaries and are uncorrected. Thin layer chromatography
analyses were performed on silica gel 60-F-254 with a thickness of
0.2 mm. Preparative chromatography columns were packed with silica gel
(Kieselgel 60, 70–230 mesh or Merck grade 9385, 230–400 mesh, 60 M).


Reagents were the best (non-LC) grade commercially available and were
distilled, recrystallized, or used without further purification as appropri-
ate. CH2Cl2 was distilled from calcium hydride. DGA represents diglyco-
yl, ~COCH2OCH2CO~ . Combustion analyses were performed by M-H-
W Laboratories, Phoenix, AZ, and are reported as percentages.


Synthesis182DGA-GGG-OH : Compound 182DGA-GGG-OH was pre-
pared as previously reported.[11d]


TsOH·GG-OC7H15 : Glyclglycine (GG) (1.00 g, 7.57 mmol) and TsOH
monohydrate (1.59 g, 8.36 mmol) were added to a mixture of 1-heptanol
(4.5 mL, 31.8 mmol) and toluene (50 mL). The mixture was heated to
reflux and water was removed by using a Dean-Stark adapter for 7 h.
The mixture was cooled to room temperature, diluted with diethyl ether
(50 mL) and cooled at 0 8C overnight. The solid was collected and recrys-
tallized from MeOH/Et2O to give a white solid (2.46 g, 81%). M.p. 131–
133 8C; 1H NMR (300 MHz, CDCl3): d=0.88 (t, 3J ACHTUNGTRENNUNG(H,H)=6.8 Hz, 3H;
CH2CH3), 1.26 (pseudo-s, 8H; OCH2CH2 ACHTUNGTRENNUNG(CH2)4CH3), 1.52 (t, 3J ACHTUNGTRENNUNG(H,H)=


6.6 Hz, 2H; OCH2CH2 ACHTUNGTRENNUNG(CH2)4CH3), 2.29 (s, 3H; CH3C6H4SO3), 3.77 (d,
3J ACHTUNGTRENNUNG(H,H)=5.1 Hz, 2H; Gly CH2), 3.95–4.00 (m, 4H; Gly CH2 and
OCH2CH2 ACHTUNGTRENNUNG(CH2)4CH3), 7.01 (d, 3J ACHTUNGTRENNUNG(H,H)=8.1 Hz, 2H; Tosyl HAr), 7.64–
7.53 (m, 5H; Tosyl HAr and Gly NH3), 8.10 ppm (t, 3J ACHTUNGTRENNUNG(H,H)=5.4 Hz, 1H;
Gly NH); 13C NMR (75 MHz, CDCl3): d=14.3, 21.5, 22.8, 26.0, 28.6,
29.2, 31.9, 41.3, 65.8, 126.2, 129.2, 140.5, 141.3, 167.1, 170.0 ppm; IR
(CHCl3): 3299, 3164, 2956, 2931, 2858, 1758, 1697, 1575, 1513, 1467, 1442,
1397, 1375, 1323, 1279, 1216, 1170, 1124, 1037, 1011 cm�1.


Boc-E(g-benzyl ester)GG-OC7H15 : TsOH·GG-OC7H15 (0.60 g,
1.49 mmol), Boc-E-g-benzyl ester (0.50 g, 1.49 mmol), EDCI (0.31 g,
1.64 mmol), and HOBt (0.22 g, 1.64 mol) were dissolved in CH2Cl2
(40 mL) and Et3N (0.62 mL) was added. The mixture was stirred at 0 8C
for 0.5 h, at RT for 12 h, and the solvent was evaporated in vacuo. The
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residue was purified by column chromatography (silica gel, CHCl3/
CH3OH 98:2) to give an oil (0.73 g, 89%). 1H NMR (300 MHz, CDCl3):
d=0.89 (t, 3J ACHTUNGTRENNUNG(H,H)=6.8 Hz, 3H; CH2CH3), 1.23–1.38 (m, 8H;
OCH2CH2 ACHTUNGTRENNUNG(CH2)4CH3), 1.42 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.63 (quintet, 3J ACHTUNGTRENNUNG(H,H)=


6.8 Hz, 2H; OCH2CH2 ACHTUNGTRENNUNG(CH2)4CH3), 1.95–2.05 (m, 1H; Glu CH2CH2CO),
2.12–2.23 (m, 1H; Glu CH2CH2CO), 2.41–2.61 (m, 2H; Glu
CH2CH2CO), 3.98–4.04 (m, 4H; 2R Gly CH2), 4.09–4.21 (m, 3H; Glu
CH and OCH2CH2 ACHTUNGTRENNUNG(CH2)4CH3), 5.13 (s, 2H; OCH2Ph), 5.50 (d, 3J ACHTUNGTRENNUNG(H,H)=


7.2 Hz, 1H; Glu NH), 6.99–7.13 (m, 2H; two Gly NH), 7.32–7.40 ppm
(m, 5H; Ph HAr);


13C NMR (75 MHz, CDCl3): d =14.2, 22.8, 25.9, 27.5,
28.5, 28.7, 29.0, 30.6, 31.9, 41.4, 43.1, 54.5, 65.9, 66.9, 80.6, 128.5, 128.6,
128.8, 135.8, 169.2, 169.9, 172.4, 173.4 ppm; IR (CHCl3): 3321, 2957, 2931,
2858, 1739, 1662, 1529, 1455, 1392, 1367, 1250, 1171, 1049, 1028, 864, 749,
698, 666 cm�1.


Boc-PE(g-benzyl ester)GG-OC7H15 : Boc-E(g-benzyl ester)GG-OC7H15


was deprotected with 4n HCl in dioxane for 1 h. HCl·E(g-benzyl es-
ter)GG-OC7H15 (0.60 g, 1.23 mmol), Boc-Pro-OH (0.27 g, 1.23 mmol),
EDCI (0.26 g, 1.36 mmol), and HOBt (0.18 g, 1.36 mmol) were dissolved
in CH2Cl2 (35 mL) and Et3N (0.52 mL) was added. The mixture was
stirred at 0 8C for 0.5 h and then at RT for 12 h. The solvent was evapo-
rated in vacuo. The residue was purified by column chromatography
(silica gel, CHCl3/CH3OH=98:2!97:3) to give a white solid (0.72 g,
90%). M.p. 99–101 8C; 1H NMR (300 MHz, CDCl3): d=0.88 (t, 3J-
ACHTUNGTRENNUNG(H,H)=6.6 Hz, 3H; CH2CH3), 1.29 (pseudo-s, 8H; OCH2CH2-
ACHTUNGTRENNUNG(CH2)4CH3), 1.45 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.62 (quintet, 3J ACHTUNGTRENNUNG(H,H)=6.2 Hz, 2H;
OCH2CH2 ACHTUNGTRENNUNG(CH2)4CH3), 1.80–2.26 (m, 6H; Glu CH2CH2CO and Pro
NCH2CH2CH2), 2.48–2.70 (m, 2H; Glu CH2CH2CO), 3.39–3.60 (m, 2H;
Pro NCH2CH2CH2), 3.75–3.85 (m, 1H; Gly CH2), 3.91–4.07 (m, 2H; Gly
CH2), 4.10 (t, 3J ACHTUNGTRENNUNG(H,H)=6.8 Hz, 2H; OCH2CH2 ACHTUNGTRENNUNG(CH2)4CH3), 4.23 (dd, 3J-
ACHTUNGTRENNUNG(H,H)=8.4, 4.8 Hz, 1H; Pro CH), 4.37 (q, 3J ACHTUNGTRENNUNG(H,H)=5.4 Hz, 1H; Glu
CH), 5.14 (s, 2H; OCH2Ph), 7.07 (br t, 1H; Gly NH), 7.30–7.41 (m, 5H;
Ph HAr), 7.85–7.95 ppm (m, 2H; Gly NH and Glu NH); 13C NMR
(75 MHz, CDCl3): d=14.2, 22.8, 24.9, 25.6, 25.9, 28.6, 28.7, 29.1, 29.8,
31.0, 31.9, 41.4, 43.2, 47.4, 54.5, 61.4, 65.6, 67.1, 81.2, 128.3, 128.7, 128.9,
135.5, 169.8, 171.8, 174.0, 175.0 ppm; IR (CHCl3): 3307, 2956, 2931, 1739,
1662, 1543, 1455, 1399, 1367, 1167, 1125, 1090, 1031 cm�1.


182DGA-GGGPE(g-benzyl ester)GG-OC7H15 (1): Boc-PE(g-benzyl es-
ter)GG-OC7H15 was deprotected with 4n HCl in dioxane for 1 h.
HCl·PE(g-benzyl ester)GG-OC7H15 (0.31 g, 0.51 mmol), 182DGA-GGG-
OH (0.41 g, 0.51 mmol), EDCI (0.11 g, 0.56 mmol), and HOBt (0.08 g,
0.56 mmol) were suspended in CH2Cl2 (35 mL). Et3N (0.21 mL) was then
added. The mixture was stirred at 0 8C for 0.5 h and then at RT for 48 h.
The solvent was removed in vacuo. The residue was dissolved in CH2Cl2
(35 mL), washed with 5% citric acid (25 mL), H2O (25 mL), 5%
NaHCO3 (25 mL), and brine (25 mL), dried over MgSO4 and evaporated.
Column chromatography (silica gel, CHCl3/CH3OH 97:3!95:5) to afford
a waxy solid (0.18 g, 26%). M.p. 120–122 8C; 1H NMR (300 MHz,
CDCl3): d=0.88 (t, 3J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 9H; CH2CH3), 1.26 (pseudo-s, 68H;
CH3 ACHTUNGTRENNUNG(CH2)15CH2CH2N and OCH2CH2ACHTUNGTRENNUNG(CH2)4CH3), 1.41–1.62 (m, 6H;
CH3 ACHTUNGTRENNUNG(CH2)15CH2CH2N and OCH2CH2 ACHTUNGTRENNUNG(CH2)4CH3), 1.91–2.30 (m, 6H; Glu
CH2CH2CO, Pro NCH2CH2CH2), 2.43–2.60 (m, 2H; Glu CH2CH2CO),
3.07 (t, 3J ACHTUNGTRENNUNG(H,H)=7.6 Hz, 2H; CH3 ACHTUNGTRENNUNG(CH2)15CH2CH2N), 3.27 (t, 3J ACHTUNGTRENNUNG(H,H)=


7.6 Hz, 2H; CH3 ACHTUNGTRENNUNG(CH2)15CH2CH2N), 3.50–3.60 (m, 1H; Pro
NCH2CH2CH2), 3.77–4.15 (m, 15H; Pro NCH2CH2CH2, five Gly CH2,
OCH2CH2 ACHTUNGTRENNUNG(CH2)4CH3 and COCH2O), 4.30 (s, 2H; COCH2O), 4.32–4.42
(m, 2H; Pro CH and Glu CH), 5.10 (s, 2H; OCH2Ph), 7.30–7.38 (m, 5H;
Ph HAr), 7.44 (br t, 1H; NH), 7.57–7.65 (m, 2H; NH), 7.80–7.88 (m, 2H;
NH), 8.47 ppm (br t, 1H; NH); 13C NMR (75 MHz, CDCl3): d=14.2,
14.3, 22.8, 22.9, 25.2, 25.7, 26.0, 27.1, 27.3, 27.8, 28.7, 29.1, 29.5, 29.6, 29.8,
29.9, 31.1, 31.9, 32.1, 41.5, 42.6, 43.1, 43.4, 46.6, 47.2, 47.4, 53.6, 62.0, 65.8,
66.9, 69.9, 71.9, 128.3, 128.5, 128.8, 136.0, 168.8, 169.8, 170.1, 170.3, 170.6,
170.9, 171.7, 172.1, 172.6, 174.2 ppm; IR (CHCl3): 3307, 3068, 2924, 2854,
1739, 1660, 1545, 1456, 1378, 1337, 1248, 1205, 1130, 1030 cm�1; elemental
analysis calcd (%) for C74H128N8O13: C 66.43, H 9.64, N 8.38; found: C
66.48, H 9.47, N 8.48.


182DGA-GGGPEGG-OC7H15 (2): 182DGA-GGGPE(g-benzyl es-
ter)GG-OC7H15 (120 mg, 0.090 mmol) was dissolved in hot absolute
EtOH (15 mL), 10% Pd/C (0.06 g) was added and this mixture was


shaken under H2 (60 psi) for 3 h in a Parr apparatus. The reaction mix-
ture was heated to reflux for 5 min and the hot mixture was filtered
through a Celite pad. The solvent was evaporated in vacuo to afford a
slight yellow solid (100 mg, 89%). 1H NMR (300 MHz, CDCl3): d =0.89
(t, 3J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 9H; CH2CH3), 1.20–1.70 (m, 74H; CH3-
ACHTUNGTRENNUNG(CH2)15CH2CH2N, OCH2CH2 ACHTUNGTRENNUNG(CH2)4CH3, CH3 ACHTUNGTRENNUNG(CH2)15CH2CH2N and
OCH2CH2 ACHTUNGTRENNUNG(CH2)4CH3), 1.98–2.38 (m, 6H; Glu CH2CH2CO and Pro
NCH2CH2CH2), 2.47 (br t, 2H; Glu CH2CH2CO), 3.12 (br t, 2H; CH3-
ACHTUNGTRENNUNG(CH2)15CH2CH2N), 3.30 (br t, 2H; CH3 ACHTUNGTRENNUNG(CH2)15CH2CH2N), 3.49–4.51 (m,
20H; Pro NCH2CH2CH2, Gly CH2, OCH2CH2 ACHTUNGTRENNUNG(CH2)4CH3, COCH2O, Pro
CH and Glu CH), 7.63 (br s, 1H; NH), 7.79 (br s, 2H; NH), 8.10 (br s,
1H; NH), 8.39 (br s, 1H; NH), 8.64 ppm (br s, 1H; NH); 13C NMR
(75 MHz, CDCl3): d=14.2, 14.3, 22.8, 22.9, 25.2, 26.0, 27.1, 27.3, 27.8,
28.7, 29.0, 29.1, 29.5, 29.6, 29.8, 29.9, 30.4, 31.9, 32.1, 41.4, 42.6, 43.1, 46.8,
47.0, 47.3, 53.8, 61.9, 65.9, 69.6, 71.5, 169.0, 170.0, 170.4, 170.6, 170.8,
171.3, 172.1, 173.0, 177.0 ppm; IR (CHCl3): 3307, 3080, 2920, 2851, 1738,
1651, 1539, 1467, 1411, 1378, 1339, 1247, 1206, 1129, 1031 cm�1; elemental
analysis calcd (%) for C67H122N8O13: C 64.49, H 9.86, N 8.98; found: C
64.44, H 9.73, N 9.07.


Glycine n-heptyl ester tosylate : A solution of glycine (2.00 g, 26.7 mmol),
TsOH monohydrate (5.70 g, 30.0 mmol), and 1-heptanol (15 mL,
106 mmol) in toluene (18 mL) was heated at reflux for 12 h. Water was
removed from the reaction mixture by using a Dean-Stark adapter. The
solution was cooled to room temperature, Et2O (50 mL) was added, and
the solution was then cooled at 0 8C overnight. The solid was collected
and recrystallized from MeOH/Et2O to afford white crystals (7.07 g,
77%). M.p. 105–106 8C; 1H NMR (300 MHz, CDCl3): d=0.87 (t, 3J-
ACHTUNGTRENNUNG(H,H)=6.9 Hz, 3H; CH2CH3), 1.23 (pseudo-s, 8H; OCH2CH2-
ACHTUNGTRENNUNG(CH2)4CH3), 1.49 (quintet, 3J ACHTUNGTRENNUNG(H,H)=6.8 Hz, 2H; OCH2CH2 ACHTUNGTRENNUNG(CH2)4CH3),
2.33 (s, 3H; CH3C6H4SO3), 3.65 (q, 3J ACHTUNGTRENNUNG(H,H)=5.8 Hz, 2H; NH3CH2CO),
3.99 (t, 3J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 2H; OCH2CH2ACHTUNGTRENNUNG(CH2)4CH3), 7.10 (d, 3J ACHTUNGTRENNUNG(H,H)=


7.8 Hz, 2H; Tosyl HAr), 7.72 (d, 3J ACHTUNGTRENNUNG(H,H)=7.8 Hz, 2H; Tosyl HAr),
8.03 ppm (br t, 3H; NH3CH2CO); 13C NMR (75 MHz, CDCl3): d=14.0,
21.3, 22.6, 25.6, 28.2, 28.9, 31.7, 40.3, 66.3, 126.0, 128.9, 140.4, 141.2,
167.4 ppm; IR (CHCl3): 3473, 3030, 2961, 2929, 2856, 2730, 2643, 2220,
1996, 1911, 1747, 1616, 1600, 1519, 1471, 1428, 1380, 1194, 1127, 1105,
1056, 1036, 1012 cm�1.


Boc-E(g-benzyl ester)G-OC7H15 : Glycine heptyl ester tosylate (0.50 g,
1.45 mmol), Boc-E(g-benzyl ester)-OH (0.49 g, 1.45 mmol), EDCI
(0.30 g, 1.59 mmol), and HOBt (0.22 g, 1.59 mmol) were dissolved in
CH2Cl2 (30 mL). Et3N (0.61 mL) was added, and the mixture was stirred
at 0 8C for 0.5 h and at RT for 48 h. The solvent was evaporated and the
residue was purified by column chromatography (silica gel, hexane/
EtOAc 3: 1) to give an oil (0.56 g, 78%). 1H NMR (300 MHz, CDCl3):
d=0.88 (t, 3J ACHTUNGTRENNUNG(H,H)=6.8 Hz, 3H; CH2CH3), 1.20–1.40 (m, 8H;
OCH2CH2 ACHTUNGTRENNUNG(CH2)4CH3), 1.43 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.63 (quintet, 3J ACHTUNGTRENNUNG(H,H)=


7.0 Hz, 2H; OCH2CH2 ACHTUNGTRENNUNG(CH2)4CH3), 1.90–2.02 (m, 1H; Glu CH2CH2CO),
2.13–2.24 (m, 1H; Glu CH2CH2CO), 2.45–2.61 (m, 2H; Glu
CH2CH2CO), 3.94–4.10 (m, 2H; Gly CH2), 4.13 (t, 3J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 2H;
OCH2CH2 ACHTUNGTRENNUNG(CH2)4CH3), 4.26 (q, 3J ACHTUNGTRENNUNG(H,H)=5.4 Hz, 1H; Glu CH), 5.13 (s,
2H; OCH2Ph), 5.34 (d, 3J ACHTUNGTRENNUNG(H,H)=7.8 Hz, 1H; Glu NH), 6.81 (br t, 1H;
Gly NH), 7.30–7.40 ppm (m, 5H; Ph HAr);


13C NMR (75 MHz, CDCl3):
d=14.2, 22.7, 26.0, 28.2, 28.5, 28.7, 29.0, 30.7, 31.9, 41.5, 53.9, 65.9, 66.8,
80.4, 128.4, 128.5, 128.8, 136.0, 169.8, 171.9, 173.3 ppm; IR (CHCl3): 3326,
2957, 2931, 2858, 1739, 1668, 1524, 1455, 1392, 1367, 1250, 1172, 1106,
1050, 1028, 1003 cm�1.


