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… To celebrate the 10th Anniver-
sary of Chemistry – A European
Journal, a one-day symposium will
be held at the ISIS Institute in
Strasbourg (top right). This is a
rather fitting location for the event
as it is where Jean-Marie Lehn, the
first Chairman of the Editorial
Board and one of the co-founders
of the journal, is based. Strasbourg,
a truly European City that is one of
the centers of the European Parlia-
ment (bottom left; picture Mario
M�ller), is symbolic of the unity
and common aims of all the Euro-
pean partners associated with the
journal (see Society logos; bottom
right).


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.


Bisadducts of C60


In their Full Paper, Diederich et al. report on page 2284 ff
the first diastereoselective synthesis of enantiomeric bisad-
ducts of C60 with the inherently chiral trans-2 and trans-3
addition patterns by tether-directed remote functionaliza-
tion using novel Trçger base derivatives as optically active
spacers. Now, all inherently chiral bisaddition patterns of
C60 are readily available by this versatile methodology.


Indoles
A novel one-pot synthesis of indoles in which o-haloanilines
and alkenyl halides are allowed to react in a Pd-catalyzed
cascade process, which involves an alkenyl amination fol-
lowed by an intramolecular Heck reaction, is described in
the Full Paper by J. Barluenga et al. on page 2276 ff.


Mimics of Bacteriochlorophylls
The paper by T. S. Balaban et al. on page 2267 ff describes
the X-ray crystal structures of two modifications of a zinc–
porphyrin model complex for bacteriochlorophylls. The
packing of the structures, for which hydrogen bonding, sur-
prisingly, does not play an important part, is discussed in
detail. Nanoscopic investigations were also performed.
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European in Spirit and International in Appeal


In their inaugural Editorial in Chemistry—A European
Journal in April 1995, Peter Gçlitz, the founding Editor,
and Jean-Marie Lehn, the founding Chairman of the Edito-
rial Board, outlined that the first issue of the journal repre-
sented the first step towards a common goal of creating a
journal that is “European in spirit and international in
appeal”. Dedication to this goal by all the parties involved


in the journal has resulted in what
the journal is today. Over the last
ten years, Chemistry—A European
Journal has grown dramatically
both in terms of its European


backing and support as well as its international reputation.
This is clearly illustrated by this issue of the journal, which


celebrates our official 10th anniversary—the first issue of
Chemistry appeared in April 1995. To mark this occasion a
one-day symposium entitled: Chemistry—A European Con-
ference: Stimulating Concepts in Chemistry will be held at
the Institut de Science et d�Ing�nierie Supramol�culaires in
Strasbourg. The diverse international program of world re-
nowned researchers for the symposium was selected follow-
ing discussions with the Chairman of the Owner Societies,
Professor Wolfram Koch, and the Chairman of the Editorial
Board, Professor Jan-Erling B�ckvall, and we are delighted
that all the speakers agreed immediately to give lectures at
the event. Their influence on Chemistry—A European Jour-
nal is illustrated in part in the accumulated data in Tables 3–
9 in the Editorial in issue 1 of this year (see p. 4–12).


J. F. Stoddart G. Schmid


J. Barluenga F. C. de Schryver


S. V. Ley G. M. Whitesides


Chemistry—A European Conference: Stimulating
Concepts in Chemistry


10.00–10.30 Opening Remarks


10.30–11.20 Professor Fraser Stoddart (UCLA, USA)
“A Decade of Matching Chemistry with Chemistry”


11.20–12.10 Professor G�nter Schmid (Essen, Germany)
“The Relevance of Size and Shape of Metal Nanoparticles”


12.10–13.40 Lunch


13.40–14.30 Professor Jos� Barluenga (Oviedo, Spain)
“The Stimulating Role of Transition-Metal Carbene Complexes in
the Organic Synthesis Scenario”


14.30–15.20 Professor Frans De Schryver (Leuven, Belgium)
“Dancing with Molecules”


15.20–15.40 Coffee Break


15.40–16.30 Professor Steven Ley (Cambridge, UK)
“Development of New Tools and Methods for Organic Synthesis”


16.30–17.20 Professor George Whitesides (Harvard, USA)
“Reinventing Chemistry”


17.20–17.30 Closing Remarks


10th Anniversary
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Since the symposium was announced the response from the
scientific community to the pro-
gram has, not surprisingly, been
tremendous. All the places availa-
ble have been taken.


The location for these celebrations and for the first event
of this kind for the journal could not have been more appro-
priate. Not only is the Institut de Science et d�Ing�nierie Su-


pramol�culaires (ISIS; see Figure 1) where our Founding
Chairman, Jean-Marie Lehn, is based, but Strasbourg is a
truly European city (Figure 2 and 3), being one of the key
centers of the European Parliament
(see Figure 4) at which plenary ses-
sions are held for one week every
month, and also home to the Euro-
pean Court of Human Rights and
the Council of Europe.


Fully Booked
Fitting Location


Figure 1. View of the Institut de Science et d�Ing�nierie Supramol�cu-
laires in Strasbourg.


Figure 4. View of the European Parliament Building in Strasbourg. Pic-
ture taken by Mario M�ller.


Figure 3. View of the Cathedral in Strasbourg. Picture taken by Mario
M�ller.


Figure 2. View of the Maison Kammerzell in Strasbourg. Picture taken by
Mario M�ller.
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Chemistry—A European Journal has been built on a series
of strong partnerships and relationships, all of which have the
common goal to make the journal as successful as possible.


The partnership between the Owner Societies and the pub-
lisher Wiley-VCH : The strength of this partnership has been
paramount to the success of Chemistry—A European Jour-
nal, and the subsequent developments of related projects
that have culminated in a family of top quality European
Journals, namely the European Journal of Organic Chemis-
try, the European Journal of Inorganic Chemisty, ChemBio-
Chem, and ChemPhysChem. The strength and tradition of
European chemistry and the various European Chemical
Societies that oversee its development is clearly illustrated
in Table 1. The histories and background information on the
chemical societies that own Chemistry—A European Journal


are given on p. 2251. The web
addresses of all the societies
are also given in Table 1. The
societies can be accessed di-
rectly from the journal home-
page by clicking on the society
logo on the European map
under the section “Society”.
The publisher and the societies
are working closely together to
promote European chemistry
within the world marketplace.
This issue contains contribu-
tions from members of most of
our partner societies.


The partnership between the
publisher and the Editorial
Office : The rapid development
and expansion of Chemistry—
A European Journal has in-
volved considerable investment


both in terms of personnel and also extra funding to ensure
the continued growth and competitiveness of the journal.
Major developments that have
been driven by the publisher,
which have benefited Chemis-
try—A European Journal, in-
clude Wiley InterScience and
manuscriptXpress.


Table 2. Former members of the Editorial Board of Chemistry—A European Journal.


Board member Institution


Lia Addadi Weizmann Institute of Science, Rehovot, Israel
Geoffrey Bodenhausen Ecole Normale Sup�rieure, Paris, France
Malcolm H. Chisholm Iowa University, USA
Robert J. P. Corriu Universit� Montperllier II, Montpellier, France
Christopher M. Dobson University of Oxford, Oxford, UK
Alessandro Dondoni Universit� di Ferrara, Ferrara, Italy
L�on A. Ghosez Universit� Cathol. de Louvain, Louvain-la-Neuve, Belgium
Claude H�l�ne[a] France
Olivier Kahn[a] France
Charles M. Lieber Harvard University, Cambridge, USA
Josef Michl University of Colorado, Boulder, USA
Peter E. Nielsen University of Copenhagen, Copenhagen, Denmark
Jean Rouxel[a] France
Hideki Sakurai Science University of Tokyo, Japan
Dieter Seebach ETH Z�rich, Switzerland
Lutz F. Tietze Georg-August-University, Gçttingen, Germany
M. E. Vol�pin[a] Russia
Curt Wentrup University of Queensland, Brisbane, Australia
K. I. Zamareaev[a] Russia


[a] Deceased.


Working Together to
Promote European
Chemistry


Table 1. The European chemical societies that own Chemistry—A European Journal.


Land Society Founded Web address


Austria Gesellschaft �sterreichischer Chemiker (G�Ch) 1897 http://www.goech.at/
Belgium La Soci�t� Royale de Chemie (SRC) 1887 http://www.ulb.ac.be/assoc/src/
Belgium Koninklijke Vlaamse Chemische Vereniging (KVCV) 1939 http://www.kvcv.be/
Czech Republic Česk� společnost chemick� (ČSCh) 1866 http://www.csch.cz/


(Czech Chemical Society CCS)
France Soci�t� FranÅaise de Chimie (SFC) 1857 http://www.sfc.fr/
Germany Gesellschaft Deutscher Chemiker (GDCh) 1867 http://www.gdch.de/
Greece Association of Greek Chemists (AGC) 1924 http://www.eex.gr/
Hungary Magyar K�mikusok Egyes�lete (MKE) 1907 http://www.mke.org.hu/


(Hungarian Chemical Society)
Italy Societ	 Chimica Italiana (SCI) 1909 http://www.sci.uniba.it/
The Netherlands Koninklijke Nederlandse Chemische Vereniging (KNCV) 1903 http://www.kncv.nl/
Poland Polskie Towarzystwo Chemiczne (PTCh) http://www.ptchem.lodz.pl/


(Polish Chemical Society PCS) 1919
Portugal Sociedade Portuguesa de Qu
mica (SPQ) 1911 http://www.spq.pt/
Spain Real Sociedad EspaÇola de Qu
mica (RSEQ) 1903 http://www.ucm.es/info/rsequim/
Sweden Svenska Kemistsamfundet 1883 http://www.chemsoc.se/


(Swedish Chemical Society SCS)
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The partnership between the Editorial Office and the Edi-
torial Board : The Editorial Board members have provided
guidance and critical advice on all editorial matters. From
the outset, the journal has had an Editorial Board packed
full of experts from the whole spectrum of chemistry. Pro-
files of the current board members are given on p. 2257. But
it is also important not to forget those Board Members who
have served their periods in office and who have contributed
greatly to the success of the journal (see Table 2) as well as
those who have unfortunately passed away. These members
of the Editorial Board have not only been instrumental in
upholding the high standards of the journal, but have
backed the journal in the most important way—through
their top papers. This issue is no exception with papers from
our Editorial Board Chairman Jan B�ckvall (p. 2327), Chi-
Ming Che (p. 2405), FranÅois Diederich (p. 2284), Makoto
Fujita (p. 2519), Susan Gibson (p. 2566), David Milstein (p.


2319), Armin de Meijere
(p. 2471), Michael Paddon-
Row (p. 2525), C. N. R.
Rao (p. 2433), David Rein-
houdt (p. 2426), Claudio


Toniolo (p. 2395), and Barry Trost (p. 2577). In addition this
issue features a contribution from one of our speakers Jos�
Barluenga (p. 2276) and our host for this special event Jean-
Marie Lehn (p. 2549).


The partnership between the Editorial Office and the re-
viewers : Developments in the relationship between the Edi-
torial Office and the reviewers have helped to enhance the
reputation of the journal and to guarantee efficient and fair
peer-reviewing. Technological advances such as manu-
scriptXpress have certainly helped to cement these relation-
ships, and we are constantly taking into consideration the
input from our authors and reviewers on how to further im-
prove our systems and presentation of information.


The partnership between the Editorial Office and the au-
thors : The quality of service provided by the Editorial
Office, from the review process to the production of the
print and electronic versions of the journal, has encouraged
top authors to send more of their best papers to the journal.
Consequently, the journal has benefited from the quality of
the papers published.


The partnership between the Owner Societies and the
members of the individual Chemical Societies : The Owner
Societies have given their wholehearted support to Chemis-


try—A European Journal.
Top chemists from the dif-
ferent countries are en-
couraged by their respec-
tive societies to publish
“Their Best Papers” in


“Their Journal”. The additional advertising in the national
society literature and at top national events has helped to


increase the visibility of the journal and its authors and
papers.


The partnership among the Owner Societies (EUChem-
Soc): “A day will come when all the nations of this conti-
nent, without losing their distinct qualities or their glorious
individuality, will fuse together in a higher unity and form
the European brotherhood.” (Victor Hugo, 1849). Great
strides towards a similar goal have been taken
by the Owner societies of Chemistry—A Europe-
an Journal, in particular in the subsequent devel-
opments and decisions to combine many of the
national chemical journals to form the European
Journal of Organic Chemistry and the European
Journal of Inorganic Chemistry. This group of
chemical societies have grouped together for many of their
publishing activities under the Editorial Union of Chemical
Societies (EUChemSoc). The common aims of this group of
forward-thinking scientists will certainly lead to further ex-
citing developments in the future that will have dramatic
impact on European Science and its worldwide perception
and standing. Importantly, in line with the recent expansion
of the European Union to 25 members, there are options to
expand the “Chemistry Community”. The Owners of the
journal fortunately had the foresight 10 years ago to make
the necessary provisions to enable other Societies to join the
partnership.


Our 10th anniversary year has already witnessed several
highlights and improvements. The feedback from our read-
ership has been very positive to
the new layout for the table of
contents, which we launched in
January this year. The additional
color in the graphical abstracts
has helped to improve the visibility of the papers, and the
additional headings have served to aid readers in their
browsing.


Active Board Members


Wholehearted Support
of Owner Societies


Positive Feedback
to New Layout
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The use of manuscriptXpress and its acceptance by our au-
thors and reviewers, together with the EarlyView feature in


Wiley InterScience has enabled us
to cut our publication times still fur-
ther since the beginning of the year.
Owing to the quality of the referee-
ing and the constructive criticisms
raised by the referees, many papers


are enhanced through additional experiments and analysis
of the data. Nevertheless, since the beginning of 2004 we
have managed to reduce the average publication times by
over 60 days. We are pleased with this progress, especially as
more and more of our full papers are now published online
in less than 100 days. Our aim is to reduce our publication
times further and to make more of our content available in
its final form quickly and efficiently.


ManuscriptXpress has been further upgraded. The addi-
tion of a “To do list” on the author homepage helps authors
and referees to identify the status of manuscripts and tasks
required.


The full-text download statistics for Chemistry—A Europe-
an Journal are a testament to the quality and visibility of the
papers that appear in the journal. The
number of downloads increased in 2004
by approximately 30% over the value
in 2003.


We would like to thank all our partners for their support
over the last 10 years. Even though the number of papers
published by authors from our partner countries has contin-
ued to rise since the new millennium, larger increases have
been witnessed in terms of papers from the rest of the
world, especially China and Japan. Without this support and
acceptance, we would not have been in a position to achieve
our common goal of establishing Chemistry—A European
Journal as a journal that is “European in spirit and interna-
tional in appeal”.


Dr. Neville Compton Dr. Anne Deveson
Editor Deputy Editor


Publication Times
Cut Further


Downloads up
by 30%
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Austria: Gesellschaft �sterreichischer Chemiker
(G�Ch)


The Gesellschaft �sterreichischer Chemiker (G�Ch) was
founded in 1897 with the Austrian Society of Analytical


Chemistry (ASAC) representing the
analytical section. Currently it has
1900 members, including many stu-
dents and sponsoring companies.
There are 24 divisions (seven from
the ASAC) that cover specific fields
of interest. It also runs local sub-
groups for personal contacts, and par-
ticipates and contributes in interna-
tional societies.


The activities of the society include promoting collabora-
tion among chemists in common projects, publishing the
Monatshefte f�r Chemie in co-operation with the Austrian
Academy of Science, organizing national and international
symposia, congresses, and public discussions covering the
whole field of chemistry and aspects of chemistry in neigh-
boring disciplines of science. The society supports students
through regular lectures by renowned international experts
at Austrian Universities, annual prizes for the best Ph.D and
Masters theses together with the Federation of Chemical In-
dustry (FCIO) as the sponsoring association, and makes
contributions to trips to scientific events. The society is also
influential in improving chemistry education, it participates
in approving or disapproving new laws and regulations con-
cerning chemistry issues.


Belgium: Soci�t� Royale de Chimie (SRC)


The “Association G�n�rale des Chimistes Belges” was
founded in 1887 in a caf� in Brussels at the request of the


sugar industry. In 1904, the associa-
tion became the “Soci�t� Chimique
de Belgique” with the purpose to en-
courage the advancement of chemis-
try, to promote research in chemical
science and industry, and to increase
and disseminate chemical knowledge
through its meetings, reports, papers,


and publications. After one hundred years of existence the
association was recognized as a Royal Society in 1987.


In 1930, the Association started the publication of the Bul-
letin de la Soci�t� Chimique de Belgique whose name was


changed in 1946 into the “Bulletin des Soci�t�s Chimiques de
Belgique” a few years after the splitting of the Association
and the founding of the “Vlaamse Chemische Vereniging”.
The Bulletin disappeared in 1998 when several European
journals were merged to form the two leading publications,
the European Journal of Organic Chemistry and the Europe-
an Journal of Inorganic Chemistry. In 1982, the “Soci�t�
Royale de Chimie” founded its periodical Chimie Nouvelle
that publishes reviews devoted to all modern aspects of
chemical sciences. Internationally known chemists such as
E. Solvay, J. Stas, W. Spring, I. Prigogine, and many others
have been members of the SRC.


Belgium: Koninklijke Vlaamse Chemische
Vereniging (KVCV)


The “Vlaamse Chemische Vereniging” (VCV) was founded
in 1939 by separation from the “Soci�t� Chimique de Belgi-
que” (SCB). It was at this time the
Dutch language became the official
language of all universities in the
Flemish part of Belgium. In collabo-
ration with the SCB the VCV pub-
lished a scientific journal, the Bulletin
des Soci�t�s Chimique Belges. In 1975
a new periodical Chemie Magazine
started bringing news and general
chemical information to its members.
After 50 years of existence VCV was allowed to bear the
title “Koninklijke Vlaamse Chemische Vereniging” (KVCV).
In 1998 the Bulletin des Soci�t�s Chimique Belges was
merged into the Euruopean Journal of Organic Chemistry
and the European Journal of Inorganic Chemistry. From
2005, Chemie Magazine was discontinued and the members
now receive “Mens & Molecule” (Man and Molecules), a
periodical edited in collaboration with the Dutch chemical
society (KNCV).