Boc-GE(g-benzyl ester)G-OC7H15 : Boc-E(g-benzyl ester)G-OC7H15 was
deprotected with 4n HCl in dioxane for 1 h. HCl·E(g-benzyl ester)G-
OC7H15 (0.45 g, 1.04 mmol), Boc-Gly-OH (0.18 g, 1.04 mmol), EDCI
(0.22 g, 1.14 mmol), and HOBt (0.15 g, 1.14 mmol) were dissolved in
CH2Cl2 (30 mL). Et3N (0.43 mL) was then added. The mixture was stirred
at 0 8C for 0.5 h and then at RT for 48 h. The solvent was evaporated and
the residue was purified by column chromatography (silica gel, CHCl3/
MeOH 98:2) to give an oil (0.40 g, 70%). 1H NMR (300 MHz, CDCl3):
d=0.89 (t, 3J ACHTUNGTRENNUNG(H,H)=6.8 Hz, 3H; CH2CH3), 1.20–1.40 (m, 8H;
OCH2CH2 ACHTUNGTRENNUNG(CH2)4CH3), 1.44 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.62 (quintet, 3J ACHTUNGTRENNUNG(H,H)=


6.9 Hz, 2H; OCH2CH2 ACHTUNGTRENNUNG(CH2)4CH3), 1.98–2.10 (m, 1H; Glu CH2CH2CO),
2.14–2.25 (m, 1H; Glu CH2CH2CO), 2.44–2.66 (m, 2H; Glu
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CH2CH2CO), 3.76 (d, 3J ACHTUNGTRENNUNG(H,H)=5.7 Hz, 2H; Gly CH2), 3.91–4.08 (m, 2H;
Gly CH2), 4.12 (t, 3J ACHTUNGTRENNUNG(H,H)=6.8 Hz, 2H; OCH2CH2 ACHTUNGTRENNUNG(CH2)4CH3), 4.56–4.62
(m, 1H; Glu CH), 5.13 (q, 3J ACHTUNGTRENNUNG(H,H)=10.1 Hz, 2H; OCH2Ph), 5.19 (br t,
1H; Gly NH), 7.08–7.21 (m, 2H; Gly NH and Glu NH), 7.30–7.40 ppm
(m, 5H; Ph HAr);


13C NMR (75 MHz, CDCl3): d =14.2, 22.7, 26.0, 27.6,
28.5, 28.7, 29.0, 30.6, 31.9, 41.5, 44.7, 52.6, 65.9, 66.9, 80.7, 128.4, 128.5,
128.8, 136.0, 169.7, 170.0, 171.4, 173.7 ppm; IR (CHCl3): 3307, 2957, 2931,
2858, 1736, 1658, 1528, 1456, 1392, 1367, 1250, 1171, 1051, 1030,
1003 cm�1.


Boc-PGE(g-benzyl ester)G-OC7H15 : Boc-GE(g-benzyl ester)G-OC7H15


was deprotected with 4n HCl in dioxane for 1 h. HCl·GE(g-benzyl
ester)-OC7H15 (0.33 g, 0.68 mmol), Boc-Pro-OH (0.15 g, 0.68 mmol),
EDCI (0.14 g, 0.75 mmol), and HOBt (0.10 g, 0.75 mmol) were dissolved
in CH2Cl2 (20 mL) and Et3N (0.28 mL) was added. The mixture was
stirred at 0 8C for 0.5 h and at RT for 24 h. The solvent was evaporated
and the residue was purified by column chromatography (silica gel,
CHCl3/MeOH 97:3) to give a solid (0.40 g, 89%). M.p. 119–121 8C;
1H NMR (300 MHz, CDCl3): d=0.88 (t, 3J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 3H; CH2CH3),
1.20–1.40 (m, 8H; OCH2CH2 ACHTUNGTRENNUNG(CH2)4CH3), 1.43 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.63
(quintet, 3J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 2H; OCH2CH2 ACHTUNGTRENNUNG(CH2)4CH3), 1.80–2.33 (m, 6H;
Pro NCH2CH2CH2 and Glu CH2CH2CO), 2.42–2.66 (m, 2H; Glu
CH2CH2CO), 3.35–3.52 (m, 2H; Pro NCH2CH2CH2), 3.84–4.06 (m, 4H;
Gly CH2), 4.11 (t, 3J ACHTUNGTRENNUNG(H,H)=6.8 Hz, 2H; OCH2CH2ACHTUNGTRENNUNG(CH2)4CH3), 4.25
(br t, 1H; Pro CH), 4.52–4.59 (m, 1H; Glu CH), 5.11 (q, 3J ACHTUNGTRENNUNG(H,H)=


9.5 Hz, 2H; OCH2Ph), 7.10–7.24 (m, 2H; Gly NH and Gly NH), 7.30–
7.40 (m, 5H; Ph HAr), 7.46 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=8.1 Hz, 1H; Glu NH);
13C NMR (75 MHz, CDCl3): d =14.2, 22.7, 24.7, 25.9, 27.1, 28.6, 28.7,
29.0, 29.8, 30.7, 31.8, 41.4, 43.5, 47.5, 52.8, 60.8, 65.7, 66.7, 80.9, 128.4,
128.7, 136.0, 169.9, 171.5, 173.3, 173.7 ppm; IR (CHCl3): 3301, 2956, 2930,
2872, 2858, 1738, 1665, 1534, 1477, 1455, 1395, 1367, 1257, 1191, 1165,
1128, 1090, 1032, 1003 cm�1.


182DGA-GGGPGE(g-benzyl ester)G-OC7H15 (3): Boc-PGE(g-benzyl
ester)G-OC7H15 was deprotected with 4n HCl in dioxane for 1 h.
HCl·PGE(g-benzyl ester)G-OC7H15 (0.29 g, 0.46 mmol), 182DGA-GGG-
OH (0.40 g, 0.46 mmol), EDCI (0.098 g, 0.51 mmol), and HOBt (0.069 g,
0.51 mmol) were suspended in CH2Cl2 (20 mL) and Et3N (0.19 mL) was
added. The mixture was stirred at 0 8C for 0.5 h and at RT for 48 h. The
solvent was evaporated and the residue was washed successively with 5%
citric acid (20 mL), H2O (20 mL), 5% NaHCO3 (20 mL), and brine
(20 mL). The product was purified by column chromatography (silica gel,
CHCl3/MeOH 98:2!97:3) and the resulting solid was recrystallized from
MeOH to afford a white solid (162 mg, 26%). M.p. 96–98 8C; 1H NMR
(300 MHz, CDCl3): d=0.88 (t, 3J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 9H; CH2CH3), 1.26
(pseudo-s, 68H; OCH2CH2 ACHTUNGTRENNUNG(CH2)4CH3 and CH3ACHTUNGTRENNUNG(CH2)15CH2CH2N), 1.40–
1.68 (m, 6H; OCH2CH2ACHTUNGTRENNUNG(CH2)4CH3 and CH3ACHTUNGTRENNUNG(CH2)15CH2CH2N), 1.90–2.30
(m, 6H; Pro NCH2CH2CH2 and Glu CH2CH2CO), 2.40–2.58 (m, 2H;
Glu CH2CH2CO), 3.07 (br t, 2H; CH3 ACHTUNGTRENNUNG(CH2)15CH2CH2N), 3.28 (br t, 2H;
CH3 ACHTUNGTRENNUNG(CH2)15CH2CH2N), 3.46–4.54 (m, 20H; Pro NCH2CH2CH2, Gly CH2,
Pro CH, Glu CH, OCH2CH2 ACHTUNGTRENNUNG(CH2)4CH3 and COCH2O), 5.10 (s, 2H;
OCH2Ph), 7.28–7.38 (m, 5H; Ph HAr), 7.42 (br s, 1H; NH), 7.48–7.62 (m,
2H; NH), 7.84 (br s, 2H; NH), 8.41 ppm (br s, 1H; NH); 13C NMR
(75 MHz, CDCl3): d=14.3, 22.8, 22.9, 25.3, 26.0, 27.1, 27.3, 27.8, 28.7,
29.1, 29.3, 29.6, 29.9, 30.8, 31.9, 32.1, 41.4, 43.0, 46.6, 47.1, 52.7, 61.4, 65.8,
66.8, 69.7, 128.3, 128.4, 128.7, 135.9, 168.8, 170.1, 170.5, 172.0, 173.0,
174.1 ppm; IR (CHCl3): 3304, 3078, 2924, 2854, 1735, 1651, 1544, 1466,
1377, 1199, 1130, 1030 cm�1; elemental analysis calcd (%) for
C74H128N8O13: C 66.43, H 9.64, N 8.38; found: C 66.40, H 9.80, N 8.33.


182DGA-GGGPGEG-OC7H15 (4): 182DGA-GGGPGE(g-benzyl
ester)G-OC7H15 (80 mg, 0.060 mmol) was dissolved in hot absolute EtOH
(10 mL), 10% Pd/C (0.045 g) was added and this mixture was shaken
under H2 (60 psi) for 3 h in a Parr apparatus. The reaction mixture was
heated to reflux for 5 min and the hot mixture was filtered through a
Celite pad. The solvent was evaporated in vacuo to afford a white solid
(70 mg, 94%). 1H NMR (300 MHz, CDCl3): d=0.88 (t, 3J ACHTUNGTRENNUNG(H,H)=6.6 Hz,
9H; CH2CH3), 1.25 (pseudo-s, 68H; OCH2CH2 ACHTUNGTRENNUNG(CH2)4CH3 and CH3-
ACHTUNGTRENNUNG(CH2)15CH2CH2N), 1.40–1.68 (m, 6H; OCH2CH2 ACHTUNGTRENNUNG(CH2)4CH3 and CH3-
ACHTUNGTRENNUNG(CH2)15CH2CH2N), 1.94–2.50 (m, 8H; Pro NCH2CH2CH2 and Glu
CH2CH2CO), 3.09 (t, 3J ACHTUNGTRENNUNG(H,H)=6.3 Hz, 2H; CH3 ACHTUNGTRENNUNG(CH2)15CH2CH2N), 3.28


(t, 3J ACHTUNGTRENNUNG(H,H)=6.3 Hz, 2H; CH3 ACHTUNGTRENNUNG(CH2)15CH2CH2N), 3.50–3.81 (m, 2H; Pro
NCH2CH2CH2), 3.82–4.54 (m, 18H; Gly CH2, Pro CH, Glu CH,
OCH2CH2 ACHTUNGTRENNUNG(CH2)4CH3 and COCH2O), 7.54 (br s, 1H; Gly NH), 7.62 (d, 3J-
ACHTUNGTRENNUNG(H,H)=6.9 Hz, 1H; Glu NH), 7.76 (br s, 1H; Gly NH), 7.92 (br s, 1H;
Gly NH), 8.03 (br s, 1H; Gly NH), 8.15 ppm (br s, 1H; Gly NH);
13C NMR (75 MHz, CDCl3): d =14.2, 14.3, 22.8, 22.9, 25.2, 26.0, 27.1,
27.3, 27.8, 28.7, 29.1, 29.6, 29.8, 29.9, 30.9, 31.9, 32.1, 41.4, 42.4, 43.0, 43.2,
43.7, 46.7, 47.2, 47.4, 53.0, 61.6, 65.7, 69.2, 71.2, 168.8, 169.1, 170.2, 170.8,
171.4, 172.3, 173.4, 176.2 ppm; IR (CHCl3): 3302, 3068, 2924, 2854, 1738,
1658, 1536, 1466, 1456, 1378, 1338, 1242, 1193, 1166, 1130, 1029 cm�1; ele-
mental analysis calcd (%) for C67H122N8O13: C 64.49, H 9.86, N 8.98;
found: C 64.55, H 9.69, N 9.08.


Boc-E(g-benzyl ester)-OC7H15 : Boc-Glu(g-benzyl ester)-OH (0.60 g,
1.78 mmol), 1-heptanol (0.28 mL) and DMAP (0.035 g, 0.28 mmol) were
dissolved in CH2Cl2 (20 mL). The mixture was cooled in an ice bath and
protected from moisture (CaCl2 drying tube). EDCI (0.37 g, 1.96 mmol)
was added and the reaction was stirred for 6 h at 0 8C. The solution was
concentrated to dryness; redissolved in EtOAc (50 mL); and washed suc-
cessively with H2O (3R25 mL), 5% citric acid (25 mL), H2O (25 mL),
5% NaHCO3 (25 mL), and brine (25 mL). Purification by column chro-
matography (silica gel, hexane/EtOAc 6:1) afforded an oil (0.68 g, 88%).
1H NMR (300 MHz, CDCl3): d=0.89 (t, 3J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 3H; CH2CH3),
1.20–1.40 (m, 8H; OCH2CH2 ACHTUNGTRENNUNG(CH2)4CH3), 1.44 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.58–
1.68 (m, 2H; OCH2CH2ACHTUNGTRENNUNG(CH2)4CH3), 1.90–2.02 (m, 1H; Glu
CH2CH2CO), 2.15–2.26 (m, 1H; Glu CH2CH2CO), 2.38–2.55 (m, 2H;
Glu CH2CH2CO), 4.12 (t, 3J ACHTUNGTRENNUNG(H,H)=6.8 Hz, 2H; OCH2CH2ACHTUNGTRENNUNG(CH2)4CH3),
4.33 (q, 3J ACHTUNGTRENNUNG(H,H)=4.5 Hz, 1H; Glu CH), 5.08–5.18 (m, 3H; Glu NH and
OCH2Ph), 7.30–7.40 ppm (m, 5H; Ph HAr);


13C NMR (75 MHz, CDCl3):
d=14.2, 22.8, 26.0, 28.2, 28.5, 28.7, 29.0, 30.6, 31.9, 53.2, 65.9, 66.7, 128.4,
128.5, 128.8, 136.1, 172.4, 172.7 ppm; IR (CHCl3): 3373, 2957, 2931, 2858,
1739, 1716, 1500, 1455, 1391, 1367, 1254, 1167, 1051, 1028, 1004 cm�1.


Boc-GE(g-benzyl ester)-OC7H15 : Boc-E(g-benzyl ester)-OC7H15 was de-
protected with 4n HCl in dioxane for 1 h. HCl·E(g-benzyl ester)-OC7H15


(0.91 g, 2.46 mmol), Boc-Gly-OH (0.43 g, 2.46 mmol), EDCI (0.52 g,
2.70 mmol), and HOBt (0.37 g, 2.70 mmol) were dissolved in CH2Cl2
(50 mL). Et3N (1.03 mL) was then added. The reaction mixture was
stirred at 0 8C for 0.5 h and then at RT for 48 h. The solvent was evapo-
rated and the residue was washed successively with 5% citric acid (2R
20 mL), H2O (2R20 mL), 5% NaHCO3 (2R20 mL), and brine (2R
20 mL). Purification by column chromatography (silica gel, hexane/
EtOAc 3: 1) afforded an oil (0.92 g, 76%). 1H NMR (300 MHz, CDCl3):
d=0.88 (t, 3J ACHTUNGTRENNUNG(H,H)=6.8 Hz, 3H; CH2CH3), 1.20–1.40 (m, 8H;
OCH2CH2 ACHTUNGTRENNUNG(CH2)4CH3), 1.45 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.63 (quintet, 3J ACHTUNGTRENNUNG(H,H)=


7.1 Hz, 2H; OCH2CH2 ACHTUNGTRENNUNG(CH2)4CH3), 1.97–2.08 (m, 1H; Glu CH2CH2CO),
2.20–2.31 (m, 1H; Glu CH2CH2CO), 2.36–2.57 (m, 2H; Glu
CH2CH2CO), 3.73–3.88 (m, 2H; Gly CH2), 4.08–4.20 (m, 2H; OCH2CH2-
ACHTUNGTRENNUNG(CH2)4CH3), 4.60–4.67 (m, 1H; Glu CH), 5.07–5.18 (m, 3H; Gly NH and
OCH2Ph), 6.78 (d, 3J ACHTUNGTRENNUNG(H,H)=7.8 Hz, 1H; Glu NH), 7.30–7.40 ppm (m,
5H; Ph HAr);


13C NMR (75 MHz, CDCl3): d=14.2, 22.7, 25.9, 27.6, 28.5,
28.6, 28.7, 29.0, 30.4, 31.8, 44.6, 51.9, 66.1, 66.8, 128.4, 128.5, 128.8, 136.0,
169.6, 171.8, 172.7 ppm; IR (CHCl3): 3327, 2957, 2931, 1739, 1680, 1522,
1455, 1420, 1392, 1367, 1327, 1251, 1169, 1082, 1052, 1029, 1003 cm�1.


Boc-GGE(g-benzyl ester)-OC7H15 : Boc-GE(g-benzyl ester)-OC7H15 was
deprotected with 4n HCl in dioxane for 1 h. HCl·GE(g-benzyl ester)-
OC7H15 (0.53 g, 1.23 mmol), Boc-Gly-OH (0.22 g, 1.23 mmol), EDCI
(0.26 g, 1.36 mmol), and HOBt (0.18 g, 1.36 mmol) were dissolved in
CH2Cl2 (30 mL). Et3N (0.52 mL) was added and the reaction mixture was
stirred at 0 8C for 0.5 h and then at RT for 48 h. The solvent was evapo-
rated and the residue was dissolved in CH2Cl2 (50 mL) and washed suc-
cessively with 5% citric acid (2R 20 mL), H2O (2R 20 mL), 5%
NaHCO3 (2R20 mL), and brine (2R20 mL). Purification by column chro-
matography (silica gel, CHCl3/MeOH 98:2) afforded an oil (0.58 g,
84%). 1H NMR (300 MHz, CDCl3): d =0.88 (t, 3J ACHTUNGTRENNUNG(H,H)=6.5 Hz, 3H;
CH2CH3), 1.20–1.40 (m, 8H; OCH2CH2 ACHTUNGTRENNUNG(CH2)4CH3), 1.44 (s, 9H; C-
ACHTUNGTRENNUNG(CH3)3), 1.63 (quintet, 3J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 2H; OCH2CH2 ACHTUNGTRENNUNG(CH2)4CH3),
1.97–2.10 (m, 1H; Glu CH2CH2CO), 2.17–2.30 (m, 1H; Glu
CH2CH2CO), 2.38–2.58 (m, 2H; Glu CH2CH2CO), 3.84 (d, 3J ACHTUNGTRENNUNG(H,H)=


4.5 Hz, 2H; Gly CH2), 3.88–4.07 (m, 2H; Gly CH2), 4.11 (t, 3J ACHTUNGTRENNUNG(H,H)=
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6.8 Hz, 2H; OCH2CH2 ACHTUNGTRENNUNG(CH2)4CH3), 4.54–4.61 (m, 1H; Glu CH), 5.12 (s,
2H; OCH2Ph), 5.30 (br t, 1H; Gly NH), 6.86 (br t, 1H; Gly NH), 7.03 (d,
3J ACHTUNGTRENNUNG(H,H)=7.8 Hz, 1H; Glu NH), 7.30–7.40 ppm (m, 5H; Ph HAr);
13C NMR (75 MHz, CDCl3): d =14.2, 22.7, 25.9, 27.2, 28.5, 28.7, 29.0,
30.6, 31.9, 41.3, 43.0, 52.2, 66.1, 66.8, 80.7, 128.4, 128.6, 128.8, 135.9, 168.8,
170.1, 171.7, 173.0 ppm; IR (CHCl3): 3314, 2957, 2931, 2858, 1738, 1663,
1529, 1455, 1391, 1367, 1334, 1252, 1169, 1083, 1051, 1029, 1003 cm�1.


Boc-PGGE(g-benzyl ester)-OC7H15 : Boc-GGE(g-benzyl ester)-OC7H15


(0.56 g, 1.02 mmol) was deprotected with 4n HCl in dioxane for 1 h.
HCl·GGE(g-benzyl ester)-OC7H15, Boc-Pro-OH (0.22 g, 1.02 mmol),
EDCI (0.21 g, 1.12 mmol), and HOBt (0.15 g, 1.12 mmol) were dissolved
in CH2Cl2 (30 mL). Et3N (0.43 mL) was added and the reaction mixture
was stirred at 0 8C for 0.5 h and then at RT for 48 h. The solvent was
evaporated and the residue was washed successively with 5% citric acid
(20 mL), H2O (20 mL), 5% NaHCO3 (20 mL), and brine (20 mL). Purifi-
cation by column chromatography (silica gel, CHCl3/MeOH 98:2) gave
an oil (0.49 g, 74%). 1H NMR (300 MHz, CDCl3): d=0.88 (t, 3J ACHTUNGTRENNUNG(H,H)=


6.4 Hz, 3H; CH2CH3), 1.20–1.40 (m, 8H; OCH2CH2 ACHTUNGTRENNUNG(CH2)4CH3), 1.42 (s,
9H; C ACHTUNGTRENNUNG(CH3)3), 1.62 (quintet, 3J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 2H; OCH2CH2-
ACHTUNGTRENNUNG(CH2)4CH3), 1.78–2.29 (m, 6H; Pro NCH2CH2CH2 and Glu CH2CH2CO),
2.47 (t, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 2H; Glu CH2CH2CO), 3.35–3.55 (m, 2H; Pro
NCH2CH2CH2), 3.79–4.17 (m, 7H; Gly CH2, Pro CH and OCH2CH2-
ACHTUNGTRENNUNG(CH2)4CH3), 4.52–4.60 (m, 1H; Glu CH), 5.10 (s, 2H; OCH2Ph), 6.99–
7.10 (m, 2H; Gly NH and Glu NH), 7.30–7.40 (m, 5H; Ph HAr), 7.74 ppm
(br t, 1H; Gly NH); 13C NMR (75 MHz, CDCl3): d=14.2, 22.8, 24.9, 25.9,
27.2, 28.5, 28.6, 29.0, 29.7, 30.4, 31.8, 43.2, 43.6, 47.4, 51.8, 61.0, 65.9, 66.6,
81.2, 128.3, 128.4, 128.7, 135.9, 169.3, 169.9, 171.6, 173.0, 173.8 ppm; IR
(CHCl3): 3310, 3067, 2956, 2931, 2872, 2858, 1740, 1668, 1543, 1478, 1455,
1411, 1367, 1331, 1257, 1208, 1165, 1134, 1091, 1029 cm�1.


182DGA-GGGPGGE(g-benzyl ester)-OC7H15 (5): Boc-PGGE(g-benzyl
ester)-OC7H15 was deprotected with 4n HCl in dioxane for 1 h.
HCl·PGGE(g-benzyl ester)-OC7H15 (0.44 g, 0.76 mmol), 182DGA-GGG-
OH (0.61 g, 0.76 mmol), EDCI (0.16 g, 0.83 mmol), and HOBt (0.11 g,
0.83 mmol) were suspended in CH2Cl2 (30 mL). Et3N (0.32 mL) was
added and the mixture was stirred at 0 8C for 0.5 h and at RT for 48 h.
The solvent was evaporated and the residue was crystallized from
MeOH. The crude product was purified by column chromatography
(silica gel, CHCl3/MeOH 95: 5) and crystallized from MeOH to afford a
white solid (0.48 g, 47%). M.p. 137–139 8C; 1H NMR (300 MHz, CDCl3):
d=0.88 (t, 3J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 9H; CH2CH3), 1.26 (pseudo-s, 68H;
OCH2CH2 ACHTUNGTRENNUNG(CH2)4CH3 and CH3 ACHTUNGTRENNUNG(CH2)15CH2CH2N), 1.40–1.68 (m, 6H;
OCH2CH2 ACHTUNGTRENNUNG(CH2)4CH3 and CH3 ACHTUNGTRENNUNG(CH2)15CH2CH2N), 1.85–2.22 (m, 6H; Pro
NCH2CH2CH2 and Glu CH2CH2CO), 2.52 (t, 3J ACHTUNGTRENNUNG(H,H)=7.4 Hz, 2H; Glu
CH2CH2CO), 3.08 (t, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 2H; CH3 ACHTUNGTRENNUNG(CH2)15CH2CH2N), 3.18–
3.32 (m, 2H; CH3 ACHTUNGTRENNUNG(CH2)15CH2CH2N), 3.45–3.64 (m, 2H; Pro
NCH2CH2CH2), 3.70–4.40 (m, 18H; Gly CH2, Pro CH, Glu CH,
OCH2CH2 ACHTUNGTRENNUNG(CH2)4CH3 and COCH2O), 5.10 (q, 3J ACHTUNGTRENNUNG(H,H)=9.0 Hz, 2H;
OCH2Ph), 7.24 (d, 3J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 1H; Glu NH), 7.30–7.40 (m, 5H; Ph
HAr), 7.45 (br t, 1H; Gly NH), 7.81 (br t, 1H; Gly NH), 7.95–8.05 (m,
2H; Gly NH), 8.33 ppm (br t, 1H; Gly NH); 13C NMR (75 MHz, CDCl3):
d=14.2, 14.3, 22.8, 22.9, 25.4, 26.0, 26.4, 27.1, 27.3, 27.8, 28.7, 29.1, 29.5,
29.6, 29.8, 29.9, 30.4, 31.9, 32.1, 42.0, 42.8, 43.0, 44.0, 46.5, 47.2, 52.4, 61.4,
66.0, 66.6, 69.8, 71.6, 128.3, 128.4, 128.7, 136.0, 168.6, 168.8, 169.9, 170.3,
170.6, 170.9, 171.3, 172.5, 172.8, 174.1 ppm; IR (CHCl3): 3305, 3067, 2924,
2853, 1740, 1659, 1537, 1455, 1378, 1336, 1259, 1209, 1164, 1130,
1029 cm�1; elemental analysis calcd (%) for C74H128N8O13: C 66.43, H
9.64, N 8.38; found: C 66.32, H 9.67, N 8.16.


182DGA-GGGPGGE-OC7H15 (6): 182DGA-GGGPGGE(g-benzyl
ester)-OC7H15 (0.22 g, 0.16 mmol) was dissolved in hot absolute EtOH
(20 mL), 10% Pd/C (0.10 g) was added and this mixture was shaken
under H2 (60 psi) for 3 h in a Parr apparatus. The reaction mixture was
heated to reflux for 5 min and the hot mixture was filtered through a
Celite pad. The solvent was evaporated in vacuo to afford a white solid
(0.20 g, 98%). 1H NMR (300 MHz, CDCl3): d=0.88 (t, 3J ACHTUNGTRENNUNG(H,H)=6.6 Hz,
9H; CH2CH3), 1.26 (pseudo-s, 68H; OCH2CH2 ACHTUNGTRENNUNG(CH2)4CH3 and CH3-
ACHTUNGTRENNUNG(CH2)15CH2CH2N), 1.42–1.70 (m, 6H; OCH2CH2 ACHTUNGTRENNUNG(CH2)4CH3 and CH3-
ACHTUNGTRENNUNG(CH2)15CH2CH2N), 1.90–2.34 (m, 6H; Pro NCH2CH2CH2 and Glu
CH2CH2CO), 2.40 (br t, 2H; Glu CH2CH2CO), 3.08 (t, 3J ACHTUNGTRENNUNG(H,H)=7.4 Hz,


2H; CH3 ACHTUNGTRENNUNG(CH2)15CH2CH2N), 3.28 (t, 3J ACHTUNGTRENNUNG(H,H)=7.4 Hz, 2H; CH3-
ACHTUNGTRENNUNG(CH2)15CH2CH2N), 3.50–3.79 (m, 2H; Pro NCH2CH2CH2), 3.80–4.20 (m,
14H; Gly CH2, OCH2CH2 ACHTUNGTRENNUNG(CH2)4CH3 and COCH2O), 4.30 (s, 2H;
COCH2O), 4.42 (br t, 1H; Pro CH), 4.49–4.62 (m, 1H; Glu CH), 7.44 (d,
3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 1H; Glu NH), 7.70–7.83 (m, 2H; Gly NH), 7.98–8.16
(m, 2H; Gly NH), 8.38 ppm (br t, 1H; Gly NH); 13C NMR (75 MHz,
CDCl3): d=14.2, 14.3, 22.8, 22.9, 25.3, 26.0, 27.1, 27.3, 27.8, 28.7, 29.1,
29.6, 29.9, 30.7, 31.9, 32.1, 42.2, 43.4, 46.6, 47.2, 52.3, 61.6, 66.1, 69.5, 71.4,
168.7, 169.6, 170.4, 170.6, 170.7, 171.0, 171.6, 171.8, 173.2, 175.5 ppm; IR
(CHCl3): 3303, 3076, 2924, 2854, 1737, 1658, 1543, 1466, 1253, 1208, 1130,
1029 cm�1; elemental analysis calcd (%) for C67H122N8O13: C 64.49, H
9.86, N 8.98; found: C 64.37, H 9.80, N 9.12.


182DGA-GGGPGGE(O-1-pyrenemethylene)-OC7H15 (7): 182DGA-
GGGPGGE-OC7H15 (0.20 g, 0.16 mmol) was suspended in CH2Cl2
(15 mL) at 0 8C. EDCI (0.034 g, 0.18 mmol), DMAP (0.010 g, 0.08 mmol),
and 1-pyrenemethanol (0.038 g, 0.16 mmol) were then added successively.
The mixture was stirred at ambient temperatures for 4 d. The solvent was
evaporated and the residue was purified by column chromatography
(silica gel, CHCl3/MeOH 95:5) and recrystallized from CHCl3/MeOH to
give a yellowish solid (100 mg, 43%). M.p. 144–146 8C; 1H NMR
(300 MHz, CDCl3): d=0.88 (t, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 9H; CH2CH3), 1.25
(pseudo-s, 68H, NCH2CH2 ACHTUNGTRENNUNG(CH2)15CH3 and OCH2CH2ACHTUNGTRENNUNG(CH2)4CH3), 1.40–
1.67 (m, 6H; NCH2CH2ACHTUNGTRENNUNG(CH2)15CH3 and OCH2CH2 ACHTUNGTRENNUNG(CH2)4CH3), 1.71–2.62
(m, 8H; Pro NCH2CH2CH2 and Glu CH2CH2CO), 2.93–3.51 (m, 5H;
NCH2CH2 ACHTUNGTRENNUNG(CH2)15CH3 and Pro NCH2CH2CH2), 3.65–4.45 (m, 19H; Pro
NCH2CH2CH2, Gly CH2, Pro CH, Glu CH, OCH2CH2ACHTUNGTRENNUNG(CH2)4CH3 and
OCH2CO), 5.83 (s, 2H; OCH2Ar), 7.23 (overlap with CDCl3 signal, 1H;
Glu NH), 7.42 (br s, 1H; Gly NH), 7.71–8.46 ppm (m, 13H; Gly NH and
HAr);


13C NMR (75 MHz, CDCl3): d=14.2, 14.3, 22.8, 22.9, 25.2, 26.0,
26.5, 27.1, 27.3, 27.8, 28.6, 29.1, 29.5, 29.6, 29.9, 30.4, 31.8, 32.1, 42.0, 42.9,
43.2, 43.9, 46.7, 47.0, 47.3, 52.3, 61.4, 65.1, 66.1, 69.7, 71.7, 123.1, 124.8,
125.0, 125.7, 125.8, 126.4, 127.5, 128.0, 128.1, 128.5, 129.0, 129.7, 130.8,
131.4, 131.9, 168.9, 170.0, 170.4, 171.0, 172.4, 172.9, 174.0, 174.9 ppm; IR
(CHCl3): 3307, 3052, 2922, 2852, 1738, 1660, 1651, 1544, 1467, 1415, 1377,
1335, 1246, 1130, 1029 cm�1; elemental analysis calcd (%) for
C84H132N8O13


.H2O: C 68.17, H 9.13, N 7.57; found: C 67.95, H 8.92, N
7.43.


ACHTUNGTRENNUNG(C18H37)2NCOCH2OCH2CO-(Gly)3-Pro-(Gly)3-OC7H15 (8): Compound 8
was prepared as previously reported.[11d]


Vesicle preparation and chloride release measurement : Chloride release
was assayed directly on �200 nm phospholipid vesicles prepared from a
7:3 mixture of DOPC and DOPA (both from Avanti Polar Lipids) by
using a chloride-selective electrode (Accumet Chloride Combination
Electrode). Vesicles were prepared in the presence of an internal, chlo-
ride-containing buffer (KCl (600 mm), HEPES (10 mm), adjusted to
pH 7.0). After extrusion and exchange of the internal solution with a
chloride-free buffer (K2SO4 (400 mm), HEPES (10 mm), adjusted to
pH 7.0), vesicles were suspended in the same external buffer (final phos-
pholipid concentration�0.31 mm). The electrode was introduced in the
solution and it was allowed to equilibrate. The voltage output was record-
ed, and after the baseline became flat, aliquots of the solution of the
compound being studied (9 mm in isopropanol) were added. No more
than 20 mL of 2-propanol were added in any experiment to avoid any
affect of solvent on the liposomes. Complete lysis of the vesicles was in-
duced by the addition of a 2% aqueous solution of Triton X100 (100 mL)
and the data collected were normalized to this value. The data were col-
lected by using Axoscope 9.0 with a DigiData 1322 A series interface.


Carboxyfluorescein dequenching from vesicles : A 7:3 mixture (15 mg) of
DOPC and DOPA was dissolved in Et2O (0.75 mL) and internal buffer
(0.75 mL, CF� (20 mm), HEPES (10 mm), pH 7.0) was added. The mix-
ture was sonicated and diethyl ether was removed under mild vacuum.
The remaining suspension was filtered (200 nm filter membrane) and
then passed through a Sephadex G25 column eluted by external buffer
(KCl (100 mm), HEPES (10 mm), pH 7.0). The size of the liposomes was
analyzed by laser light scattering to be around 200 nm.


Carboxyfluorescein-containing vesicles were diluted to 0.9 mm in external
buffer (2 mL). The fluorescence (excitation 497 nm and emission 520 nm
with 2 nm bandpass) was monitored at 25 8C. Compounds were added as
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a solution (1 mm) in 2-propanol with mixing to the desired concentration.
Dequenching, F520, was computed as the fraction of total release upon ad-
dition of 2% aqueous solution of Triton X100 (100 mL) and is shown in
Equation (1):


F520 ¼
F�F0


FTriton�F0
ð1Þ


in which F0 is the fluorescence at time zero and FTriton is the fluorescence
after Triton addition. The data was fitted to a sigmoidal equation (by
using OriginPro 7), that is, y=A ACHTUNGTRENNUNG[xn/ ACHTUNGTRENNUNG(kn+xn)]. In this equation, k is the
time constant, which is the inverse of the rate constant for the pore for-
mation process.


Fluorescence spectroscopy : Fluorescence was measured by using a
Perkin–Elmer LS50B fluorimeter to evaluate continuously stirred sam-
ples. A stock solution of 7 (0.50 mm) in 2-propanol was prepared. 1-Pyre-
nemethanol (0.50 mm in 2-proponal) was used as a control. Compound 7
was added and stirred for about 60 s before spectra were recorded.
Except where indicated in the text or figure caption, the emission spec-
trum for 7 was measured in external buffer (2 mL, K2SO4 (400 mm),
HEPES (10 mm), pH 7.0) and the exact concentration of 7 was shown in
the figure. For solvent dependence experiments, freshly distilled solvent
(2 mL) instead of buffer was used and the concentration of 7 was adjust-
ed for the instrument capacity. For measurements in the vesicles, com-
pound 7 was added to the liposome suspension (as prepared above, in ex-
ternal buffer (2 mL)) and the overall lipid concentration was 0.31 mm


(same as chloride release experiment). An aliquot of stock solution of 7
was added to achieve the desired concentration. The excitation wave-
length was l=345 nm and the emission spectrum was recorded between
l=300 and 600 nm (2.5 nm slit width, 400 nmmin�1 scan speed, average
three scans).


Planar bilayer measurements : Bilayer measurements were performed
with a Warner BC-525D bilayer clamp apparatus. Planar membranes
were formed by painting lipids (DOPC/DOPA 2:1 mol/mol, 20 mgmL�1


in n-decane) over a 200 mm aperture on the side of a cuvette fitted into
a chamber. The cuvette and chamber contained a KCl (450 mm) buffer
solution (HEPES (10 mm), pH 7). After membrane formation was ascer-
tained (membranes with a capacitance lower than 100 pF were discard-
ed), an aliquot of a solution of the compound being studied (in TFE) was
added to a suspension of vesicles (20 mm) in the same buffer (vesicles
were previously prepared by using the same lipid composition and the
same buffer used for the bilayer experiments). An aliquot of this solution
was then stirred into the buffer on the chamber side (“cis” side to where
the reference electrode is immersed (“ground”)) to achieve the desired
concentration. Records were filtered with a 4-pole Bessel filter (100 Hz)
and digitized at a 1 kHz sampling interval per signal by using Clam-
pex 9.2 (Axon instruments). Data analysis was performed with Clamp-
fit 9.2 (Axon Instruments).