The KVCV consists of many different sections such as An-
alytical Chemistry, Biotechnology, Belgian Chemometrical
Society, Culture and Popularization, Hyphenated Techni-
ques in Chromatography, Industry, Young KVCV, the
K�kul� Section (which organizes a biennial cycle of evening
courses), Medicinal and Bio-organic Chemistry, Environ-
ment and Safety, and Education and Training (which organ-
izes the National Chemistry Olympic Games for pupils of
secondary schools).


Owner Societies of Chemistry—A European Journal
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Czech Republic: Česk� Společnost Chemick�
(Czech Chemical Society; CCS)


The first organization of Czech
chemists was established in 1866 at
the Prague Technical University.
Later, in 1872 it was reorganized as
the Association of Czech Chemists.
The society has existed with some
cosmetic changes to its name for the
past almost 140 years. Today the


Czech Chemical Society (CCS) is the successor to these var-
ious societies, joining chemists in the Czech lands since
1866. CCS is a member of the Scientific Societies Council of
the Czech Republic, the Association of Czech Chemical So-
cieties (ACCS), and the European Association for Chemical
and Molecular Sciences (FECS). There are seven local and
one foreign CCS chapters, 26 working groups, and a young
chemists section. The Society publishes a monthly scientific
journal, Chemicke Listy, and a quarterly publication, the
Bulletin of the ACCS, as a magazine. A joint congress is or-
ganized by the ACCS with Slovak chemical and pharma-
ceutical societies every year (in the High Tatras in 2005).


The CCS is active in educational matters through its mem-
bership in ECTN (European Chemistry Thematic Network)
and through its broad collaboration with schools, boards and
the Ministry of Education. Its activities are traditionally con-
nected with academia, with more than 80 % of the individu-
al members being university graduates; many members are
from universities, schools, and research institutes, oriented
both at basic and technological research. The society also or-
ganizes scientific and professional events, meetings, confer-
ences, symposia, and courses.


France: Soci�t� FranÅaise de Chimie (SFC)


The genesis of the Soci�t� Fran-
Åaise de Chimie (SFC) can be traced
back to 1857 when three students,
Arnaudon, Collinet, and Ubaldini, of
renowned chemists, Balard, Berthe-
lot, Chevreul, and Dumas, aimed at
founding a society providing their
members with the “latest progress in


Chemistry”. This “club”, which organized weekly meetings
in a caf� of Paris Latin Quarter, was structured as the Soci-
�t� Chimique de Paris in 1858, with new bylaws and J.-B.
Dumas as President in 1859. The Society intends to “con-
tribute to the advancement and dissemination of studies in
general chemistry through its proceedings, publications of its
members, awards, and promotions”. In 1864, the Society was
recognized by Napoleon III as a charity and became the So-
ci�t� Chimique de France (SCF) just before the commemo-
ration of its 50th anniversary. Among the most illustrious
Presidents, J.-B. Dumas, L. Pasteur, M. Berthelot, H. Mois-


san, V. Grignard, and P. Sabatier were portrayed on a medal
struck on the occasion of the memorable centenary events
of the Society in 1957. The present Soci�t� FranÅaise de
Chimie was founded 126 years later, on March 15, 1983. It
results from the merger of the SCF and the Soci�t� de
Chimie Physique, founded in 1908. This learned society aims
“to be open to any chemist” and to “gather all the chemists
in France, regardless of their specialty or adherence to aca-
demic or industrial world”. In addition to its magazine, l�Ac-
tualit� Chimique, SFC issued three journals: Bulletin de la
Soci�t� Chimique de France, Journal de Chimie Physique,
and Analusis, which are now incorporated in four European
journals: the European Journal of Inorganic Chemistry, the
European Journal of Organic Chemistry, and ChemPhys-
Chem published by Wiley-VCH, and Analytical and Bioana-
lytical Chemistry published by Springer. The Soci�t� Fran-
Åaise de Chimie will celebrate its 150th anniversary in 2007.


Germany: Gesellschaft Deutscher Chemiker
(GDCh)


The Gesellschaft Deutscher Chemi-
ker (GDCh) is the largest chemical
society in continental Europe. Its
close to 27 000 members from aca-
demia, industry, and other areas are
organized in over 60 regional sections
and 25 divisions, which cover the
whole spectrum of the chemical and
molecular sciences. It was founded in
1949, but builds on a long tradition that began in 1867 when
the first of its predecessor organizations, the Deutsche
Chemische Gesellschaft, was founded in Berlin. Its scientific
journal, the Berichte der Deutschen Chemischen Gesellschaft
began publication in 1868. This journal was later renamed as
Chemische Berichte, one of the national European journals,
which in 1998 merged to create the European Journal of In-
organic Chemistry and the European Journal of Organic
Chemistry. In 1887, the second predecessor organization of
today�s GDCh was founded, the Verein Deutscher Chemik-
er, whose membership magazine Angewandte Chemie has
developed into one of the most highly respected chemistry
journals worldwide and is now GDCh�s flagship publication.
While the Deutsche Chemische Gesellschaft was primarily
active in the university sector, the Verein Deutscher Chem-
iker became the organization mainly focussing on members
from the chemical industry. After the second World War
both organizations ceased to exist and the new Gesellschaft
Deutscher Chemiker was formed in West Germany. After
the end of the cold war, the chemical society of the former
German Democratic Republic was dissolved and in 1991
most of their members joined the GDCh.


The GDCh activities, organized and coordinated by the 45
employees at its Frankfurt-based headquarter, include a
wide spectrum of services to its members, such as conferen-
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ces and meetings, a highly respected continuing education
program, the publication of a wide range of successful scien-
tific journals (like Chemistry—A European Journal, most of
these together with the partner societies from the EUChem-
Soc) and the Gmelin database (together with its partner
MDL), science policy, and the promotion of the chemical
sciences to the public. Among the highlights in the recent
GDCh history was the “Year of Chemistry” on the occasion
of the 200th birthday of Justus von Liebig in 2003, which was
initiated and coordinated by the GDCh together with the
German Federal Ministry for Education and Research with
the aim to bring chemistry closer to the public. The more
than 2000 events in all parts of Germany in this year attract-
ed more than one million visitors who gained information
about the many facets and assets of chemistry and the vital
but often hidden role that it plays for our quality of life.


Greece: Association of Greek Chemists (AGS)


The Association of Greek Chemists
(AGC) was founded in 1924. Its aim
is to promote the science of chemis-
try in industry, education, and re-
search within the country and abroad
and thus contribute to the economic,
social, and cultural development of
Greece. Another goal is to promote


the chemical profession in the country, protect the benefits
and the professional rights of chemists, and contribute to the
collaboration and solidarity among its members.


The AGC has approximately 14 000 registered members
and organizes a number of different activities to communi-
cate with its members and achieve the goals of the society.
Among these activities are the annual Panhellenic Confer-
ences, the Greek–Cypriot Chemical Conferences, the newly
established chemistry conferences of South Eastern Europe-
an Countries (ICOSECS), and the European Mediterranean
Conferences in Inorganic Chemistry which take place bian-
nually. The 11th of March is the Panhellenic Day of Chemis-
try, and every year a Panhellenic Competition in Chemistry
is organized among graduating secondary school students.
Also the AGC participates annually in the National Chemis-
try Olympiad, and organizes symposia, seminars, lectures,
and courses in chemistry and chemistry related fields.


Since 1998, the Association of Greek Chemists has been
active in realizing an organized cooperation with the chemical
societies from South Eastern Europe. This cooperation in-
cludes, apart from the AGC, chemical societies from Albania,
Bulgaria, Cyprus, FYROM, Montenegro, Romania, and Serbia.
The first activities involve scientific and technical meetings.


All members of the society receive the monthly news mag-
azine Chimika Chronika in Greek, first published in 1936.
The magazine is the society�s principal means of communi-


cation with its members. The magazine contains important
scientific articles of general interest and keeps the chemists
up to date on chemistry and science in general. The AGC
used to publish the Chimika Chronika New Series every
four months, a journal which was published in English and
in which all articles were peer reviewed. As of January 1st
1998 the Chimika Chronika New Series was discontinued
and the AGC joined the three European Journals: Chemis-
try—A European Journal, the European Journal of Inorganic
Chemistry, and the European Journal of Organic Chemistry
as well as supporting ChemBioChem and ChemPhysChem.


Hungary: Magyar K�mikusok Egyes�lete (MKE;
Hungarian Chemical Society)


The Hungarian Chemical Society
(MKE) was founded by some 50
chemists, under the guidance of
Rudolf Fabinyi, in 1907. Their objec-
tives included the protection of the
interests of Hungarian chemists, be-
cause at that time the majority of
chemists holding leading positions in
Hungary were foreigners. Their pro-
gram was centered on promoting the development of chemi-
cal science and chemical industry, and this has not changed
since that time. The objective of MKE is to raise the profes-
sional level of its members (and thereby that of MKE
itself), protect their interests, promote their public activity,
and recognize their work and contributions to chemistry.
The ultimate goal of its activities is to promote technical,
economic, and social development in Hungary.