Computational details : Calculations were performed by using the Gaussi-
an 03[19] suite of programs. Semi-empirical (PM3) and density functional
(B3LYP) methods were used to optimize the geometries and perform fre-
quency analysis. The B3LYP method combines BeckeSs three-parameter
function[26] with the nonlocal correlation provided by the correlation
function of Lee, Yang, and Parr,[27] which is suitable for vibrational calcu-
lations.


Negative ion mass spectrometry: Mass spectra were obtained by using a
JEOL MStation (JMS-700) mass spectrometer equipped with an electro-
spray ionization source, which operated in the negative ion mode and
scanning from m/z 600 to 2400. Slits were set to achieve a resolution of
about 2000. The spray voltage was 2.00 kV, and the capillary temperature
(desolvating temperature) was 200 8C. Each trial was processed by using
the MSMP9020D software supplied by JEOL with a minimum of ten
scans averaged for the final spectral presentation.
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Hopeahainol A: An Acetylcholinesterase Inhibitor from Hopea hainanensis
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Introduction


A key hallmark for Alzheimer�s disease (AD), which ap-
pears to grow rapidly worldwide among the elderly popula-
tion, is the decreased level of acetylcholine, a neurotransmit-
ter playing a decisive role in memory and learning.[1] Acetyl-
cholinesterase (AChE), which degrades acetylcholine to its
inactive metabolite choline, has emerged as a promising
target for the management of Alzheimer disease, since inac-
tivation of this enzyme leads to increased levels of acetyl-
choline.[2] In the light of the strategy, huperzine A was devel-
oped successfully as a plant-derived drug for the treatment
of the disease.[3] In our investigations of novel and/or bioac-
tive metabolites of Hopea species (Dipterocarpaceae),[4,5]


a resveratrol oligomer-based AChE inhibitor, was character-
ized from the stem bark of H. hainanensis.[6] Re-assay of the
combined mother liquors highlighted the presence of more
AChE inhibitory compound(s) that may exist in “trace”
amount(s) in the plant tissue. Subsequent bioassay-guided
purification afforded hopeanol (1)[4] and three novel poly-
phenols, named hopeahainols A, B (2, 3) and hopeanol B
(4).


The mother liquors, which have been obtained from previ-
ous investigations on the H. hainanensis stem bark, were
combined to give a residue from which compounds 1--4
(Scheme 1) were isolated after repeated column chromatog-
raphy over silica gel and Sephadex LH-20.


Results and Discussion


Hopeahainol A (2) has a molecular formula of C28H16O8


that was evidenced from the [M+H]+ and [M+Na]+ ions at
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known compound. The most important
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single-crystal X-ray spectroscopy and
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A was an acetylcholinesterase inhibitor
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Scheme 1. Structure of compounds isolated from H. hainanensis.


K 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 376 – 381376







m/z 481.0920 (calcd for 481.0923) and 503.0749 (calcd for
503.0743) in the HRESI mass spectroscopical analysis.
Methylation of 2 with MeI in the presence of K2CO3 afford-
ed a tetramethyl ether (2a) which suggested that compound
2 has four phenolic hydroxyl groups. The 1H NMR spectrum
of 2 recorded at 25 8C was not informative owing to the
poor resolution of some signals between dH 7.2 and 6.4 ppm,
which was presumed to orginate from the free rotation of a
1,4-disubstituted benzene ring as indicated by comparing the
spectra with those acquired at 0, �20 and �30 8C (Figure 1,
Table 2).[7]


Scrutiny of its 1H NMR, 13C NMR, 1H-1H COSY, NOESY,
HMQC, and HMBC spectra (all acquired at �30 8C) al-


lowed the identification of an
ester group (dC 174.7 ppm) and
four substructures (Figure 2)
including a 7,7-disubstituted 4-
methylenecyclohexa-2,5-diene
residue [ring A1, giving charac-
teristic signals at dH = 7.41
(H-2a, dd, J=10.2, 2.4 Hz),
6.17 (H-3a, dd, J=10.2,
1.3 Hz), 6.05 (H-5a, dd, J=


10.0, 1.3 Hz) and 6.74 ppm (H-
6a, dd, J=10.0, 2.4 Hz),[4] a
2,3,5-trisubstituted benzoyl
group [ring A2, observed at dH


= 7.44 (H-10a, d, J=2.1 Hz)
and 7.11 ppm (H-12a, d, J=


2.1 Hz), a 4-substituted phenyl
moiety [ring B1, affording dif-
ferentiated resonances at dH =


6.53 (H-2b, dd, J=8.5, 1.9 Hz), 6.46 (H-3b, dd, J=8.5,
2.1 Hz), 6.68 (H-5b, dd, J=8.6, 2.1 Hz) and 7.12 ppm (H-6b,
dd, J=8.6, 1.9 Hz)], and a 1,2,3,5-tetrasubstituted benzene
nucleus [ring B2, resonating at dH = 6.49 (H-12b, d, J=


1.7 Hz) and 6.90 ppm (H-14b, d, J=1.7 Hz)]. The HMBC
correlation of C-7b (dC 59.1)
with H-2b, H-6b and H-14b in-
dicated that rings B1 and B2


were co-connected to the
carbon. The attachment of the
four hydroxyl groups was as-
signed by the NOESY and
HMBC spectra of 2a.


Since some protons in the
substructures A1–2 and B1–2 were
separated by quaternary car-
bons over five bonds, the NMR
data of hopeahainol A (2)
failed to provide sufficient in-
formation required for accom-
modating the connection of
those fragments to afford the
entire structure of the com-
pound. Moreover, compound 2
did not form single crystals that
were necessary for the X-ray
diffraction analysis. The frustra-
tion to clarify the structure of 2
was eventually overcome by the


Figure 1. 1H NMR spectra of hopeahainol A (2) measured at variable temperatures ([D6]acetone, 500 MHz).


Figure 2. Substructures of 2 identified from NMR data.


Table 1. Calculated energies and optical rotations for 2 and (7bR)-2.


Configuration 2 ACHTUNGTRENNUNG(7bR)-2 Exp


conformation (1S) (2S) (1R) (2R)


relative energy[a] 0.00 0.05 0.00 0.05
[a]D


[b] +594.3 +636.5 �598.6 �639.5 +673.5
(MeOH, 0.090)


sum of [a]D
[c] +615.4 �619.1


[a] Lowest energy conformation was used as the reference zero point, the geometries were obtained in the gas
phase at the B3LYP/6-31G(d) level, the unit is kcalmol�1. [b] The optical rotations in MeOH were evaluated
at the same level. [c] The Boltzmann formula was used to produce the sum of two different conformational op-
tical rotations.
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single crystal X-ray crystallo-
graphic measurement of its
permethylated derivative (2a)
(Figure 3 and Supporting In-
formation).


To allocate the absolute con-
figuration and to rationalize
the low resolution of some
1H NMR signals (Figure 1),
four conformations of 2 were
obtained through calculations
with the Gaussian 03 package
at the B3LYP/6-31G(d)
level.[8,9] The optical rotation
was obtained at the same level
with the gauge-including
atomic orbital (GIAO)
method.[10] The calculated opti-
cal rotation (+615.4) for 2,
which is very close to its exper-
imental value (+673.5), sug-
gested that C-7b had an S con-
figuration (Table 1 and Sup-
porting Information).


As evidenced from calcula-
tions, the continuous intercon-
version (namely, spin of ring
B2) between the two stable
conformers (Figure 4) exists
thermodynamically to allow
the worse and better resolved
signals of protons on ring B2 at higher and lower tempera-
tures, respectively (Figure 1). The most stable isomer was
suggested to be Ca, which was close to the crystal structure
of 2a.


Hopeahainol B (3), a red amorphous powder, had a mo-
lecular formula of C29H18O8 established by the [M+H]+ ion
at m/z 495.1075 in its HRESI MS analysis (calcd for
C29H19O8, 495.1080). The


1H and 13C NMR spectra (Table 2,
acquired at �30 8C) of 3 were very similar to those of 2


except for the appearance of a methoxy group (dH 3.61, dC


55.2). This observation, along with the HMBC correlation of
C-4b with OMe-4b, demonstrated that 3 is the 4b-O-methyl
ether derivative of hopeahainol A (2).


Hopeanol B (4), which was obtained as a light yellow
amorphous powder, has a molecular formula of C28H18O9


[14 mass units less than for hopeanol (1)[4]] that was con-
firmed by the [M+H]+ ion peak at m/z 499.1033 in its HRE-
SIMS analysis (calcd for C29H19O9, 499.1029). Its 1H and
13C NMR spectra (Table 2) were well comparable to those
of 1 except for that the methoxyl ester signals (dH 3.52, dC


51.8), which was not observed for 4.[4] Also reinforced by its
2D NMR data, compound 4 was identified as the 8b-O-de-
methyl derivative of hopeanol (1).Figure 3. X-ray structure of 2a.


Table 2. 1H and 13C NMR assignments of 2–4.


Carbon 2[a] 3[a] 4
dC dH (mult. , J in Hz) dC dH (mult. , J in Hz) dC dH (mult. , J in Hz)


1a 135.0 135.1 124.6
2a 136.8 7.41 (dd, 10.2, 2.4) 136.5 7.37 (dd, 10.2, 2.4) 131.9 7.00 (d, 8.5)
3a 129.2 6.17 (dd, 10.2, 1.3) 129.4 6.14 (dd, 10.2, 1.8 113.8 6.62 (d, 8.5)
4a 186.9 186.5 157.1
5a 129.1 6.05 (dd, 10.0, 1.3) 129.4 5.99 (dd, 10.1, 1.8) 113.8 6.62 (d, 8.5)
6a 139.3 6.74 (dd, 10.0, 2.4) 139.0 6.66 (dd, 10.1, 2.4) 131.9 7.00 (d, 8.5)
7a 150.3 149.8 71.1
8a 187.6 187.6 190.3
9a 132.0 132.2 132.5
10a 110.9 7.44 (d, 2.1) 110.9 7.43 (d, 1.5) 106.9 7.02 (d, 2.5)
11a 160.0 160.1 158.3
12a 104.6 7.11 (d, 2.1) 104.6 7.11 (d, 1.5) 108.8 6.54 (d, 2.5
13a 153.9 154.0 154.4
14a 123.4 123.2 121.1
1b 130.7 131.5 66.8
2b 127.1 6.53 (dd, 8.5, 1.9) 127.2 6.63 (dd, 8.7, 2.2) 148.0 7.36 (dd, 10.4, 2.8)
3b 114.8 6.46 (dd, 8.5, 2.1) 113.4 6.56 (dd, 8.7, 2.4) 133.6 6.27 (dd, 10.4, 2.0)
4b 157.8 159.8 185.3
5b 117.5 6.68 (dd, 8.6, 2.1) 116.4 6.79 (dd, 8.8, 2.4) 131.2 5.79 (dd, 10.2, 2.0)
6b 130.3 7.12 (dd, 8.6, 1.9) 130.7 7.21 (dd, 8.8, 2.2) 150.4 6.98 (dd, 10.2, 2.8)
7b 59.1 59.0 63.7
8b 174.7 174.7 171.2
9b 142.0 141.8 152.7
10b 109.9 109.8 112.4
11b 158.3 158.3 160.2
12b 102.1 6.49 (d, 1.7) 102.1 6.48 (d, 1.6) 102.8 6.20 (d, 2.0)
13b 160.0 160.1 157.2
14b 106.0 6.90 (d, 1.7) 105.8 6.88 (d, 1.6) 107.7 7.01 (d, 2.0)
OMe 55.2 3.61 (s)


[a] Data were recorded in [D6]-acetone at -308C on BRUKER DRX-500 MHz spectrometers. All signals were
assigned by the aid of 1D and 2D NMR spectra.


Figure 4. Two DFT-calculated minimum energy conformers (Ca and Cb)
of its S configuration. Energies (in kcalmol�1) relative to the stablest con-
former Ca are given in parentheses.
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Biosynthetically, hopeanol B (4) sharing the same biosyn-
thetic pathway with that of hopeanol (1)[4] would be the
common precursor of hopeahainols A (2) and B (3) via a
presumable intermediate 4a (Figure 5).


Compounds 1--4 and 2a were subjected to in vitro AChE
inhibitory evaluations. Surprisingly, only hopeahainol A (2)
was found to be significantly active with an IC50 value of
4.33�0.17 mm (n=3) whereas the other isolated compounds
were all inactive. The magnitude of 2 in the enzyme inhibi-
tion was well comparable to that of the positive reference,
such as (� )-huperzine A (IC50 = 1.6 mm).[11]


To understand the structure–activity relationships, a
three-dimensional interaction model of the inhibitor with
the active site(s) was generated by InsightII (Figure 6). The
main binding sites of 2 with AChE were realized through
the direct hydrogen bonding of the 4b-OH with the N atom
in Trp286, and of the two O atoms in the ester group with H
in Ser293. This may explain why only compound 2 was in-
hibitory on the enzyme.


The inhibition of 2 on AChE was very fast and time inde-
pendent since the IC50 value without incubation was not sig-
nificantly (P > 0.05) different from that observed for up to
30 min incubation. Thus, hopeahainol A (2) was a reversible
inhibitor of AChE. Reciprocal Lineweaver–Burk plots de-
scribing the inhibition pattern of 2 gave increasing slopes
and growing y-axis intercepts with higher inhibitor concen-
trations (Figure 7a). This demonstrated a mixed typed inhib-
ition, resulting from the significant co-interaction of 2 with
the free and the acetylated forms of the enzyme. Replots of
the slope versus the inhibitor concentration allowed the esti-
mation of the Ki value of 21.85�1.25 mm (n=3) (Figure 7b).


Conclusion


Three new and a known polyphenols were isolated from the
stem bark of H. hainanensis. Compounds 2--4 were unam-
biguously assigned on the basis of the NMR correlations, X-
ray analysis and computational methods. The former two
share an unprecedented carbon skeleton. Hopeahainol A
(2) showed an AChE inhibitory activity with its magnitude
comparable to that of huperzine A, a presently prescribed
AD-treating drug, while other similar structures were inac-
tive. This phenomenon was elucidated by a 3D interaction
model of the inhibitor with active site(s) in Insight II. The
reason for the poor resolution of some 1H NMR signals at


room temperature, which was reported in the literature,[7]


was discussed for the first time at theoretical level through
computational methods.


Figure 5. Plausible biogenetic pathway for 2 and 3.


Figure 6. Complex of hopeahainol A (2) and Electrophorus electricus ace-
tylcholinesterase (PDB code: 1C2B) obtained with InsightII.


Figure 7. Steady-state inhibiotion of AChE by 2. a) Lineweaver–Burk
plot of reciprocal of initial velocities versus reciprocal of five fixed ace-
tylthiocholine iodide (ATCh) concentrations in the absence (^) and pres-
ence of 10 m m (*), 20mm (~) and 40 m m (&) of 2. b) Secondary plots of
the Lineweaver–Burk plot, slope versus various concentrations of 2. (x
axis intercept represents the Ki of the inhibitor).
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Experimental Section


General methods : Melting points were measured on an XT-4 apparatus.
Optical rotations were determined in MeOH on a WXG-4 disc polarime-
ter, and IR spectra in KBr disks on a Nexus 870 FT-IR spectrometer.
The UV spectra were recorded on a Hitachi U-3000 spectrophotometer.
ESI and HR-ESI mass spectra were obtained on a Mariner Mass 5304 in-
strument. All NMR experiments were performed on a Bruker DRX-500
NMR spectrometer and using solvent signal ([D6]acetone, dH: 2.05 ppm)
as an internal standard. Silica gel (200–300 mesh) for CC and GF254
(10–20 mm) for TLC were produced by Qingdao Marine Chemical Com-
pany, China. Sephadex LH-20 was purchased from Pharmacia Biotech,
Sweden. Electric-eel AChE (EC 3.1.1.7), acetylthiocholine iodide
(ATCh), 5,5’-dithiobis[2-nitrobenzoic acid] (DTNB) were purchased from
Sigma (St. Louis, MO, USA). All other chemicals used in the study were
of analytical grade.


Plant material : Hopea hainaninesis was collected on July 21, 2003 from
the Botanical Garden of South China University of Tropical Agriculture
with the specimen identified by Professor X. Q. Zheng (South China
University of Tropical Agriculture). A voucher specimen (no. IFB030721)
was deposited at Institute of Functional Biomolecules, Nanjing Universi-
ty, Nanjing, China.


Extraction and isolation : All mother liquors left over by previous isola-
tions[6] were combined to give, after evaporation of solvent, a residue
(98.8 g) that was subsequently purified by chromatography over silica gel
column and eluted with CHCl3/MeOH gradients of growing polarity to
give eight fractions. And the second fraction (2.8 g) with bioactivity, af-
forded by elution with CHCl3/MeOH 20:1, was separated on silica gel
with CHCl3/MeOH 50:1, 30:1, 20:1, 10:1, 5:1, 0:100 to give six fractions
(fractions 1–6). Fraction 2 (110 mg) was further subjected to Sephadex
LH-20 column chromatography (MeOH) to give 1 (31 mg). Fraction 3
(530 mg) was further purified on a silica gel column eluted with petrole-
um ether/acetone 3:1, 2:1, 1:1, 0:1 to give four fractions (fractions 3a–
3d). Compound 3 (54 mg) and 2 (73 mg) were obtained from fractions 3-
b and 3-d, respectively, after purification by Sephadex LH-20 CC
(MeOH). Compound 4 (17 mg) was obtained from fraction 5 after purifi-
cation by PTLC (EtOAc/CHCl3/MeOH/H2O 5:10:1:0.1) and Sephadex
LH-20 CC (MeOH).


AChE inhibition assay : The AChE inhibitory activities were measured by
a spectrophotometric method developed by Ellman et al.[12] The reaction
was run at 25 8C in a final volume of 200 mL of a 0.1m phosphate buffer
pH 8.0, 333 mm 5,5’-dithio-bis(2-nitrobenzoic acid), 0.035 unit per mL
AChE and 530 mm of acetylthiocholine iodide in 96-well microplates. Test
compounds were added to the assay solution and followed at 412 nm for
5 min with a plate reader (Sunrise, Tecan, Austria). Inhibition curves
were performed in triplicate by incubating with at least 10 concentrations
of each test compound. One triplicate sample without inhibitor was
always present to yield 100% of AChE activity. The reaction rates were
compared and the percent inhibition due to the presence of test com-
pounds was calculated. IC50 (concentration of drug producing 50% of
enzyme–activity inhibition) values were determined graphically from log
concentration–inhibition curves.