Amongst other things, the MKE organizes lectures, meet-
ings, symposia, conferences, congresses, professional demon-
strations, and exhibitions. It also participates in the prepara-
tion of radio and TV programs on subjects related to the
chemical industry. In addition, the society organizes profes-
sional in-service training courses, professional counseling,
and study trips in and outside Hungary.


The MKE publishes several professional journals, including
The Hungarian Journal of Chemistry and Hungarian Chemi-
cal Journal. It also presents a forum for young experts. To
recognize professional work and have it recognized, the
MKE has founded memorial plaques and awards them to-
gether with competition prizes as well as prizes for outstand-
ing diploma theses.


The MKE has established and maintains contacts with
state and social organizations, participates through its mem-
bers in the work of leading organizations and bodies of the
Federation of Technical and Scientific Societies (MTESZ),
and has established links and cooperates with the professio-
nal societies of foreign countries and their international fed-
erations.
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Italy: Societ� Chimica Italiana (SCI)


The Societ	 Chimica Italiana (SCI)
was founded in 1909, following other
associations operating in the last dec-
ades of the 19th century in the frame
of the academic culture. It now has
4500 members and it is the largest
scientific association in Italy. Mem-
bers come from universities, schools,
industry, research, and control insti-


tutions as well. The SCI has 11 institutional divisions and a
variety of interdivisional groups, reflecting the broad spec-
trum of the chemical areas and interests. All the divisions
and groups have their own program of activities, most of
them within international disciplinary networks. The chemi-
cal magazine, La Chimica e l�Industria is distributed to the
SCI members, while the educational journal La Chimica
nella Scuola, is sent to the members of the education divi-
sion. All members belong to regional sections, which pro-
vide opportunities on a local basis.


From its birth, the SCI took the charge of publishing one
of the most ancient journals of chemistry in Europe: the
Gazzetta Chimica Italiana. The editorial activity of the SCI
was implemented during the years with other journals cover-
ing the medicinal chemistry and the environmental and ana-
lytical areas. Ten years ago, the Italian Chemical Society
participated with enthusiasm in the project to launch the
European Journals, when some of the editorial activities of
some national societies were amalgamated. The SCI, with
its management and all its members, is now deeply involved
in the consolidation and implementation of the European
editorial projects.


The Netherlands: Koninklijke Nederlandse
Chemische Vereniging (KNCV)


The KNCV is the Chemical society
of the Netherlands. Our society,
founded in 1903, started as an organ-
ization open only to chemists. Since
1924 the society has opened up for
other specialists from disciplines re-
lated to chemistry. Today the society


welcomes not only members with a higher education in
chemistry or related sciences but everybody interested in
the chemical and related world. At the moment it has
around 10 000 members and 2000 associated members.


From the beginning the KNCV joined the GDCh and
other European Societies in producing scientific journals on
a European scale. It is with great pleasure that together in
EUChemSoc we now celebrate the 10th anniversary of
Chemistry—A European Journal. We hope that many more
celebrations will follow in the future.


Poland: Polskie Towarzystwo Chemiczne (Polish
Chemical Society; PCS)


The Polish Chemical Society (PCS)
was established in 1919, at the begin-
ning of independence, by a group of
enthusiasts and famous Polish chem-
ists who worked in high schools lo-
cated in different parts of unified
Poland. During World War II the
PCS was officially banned, but it
continued to work as an underground organization.


The first four branches of our society were founded in
Lw�w, Ł�dź, Krak�w, and Poznań in 1920. Since then it has
grown considerably and at present the society acts through
20 branches located in main Polish university cities and
through 27 sections devoted to different areas of chemistry.


The aim of the society, expressed in its statutes, is promo-
tion of chemical sciences and spreading chemical knowledge
in society. To achieve these aims, the society organizes meet-
ings, sessions, and conferences for chemists, organizes public
lectures and scientific courses, issues its own journals and
publications connected with the activity of the society,
awards prizes, distinctions, and medals in the area of chemis-
try, furnishes information in area of chemistry, and elabo-
rates and formulates opinions in all cases connected with
the development and education in chemistry in Poland.


The PCS is a member of the Federation of European
Chemical Societies (FECS) and closely cooperates with
Czech, Hungarian, Slovak, Lithuanian, and Ukrainian
Chemical Societies by exchanging information, inviting
members of these societies for our national meetings and so
forth. The main part of this cooperation is an exchange of
students and young chemists. Every year the PCS organizes
the Forum of Young European Chemists at which our young
collaborators present their research and participate in dis-
cussions and lectures. The PCS also founded the Museum of
Maria Skłodowska-Curie in 1967, which is situated in the
house in which Maria was born in 1867. The museum has
exhibits that include personal items connected with the life
and scientific activity of this great scientist as well as of
other Polish chemists.


Portugal: Socieadade Portuguesa de Qu�mica
(SPQ; Portuguese Chemical Society)


The Portuguese Chemical Society
(SPQ) was founded in 1911 by a
group of prominent Portuguese
chemists gathered by Ferreira da Sil-
va (1853–1923), a distinguished ana-
lytical chemist and professor at
Oporto University and the first pres-


Chem. Eur. J. 2005, 11, 2247 – 2266 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2255


EDITORIAL



www.chemeurj.org





ident of the SPQ. The history of the Portuguese Chemical
Society is closely linked to the publication of the journal Re-
vista de Qu�mica Pura e Aplicada, the first issue of which
appeared in 1905. The journal was published regularly until
1997 (when SPQ joined EUChemSoc), although its title was
changed in 1958 to Revista Portuguesa de Qu�mica. The bul-
letin of the society, Qu�mica, has been published four times
a year since 1977, and aims to promote and popularize
chemistry among high-school teachers, chemists, and chemi-
cal engineers. In 1981, the SPQ founded the Ferreira da
Silva Award that recognizes relevant contributions by Portu-
guese chemists. In 2002, the Vicente Seabra Medal was creat-
ed to distinguish the research work of young scientists in
chemistry. Vicente Seabra (1764–1804) was involved in the
chemical revolution of the end of the 18th century, and in
between 1788 and 1790 published, in Coimbra, his two-
volume work Elementos de Chimica, already written accord-
ing to Lavoisier�s theories and nomenclature.


The Portuguese Chemical Society has presently around
2500 members, and has as a major objective the develop-
ment of high-quality research and teaching in all branches
of chemistry. In pursuit of this goal, the SPQ organizes a na-
tional meeting every two years and, in the alternate years,
specialized meetings on the scientific areas of the society di-
visions. The SPQ also organizes the National Chemistry
Olympiad, from which are selected the teams that take part
in the International Chemistry Olympiad and in the Ibero–
American Chemistry Olympiad. The SPQ is also actively in-
volved in international organizations, namely IUPAC (for
which it is the national adhering organization) and Eu-
CheMS.


As a consequence of the integration of SPQ in the EU-
ChemSoc, in 1996, the publication of the Revista Portuguesa
de Qu�mica came to an end. Following the spirit of the EU-
ChemSoc, SPQ advertises the new European Journals in
every issue of Qu�mica and at its scientific meetings. The
Portuguese researchers are invited to publish their work in
the European Journals contributing, in this way, to the de-
velopment and visibility of European Chemistry.


Spain: Real Socieadad EspaÇola de Qu�mica
(RSEQ; Spanish Royal Society of Chemistry)


The Spanish Society of Physics and
Chemistry was founded in January
23, 1903, with a first meeting cele-
brated in Madrid and chaired by the
first President of the Society, the
Spanish Literature Nobel Prize
winner Jos� Echegaray. The aim of
the new scientific society was im-
mersed within the Spanish cultural


movement known as the Regeneracionismo espaÇol whose
broad goal was to bring Spain into modernity and, specifi-


cally, to support the study of sciences facilitating the scientif-
ic interchange between scientists by creating, at the same
time, the Spanish chemistry journal Anales de Qu�mica.
Twenty-five years later, in 1928, the society was appointed
with the distinction of Royal Society of Physics and Chemis-
try by the Spanish king Alfonso XIII, as a way to recognize
the outstanding achievements during this time. Since then,
the Spanish Royal Society of Physics and Chemistry has col-
laborated with well-known European scientists. To cite some
examples, in 1906 the Spanish Nobel Prize winner Santiago
Ram�n y Cajal was appointed as an honorary member of
the society as well as Mme. Curie in 1931. As proof of the
international support to the society, it was admitted as a
member of the International Association of Chemical Soci-
eties in 1912 and, a few years later, the IX International
Congress of Chemistry was celebrated in Madrid in 1934,
being the first international congress celebrated after World
War I (the previous one took place in 1912), with over 1500
scientists attending this meeting; the first session was
chaired by the President of the Spanish Republic Niceto
Alcal� Zamora and the Minister for Public Instruction, Sal-
vador de Madariaga.


The Spanish Royal Society of Chemistry (RSEQ) was split
from the Physics Society in 1975. Since then, the society has
been very active and, a few years ago, it celebrated the first
centennial with several events throughout the year and a
special meeting to mark the occasion of the Reuni�n Bienal
de Qu
mica. Several Nobel Prize winning chemists were
among the participants, including the first chairman of the
Editorial Board of Chemistry—A European Journal, Jean-
Marie Lehn.


Today the society is composed of 20 different specialized
groups covering all the fields in chemistry and it is organized
in local sections spread all over the country. The RSEQ has
excellent relationships with different European and Ameri-
can Societies with which they share joint awards to distin-
guish the top quality research. It also participates actively in
the more recently created European journals, of which
Chemistry—A European Journal is doubtless the flagship.
Our sincere congratulations for this successful ten years!


Sweden: Svenska Kemistsamfundet (The Swedish
Chemical Society)


In November 1883, Werner Cron-
quist, an engineer at the Technologi-
cal Institute, called for a meeting in
Stockholm. In this first meeting,
which took place on November 22nd,
21 people attended and Kemiska
Samfundet i Stockholm was founded
(later changed to Kemistsamfundet).
At that time the association was merely a discussion club
with a focus on chemistry and its applications. The first issue
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of the journal Kemiska Notiser was published 1887 (later re-
named to Svensk Kemisk Tidskrift). It was a risky project to
start a journal for an association with only 90 members. The
organization grew slowly during the first few years and by
1900 the membership had risen to 460.


During the 1950s, under the leadership of Professor Sven
Brohult, Svenska Kemistsamfundet started its progress to the


national learned society of today. Local sections and divi-
sions were founded and the membership increased constant-
ly. Today, in 2005, the society has about 3600 individual
members, 19 sections, and 8 divisions. The activities range
from open lectures to international conferences of various
sizes. The society still has its monthly journal Kemiv�rlden/
Kemisk Tidskrift, which is now complemented with Kemi-
v�rlden BioTech.
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Vincenzo Balzani is Professor of
Chemistry at the University of Bo-
logna (Italy). He has received sever-
al awards, including the Canizzarro
Gold Medal of the Italian Chemical
Society (1988), the Italgas European
Prize for Research and Innovation
(1994), and the Porter Medal on
Photochemistry (2000). He has also
been a finalist of the Descartes
Prize (2004). He is a fellow of the
American Association for the Ad-


vancement of Science (USA) and the Accademia Nazionale
dei Lincei, and a member of the Editorial Boards of several
international journals. His scientific activity is documented
by three monographs and about 500 papers in the fields of
photochemistry, photophysics, electron-transfer reactions,
supramoloecular chemistry, dendrimers, molecular-level de-
vices and machines, and solar energy conversion.


Chairman: Jan-Erling B�ckvall is
Professor of Organic Chemistry at
Stockholm University, where he is
Head of Research. He is renowned
for his contribution to organopalla-
dium chemistry and catalytic oxida-
tion reactions for which he has done
mechanistic work and developed
new reactions. More recently effi-
cient systems for dynamic kinetic
resolution of alcohols based on
combined ruthenium and enzyme


catalysis were developed in his laboratory. He has published
more than 300 papers. For his contribution to research he
was elected a Member of the Royal Swedish Academy of
Sciences, a Fellow of the Royal Society of Sciences
(Sweden), a Member of the Royal Physiographic Society
(Sweden), and a Foreign Member of the Finnish Academy
of Science and Letters and has received many prizes,
awards, and honors. He is also member of a number of Edi-
torial Boards of Journals and currently he is the Chairman
of the Editorial Board of Chemistry—A European Journal
(see p. 2327 in this issue for his latest contribution to
Chemistry)


Ernesto Carmona gained his Ph.D.
at the University of Sevilla (1974),
after which he spent three years
doing postdoctoral work under the
guidance of (the late) Professor Sir
Geoffrey Wilkinson (Imperial Col-
lege, London). He started his career
as an Assistant Professor at the
University of Sevilla, where he was
made full Professor in 1983. His re-
search interests lie mainly in the
area of organometallic chemistry


and homogeneous catalysis. More specifically: the activation
of small, unsaturated molecules (N2, CO, CO2, C2H4, etc.) by
transition-metal compounds; C�H bond activation, and
C�C bond-forming reactions induced by transition-metal
compounds; and metallocenes of non-transition elements (f
and main group metals). He is a member of the Editorial
Boards of several international journals.


Irina Beletskaya studied at Moscow
State University, where she received
her Ph.D. in 1958 and the degree of
Doctor of Chemistry in 1963. She
became a full Professor in 1970 and
in 1974 a Corresponding Member of
the Academy of Sciences (USSR),
of which she became a full member
(Academician) in 1992. She is cur-
rently Head of the Laboratory of
Organoelement Compounds, De-
partment of Chemistry at Moscow


State University. From 1989 to 1991 she was President of
the Organic Division of IUPAC. She is the author of over
500 articles and four monographs, and the recipient of the
Lomsonov, Mendeleev, and Nesmeyanov Prizes. Her current
research interests are transition-metal catalysis in organic
synthesis, organic derivatives of lanthanides, carbanions, and
nucleophilic aromatic substitution. She is currently Editor-
in-Chief of the Russian Journal of Organic Chemistry.


Editorial Board
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Chi-Ming Che received his B.Sc.
and Ph.D. from the University of
Hong Kong. In 1980–1983, he stud-
ied at the California Institute of
Technology under Professor
Harry B. Gray. He currently holds
the Dr. Hui Wai-Haan Chair of
Chemistry at The University of
Hong Kong. He is a full member
(Academician) of the Chinese
Academy of Sciences (CAS) and
holds guest, invited, and honorary


Professorships at a number of Universities in Mainland
China; he is also the Director of HKU-CAS Joint Laborato-
ry on New Materials. His research interests encompass di-
verse areas of chemistry, such as metal-catalyzed organic
transformations, photoinduced electron- and atom-transfer
reactions, and luminescent materials for molecular devices
and biomolecular recognition. Professor Che has more than
460 publications in leading chemistry journals and two US
patents. He is a member of the Editorial Boards of several
international journals and has received several prizes and
awards, which include the National Outstanding Young
Scholar Award from The National Science Foundation of
China (2000–2003), and the Federation of Asian Chemical
Societies (FACS) Foundation Lectureship Award 2003 (see
p. 2405 in this issue for his latest contribution to Chemistry).


FranÅois Diederich, born in 1952 in
the Grand-Duchy of Luxemburg,
studied chemistry at the University
of Heidelberg (1971–1977), and re-
ceived his Ph.D. there in 1979 for
work on the synthesis of kekulene
in the group of Professor Heinz A.
Staab. Following postdoctoral stud-
ies with Professor Orville L. Chap-
man at UCLA (1979–1981), he re-
turned to Heidelberg for his Habili-
tation at the Max Planck Institute


for Medical Research (1981–1985). Subsequently, he joined
the faculty in the Department of Chemistry and Biochem-
istry at UCLA, where he became full Professor of Organic
and Bioorganic Chemistry in 1989. In 1992, he returned to
Europe, joining the Department of Chemistry and Applied
Biosciences at the ETH Z�rich (see p. 2284 in this issue for
his latest contribution to Chemistry).


Makoto Fujita graduated at the Fac-
ulty of Engineering at Chiba Uni-
versity and received his Ph.D. from
the Tokyo Institute of Technology
in 1987. He went on to become an
Assistant Professor, Lecturer, and
Associate Professor at the Faculty
of Engineering, Chiba University.
After some time as Associate Pro-
fessor at the Institute of Molecular
Science, he was made a full Profes-
sor at the Graduate School of Engi-


neering, Nagoya University. He is currently a Professor at
the School of Engineering, University of Tokyo. He has re-
ceived several awards for his research, the most recent of
which include the Nagoya Silver Medal and the Izatt-Chris-
tensen Award. His main fields of research include transi-
tion-metal-directed self-assembly of molecular systems,
nanosized particles, and coordination polymers (see p. 2519
in this issue for his latest contribution to Chemistry).


Gerhard Ertl received his Ph.D.
(1965) and went on to do his habili-
tation in physical organic chemistry
at the Technical University of
Munich. His further academic
career took him to Hannover, the
Ludwig–Maximilian University of
Munich, and in 1986 he became the
Director of the Department of


Physical Chemistry, Fritz–Haber Institute of the Max Planck
Society in Berlin. He has received many honors and awards,
the most recent of which include the Spiers Memorial
Medal and Lectureship (RSC). His main research interests
are the structure and reactivity of solid surfaces, including
oscillating reactions and spatio-temporal pattern formation
(nonlinear dynamics), dynamics of surface processes, hetero-
geneous catalysis, and electrochemistry. He has published
over 500 articles.