Molecular docking of hopeahainol A into Electrophorus electricus ace-
tylcholinesterase : Molecular docking was performed on a Silicon Graph-
ics Iris O2 (SGI Inc, Silicon, CA, USA) workstation using the DOCK
modules of the commercial software packages InsightII 2000 (MSI, St
Louis, MI, USA). Three high-resolution X-ray crystal structures of Elec-
trophorus electricus acetylcholinesterase (PDB code: 1C2B),[13] mouse
acetylcholinesterase (PDB code: 2 JGE)[14] and Torpedo californica ace-
tylcholinesterase (PDB code: 1E3Q)[15] were downloaded from protein
data bank. The results of sequence alignment by BLAST show there is
higher homologous property between Electrophorus electricus acetylcho-
linesterase and mouse acetylcholinesterase or Torpedo californica acetyl-
cholinesterase, the former identity up 100% _i540/540_jand the latter
similarity nearly 87.2% (471/540) (Table S3, Supporting Information).
There are three active sites (Tyr72, Tyr124, and Trp286 (underlined in
Table S3, Supporting Information) in mouse acetylcholinesterase in the
complex with organophosphorus compounds and four inhibitor binding


sites (Tyr70, Trp84, Trp279, and Phe330 underlined in Table S3, Support-
ing Information) in a complex of Torpedo californica acetylcholinesterase
with its inhibitor Bw284c51. By superimposition of the three crystal struc-
tures, the results reveal the common sites maybe exist in Electrophorus
electricus acetylcholinesterase, namely Tyr72 and Trp286. And three
other sites, Trp86, Tyr124 and Tyr 337, also play a role during interaction
between acetylcholinesterase and its inhibitor. Thus, hopeahainol A (2)
was docked in a pocket surrounding by these sites mentioned above and
the interactional energy (including whole energy, electrostatic energy and
steric energy) was calculated and optimized. The docked conformations
(Figure 6) were then used to analyze the binding interactions.


Enzyme kinetic studies :[16] Kinetic studies were performed using AChE
from an electric eel. Enzyme actvities were determined at 25 8C using
five concentrations of substrate (50, 100, 200, 300 and 400 mm) in the
presence or absence of three concentrations of 2 (10, 20 and 40 mm)
against AChE. Data were plotted by the method of Lineweaver–Burk to
reveal the mechanism of inhibition. Plots of the slopes versus the inhibi-
tor concentrations gave estimates of Ki, the dissociation constant for in-
hibitor binding to AChE.


Hopeahainol A (2): Red amorphous powder, m.p. 216–217 8C; [a]20D =++


673.58 (c = 0.090, MeOH); UV/Vis (MeOH): lmax ACHTUNGTRENNUNG(log e) = 218 (4.41),
307 (3.91), 450 nm (3.63); IR (KBr): ñmax = 3195, 2975, 1796, 1695, 1633,
1592, 1508, 1448, 1335, 1261, 1162 1076 cm�1; NMR: see Table S1, Sup-
porting Information; positive ESIMS: m/z : 481 [M+H]+ , 503 [M+Na]+ ;
HR-ESIMS: m/z: calcd for C28H17O8: 481.0923; found: 481.0920 [M+H]+,
503.0749 [M+Na]+ .


Hopeahainol B (3): Red amorphous powder, m.p. 227–228 8C; [a]20D =


+1105.68 (c = 0.024, MeOH); UV/Vis (MeOH): lmax (log e) = 214
(4.32), 306 nm (3.88); IR (KBr): ñmax = 3382, 3160, 2969, 2258, 1797,
1698, 1654, 1633, 1606, 1507, 1448, 1333, 1252, 1163 1076, 1003 cm�1;
NMR: see Table S1, Supporting Information; positive ESIMS: m/z : 495
[M+H]+ , 517 [M+Na]+ ; HR-ESIMS: m/z : calcd for C29H19O8: 495.1080;
found: 495.1075 [M+H]+ .


Hopeanol B (4): Light yellow amorphous powder, m.p. 198–199 8C;
[a]20D =++146.08 (c = 0.373, MeOH); UV/Vis (MeOH): lmax (log e) = 207
(4.91), 225 (4.77), 3011 (3.32), 355 nm (3.41); IR (KBr): ñmax = 3200,
2923, 2882, 1718, 1660, 1609, 1608, 1516, 1461, 1336, 1263, 1160, 1113,
1082, 1056, 1017 cm�1; NMR: see Table S1, Supporting Information; posi-
tive ESIMS: m/z : 499 [M+H]+ , 521 [M+Na]+ ; HR-ESIMS: m/z : calcd
for C29H19O9: 495.1029; found: 499.1033 [M+H]+ .


Methylation of 2 : Hopeahainol A (2) (20 mg) was allowed to react with
K2CO3 (500 mg) and MeI (200 mg) in dry acetone under reflux for 6 h at
65 8C. The reaction was treated in the usual manner and the crude prod-
uct 25 mg was purified by Sephadex LH-20 CC (CHCl3/MeOH 1:1) to
give 2a (16 mg). A yellow rhombic crystal; positive ion ESIMS: m/z : 537
[M+H]� ; 1H NMR (500 MHz, [D6]acetone, �30 8C): d= 7.46 (d, J =


2.2 Hz, H-10a), 7.35 (dd, J = 10.3, 2.4 Hz, H-2a), 7.31 (d, J = 2.2 Hz, H-
12a), 7.21 (dd, J = 8.7, 1.7 Hz, H-6b), 7.04 (d, J = 2.3 Hz, H-14b), 6.77
(dd, J = 8.7, 2.1 Hz, H-5b), 6.75 (d, J = 2.3 Hz, H-12b), 6.60 (dd, J =


8.6, 1.9 Hz, H-2b), 6.53 (dd, J = 8.6, 2.1 Hz, H-3b), 6.52 (dd, J = 10.1,
2.4 Hz, H-6a), 6.15 (dd, J = 10.3, 1.8 Hz, H-3a), 5.95 (dd, J = 10.1,
1.8 Hz, H-5a), 3.97 (s, OMe), 3.93 (s, OMe), 3.74 ACHTUNGTRENNUNG(s, OMe), 3.54 ppm (s,
OMe).
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Photooxidation of Guanine by a Ruthenium Dipyridophenazine Complex
Intercalated in a Double-Stranded Polynucleotide Monitored Directly by
Picosecond Visible and Infrared Transient Absorption Spectroscopy
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Introduction


The study of electron-transfer reactions in DNA is an im-
portant problem both from a fundamental materials science
perspective[1–10] and because of its biological consequen-
ces.[11–15] As such electron transfers are fast chemical pro-
cesses, they are usually initiated by short laser-pulse excita-
tion of sensitizers such as phenothiazonium dyes,[16,17] an-
thraquinones[18,19] or metal complexes.[20–24] The study of
compounds intercalated into DNA is especially appropriate
for theoretical treatment as the relative orientation of the
electron donor and acceptor is well defined.


Ruthenium–polypyridyl complexes, in particular, are ex-
cellent sensitizers for probing various properties of DNA, as
their photophysical and electrochemical properties can be
varied readily in a controlled fashion. For example, it has
been known for some years that complexes containing the
1,4,5,8-tetraazaphenanthrene (tap), 1,4,5,8,9,12-hexaazatri-
phenylene (hat) or 2,2’-bipyrazine (bpz) can photooxidise


Abstract: Transient species formed by
photoexcitation (400 nm) of [Ru-
ACHTUNGTRENNUNG(dppz) ACHTUNGTRENNUNG(tap)2]


2+ (1) (dppz=dipyrido-
ACHTUNGTRENNUNG[3,2-a :2’,3’-c]phenazine; tap=1,4,5,8-
tetraazaphenanthrene) in aqueous solu-
tion and when intercalated into a
double-stranded synthetic polynucleo-
tide, [poly ACHTUNGTRENNUNG(dG-dC)]2, have been ob-
served on a picosecond timescale by
both visible transient absorption (al-
lowing monitoring of the metal com-
plex intermediates) and transient infra-
red (IR) absorption spectroscopy (al-
lowing direct study of the DNA nucle-
obases). By contrast with its behavior


when free in aqueous solution, excita-
tion of 1 when bound to [poly ACHTUNGTRENNUNG(dG-
dC)]2 causes a strong increase in ab-
sorbance at 515 nm due to formation
of the reduced complex [Ru ACHTUNGTRENNUNG(dppz)-
ACHTUNGTRENNUNG(tap)2]


+ (rate constant= (2.0�0.2) 8
109 s�1). The subsequent reformation of
1 proceeds with a rate constant of
(1.1�0.2)8 108 s�1. When the process is
carried out in D2O, the rates of forma-


tion and removal of [Ru ACHTUNGTRENNUNG(dppz) ACHTUNGTRENNUNG(tap)2]
+


are reduced (rate constants (1.5�0.3)8
109 and (0.7�0.2) 8 108 s�1 respectively)
consistent with proton-coupled electron
transfer processes. Picosecond transient
IR measurements in the 1540–
1720 cm�1 region in D2O solution con-
firm that the reduction of 1 intercalat-
ed into [poly ACHTUNGTRENNUNG(dG-dC)]2 is accompanied
by bleaching of IR ground-state bands
of guanine (1690 cm�1) and cytosine
(1656 cm�1), each with similar rate con-
stants.
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guanine either in nucleotides (GMP or dGMP) or in the
double-stranded polynucleotides.[25–30] With complexes such
as [Ru ACHTUNGTRENNUNG(bpy)3�n ACHTUNGTRENNUNG(tap)n]


2+ (n=2 or 3) or [Ru ACHTUNGTRENNUNG(hat)2ACHTUNGTRENNUNG(phen)]2+ ,
direct evidence for electron transfer from GMP was ob-
tained by nanosecond laser flash photolysis.[27] However,
analogous experiments with DNA revealed a complex situa-
tion with evidence that several processes were occurring, in-
cluding some with rates faster than the resolution of the
nanosecond equipment.[31]


A major problem with [Ru ACHTUNGTRENNUNG(bpy)3�n ACHTUNGTRENNUNG(tap)n]
2+ complexes is


that their precise mode of binding is uncertain although, as
with analogous complexes such as [Ru ACHTUNGTRENNUNG(phen)3]


2+ ,[32, 33] it is
likely that they are groove-bound with some partial interca-
lation between the base-pairs. However, complexes of dipyr-
ido[3,2-a :2’,3’-c]phenazine such as [Ru ACHTUNGTRENNUNG(dppz)ACHTUNGTRENNUNG(phen)2]


2+ are
known to have the dppz ligand fully intercalated[34–38] and
such species are therefore more appropriate for detailed ki-
netic studies. As the excited state of [RuACHTUNGTRENNUNG(dppz) ACHTUNGTRENNUNG(phen)2]


2+ is
insufficiently oxidizing to produce the guanine radical
cation, we have studied [RuACHTUNGTRENNUNG(dppz) ACHTUNGTRENNUNG(tap)2]


2+ (1), which has


similar redox chemistry to that of [Ru ACHTUNGTRENNUNG(phen) ACHTUNGTRENNUNG(tap)2]
2+ , but


unlike that species complex 1 binds to DNA in a well-de-
fined intercalating fashion.[39] Preliminary picosecond studies
have indicated that the kinetic behavior of transient species
formed from [Ru ACHTUNGTRENNUNG(dppz) ACHTUNGTRENNUNG(tap)2]


2+ bound to DNA is markedly
different from that of the complex free in solution.[40, 41]


Here we present the results of transient studies with a
double-stranded synthetic polynucleotide, [poly ACHTUNGTRENNUNG(dG-dC)]2,
monitored by both visible and IR methods. These produce
clear direct evidence for oxidation of guanine by the interca-
lated metal-complex excited state. Rates of both the forward
and back electron-transfer reactions are shown to be signifi-
cantly slower in deuterated water; this is attributed tenta-
tively to proton coupling of the electron-transfer process.
The results may be compared with the oxidation of guanine
by direct photoionisation using 200 nm excitation.[42]


Results


Visible transient absorption (TA): It has been shown previ-
ously that the reduction of the excited state of [Ru ACHTUNGTRENNUNG(dppz)-


ACHTUNGTRENNUNG(tap)2]
2+ 1 by sufficiently strong reducing agents such as


guanosine-5’-monophosphate (GMP) can be readily moni-
tored by observing the TA spectra in the 450–650 nm
region, as the reduced species of 1 absorbs strongly at ap-
proximately 500 nm.[39–41] However, nanosecond (time reso-
lution >50 ns) experiments with [poly ACHTUNGTRENNUNG(dG-dC)]2 did not
reveal any evidence for the reduced species even though the
emission of 1 is almost completely quenched. We have
therefore carried out picosecond time domain experiments
on 1 in solution and bound to [poly ACHTUNGTRENNUNG(dG-dC)]2.


Transient absorption spectra of a solution of 1 (8.5 8
10�5


m) in 10 mm aqueous phosphate buffer were recorded
between 1 and 1500 ps after excitation with a 200 fs pulse of
400 nm light (Figure 1, top). These show a strong bleaching
between 450 and 500 nm and a region of weaker positive ab-
sorption above 500 nm. It is clear that a transient species is
produced that has a lifetime greater than 10 ns, consistent
with the previous emission lifetime studies, which showed
that the lowest excited state (that is, Ru–tap metal-to-ligand
charge transfer (MLCT)) has a lifetime of 820 ns in aerated
aqueous solution.[39] The assignment of this MLCT state
([RuIII


ACHTUNGTRENNUNG(dppz) ACHTUNGTRENNUNG(tap) ACHTUNGTRENNUNG(tapC�)]2+*) has been confirmed previously
by transient resonance Raman spectroscopy.[41] This behav-


Figure 1. Picosecond TA spectra of [Ru ACHTUNGTRENNUNG(dppz) ACHTUNGTRENNUNG(tap)2]Cl2 (1.Cl2) (8.5 8
10�5


m) in 10 mm aqueous phosphate buffer in the absence (top) and in
the presence (bottom) of [poly ACHTUNGTRENNUNG(dG-dC)]2 (1.7 8 10�3


m). For clarity, only
traces at 10, 20, 70 and 1000 ps (from top to bottom) in the top part of
the graphic and at 100, 600, 1000 and 1500 ps (from bottom to top) in
bottom part of the graphic are shown. Insets: kinetics at 515 nm.
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ior contrasts with that of [Ru ACHTUNGTRENNUNG(dppz)ACHTUNGTRENNUNG(phen)2]
2+ , in which two


excited states are formed which have lifetimes of approxi-
mately 3 ps and 250 ps in aqueous solution.[34, 44,45] In the
case of 1, there is also evidence for a short-lived species.
Thus monitoring at 515 nm reveals a partial decrease in the
TA (Figure 1, top, inset) giving a first-order decay rate con-
stant of (2.5�0.3)8 1010 s�1 and corresponding lifetime of
41 ps; similar rate constants are obtained at other wave-
lengths, whether in the transient bleaching or absorption re-
gions. The same decay rate constant is found in buffered
D2O. The process is probably due to the conversion of an in-
itially formed excited state to the long-lived triplet Ru–tap
MLCT state.


A very different behavior was found when the TA spectra
of 1 bound to [poly ACHTUNGTRENNUNG(dG-dC)]2 were recorded (Figure 1,
bottom). These experiments were carried out at a nucleo-
tide/Ru binding ratio of 20:1 to ensure that most complexes
were bound and to minimize aggregation effects. The domi-
nant feature is strong absorption in the 500–550 nm region,
which grows exponentially with a lifetime t of 506 ps (rate
constant= (2.0�0.2)8 109 s�1). This is consistent with the
formation of the reduced complex [RuACHTUNGTRENNUNG(dppz)ACHTUNGTRENNUNG(tap)2]


+ , prob-
ably as a result of electron transfer from guanine. Addition-
ally, a very rapid reaction (t= 4 ps; rate constant = (2.5
�0.2) 8 1011 s�1) occurs that could be an interstate process
similar to that suggested for the complex alone in aqueous
solution.


From the experimental results in Figure 1 (bottom), the
reduced product of 1 appears to be stable at 1500 ps. How-
ever, as mentioned above, in earlier nanosecond flash pho-
tolysis experiments[39] we were unable to find evidence for
electron-transfer products when 1 was bound to [poly ACHTUNGTRENNUNG(dG-
dC)]2. This implies that the lifetime of the transient must be
less than 50 ns. Transient absorption studies with the femto-
second equipment were therefore performed using a longer
delay line, to allow measurements to be made to 5 ns. These
data (Figure 2, top) provide evidence for partial decay of
the 515 nm-absorbing species. Assuming that the species
decays to zero absorbance, a decay rate constant of (1.1
�0.2) 8 108 s�1 (t= 8850 ps) is derived for this process.


TA of 1 intercalated in [poly ACHTUNGTRENNUNG(dG-dC)]2 in buffered D2O
was used to determine whether the photoreduction process
is affected by the deuteration of the solvent (and hence iso-
topic substitution of exchangeable protons in the DNA
bases). Both the forward (ET) and back electron-transfer re-
actions (BET) were found to be slower (kET = (1.5�0.3)
8 109 s�1 ; kBET = (0.7�0.2) 8 108 s�1) than in H2O, yielding
isotope effects kH/kD of approximately 1.3 for the forward
reaction and 1.6 for the reverse process. However, large
errors in these values mean that further work is required to
determine the kinetic isotope effect precisely.


Picosecond transient IR absorption measurements : The
1540–1720 cm�1 region of the FTIR spectrum of [poly ACHTUNGTRENNUNG(dG-
dC)]2 contains strong absorptions that can be assigned pri-
marily to the carbonyl stretches of guanine (at 1690 cm�1)
and cytosine (at 1656 cm�1). Monitoring transient IR spectra


(TRIR) in this region therefore provides a means of probing
the Watson–Crick H bonds of the duplex, and we have al-
ready exploited this fact to monitor transient IR changes
following direct UV excitation (lexc =267 nm) or photoioni-
sation of polynucleotides.[42, 48] In this work we employ the
transient IR absorption technique to study spectroscopic
changes induced in the polynucleotide as a consequence of
the excitation of [Ru ACHTUNGTRENNUNG(dppz) ACHTUNGTRENNUNG(tap)2]


2+ (lexc =400 nm); note
that the polynucleotide itself does not absorb at this wave-
length.