Sue E. Gibson did her first degree
in Cambridge and her D. Phil. in
Oxford under the supervision of
Professor S. G. Davies. She was
then awarded a Royal Society Euro-
pean Fellowship to study at the
ETH, Z�rich, with Professor A. Es-
chenmoser. In 1985, she returned to
the UK to a lectureship in organic
chemistry at the University of War-
wick and in 1990 she was appointed
to a lectureship at Imperial College,


London. In 1999 she took up the Daniell Chair of Chemistry
at King�s College London, returning to Imperial College
London and a Chair of Chemistry in 2003. Her research in-
terests revolve around the application of transition metals in
organic synthesis. Current projects include the development
and application of new catalysts of the Pauson–Khand reac-
tion, the synthesis and applications of novel chiral macrocy-
cles, and the use of chiral–base chemistry and tricarbonyl-
chromium(0) complexes of arenes in the design of new
asymmetric catalysts (see p. 2566 in this issue for her latest
contribution to Chemistry).
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Pavel Hobza attained an M.Sc. in
Chemistry at the University of
Prague and a Ph.D. at the Czecho-
slovak Academy of Sciences,
Prague. He then spent time in
Canada at the University of Mon-
treal, both as a postdoctoral fellow
and as a visiting professor, as well
as in Germany (Erlangen and
Munich) as a research associate. He


is currently the head of the Research Center for Complex
Molecular Systems and Biomolecules and is also a professor
at the Institute of Organic Chemistry and Biochemistry,
Academy of Sciences of the Czech Republic, Prague. He
has won several prizes, which include the Prize of Ministry
of Education of the Czech Republic (2000) and the Prize of
the Academy of Sciences of the Czech Republic (2003). His
research interests cover quantum chemistry and computa-
tional chemistry, structure and dynamics of molecular and
biomolecular clusters and biomolecules, hydrogen-bonds,
and improper blue-shifting hydrogen-bonds. He has publish-
ed over 240 papers in refereed journals and two books, and
is the most cited scientist in the Czech Republic.


Kendall N. Houk is Professor of Or-
ganic and Theoretical Chemistry at
UCLA. He studied at Harvard with
R. B. Woodward, and has been on
the faculty at the Louisiana State
University, the University of Pitts-
burgh, and UCLA. He served as Di-
rector of the Chemistry Division of
the NSF from 1988–1990, and as de-
partment chair from 1991–1994. He


was recipient of the ACS James Flack Norris Award in
Physical Organic Chemistry (1991) and the Award for Com-
puters in Chemical and Pharmaceutical Sciences (2003). He
was winner of the Schrçdinger Medal of the World Associa-
tion of Theoretically Oriented Chemists (1998) and he was
elected to the American Academy of Arts and Sciences in
2002. Professor Houk is an authority on theoretical and
computational organic chemistry, and his group is involved
in developments of rules to understand reactivity, computer
modeling of complex organic reactions, and experimental
tests of the predictions of theory. He has published nearly
600 articles.


Jesffls Jiménez-Barbero is a profes-
sor at the Center for Biological Re-
search of the Higher Council for
Scientific Research of Spain
(C.S.I.C.), and is presently serving
as General Secretary of the Royal
Society of Chemistry of Spain. He
obtained his Ph.D. in 1987 under M.
Bernab� and M. Mart
n-Lomas. Fol-
lowing postdoctoral training at
C.E.R.M.A.V.-C.N.R.S. (Grenoble),
the University of Z�rich, and the


National Institute for Medical Research at Mill Hill, he re-
ceived tenure in the C.S.I.C. in 1988. He also spent two
years at Carnegie Mellon University, Pittsburgh, returning
afterwards to Madrid. He was promoted to Senior Research
Scientist in 1996 and to full Professor in 2002, when he
moved to the Center for Biological Research of the C.S.I.C.
His main research interest is in obtaining a 3D view on the
molecular recognition processes in which carbohydrates are
involved, especially by the application of NMR and model-
ing methods. He is a member of the editorial boards of sev-
eral international journals and has published over 200 scien-
tific papers, reviews, and book chapters. He was awarded
the 2003 Prize of Organic Chemistry of the Royal Society of
Chemistry of Spain.


Barbara Imperiali is the Class of
1922 Professor of Chemistry and
Professor of Biology at the Massa-
chusetts Institute of Technology
(MIT). She received her B.Sc. at
University College London, and
studied for her Ph.D. at MIT under
Professor S. Masamune. She carried
out postdoctoral studies at Brandeis


University with the late Professor R. Abeles. She began her
professional career as an assistant professor at Carnegie
Mellon University; in 1989 she joined the faculty at the Cal-
ifornia Institute of Technology, where she was made Profes-
sor of Chemistry in 1997. In 1999 she assumed her current
position at MIT. She has received many awards; these in-
clude the ACS Cope Scholar Award, the Caltech Feynman
Prize for Excellence in Teaching, and at MIT she has recent-
ly been named a Margaret MacVicar Fellow. She is a
member of the American Academy of Arts and Sciences,
and a Fellow of the Royal Society of Chemistry. Her re-
search interests concern diverse aspects of protein structure,
function, and design. One area of investigation focuses on
co-translational protein glycosylation; another is targeted at
the design and implementation of new chemical probes into
the study of complex biological systems.


Brian F. G. Johnson obtained his
first degree and Ph.D. with Profes-
sor C. C. Addison at the University
of Nottingham (UK). He completed
postdoctoral work with Professor
F. A. Cotton at the Massachusetts
Institute of Technology and with
Professor Lord Lewis at Manchester
University. He has been on the fac-
ulties of the University of Manches-


ter, University College London, Cambridge University, and
the University of Edinburgh. He currently holds the 1970
Chair of Inorganic Chemistry at Cambridge University and


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 2247 – 22662260



www.chemeurj.org





Karl-Anker Jørgensen is professor
at Aarhus University (Denmark).
After a postdoctoral stay with Pro-
fessor Roald Hoffmann, Cornell
University, in 1985 he joined the
faculty of Department of Chemistry,
Aarhus. He was promoted to full
professor 1992 and since 1997 has
been Director of Danish National
Research Foundation: Center for
Catalysis. His research interests are
mainly in the field of catalysis with


focus on asymmetric reactions. Over the years he has con-
tributed to the development of chiral Lewis acid catalyzed
reactions and more recently to the application of organoca-
talysis in asymmetric catalysis.


Gerard van Koten has been Profes-
sor of Organic Synthesis and Catal-
ysis at the Debye Institute of the
Utrecht University since 1986. In
2004 he became Distinguished Pro-
fessor of the Utrecht University.
Recently, he has been appointed by
the Minister of Education, Culture
and Science as chairman of the
committee responsible for the re-
newal of the Chemistry Educational
Program at the Secondary School


level in the Netherlands. His research interests comprise the
study of fundamental processes in organometallic chemistry
and the application of organometallic complexes as homoge-
neous catalysts. The preparation and use of the first exam-
ples of homogeneous metallodendrimer catalysts demon-
strate his interest in supramolecular systems with (organo-
metallic) catalytically active functionalities.


is Master of Fitzwilliam College. His research group has de-
signed and characterized numerous new transition-metal
clusters, carbonyls, nitrosyls, and metal particles in the col-
loidal regime. More recently he has developed an interest in
the commercial production of carbon nanotubes and the de-
velopment of new catalysts for the formation of nanotubes
in devices. He has published almost 900 papers and articles
and serves or has served on the Editorial Boards of many in-
ternational journals. He has received many honors during
his career, the most recent of which is the Edward Frank-
land Medal and Prize in 2003, and has been Visiting Profes-
sor at numerous Universities throughout the world.


Bernhard Kr�utler, born in Dorn-
birn (Austria), studied chemistry at
the ETH in Z�rich, where he also
carried out a Dissertation with Pro-
fessor A. Eschenmoser. After post-
doctoral studies with Professor A. J.
Bard (Austin, Texas) and Professor
N. J. Turro (Columbia University)
he returned to the ETH and ob-
tained his habilitation in organic
chemistry in 1985. In 1991 he was
appointed as a full Professor of Or-


ganic Chemistry at the University of Innsbruck, and is cur-
rently Dean of the Faculty of Chemistry and Pharmacy. He
is also a corresponding member of the Austrian Academy of
Science. His main research interests, bioorganic chemistry,
porphyrinoid compounds, coenzyme B12, chlorophyll, fuller-
enes, structure/function of biomacromolecules, and supra-
molecular chemistry, are documented in over 150 publica-
tions.


Steve Ley is the BP (1702) Profes-
sor of Organic Chemistry at the
University of Cambridge, and
Fellow of Trinity College. He was
President of the Royal Society of
Chemistry (2002–2003) and was
made a CBE in January 2002. He
was appointed to the staff at Impe-
rial College in 1975 and became
head of department in 1989. He was
elected to the Royal Society


(London) in 1990, and moved to Cambridge in 1992. His
group has published extensively on the synthesis of natural
products and more than 110 target compounds have been
synthesized. His work on iron chemistry, encapsulated re-
agents, microbial oxidation, spiroketals, and microwave
chemistry has been ground-breaking. He has pioneered the
use of immobilized reagents in multistep organic synthesis
to make compounds in a cleaner and more effective way.
He has devised many practical and useful protecting groups
using acetal chemistry. He has done significant work in the
area of organic catalysis and was the inventor of TPAP, a
catalytic oxidant that is now used world-wide and cited ex-
tensively. He has published 560 papers and has received 29
major prizes and awards for his work.