These measurements were made on samples containing 1
(8 810�4


m) and [poly ACHTUNGTRENNUNG(dG-dC)]2 (1.7 810�2
m) in buffered


(10 mm phosphate) D2O (H2O could not be used as it ab-
sorbs too strongly in this region of the IR). Under these
conditions each ruthenium complex is intercalated between
two GC base-pairs and is hence in close contact with gua-
nine bases. Transient picosecond-TRIR spectra were record-
ed at time delays ranging from 2 to 2000 ps after the excita-
tion of the sample with 400 nm irradiation (Figure 3, top).
In each spectrum there is clear evidence for the bleaching of
both the 1656 and 1690 cm�1 bands, indicating that the exci-
tation of the ruthenium complex has induced changes in the
base-pairing of the polynucleotide. Thus even within the
time resolution of our apparatus, strong bleaching of both
the predominantly G- and C-localized vibrations is ob-
served. There is also simultaneous production of TA bands


Figure 2. Transient absorption measured at 515 nm for [Ru ACHTUNGTRENNUNG(dppz)-
ACHTUNGTRENNUNG(tap)2]Cl2 (8.5 8 10�5


m) in the presence of [poly ACHTUNGTRENNUNG(dG-dC)]2 (1.7 8 10�3
m) in


10 mm aqueous phosphate buffer prepared with H2O (top) and D2O
(bottom).
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between 1590 and 1630 cm�1 and at 1645 cm�1. Subsequently
a rapid partial recovery of the bleaching and a parallel
decay of the TA bands (t=10 ps, k= (1.0�0.2)8 1011 s�1)
are observed. Similar processes have been monitored with
direct UV excitation of [poly ACHTUNGTRENNUNG(dG-dC)]2 itself.[48] One explan-
ation is that the polynucleotide has become vibrationally ex-
cited due to a rapid rise in temperature coming from the re-
lease of energy from the initially excited state of 1. How-
ACHTUNGTRENNUNGever, unlike the case of 267 nm excitation, recovery of the
bleaching is incomplete and is followed by a slower process
of further bleaching at both 1690 cm�1 (G band; t=708 ps,
k= (1.4�0.2) 8109 s�1; Figure 3, middle) and 1656 cm�1 (C
band; t= 654 ps, k= (1.5�0.2) 8 109 s�1; Figure 3, bottom).
This process we ascribe to guanine oxidation by the excited
state of 1; in agreement with this, the rate constant observed
is the same within error as that determined for the forma-
tion of [RuACHTUNGTRENNUNG(dppz) ACHTUNGTRENNUNG(tap)2]


+ in D2O by visible TA spectroscopy


(vide supra). The bleaching of all the bands does not recov-
er on the timescale studied (up to 2000 ps). Interestingly, the
broad TA band observed in the 1590–1630 cm�1 region and
already present after 50 ps does not decay appreciably on
the timescale of the experiment. Therefore it is clear that
this band is characteristic of the DNA before and after the
proposed oxidation process. A grow-in of a very weak band
at 1700 cm�1 after 50 ps is also observed. A similar band has
recently been reported for oxidized guanine formed by
ACHTUNGTRENNUNGphotoionisation of 5’-dGMP and [poly ACHTUNGTRENNUNG(dG-dC)]2.


[42]


Discussion


Complexes of the type [Ru ACHTUNGTRENNUNG(dppz)(L)2]
2+ are known to bind


strongly to DNA. We may assume that the binding geometry
of [Ru ACHTUNGTRENNUNG(dppz)ACHTUNGTRENNUNG(tap)2]


2+ (1) is similar to that found for [Ru-
ACHTUNGTRENNUNG(dppz) ACHTUNGTRENNUNG(phen)2]


2+ , which has been studied very extensive-
ly,[36–38] and in which it is known that the dppz ligand is inter-
calated between the base-pairs of DNA with the other
ligand (phen) present in the groove. It is also expected that
the binding of the excited state of 1 and of its corresponding
reduced species [RuACHTUNGTRENNUNG(dppz) ACHTUNGTRENNUNG(tap)2]


+ will be similar, as the
promoted or donated electron is expected to be located on
one of the tap ligands.[39]


Excitation of complex 1 at 400 nm is expected to populate
initially the dppz centered p–p*, the Ru–tap MLCT and
possibly the Ru–dppz MLCT singlet excited states. It is ex-
pected that, as for other ruthenium complexes, intersystem
crossing will take place in less than a picosecond.[49] The
transient UV/visible absorption data, however, reveal that
there is a rapid (relatively small-amplitude) process for 1
alone in aqueous solution (t=41 ps). Elucidation of the
nature of this short-lived species will require a detailed in-
vestigation, especially of solvent effects, which is beyond the
scope of this study. One possibility is that the process in-
volves an interstate transition; for example, from the p–p*
(dppz) or the Ru–dppz MLCT to the most stable excited
state. The excited state is known to be the triplet Ru–tap
MLCT state, which can be represented formally as [RuIII-
ACHTUNGTRENNUNG(dppz) ACHTUNGTRENNUNG(tap) ACHTUNGTRENNUNG(tapC�)]2+*, and is long-lived (820 ns) in water.[39]


While it is known that interligand electron transfers
(ILETs) are very fast in homoleptic complexes such as [Ru-
ACHTUNGTRENNUNG(bpy)3]


2+ ,[50] it is likely that in heteroleptic complexes the
rate of such processes will depend on the specific nature of
the ligand. This may be the case particularly for the dppz
ligand, in which the possible occupancy of the phenazine- or
phenanthroline-localized orbitals can lead to remarkable
photophysical behavior.[34–35,44, 51] The other processes such as
vibrational–solvent relaxation, solvation or protonation
which also occur in this time region would need to be con-
sidered in a detailed study. The shorter transient (approxi-
mately 4 ps) observed when the complex is bound to [poly-
ACHTUNGTRENNUNG(dG-dC)]2 suggests that it is indeed very sensitive to the
medium.


However, a striking difference for the intercalated com-
plex is the strong rise in the visible TA between 550–550 nm


Figure 3. Top: ps-TRIR spectra of [poly ACHTUNGTRENNUNG(dG-dC)]2 (1.7 8 10�2
m) and [Ru-


ACHTUNGTRENNUNG(dppz) ACHTUNGTRENNUNG(tap)2]
2+ (8 8 10�4


m) at selected times (4, 50 and 1300 ps) following
a 400 nm laser excitation. Middle: kinetic trace at G depletion
(1690 cm�1). Bottom: kinetic trace at C depletion (1656 cm�1).
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with a lifetime of 506 ps. This is entirely consistent with the
prediction that the reduction of the complex would give
[RuII


ACHTUNGTRENNUNG(dppz) ACHTUNGTRENNUNG(tap) ACHTUNGTRENNUNG(tapC�)]+ .[39] The oxidized guanine, whether
as its radical cation (GC+), or the deprotonated guanine radi-
cal (GC) absorbs only weakly above 500 nm and therefore
will not contribute appreciably to the signal.


Interestingly, this electron-transfer process is relatively
slow compared with that of other intercalating systems in
which the electron-transfer rate is much faster (for example,
for thionine the reciprocal rate constant is 200 fs).[16] In
these cases the electron transfer occurs between the nucleo-
base and the dye, which are in close contact and strongly
coupled to the polynucleotide base stack. For [RuIII


ACHTUNGTRENNUNG(dppz)-
ACHTUNGTRENNUNG(tap) ACHTUNGTRENNUNG(tapC�)]2+* the electron from guanine eventually effects
a reduction of the ruthenium, which is expected to be locat-
ed at the wall of the groove, hence giving rise to a slower
process.


However, the observation of an appreciable solvent iso-
tope effect indicates that the oxidation process might not be
a simple electron transfer [Eq. (1)].


½RuIIIðdppzÞðtapÞðtapC�Þ�2þ* þ ,,


G�C
,,!


½RuIIðdppzÞðtapÞðtapC�Þ�1þ þ ,,


GCþ�C
,, ð1Þ


The observed isotope effects (kH/kD = 1.3 for the excited-
state forward electron transfer and kH/kD = 1.6 for the back
electron transfer) are consistent with our observation of pro-
cesses involving simultaneous transfer of a proton or deuter-
on (in D2O all exchangeable hydrogen atoms are replaced
by deuterium), that is, proton-coupled electron transfer
(PCET).[52–58] A similar isotopic effect has already been ob-
served for 1* in the presence of 5’-GMP,[39] in which, in con-
trast to the present case, the proton is presumably lost to
the solvent. As 1 here is bound between the GC base-pairs,
we propose that the most likely process involves a transfer
of the imino proton from the guanine to yield the protonat-
ed cytosine [Eq. (2); Scheme 1].


½RuIIIðdppzÞðtapÞðtapC�Þ�2þ* þ ,,


G�C
,,!


½RuIIðdppzÞðtapÞðtapC�Þ�þ ,,


GC�CHþ
,, ð2Þ


As suggested in our earlier study of the reaction of 1* and
5’-GMP,[39] the energetics associated with reaction given in
Equation (1) are expected to be less favorable than those
for that given in Equation (2), even if the oxidation poten-
tial of guanine in the double-stranded [poly ACHTUNGTRENNUNG(dG-dC)]2 is ex-
pected to be somewhat lower than that of the free nucleo-
tide.[59,60] Moreover, if we assume that the pKa of the gua-
nine radical in [poly ACHTUNGTRENNUNG(dG-dC)]2 is similar to those of the free
nucleotide (pKa=3.9) and of protonated cytosine (pKa =


5.5), one would expect simultaneous proton transfer upon
oxidation of the guanine nucleobase. One may also specu-
late that the protonation occurs at the level of the reduced
metallic entity. Indeed, even though the pKa of [RuII


ACHTUNGTRENNUNG(dppz)-
ACHTUNGTRENNUNG(tap) ACHTUNGTRENNUNG(tapC�)]+ has not been determined, a rough estimate
based on the pKa of the reduced parent complex [RuII


ACHTUNGTRENNUNG(tap)2-


ACHTUNGTRENNUNG(tapC�)]+ (pKa = 7.5)[61] indicates that the proton may also be
transferred to the reduced tap ligand. We are currently
unable to distinguish between this mechanism and that pro-
posed above.


The picosecond TRIR study in D2O allows us to probe
the effect of the proposed oxidation of guanine (and indeed
of its associated cytosine). The IR spectrum of [poly ACHTUNGTRENNUNG(dG-
dC)]2 shows two major bands in the region of interest, which
have been previously assigned primarily to guanine C=O
(1690 cm�1) and cytosine C=O (1656 cm�1) respectively.[42, 48]


For both bands strong bleaching is noted after the excitation
pulse. There is a subsequent partial recovery, which is then
followed by re-bleaching. The rate constant determined for
this second bleaching process is the same within error as
that observed by transient visible spectroscopy and may
therefore be attributed to oxidation of the guanine. It is
striking that the rate constant for the bleaching observed at
the 1656 cm�1 band, which is substantially cytosine-based,
has a similar value, indicating that the guanine oxidation in-
duces changes in the cytosine simultaneously. It would also
be expected that the cytosine vibrations would be affected
by the simple formation of the guanine radical cation
[Eq. (1)], especially as the bases are quite strongly cou-
pled.[47] However, taking into account the entire set of data
presented here, we believe that the results are more consis-
tent with proton-coupled electron transfer [Eq. (2)]. Such a
process is also predicted from recent theoretical studies for
the oxidation of a GC-containing polynucleotide.[62,63]


Interestingly, our results indicate that the deprotonation
rate of the guanine radical cation within DNA is two orders
of magnitude faster than that recently measured by using in-
direct pulse radiolysis methods through the formation of the
powerful oxidizing agent SO4C


�.[64] The fact that in our work


Scheme 1. Possible mechanism of the proton-coupled electron transfer
(PCET) between [poly ACHTUNGTRENNUNG(dG-dC)]2 and excited [Ru ACHTUNGTRENNUNG(dppz) ACHTUNGTRENNUNG(tap)2]


2+ : upon
guanine photooxidation, the proton is simultaneously transferred to the
adjacent cytosine.
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we observe changes on ultrafast timescales and that these
match the direct photoionisation (see reference [48]) of G
indicate that the chemistry is occurring faster than that re-
ported by Kobayashi and Tagawa. Our kinetics also appear
to be influenced by deuteration, suggesting involvement of a
proton reaction. Clearly, further work is required to estab-
lish the precise nature of these differences.


The very rapid (<2 ps) change in the vibrational spectrum
of the guanine–cytosine base-pair caused by visible light ex-
citation of the intercalated complex is also interesting. The
nature of this effect will require further study, but provision-
ally we assign it to thermal population of vibrational excited
states of the nucleobases by the extremely rapid radiation-
less deactivation of the intercalated metal complex. We plan
to carry out further experiments to see whether this is a gen-
eral phenomenon.


Conclusion


Above we present direct evidence that excitation of [Ru-
ACHTUNGTRENNUNG(dppz) ACHTUNGTRENNUNG(tap)2]


2+ , when intercalated into the double-stranded
polynucleotide [poly ACHTUNGTRENNUNG(dG-dC)]2, causes both reduction of the
metal complex and simultaneous changes in guanine and cy-
tosine IR bands. The rates of this oxidation/reduction pro-
cess and the subsequent reverse process are both slower
when D2O is used as solvent. The derived isotope effect sup-
ports assignment of the processes as proton-coupled elec-
tron transfer. Tentatively it is proposed that the process in-
volves the formation of the guanine radical with transfer of
a proton to cytosine within the Watson–Crick base-pair.


Experimental Section


Materials : [Ru ACHTUNGTRENNUNG(dppz)ACHTUNGTRENNUNG(tap)2]
2+Cl2


2� (1·Cl2), (tap=1,4,5,8-tetraazaphenan-
threne; dppz = dipyrido-[3,2-a :2’,3’-c]phenazine) was synthesized and pu-
rified as previously described.[39] Solutions were prepared either in aque-
ous phosphate buffer (10 mm, pH 6.9) or phosphate (10 mm, pH 6.9)-buf-
fered D2O (99.9 atom % D). [Poly ACHTUNGTRENNUNG(dG-dC)]2 (Pharmacia–Amersham/
Sigma) was used as received. Polynucleotide concen-
tration was determined spectrophotometrically (e254 nm = 8400 m


�1 cm�1 for
[poly ACHTUNGTRENNUNG(dG-dC)]2).[65]


Femtosecond transient visible absorption spectroscopy : The equipment
for femtosecond TA is described in detail elsewhere.[43a] Briefly, this
system comprises a Spectra Physics/Positive Light Ti-sapphire regenera-
tive amplifier system producing 200 fs pulses at 800 nm and 0.6 kHz repe-
tition rate. The pulse train was beam-split in the ratio 1:3, with 25 % con-
verted to the second harmonic (400 nm) to pump the sample and the
other 75 % generating a white-light continuum probe from a 10 mm path-
length fused-silica water flow cell. This white-light beam was split to give
a probe and reference beam, the latter bypassing the sample. The pump
beam (pulse energy typically 6 mJ) traveled along a delay line and later
passed through the 5 mm path length Suprasil sample-containing cuvette,
intersecting the probe beam at a small angle. Beyond the cell a bandpass
filter was inserted in the probe and reference beams to exclude residual
pump light. The spatial overlap of pump and probe beams was optimized
daily to ensure a good signal-to-noise ratio. The signals from the sample
and reference beams were detected on two diode array detectors. This
set-up provided a 400 nm pump and probed the 450–650 nm region.
Pump and probe polarizations were set at 54.78 to each other to remove


orientational effects. In most experiments the temporal range was 1–
1500 ps; adjustments were later made to the delay line which yielded an
extended range of 1–5000 ps. Typically solutions (300 mL) with a nucleo-
tide/Ru binding ratio of 20:1 were prepared and stirred continuously
during each experiment. UV/Vis spectra taken before and after each run
showed sample decomposition to be negligible.


Picosecond transient IR absorption spectroscopy : The picosecond TRIR
experiments were carried out on the PIRATE (picosecond infrared ab-
sorption and transient excitation) apparatus as previously described.[43b]


Briefly, part of the output from a 1 kHz, 800 nm, 150 fs, 2 mJ Ti-sapphire
oscillator/regenerative amplifier (Spectra Physics Tsunami/Spitfire) was
used to pump a white-light continuum seeded b-BaB2O4 (BBO) optical
parametric amplifier (OPA). The signal and idler produced by this OPA
were difference frequency mixed in a type I AgGaS2 crystal to generate
tunable mid-IR pulses (
150 cm�1 FWHM, 1 mJ), which were split to
give probe and reference pulses. Second harmonic generation of the re-
sidual 800 nm light provided 400 nm pump pulses. Both the pump and
probe pulses were focused to a diameter of 200–300 mm in the sample.
Changes in IR absorption at various pump–probe time delays were re-
corded by normalizing the outputs from a pair of 64-element MCT IR
linear array detectors on a shot-by-shot basis. Samples (typically 50 mL)
were contained in 56 mm cells (Harrick Scientific Corp.) fitted with CaF2


windows. The samples were rastered to prevent decomposition.


Data processing : For the visible TA, each experimental run comprised
five sets of data, with the order of time delays randomly varied, averaged
over 20 s at each delay position. The raw data from the reference and
probe signals for each pixel were imported into Excel and D ACHTUNGTRENNUNG(abs) was
calculated using Equation (3) for all wavelengths.


DðabsÞ ¼ logðIref=Iprobe,pumpedÞ�logðIref=Iprobe,unpumpedÞ ð3Þ


Kinetic data were averaged over a range of 10 pixels (
5 nm). D ACHTUNGTRENNUNG(abs)
versus time delay curves were fitted for single exponential decays to the
function D ACHTUNGTRENNUNG(abs) =A1exp(�time/t)+ DACHTUNGTRENNUNG(abs)1.


The data from the picosecond IR absorption experiments were processed
at different single pixels corresponding to the most relevant bands in the
IR spectra, and fitted to single or multi-exponential functions using
Origin 6.0/7.0 software.
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Synthesis of Eight- and Star-Shaped Poly(e-caprolactone)s and Their
Amphiphilic Derivatives


Haiying Li,[a] Rapha-l Riva,[a] Hans R. Kricheldorf,[b] Robert J1r2me,*[a] and
Philippe Lecomte[a]


Introduction


Nowadays, huge effort is devoted to the synthesis of increas-
ingly more complex macromolecular architectures, including
comb-, star- and ring-shaped polymers and their grafted ver-
sions. The interest for star-shaped polymers has to be found
in unique physical properties compared with their linear
counterparts.[1] The “core-first” and the “arm-first” methods
were reported for the synthesis of star-shaped (co)polyest-
ers.[2] Kricheldorf et al.[3] prepared in 2002 a four-arm star-
shaped poly(oxepan-2-one) [poly(e-caprolactone) or PCL] 3
by initiating the ring-expansion polymerization of oxepan-2-


one (e-caprolactone or eCL) by spirocyclic tin(IV) alkoxide
1, followed by hydrolysis (or acylation) of the chain growing
centers of 2 (Scheme 1). This strategy was extended to the
polymerization of other monomers, such as 3,6-dimethyl-1,4-
dioxane-2,5-dione (lactide or LA), in order to make the cor-
responding star-shaped polyesters available.[3,4]


Ring-shaped polymers received much less attention, more
likely because tedious strategy had to be worked out.[2] Nev-
ertheless, polydispersed macrocycles can be formed by ki-
netically controlled step-growth polymerization.[5] Well-de-
fined macrocycles can also be synthesized by direct coupling
of the two chain-ends of linear precursors under very high
dilution (<10�5m).[2,6] The limitation of this method is that,
whenever the molecular weight of the precursor is too high,
the direct coupling is quite a problem because of coupling is
then much less probable than the undesired chain exten-
sion.[6] Very recently, an original process was reported for
the synthesis of high molecular weight (20000) cyclic PCL.
The synthetic strategy relies on the sequential polymeri-
zation of eCL and a few units of 1-(2-oxooxepan-3-yl)ethyl
acrylate (aAeCL) (15–20) initiated by 2,2-dibutyl-2-stanna-
1,3-dioxepane (DSDOP) with formation of tin-containing


Abstract: Spirocyclic tin dialkoxides
are unique initiators for the ring-ex-
pansion polymerization of lactones
leading to complex, but well-defined
macromolecular architectures. In a first
example, e-caprolactone (eCL) was
polymerized, followed by the resump-
tion of polymerization of a mixture of
eCL and eCL a-substituted by a chlo-
ride (aCleCL), so leading to “living”
eight-shaped chains. Upon hydrolysis
of the alkoxides, a four-arm star-shaped
copolyester was formed, whose each
arm was grafted by conversion of the
chloride units into azides, followed by
the Huisgen;s [3+2] cycloaddition of


alkyne end-capped poly(ethylene
oxide) (PEO) onto the azide substitu-
ents. The complexity of this novel am-
phiphilic architecture was increased
further by substituting the four-arm in-
terconnecting PCL by an eight-shaped
PCL. In a preliminary step, eCL was
polymerized followed by a few units of
eCL a-substituted by an acrylate. The
intramolecular photo-crosslinking of


the acrylates adjacent to the tin dia-
lkoxides was effective in stabilizing the
eight-shaped polyester while preserving
the chain growth sites. This quite un-
usual tetrafunctional macroinitiator
was used to copolymerize eCL and
aCleCL, followed by hydrolysis of the
alkoxides, conversion of the chloride
units into azides and grafting of the
four arms by PEO (see above). This ar-
chitecture reported for the very first
time is nothing but a symmetrical four-
tail eight-shaped copolyester macromo-
lecule.
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macrocycles, followed by the intramolecular photo-cross-
linking of the acrylates under moderate dilution (�10�4m),
and the final hydrolysis of tin alkoxides[7] (Scheme 2). Re-
markably, tin alkoxides were untouched by photo-cross-link-
ing, and the ring-expansion polymerization of eCL and L-
LA could be resumed for making tadpole-shaped copolyest-
ers with either two PCL[7] or two poly ACHTUNGTRENNUNG(L-LA)[8] tails avail-
able. Amphiphilic sun-shaped cyclic PCL-graft-PEO copoly-
mers were also synthesized by grafting w-carboxyl-PEO
onto cyclic PCL substituted by hydroxyl groups.[9]


Last but not least, few approaches were reported in the
scientific literature for the synthesis of eight-shaped poly-
mers. Eight-shaped polystyrene[10] and polyisoprene[11] were
synthesized by coupling of living a,w-dianionic chains by tet-
rachlorosilane with a 2:1 chain/Si molar ratio under high di-
lution. Another route was based on the intramolecular cycli-
zation of the two arms of a tadpole-shaped poly ACHTUNGTRENNUNG(isoprene),


whose the end-group was a carbanionic species, the coupling
agent being (CH3)2SiCl2.


[12] Eight-shaped poly(chloroethyl
vinyl ether)s (PCEVE) were also synthesized by the intra-
molecular cyclization of tetrafunctional linear precursors,
that is, a,a’-distyrenyl-w,w’-diacetal-poly ACHTUNGTRENNUNG(CEVE), catalyzed
by a Lewis acid (SnCl4) as catalyst.[13] In an alternative ap-
proach, endocyclic amino group of macrocyclic polystyrene
was reacted with a difunctional reagent (glutaric acid) with
formation of bicyclic polystyrene.[14] Tezuka et al. reported
the synthesis of eight-shaped polyACHTUNGTRENNUNG(THF) based on a pre-cyc-
lization step by electrostatic interactions, that were ultimate-
ly substituted by covalent bonds.[15,16] All these processes
have two major drawbacks. Indeed, they need high dilution,
and the synthesis of high molecular weight eight-shaped
polymers is challenging.


Parallel to their cyclization, aliphatic polyesters were
grafted by reactive/functional groups in order to broaden
the range of their properties and applications.[17] In this re-
spect, a “click” reaction, that is, the Huisgen;s [3+2] cyclo-
addition of alkynes and azides was very promising.[18–21] This
copper-catalyzed reaction was quantitative under very mild
conditions, and tolerated several functional groups thus
avoiding cumbersome protection/deprotection steps. Re-
markably, no chain degradation occurred when the reaction
was carried out in an organic solvent (THF, DMF) at low
temperature (35 8C).[22,23] An additional advantage of the
Huisgen;s cycloaddition may be found in the inertness of
the formed triazole ring towards metabolic transformation.
For instance, Emrick et al. showed that PCL-graft-PEO, pre-
pared by this “click” chemistry, was not cytotoxic for L929
mouse fibroblasts.[24] This reaction is thus well-suited for the
modification of biodegradable and biocompatible aliphatic
polyesters with potential biomedical applications. Recently,
star-shaped copolymers were synthesized by “click” chemis-
try according to the “arm-first” approach.[25–27]


The aim of this paper is to go a step further in the macro-
molecular engineering of PCL by combining judiciously
ring-expansion polymerization and “click” chemistry. Two
novel architectures were targeted, that is, a four-arm star-
shaped polyester 4c, whose each arm is a PCL-block-(PCL-


graft-PEO) copolymer [where
PEO stands for poly(ethylene
oxide)], and the same architec-
ture where the four arms inter-
connecting PCL are substituted
by an eight-shaped PCL (5c).
These architectures are shown
in Scheme 3.


Results and Discussion


Synthesis of star-shaped diblock
copolyesters 4a : The general
strategy for the synthesis of
star-shaped copolyesters relies
on the sequential polymeri-


Scheme 1. Synthesis of star-shaped PCL.


Scheme 2. Synthesis of ring-shaped PCL.
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zation of eCL followed by a mixture of eCL and 3-chloroox-
epan-2-one (a-chloro-e-caprolactone or aCleCL) initiated
by a spirocyclic tin(IV) alkoxide 1.[3] After hydrolysis of the
propagating alkoxides, the activated chlorides are derivat-
ized into azides, which added alkyne end-capped PEO via a
cycloaddition reaction.[17,22,30]


This synthetic route takes advantage of two previous con-
tributions, that is, controlled ring-expansion copolymeriza-
tion of aCleCL and eCL initiated by cyclic tin(IV) alkox-
ides,[29] and synthesis by Kricheldorf et al. of a soluble spiro-
cyclic tin initiator 1 by condensation of the hydroxyethylat-
ed pentaerythritol (Mn, �270) with 2 equiv of dibutyl
tin(IV) dimethoxide (Bu2Sn ACHTUNGTRENNUNG(OMe)2) in hot toluene.[28] This
spirocyclic tin alkoxide 1 is actually able to initiate the ring-
expansion polymerization of lactones and lactide with for-
mation of four-arm star-shaped polyesters.[3] In this work, a
four-arm star-shaped diblock copolyester, 4-star-poly ACHTUNGTRENNUNG(eCL-b-
(eCL-co-aCleCL)) 4a, was prepared by initiating the poly-
merization of eCL by the spirocyclic tin alkoxide 1 at 40 8C
(Scheme 1). After 2 h, a sample was taken for analysis. The
degree of polymerization determined by 1H NMR
(DPNMR,eCL=363) fully agreed with the theoretical value
(DPth,eCL=360). Then, a freshly prepared mixture of eCL
and aCleCL was transferred to
the polymerization medium
(Scheme 4). Two hours later,
the propagating tin alkoxides
were hydrolyzed and the star-
shaped diblock copolyester 4a
was precipitated in cold hep-
tane and collected by filtration.
The average polymerization
degree of eCL and aCleCL in
the second block was 266 and
166, respectively, as calculated
from the integration of the
1H NMR signals at d 4.25 ppm
for aCleCL and at 2.25 ppm for
eCL, in agreement with the the-
oretical values (DPth,eCL=270,
DPth,aCleCL=170). The total mo-
lecular weight of the star-
shaped copolyester 4a was thus
97.0N103, the SEC trace was
symmetrical and the polydis-
persity index was 1.45 quite


consistent with the previously
published results by Kricheldorf
et al.[28]


Synthesis of eight-shaped mac-
rocyclic poly(e-caprolactone):
High molecular weight eight-
shaped PCL was synthesized as
an extension of the strategy
mentioned in the introduction
and illustrated in Scheme 2.


Because this strategy does not require high dilution and is
not restricted to small rings, it is more appropriate for going
a step further in the complexity of the eight-shaped architec-
ture. First, the polymerization of eCL was initiated in tolu-
ene by the spirocyclic tin initiator 1 at 40 8C for 2 h, the mo-
nomer conversion being close to completeness as assessed
by 1H NMR analysis (Scheme 5). Then, a fresh solution of
aAeCL was added to the polymerization medium in order
to form a short block with pendant unsaturated groups.
After 2 h at 60 8C, a sample was withdrawn, and 6 was hy-
drolyzed into the parent star-shaped copolyester 9 for char-
acterization (Scheme 5). The 1H NMR spectrum (Figure 1)
of the copolyester 9 shows a set of resonances at d 6.4 ppm,
6.1 ppm and 5.8 ppm, typical of the protons of the aAeCL
units. The average polymerization degree of aAeCL
(DPaAeCL=36.7) was calculated from the integration of the
1H NMR signals at 6.4 ppm for the aAeCL units and at
2.25 ppm for the eCL units, which is close to the theoretical
value of 40, thus to the complete conversion of the second
comonomer. The SEC trace (Figure 2) was symmetrical, and
the polydispersity index (1.45) was comparable to values re-
ported for polylactones prepared with the initiator 1.[28] Mn


(29N103) determined by SEC with an universal calibration,


Scheme 3. Star- and eight-shaped copolymers with a tadpole substructure.


Scheme 4. Synthesis of star-shaped copolymers, whose the 4 arms are grafted.
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was lower than Mn,NMR of 42.6N
103, at least partly because star-
shaped PCL has a smaller hy-
drodynamic volume than linear
PCL of the same molecular
weight.[1] The spiro-macrocyclic
precursor 6 was diluted with
dry toluene (�0.5 wt%) and ir-
radiated by UV (350–420,
1000 W) at room temperature
for 120 min in the presence of 1
mol% of benzophenone with
respect to the acrylic units.
1H NMR analysis showed that
the average number of unsatu-
rated acrylic units decreased
from 36.7 to 14.7, as result of
the expected cross-linking reac-
tion. Figure 2 compares the
SEC traces for the hydrolyzed
sample before and after UV
treatment. The apparent Mn,SEC


decreased from 29.0N103 to
24.0N103 upon cross-linking,
merely because of the success-
ful conversion of linear into
cyclic macromolecules.[6] This is
an essential observation that
confirms that the ring-shape of
the copolyester 8 is maintained
after hydrolysis of the endocy-
clic tin alkoxides of 7. The SEC
trace was symmetrical and un-
imodal after hydrolysis, and the
cyclization reaction did not
change the molar mass distribu-
tion (Mw/Mn=1.45), which is
evidence for the well-controlled


Scheme 5. Synthesis of eight-shaped copolymers.


Figure 1. 1H NMR spectra star-shaped copolyester.
Figure 2. SEC traces for the a) star-shaped PCL and b) eight-shaped PCL
after hydrolysis of the propagating tin alkoxides.
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formation of eight-shaped macrocycles. The ratio of the mo-
lecular weights at the maximum of the elution peaks [Mp,SEC-
ACHTUNGTRENNUNG(cyclic)/Mp,SECACHTUNGTRENNUNG(linear)] was 0.65, then smaller than the value
(0.76) previously reported for monocyclic PCL (Mn=24.0N
103)[7] and in agreement with data published for other bicy-
clic polymers.[14]


In parallel, a blank experiment was carried out in order to
prove the absence of any degradation during the UV treat-
ment. Polymerization of eCL (9 mmol) was initiated by the
spirocyclic tin alkoxide 1 (0.025 mmol) at 40 8C for 2 h. A
sample was picked out and hydrolyzed into four-arm star-
shaped PCL for characterization. Then, the polymerization
medium was UV irradiated under the conditions used for
cyclization. The SEC traces before and after UV treatment
could be superimposed and the polydispersity (1.45) was un-
changed, which supports that
the polyester chains are stable
under UV irradiation.


Synthesis of eight shaped copo-
lyesters 5a attached with four
chlorinated tails : It was previ-
ously reported that not only the
copolyester chains but also the
propagating tin alkoxides resist-
ed the UV treatment. There-
fore, the bicyclic copolyesters
are typical macroinitiators able
to resume the ring-expansion
polymerization of a mixture of
eCL and aCleCL and to impart
a tadpole structure to the indi-
vidual macrocycles.[7,8,30] After
UV irradiation, the spiro-mac-
rocyclic PCL precursor 7
(Scheme 5) was concentrated
and then added with a solution
of eCL and aCleCL in dry tolu-
ene (Scheme 6). The polymeri-
zation mixture was stirred at
40 8C for 2 h. The resumption of
the eCL and aCleCL copoly-
merization into 5a was con-
firmed by 1H NMR spectrum
(Figure 3). Indeed, new reso-
nances were detected at
4.25 ppm (-COCHCl-),
4.15 ppm (-CH2O-) and 2.0 ppm
(-CHClCH2-) typical of the pro-
tons for the aCleCL units.
Moreover, the relative intensity
of the signals at 4.0, 2.25, 1.6
and 1.4 ppm typical of the pro-
tons for the eCL units increased
significantly. The average poly-
merization degrees of eCL and
aCleCL in the four tails of the


bicyclic chains were 246 and 190, respectively, as calculated
from the integration of the 1H NMR signals at 4.25 ppm for
aCleCL and 2.25 ppm for eCL, in good agreement with the
theoretical values (DPth,eCL=250, DPth,aCleCL=186). The SEC
trace of the derivative 5a (Scheme 6) was shifted towards
shorter elution times, while keeping the polydispersity index
unchanged (Mw/Mn=1.50). The apparent molecular weight
was actually increased (Mn,SEC=34.8N103), compared to the
spirocyclic PCL (Mn,SEC=24.0N103, Mw/Mn=1.45). It can,
thus, be concluded that the polymerization resumption was
effective. To the best of our knowledge, this is the first ex-
ample of an eight-shaped architecture substituted at the
same place by two dangling chains.


Scheme 6. Synthesis of eight-shaped copolymers with a tadpole substructure.


Figure 3. 1H NMR spectrum for the four-tail eight-shaped PCL with chlorinated tails, 5a.
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Synthesis of star- and eight-shaped copolyesters, 4b and 5b,
with azide containing tails : Riva et al. previously reported
that the chloride substituents of linear poly(aCleCL-co-
eCL) copolymers were quantitatively converted into azides
by reaction with sodium azide, under non-degrading condi-
tions for the polyester chains, that is, in DMF at room tem-
perature overnight.[22] Therefore, the pendant chloride
groups of the chlorinated star- and eight-shaped copolyest-
ers 4a and 5a herein prepared, were converted into azides
under the same conditions (Schemes 4 and 6). A strong IR
absorption characteristic of the azide groups was observed
at 2107 cm�1 (not shown). The 1H NMR spectrum for the
derivative 5b (Scheme 6) is shown in Figure 4. Upon substi-
tution of azide for chloride, the
signal at 4.1 ppm assigned to the
-CH2OCO(Cl)CH- protons was
slightly shifted downfield to
4.2 ppm for the
-CH2OCOCH(N3)- protons. The
resonances at 4.25 and 2.0 ppm,
assigned to the -COCHCl- and
the -CH2OCO(Cl)CH- protons
of the aCleCL units, respective-
ly, disappeared completely, and
a new resonance at 3.8 ppm, as-
signed to the -COCHN3- proton
typical of the aN3eCL units, was
observed, which supported the
completeness of the derivatiza-
tion reaction. The same obser-
vation was reported for the con-
version of the star-shaped di-
block copolyesters 4a into 4b.
Moreover, the azide content of
the tails in 5b (FaN3eCL=0.43)
and in the second blocks in 4b
(FaN3eCL=0.38) was determined
by 1H NMR analysis and was in
good agreement with the com-
position of the precursors 5a
(FaCleCL=0.43) and 4a (FaCleCL=


0.38). Finally, the SEC traces
(not shown) before and after
the substitution reaction could
be superimposed, as expected
for non degrading reaction con-
ditions.


Grafting of a-alkyne PEO onto
the azide-containing star- and
eight-shaped derivatives, 4b and
5b, by “click” chemistry : a-
Alkyne PEO was grafted onto
the pendant azides of the arms
of the star-shaped polyester 4b
and the tails of the eight-
shaped polyester 5b under the


conditions reported by Riva et al. (Schemes 4 and 6),[8,22,23, 30]


The copolyesters 4b and 5b were reacted with 1.0 equiv
(with respect to the aN3eCL units) of alkynyl end-capped
PEO, in THF in the presence of CuI and triethylamine at
35 8C. The reaction was monitored by FTIR spectroscopy.
After 4 h, a significant decrease of the stretching frequency
at 2107 cm�1, typical of the azide groups, and the appear-
ance of an absorption at 1646 cm�1, typical of the triazole
ring, showed that the Huisgen;s cycloaddition occurred as
expected. The PEO-grafted copolymers 4c and 5c were pre-
cipitated in cold diethyl ether and the unreacted PEO was
eliminated by repeating three times the precipitation.
Figure 5 shows the 1H NMR spectrum for the PEO-grafted


Figure 4. 1H NMR spectrum for the four-tail eight-shaped PCL with azide containing tails, 5b.


Figure 5. 1H NMR spectrum for the amphiphilic four-tail eight-shaped PCL, 5c.
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copolymer 5c. A set of new peaks was clearly observed at i)
7.5 ppm (singlet) typical of the methine proton of the tria-
zole ring, ii) 5.2 ppm assigned to the -COCH(1-triazole)-
proton, iii) 3.6 ppm typical of the protons for the ethylene
oxide units, iv) 3.3 ppm for the methoxy protons, v) 3.0 ppm
for the -(4-triazole)-CH2CH2CO-(OCH2CH2)24OCH3 pro-
tons, and vi) 2.7 ppm for the -(4-triazole)-CH2CH2CO-
(OCH2CH2)24OCH3 protons. The grafting efficiency (61%)
was calculated from the relative intensity of the signals at
7.5 ppm for the triazole ring and at 2.25 ppm for the eCL
units. Each tail of the copolymer 5c was grafted by 29 PEO
chains and Mn was 195N103 gmol�1 as determined by
1H NMR. Similarly, each arm of the star-shaped copolymer
4c was grafted by 16 PEO chains, and Mn was 150N
103 gmol�1. The reason for the lower grafting efficiency in
the case of the star-shaped copolyester is not clear and
hardly explained by the difference in the macromolecular
architecture compared to the eight-shaped chains.