Tien-Yau Luh obtained his Ph.D.
from the University of Chicago
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Introduction


Developments in artificial light-harvesting are currently
hampered by a lack of knowledge of the true structural
identity of the chlorosome, the unique organelle evolved by
green photosynthetic bacteria, which can efficiently capture
sunlight, even underwater at depths of over 50 m.[1] The
Fenna–Matthews–Olson bacteriochlorophyll a (BChl a) pro-


Abstract: We report two crystal struc-
tures of a synthetic porphyrin molecule
which was programmed for self-assem-
bly. The same groups which ensure that
bacteriochlorophylls c, d, and e can
self-assemble into the chlorosomal
nanorods, the photosynthetic antenna
system of some green bacteria, have
been engineered into desired positions
of the tetrapyrrolic macrocycle. In the
case of the 5,15-meso-substituted an-
choring groups, depending upon the
concentration, by using the same crys-
tallization solvents, either a tetragonal


or a layered structure of porphyrin
stacks were encountered. Surprinsingly,
p–p interactions combined with exten-
sive dispersive interactions, which also
encompass cyclohexane, one of the
crystallization solvents, win over puta-
tive hydrogen bonding. We are aware
that our compounds differ considerably
from the natural bacteriochlorophylls,


but based upon our findings, we now
question the hydrogen-bonding net-
work, previously proposed to organize
stacks of bacteriochlorophylls. Trans-
mission electron microscopy (TEM),
atomic force microscopy (AFM), and
small-angle X-ray scattering (SAXS)
on various isomeric compounds sup-
port our challenge of current models
for the chlorosomal antenna as these
show structures, astonishingly similar
to those of chlorosomes.


Keywords: chlorosomes · porphyri-
noids · self-assembly · solid-state
structures · X-ray diffraction
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tein complex, in which radiant energy collected in the chlor-
osome is trapped, has been crystallized[2] and structurally
characterized by X-ray crystallography,[3] but less is known
of the chlorosome. Early electron microscopy studies of
freeze-fractured chlorosomal samples show a collection of
cylindrical rods of 4–5 nm diameter and lengths up to
100 nm or more, enclosed by a monolayer lipid membrane.[4]


These nanorods are known to be composed of densely
packed chromophores, such as BChls c, d, or e and carote-
noids. Although initially subject to considerable debate, it is
now generally accepted that the BChls self-assemble into
large suprastructures, which exhibit excitation energy trans-
fer without significant self-quenching, even in the absence of
interactions with a proteinaceous scaffold. Pigment protein
complexes are generally encountered in the antenna systems
of purple bacteria,[5] cyanobacteria,[6] or plants.[7] Spectro-
scopic and microscopic studies have been performed on the
chlorosomes and several models for BChl self-assembly
have been proposed, based on the interactions between its
functional groups.[8] Recently, compelling evidence for the
self-assembly of BChls in chlorosomes has been produced
by sequencing the entire genome of a green sulfur bacteri-
um,[9] combined with selective gene inactivation studies.[10]


In an attempt to mimic the self-assembly ability of BChls c,
d, or e, to implement the chlorosomal architectural principle
for antenna systems of manmade solar devices, we have syn-


thesized various zinc porphyrins containing the functional
groups of the natural system and investigated the supramo-
lecules they tend to form.[11] Here we report two single-crys-
tal X-ray structure analyses of one of the complexes that in-
dicate how the self-assembly in the natural systems may op-
erate. TEM, AFM, confocal fluorescence, and optical micro-
scopy studies on assemblies of isomeric compounds reveal
rodlike nanostructures, astonishingly similar to those of the
natural case, and the local ordering is documented by SAXS
spectra and TEM.


Results and Discussion


Reasoning that self-assembled pigments may have an ad-
vantage over other forms of functional antennae,[12] since
they can be easily synthesized and follow an organization
principle thought to be closest to that of the chlorosome pig-
ments,[8] we have attached the same functional groups that
are present in the BChls to selected positions of fully syn-
thetic porphyrins (Figure 1).[11a,b] The starting point was the


synthesis of porphyrins 1–6 containing two lipophilic solubil-
ity inducing groups (3,5-di-tert-butylphenyl) in opposite
10,20-meso-positions and two functional groups from BChl.
One is a hydroxy(m)ethyl group and the other a carbonyl
group (either as formyl, acetyl or longer (C4–C18) acyl
chains).[13] Subsequent zinc metalation of the macrocycles
gives molecules that form large self-assembled structures in
nonpolar solvents. We chose zinc rather than magnesium,
because zinc BChl a has been found to be fully functional in
a photosynthetic bacterium.[14] Furthermore, these molecules


Abstract in French: Nous pr�sentons ici deux structures cris-
tallographiques d�une porphyrine de synth�se, pr�program-
m�e pour s�auto-assembler. Pour cela, le macrocycle t�trapyr-
rolique a �t� dot�, sur les positions appropri�es, des mÞmes
groupes fonctionnels que ceux rencontr�s dans les chloroso-
mes, antennes photosynth�tiques de certaines bact�ries vertes,
et qui assurent l�auto-assemblage des bact�riochlorophylles c,
d et e en nanotubes. Lorsque ces groupes fonctionnels substi-
tuent les positions m�so-5, 15 du macrocycle, et bien que les
mÞmes solvants de recristallisation aient �t� utilis�s, deux
structures distinctes ont �t� r�solues: les assembl�es de por-
phyrines ont, soit une structure en couche, soit une structure
t�tragonale en fonction de la concentration. Etonnement, les
interactions p combin�es � des interactions dispersives �ten-
dues qui incluent �galement des mol�cules de cyclohexane,
un des solvants de cristallisation, l�emportent sur des liaisons
hydrog�ne pr�sum�es. Nous sommes conscients que nos com-
pos�s diff�rent �norm�ment des bact�riochlorophylles natu-
relles, mais nos r�sultats semblent cependant remettre en
question le r�seau de liaisons hydrog�ne suppos� jusqu�� lors
comme l�instigateur de l�assemblage des bact�riochlorophyl-
les. Des �tudes par microscopie � transmission �lectronique
(TEM), microscopie � force atomique (AFM) et diffusion �
rayons X petit angle (SAXS) r�alis�es sur nos diff�rents iso-
m�res montrent des structures �tonnement similaires � ceux
rencontr�s dans les chlorosomes naturelles, ce qui nous en-
courage � mettre en d�bat les mod�les courants pour l�empil-
age de bact�riochlorophylles dans les antennes chlorosomales.


Figure 1. Formulae for the natural BChls (left) and synthetic mimics
(right) discussed in this work. R8 can be a methyl, ethyl, n-propyl, or an
isobutyl residue. R12 can be either a methyl or an ethyl substituent. The
fatty alcohol esterifying the 17-propionic acid residue on the left is farne-
sol; however, stearol, cetol, oleanol, geranyl-geraniol, and phytol are also
encountered. For the synthetic mimics an analogy to the (bacterio)chlor-
ophyll numbering is preserved here, so that the hydroxy(m)ethyl substitu-
ent (R) is in the northern half (positions 3 or 5) and the carbonyl group
in the R’ substituent is in the southern half of the molecule (positions 13,
15, or 17).
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are more robust than their natural counterparts and are
easily accessible.


Encouragingly, broad absorption spectra are encountered
and fluorescence is not quenched when these molecules self-
assemble,[11a,b] a fact which is quite untypical for aggregated
dyes. This suggests that the porphyrin molecules are ar-
ranged in a very orderly manner, and that concentration
quenching is not operating. Similarly broad absorption spec-
tra have also been observed by Tamiaki and co-workers,
who by using multistep elegant syntheses could induce chlor-
osomal-type self-assembly in an octaalkylporphyrin.[15] An-
hydrous conditions are essential for the self-assembly algo-
rithm to proceed. Methanol competes for zinc ligation and
leads to complete disassembly, which can be easily followed
by absorption spectra. The broad, red-shifted, aggregate
maxima disappear upon addition of stoichiometric excess of
methanol due to the formation of the monomeric species.


Crystals of 1 suitable for X-ray diffraction were grown in
the absence of other hydroxylic species from a solution of
the racemic 10,20-bis(3,5-di-tert-butylphenyl)-15-acetyl-5-(1-
hydroxyethyl)porphinato zinc in chloroform by slow diffu-
sion of cyclohexane. Depending on the crystallization condi-
tions two different needlelike crystal modifications were en-
countered. With low chloroform concentrations and very
slow cyclohexane diffusion rates tetragonal needles were ob-
tained (modification 1 A), whereas at higher concentrations,
smaller and thinner needles formed rapidly which tended to
agglomerate (modification 1 B, shown as an inset in
Figure 2).