Figure 6 compares the SEC traces for the PEO-grafted co-
polymers 5c and 4c. Not only a lower molecular weight but
also a more compact conformation can account for the
higher elution time of the eight-shaped copolyester com-
pared with the star-shaped chains. The polydispersity was
slightly increased (from 1.50 to 1.75) as result of the PEO-
grafting in line with the chromatograms that remained un-
imodal and symmetrical and with previously reported
data.[17,30]


Thermal properties : The ther-
mal behavior of the star- and
eight-shaped PCL 9 and 8
(Mn=41.2N103) (thus without
chlorinated arm and tail, re-
spectively) was compared by
DSC (Figures 7 and 8). The
crystallization enthalpy of the
star-shaped PCL 9 decreased
from 50.0 to 22.0% upon cycli-


zation (8), and the melting temperature (Tm) decreased by
17 8C (Table 1). In contrast, cyclization of PCL of high mo-
lecular weight had only a minor effect on Tg. The same evo-
lution was previously observed for the impact of the cycliza-
tion of linear PCL on the thermal properties.[8]


It is worth noting that although crystallization of the
eight-shaped PCL 8 manifested itself by one endotherm in
the DSC trace (cooling from 120 to �90 8C at a rate of
10 8Cmin�1 (Figure 7), an equimolar mixture of the eight-
shaped PCL 8 and the star-shaped PCL 9 exhibited two


Figure 6. SEC traces for the PEO-grafted copolymers: a) 5c and b) 4c.


Figure 7. DSC traces during the cooling the run for a) star-shaped and b)
eight-shaped PCL, after hydrolysis of the alkoxides.


Figure 8. DSC traces during the second heating run for a) star-shaped
and b) eight-shaped PCL, after hydrolysis of the alkoxides.


Table 1. Characteristic properties of star-shaped and eight-shaped PCL.


Samples Mn,th Mn,NMR Mn,SEC
[a] Mw/Mn Tg


[b] Tm
[b] DHm


[c] Tc
[b] DHc


[c] Xc
[d]


N103 N103 N103 [8C] [8C] ACHTUNGTRENNUNG[Jg�1] [8C] ACHTUNGTRENNUNG[Jg�1] ACHTUNGTRENNUNG[Jg�1]


eight-shaped PCL 8 41.0 41.2 24.0 1.45 �52.5 37.5 30.0 0.5 28.5 22
star-shaped counterpart 9 41.0 42.6 29.0 1.45 �56.0 54.5 67.5 23.5 52.5 50


[a] The experimental molecular weights were converted by the following equation: Mn ACHTUNGTRENNUNG(PCL)=0.259N
Mn(PS)


1.073 [b] Tg and Tm were measured during the second heating run at 10 8Cmin�1 rate. Tc was measured
during the cooling run after the first heating. [c] DHm (DHc) is the melting (crystallization) enthalpy measured
under the same conditions as Tm (Tc). [d] Xc= (DHm/DH0


PCL)N100; DH0
PCL=136.4 Jg�1.[32]
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crystallization peaks under the same conditions with a
higher DHc for the star-architecture (Figure 9). This observa-
tion gave credit to the efficiency of the photochemical ring
closure, thus of conversion of 6 to 7 in Scheme 5.


How the crystallization is influenced by the conversion of
the chlorinated arms of the star-shaped PCL 4a and the
chlorinated tails of the eight-shaped PCL 5a to the azide
containing arms (4b) and tails (5b) and finally to the PEO
grafted arms (4c) and tails (5c) on crystallization was also
investigated by DSC (Figures 10 and 11). The copolymers
were first heated to 120 8C and then cooled down to �90 8C
at a rate of 10 8Cmin�1. The DSC traces during cooling are
compared in Figure 10. A crystallization peak was clearly
observed at 9.5 8C for the chlorinated star-shaped diblock
copolyester 4a in contrast to a faint peak at a lower temper-


ature (�13 8C) for the chlorinated eight-shaped derivative
5a. The crystallization enthalpy (DHc) for 4a (47 Jg�1) was
much higher than that for 5a (20.5 Jg�1), which means that
the eight-shaped architecture is a severe restriction to the
crystallization of PCL 5a.


Moreover, comparison of data in Tables 1 and 2 shows
that the crystallization temperature and enthalpy decreased
by 12.5 8C and 8 Jg�1, respectively, upon the grafting of four


poly(aCleCl-co-eCL) tails onto the spirocyclic PCL. The
same observation was reported when cyclic PCL was grafted
by two semi-crystalline poly(l-lactide) tails[8] and by two
amorphous poly(aCleCl-co-eCL) tails, respectively.[30] As a
rule, the grafting of mono/spiro-cyclic PCL by two polymer-
ic tails, amorphous or not, has a depressive effect on the
crystallization of PCL.


Conversion of the chlorinated chains into the azide con-
taining version decreased DHc by 14.5 Jg�1 for spirocyclic


Figure 9. DSC trace monitored for the cooling of an equimolar mixture
of star- and eight-shaped PCLs.


Figure 10. DSC traces during the cooling run for four-tail eight-shaped
PCL a) with chlorinated tails, 5a, b) with azide containing tails, 5b ; c)
amphiphilic four-tail eight-shaped PCL, 5c ; d) four-arm diblock with a
chlorinated block, 4a ; e) four-arm diblock with an azide containing
block, 4b ; f) four-arm diblock with a PCL-g-PEO block 4c and (g) linear
homo-PEO.


Figure 11. DSC traces during the second heating run for four-tail eight-
shaped PCL a) with chlorinated tails, 5a, b) with azide containing tails,
5b ; c) amphiphilic four-tail eight-shaped PCL, 5c ; d) four-arm diblock
with a chlorinated block, 4a ; e) four-arm diblock with an azide contain-
ing block, 4b ; f) four-arm diblock with a PCL-g-PEO block 4c ; and g)
linear homo-PEO.


Table 2. Physical properties of the derivatives from eight-shaped and
star-shaped PCL.


Samples Tg
[a]


[8C]
Tm


[a]


[8C]
DHm


[b]


[J g�1]
Tc


[a]


[8C]
DHc


[b]


[J g�1]


5a �52.0 34.0 25.0 �13.0 20.5
5b �53.5 27.5 14.0 �14.0 6.0
5c – 25.5 56.0 �26.0 36.0
4a �58.5 45.5 55.0 9.5 47.0
4b �53.0 34.5 36.0 �2.7 35.0
4c – 39.0 73.0 �1.5 64.5
homo-PEO (refer-
ence)


– 41.5 165.5 16.5 157.5


[a] Tg and Tm were measured during the second heating run at
10 8Cmin�1 rate. Tc was measured during the cooling run after the first
heating. [b] DHm (DHc) is the melting (crystallization) enthalpy measured
under the same conditions as Tm (Tc).
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PCL (5b vs 5a) and 12 Jg�1 for star-shaped PCL (4b vs 4a).
Crystallization of the PEO grafts was observed for the co-
polymers 4c and 5c, although at a much lower temperature
and to a lesser extent than homo PEO. The large difference
in DHc (and Tc) between 4c and 5c is an additional evidence
for the impact of the chain architecture.


All the samples were then heated from �90 8C at
10 8Cmin�1, and the DSC traces were recorded as shown in
Figure 11. The experimental data are listed in Table 2. Com-
parison of Tm and DHm for the spirocyclic PCL (Table 1)
and the samples 5a and 5b confirms the negative impact of
the tails on the PCL crystallization to an extent that de-
pends on the tail substituents, thus chlorides versus azides.
The melting temperature of PCL was indeed decreased by
3.5 8C in case of a-chlorides and by 10.0 8C for the a-azide
pendant groups. In parallel to Tm, the melting enthalpy for
PCL was also decreased by 5.0 Jg�1 upon grafting of the
chlorinated tails (5a) and by 16.0 Jg�1 when the tails con-
tained azides rather than chlorides (5b). The melting tem-
perature (Tm) and enthalpy (DHm) for the chlorinated star-
shaped diblock 4a were significantly higher compared with
the eight-shaped 5a. A similar evolution was observed for
the comparison of 4b with 5b, and 4c with 5c, respectively.
Once again, there is a clear relationship between property
and macromolecular architecture. When PEO was part of
the copolymer, only this constitutive component crystallized,
although with some restriction imposed by the complex ar-
chitecture, as testified by a substantial decrease in Tm and
DHm compared with linear PEO (Table 2) and in agreement
with the PEO-grafting of cyclic PCL.[30]


Micellization in water as result of the amphiphilicity and
self-assembly of the grafted copolyesters 4c and 5c was an
additional although qualitative evidence for the successful
grafting of PEO onto the eight-shaped and star-shaped PCL,
respectively. Ellipsoidal (for 5c) and spherical (for 4c) mi-
celles were indeed observed by TEM (Figure 12), that are
supposed to consist of a hydrophobic polyester core sur-
rounded by a hydrophilic corona of PEO. The size of the
micelles formed by the eight-shaped amphiphilic PCL/PEO
copolymer was larger although it may not be concluded that
the macromolecular architecture is responsible for this dif-
ference because the composition of 4c and 5c is not the
same. In order to shed light on the impact of the architec-
ture on the micellization of these amphiphilic PEO/PCL co-
polyesters in water, synthesis and characterization of a
wider range of star- and eight-shaped PEO/PCL graft co-
polymers with different compositions are under current in-
vestigation.


Conclusion


This work reported on a successful strategy for the synthesis
of novel functional star- and eight-shaped copolyesters. It
relies on the combination of controlled ring-expansion poly-
merization of lactones initiated by a spirocyclic bis-tin(IV)
dialkoxide, macrocyclization by the intramolecular photo-
cross-linking of pendant unsaturations in the very close vi-
cinity of the propagating sites, and “click” chemistry (Huis-
gen;s [2+3] cycloaddition). As an example, an amphiphilic
eight-shaped copolyester was synthesized; its constitutive
macrocycles were grafted by two PCL-graft-PEO tails. To
the best of our knowledge, this is the first example reported
of a four-tail eight-shaped architecture with tails consisting
of an amphiphilic graft copolymer. Model compounds can
thus be synthesized for studying the micellization of amphi-
philic star-shaped copolyesters but also eight-shaped copo-
lyesters as such and with a tadpole substructure. In addition
to micellization, self-assembly in the bulk deserves further
investigation.


Experimental Section


Materials : eCL (Aldrich) was dried over calcium hydride at room tem-
perature for 48 h and distilled under reduced pressure just before use.
Spirocyclic tin alkoxide 1 was prepared according to Kricheldorf et al.[28]


Synthesis of aAeCL,[8] aCleCL,[29] and alkynyl end-capped PEO[30] was
reported elsewhere. Benzophenone (Aldrich) was purified by sublimation
at 40 8C in vacuo and further dried by azeotropic distillation (three
times) of toluene. Toluene (Aldrich, 99.5%) was dried over a sodium/
benzophenon complex and distilled under nitrogen. Dichloromethane
was dried over calcium hydride and distilled under nitrogen before use.
DMF (ACROS) was dried over P2O5 for five days and distilled under ni-
trogen before use. Poly(ethylene glycol) monomethyl ether (Mn=1050)
(PEO; Fluka), pent-4-ynoic acid (Aldrich), dicyclohexylcarbodiimide
(DCC; Aldrich), 4-dimethylaminopyridine (DMAP; Fluka), sodium
azide (Aldrich), diethyl ether, heptane and triethylamine (Aldrich) were
used as received.


Figure 12. TEM of micelles of a) amphiphilic four-tail eight-shaped PCL,
5c (scale bar 100nm) and b) amphiphilic four-arm diblock, 4c (scale bar
50nm).
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Characterization : Size-exclusion chromatography (SEC) was performed
in THF at a flow rate of 1.0 mLmin�1 at 40 8C with a Hewlett-Packard
1090 liquid chromatograph equipped with a Hewlett-Packard 1073 A re-
fractive index detector and styragel columns (HP PL gel 5 mm; pore size
of 105, 104, 103, and 102 R). Polystyrene (PS) standards and the Mn-
ACHTUNGTRENNUNG(PCL)=0.259NMn(PS)


1.073 equation[31] were used for calibration.
1H NMR spectra were recorded in CDCl3 with a Brucker AN 400 appa-
ratus at 25 8C. IR analysis was performed with a Perkin-Elmer 106 FTIR
spectrometer. Differential scanning calorimetry (DSC) was carried out
with a TA 2010 DSC thermal analyzer calibrated with indium. The melt-
ing temperature (Tm) was measured after cooling the sample down to
�90 8C and heating it up to 120 8C at a 10 8Cmin�1 rate. Transmission
electron micrographs (TEM) were recorded with a Philips CM100 micro-
scope equipped with a Gatan 673 CCD camera, and transferred to a com-
puter equipped with the Kontron KS100 system. Samples were prepared
by dipping a formvar-coated copper grid into a dilute micellar solution of
the amphiphilic copolymer (0.5 wt%). The excess of solution was re-
moved with a filter paper, followed by washing with water and drying in
air.


Synthesis of four-arm star-shaped diblock copolyester 4a (Scheme 4): In
a typical experiment, eCL (1.0 mL, 9 mmol), dry toluene (7 mL) and the
spirocyclic tin initiator 1 (1.0 mL) in solution in toluene (0.025m) were
sequentially added into a previously flamed glass reactor through a
rubber septum with a syringe. After 2 h at 40 8C, the reaction mixture
(1 mL) was picked out and hydrolyzed into star-shaped PCL 3 for char-
acterization. The remaining polymerization mixture was added with a
mixed solution of eCL (0.65 mL, 6.0 mmol) and aCleCL (0.56 g,
3.8 mmol) in dry toluene (4 mL). After stirring at 40 8C for 2 h, the poly-
merization mixture was hydrolyzed by acetic acid (1m in toluene), pre-
cipitated in cold heptane, collected by filtration and dried in vacuo.


Synthesis of 4b (Scheme 4): Compound 4a (0.4 g, 0.5 mmol aCleCL
units) was dissolved in DMF (12 mL), followed by addition of sodium
azide (0.09 g, 1.4 mmol). After stirring at room temperature for 12 h,
DMF was evaporated under reduced pressure, followed by addition of
toluene (8 mL) and filtration of the solution that was poured in cold hep-
tane. Polymer 4b was recovered by filtration and dried in vacuo.


Synthesis of 4c (Scheme 4): Alkynyl end-capped PEO (CH3O-
ACHTUNGTRENNUNG(CH2CH2O)24COCH2CH2C�CH) (0.5 g, 0.46 mmol) and 4b (0.33 g,
0.46 mmol aN3eCL) were dissolved in THF (12 mL), followed by addi-
tion of triethylamine (0.1 mL, 0.68 mmol) and copper(I) iodide (0.03 g,
0.15 mmol). The reaction mixture was stirred at 35 8C for 4 h. After cool-
ing to room temperature, the solution was dropwise added to cold diethyl
ether and collected by filtration. The polymer was dissolved in THF and
purified by elution through SiO2 (THF) in order to get rid of copper.
Part of the solvent was evaporated, before the polymer was precipitated
in diethyl ether, collected by filtration and dried in vacuo. Polymer 4c
was further purified by repeated precipitation in diethyl ether.


Synthesis of eight-shaped PCL 8 (Scheme 5): In a typical experiment,
eCL (2.0 mL, 18 mmol), dry toluene (15 mL) and the spirocyclic tin ini-
tiator 1 (2.0 mL) solution in toluene (0.025m) were sequentially added
into a previously flamed glass reactor through a rubber septum with a sy-
ringe. After 2 h at 40 8C, aAeCL (0.42 g, 2.0 mmol) in toluene (2 mL)
was added to the reactor, and the reaction temperature was increased up
to 60 8C. After 2 h, 3 mL of the reaction mixture was picked out and hy-
drolyzed into the parent star-shaped copolyester for characterization.
The solution of the living spirocyclic precursor 6 was cooled down to
room temperature under nitrogen, added with a benzophenone solution
(2.6 mg, 17 mmol, in 0.6 mL toluene), and finally diluted with dry toluene
until a copolyester concentration of 0.48 wt%. This solution was UV-irra-
diated (350–420 nm, 1000 W) at room temperature for 120 min. Part of
the solvent was evaporated and half the solution was hydrolyzed by a
few drops of acetic acid (1m in toluene). The polymer 8 was precipitated
in cold heptane, recovered by filtration and dried in vacuo for characteri-
zation. The second part of the solution, that is, the macroinitiator 7
(0.0214 mmol) was further used to resume the ring-expansion polymeri-
zation of a mixture of eCL and aCleCL.


Synthesis of 5a (Scheme 6): In a typical experiment, the macroinitiator 7
(0.021 mmol, concentration: 5 wt%) was added with a mixture of


aCleCL (0.57 g, 3.9 mmol) and eCL (0.6 mL, 5.3 mmol) in dry toluene
(4 mL). After stirring at 40 8C for 2 h, the polymerization mixture (con-
centration: 9 wt%) was hydrolyzed by acetic acid (1m in toluene), pre-
cipitated in cold heptane, collected by filtration and dried in vacuo.


Synthesis of 5b (Scheme 6): 5a (0.4 g, 0.81 mmol aCleCL) was dissolved
in DMF (10 mL), followed by addition of sodium azide (0.16 g,
2.43 mmol). After stirring at room temperature for 12 h, DMF was
evaporated under reduced pressure, followed by addition of toluene
(7 mL), filtration of the solution that was poured in cold heptane. The
precipitated polymer 5b was recovered by filtration and dried in vacuo.


Synthesis of 5c (Scheme 6): Alkynyl end-capped PEO (CH3O-
ACHTUNGTRENNUNG(CH2CH2O)24COCH2CH2C�CH) (0.69 g, 0.61 mmol) and 5b (0.3 g,
0.61 mmol aN3eCL) were dissolved in THF (12 mL), followed by addi-
tion of triethylamine (0.1 mL, 0.68 mmol) and copper(I) iodide (0.06 g,
0.30 mmol). The reaction mixture was stirred at 35 8C for 4 h. After cool-
ing to room temperature, the solution was dropwise added to cold diethyl
ether and collected by filtration. The polymer was dissolved in toluene
and purified by elution through SiO2 (toluene) in order to get rid of
copper. Part of the solvent was evaporated, before the polymer 5c was
precipitated in diethyl ether, collected by filtration and dried in vacuo.
Precipitation of 5c was repeated for sake of purification.


Micellization of 4c and 5c: Compound 4c (or 5c) (25 mg) was dissolved
in THF (1.5 mL), followed by the dropwise addition of water (1 mL)
under vigorous stirring for 2 h. Then water (2 mL) was added in order to
freeze-in the micelles. The organic solvent (THF) was eliminated by dial-
ysis against water. The micelles were observed by TEM.
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