The self-assembled zinc porphyrin complexes have the
same extended stack structure in both modifications 1 A and
1 B in spite of significantly different crystal environments,
suggesting that ligation of zinc atoms within the porphyrin
macrocycle by the oxygen atom of the 1-hydroxyethyl group
and extensive p–p stacking of the macrocycles are the domi-
nant interactions (Figure 2). The formation of extended
stacks is in accordance with the chlorosomal model pro-
posed by Holzwarth and Schaffner[8i] and indicated on the
basis of solid-state MAS 13C NMR data.[8d] Very recently,
similar stacks have been postulated in a study of a micro-
crystalline Cd-BChl d analogue by using MAS NMR data
together with molecular modelling; based upon intermolecu-
lar correlations in the 13C–13C solid-state correlated spectra,


Figure 2. Crystal structure of 1: zinc green, carbon black, nitrogen blue,
and oxygen red. a) Stack of Zn-porphyrins encountered in both crystal
modifications, shown here in an upward orientation. Due to statistical
disorder, both upward and downward stacks are encountered in the lat-
tice. Long-range carbonyl–zinc interactions are shown with dotted lines.
b) Tetragonal packing of the stacks in crystal modification 1A, which has


seven cyclohexane solvent molecules per molecule of 1, space group
P42. The view is perpendicular to the stacks, along the short c crystallo-
graphic axis. Inset optical microscopy picture of these crystals. Note that
the larger channel between the four stacks is filled with disordered cyclo-
hexane molecules, which are thus are contained within a parallelepiped.
Between various parallelepipeds, a smaller channel is filled with a strand
of single cyclohexane molecules. For a space filling version of this image
see Supporting Information. c) Packing of the stacks in crystal modifica-
tion 1 B, which has three cyclohexane solvent molecules per molecule 1,
space group P1̄. The stacks are cemented together by partially disordered
cyclohexane molecules (grey). The view is perpendicular to the stacks,
along the short a crystallographic axis. Inset optical microscopy picture of
these crystals.
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cooperative multiple hydrogen bonding between these
stacks was proposed.[8j]


In both 1 A and 1 B the porphyrin rings are parallel with
interplanar distances of 3.46 and 3.59 �, respectively. Within
the stacks, the porphyrin rings are inclined such that the re-
spective normals of the mean planes subtend angles of 54.3
and 52.38 to the stack axes. The red-shifted absorption
maxima are consistent with the off-set but parallel geometry
of the transition dipole moments, as observed in J-aggre-
gates.[16] In both structures, the zinc atoms are disordered
above and below the plane of the porphyrin ring, by + 0.258
and �0.278 � (1 A) and �0.668 � (1 B). Within each stack
it is assumed that the zinc atoms are displaced on the same
side of the ring plane, but that this intrastack directionality
is independent of that in adjacent stacks. Both orientations
are present in both modifications in the form of disorder, in-
dicating that the interstack interactions in the crystal have
no directional preference. In both structures the acetyl and
hydroxyethyl groups are disordered. However, in each case
the zinc atoms are displaced towards a disordered oxygen
atom (which we assume to be from the hydroxyl group)
from the next molecule in the stack, with Zn�O distances
Zn1A�O2A’’=2.204 �, Zn1B�O1B’=2.248 � in 1 A, and
Zn1�O1A’=2.37 � in 1 B.


The most remarkable feature of the structures, however,
is the close approach of the carbonyl group of the acetyl
moiety of one porphyrin ring to the Zn atom of its neighbor.
In both 1 A and 1 B the C=O group occupies a position on
the opposite side of the porphyrin to the hydroxyl group,
with Zn···O distances Zn1A�O1A’’=3.528 �, Zn1B�
O2B’’= 3.464 � in 1 A, and Zn1�O1B’’=3.70 � in 1 B. The
presumably weak attractive interaction to the carbonyl
group to the formally five-coordinate Zn atom is sufficient
to cause the acetyl group to twist out of the plane of the
porphyrin ring with loss of conjugation with the porphyrin
macrocycle, consistent with the purple color of the com-
pound and the nC=O stretching frequency at around
1685 cm�1. Interestingly, when a formyl group is in the
meso-position, it is fully conjugated and leads to a deep
green color, even for free-base porphyrins.[11c]


Importantly, there is an absence of any hydrogen bonding
between the hydroxyl groups and carbonyl groups, in contra-
diction to all the current models for the structure of bacter-
iochlorophylls.[8] Such O�H···O=C hydrogen bonding is not
only absent in the crystals 1 A and 1 B, it also does not occur
in solutions of 1 in nonpolar solvents. The shift to lower fre-
quencies of the nC=O band in the FT-IR spectra of BChl self-
assemblies is usually attributed to intermolecular O�H···
O=C hydrogen bonding. This hydrogen bonding mode has
been proposed to act cooperatively between stacks of BChl
molecules[8a–e,i] or both between parallel or antiparallel di-
meric BChl assemblies,[8f–h] and is the mostly disputed fea-
ture of the self-assembly mechanism.[1] Based on the crystal
structures described here, it seems likely that the shift of the
nC=O band to lower frequencies is not due to hydrogen bond-
ing, but rather to weak carbonyl–metal ligation. Being at-
tached to the metal atom, the carbonyl group is no longer


available to act as a hydrogen-bond acceptor. Similarly, the
metal–OH ligation provides an explanation for the observed
broad and low frequency dO�H bands, also previously
thought to be an indication of O�H···O=C hydrogen bond-
ing. We have recently shown that the hydrogen bonding of a
2-aminopyrimidin-5-yl group attached to a similar porphyrin
group can be inhibited due to encapsulation,[17] although it
should be noted that the 2-aminopyrimidin-5-yl group does
undergo hydrogen bonding in an unrestricted environment.


Interestingly, in both 1 A and 1 B we see no evidence of
hydrogen bonding between stacks, although molecular mod-
eling predicts considerable stabilization in the absence of
solvent and no severe steric hindrance, in spite of the pres-
ence of the two bulky meso-3,5-di-tert-butylphenyl groups.
Clearly, the interstack hydrogen bonding is prevented by
either the interaction of the CO group with the zinc atom or
cohesive forces between the porphyrin and the surrounding
cyclohexane solute, or a combination of both. Presumably,
the lipophilic tert-butyl groups on the porphyrin ring facili-
tate interaction with the solute. The weak forces involved
and the large number of solute molecules present account
for the extreme fragility of the crystals. We are aware that
our model systems lack the annulated cyclopentanonic ring
that is present in all (B)Chl�s and which might prevent, in
the case of the natural self-assemblies, the weak metal liga-
tion that must be associated with a twisting of the carbonyl
group out of the tetrapyrrolic plane. This five-membered
ring is also responsible for the high extinction coefficients of
the visible bands in (B)Chl�s.[11c]


Table 1. Crystal data and structure refinement summary.


1A 1 B


formula C94H142N4O2Zn C70H94N4O2Zn
Mr 1425.49 1088.86
crystal system tetragonal triclinic
space group P42 P1̄
a [�] 37.636(3) 5.8521(15)
b [�] 13.772(4)
c [�] 5.9561(4) 19.775(5)
a [8] 90 103.65(2)
b [8] 90 92.57(2)
g [8] 90 98.35(2)
V [�3] 8436.5(11) 1527.1(7)
Z 4 1
T [K] 180 150
l [�] 0.71073 1.0360
F(000) 3120 588
1calcd [Mg m�3] 1.122 1.184
m [mm�1] 0.340 1.963
data measured 23863 1673
unique data 13858 1216
Rint 0.1181 0.0694
observed data [I>2s(I)] 2786 701
2qmax [8] (resolution [�]) 49.9 (0.83) 48.2 (1.26)
wR2 (all data) 0.1017 0.3212
S (all data) 0.729 1.119
R1 [I>2s(I)] 0.0605 0.1244
parameters/restraints 872/17 192/12
largest diff. peak/hole [e��3] +0.15/�0.16 +0.54/�0.25
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In the structures of both 1 A and 1 B there is statistical
disorder of the methyl carbon atom of the 5-(1-hydroxyeth-
yl) group over two positions (50:50) consistent with the


presence of a racemic mixture of stereoisomers at the C-51


carbon atom in the stack. On the basis of the crystal struc-
ture it is not possible to establish whether the disorder is a


Figure 3. a) TEM bright-field micrograph showing an overview of a rod-like assembly of rac-1. The inset in the right hand upper corner displays the cor-
responding diffraction pattern (FFT). Note the diffraction spots which indicate a periodical structure of d =2.18 nm. The propensity of nanotubes is by a
factor 100 larger in the racemate samples than with the separated enantiomers. The second inset in the lower right part shows the very faint periodical
structure of the assembly (the bar is 20 nm). It is worth noting that these structures disappeared after a few seconds exposure owing to the high dose of
electrons (acceleration voltage 200 kV; beam current of about 20 nA). b) STEM micrograph showing an assembly of nanotubes of rac-2. Note that the
rac-2 forms large tubular structures with diameters of about 25 nm and of about 1 mm in length. The inset in the left hand upper corner displays the cor-
responding diffraction pattern. Note the diffraction spots which indicate a periodical structure of d=1.63 nm. The second inset is a bright-field micro-
graph showing details and a periodical pattern along the tubular axis of the assemblies (the bar is 40 nm). c) STEM micrograph showing an assembly of
nanotubes of rac-6 as an overview. The inset in the right hand upper corner displays the corresponding diffraction pattern. Note the diffraction spots
which indicate a periodical structure of d =1.68 nm. d) Bright-field micrograph of rac-6 from dichloromethane/n-heptane. Inset: a portion the bright-field
micrograph at high magnification. e) AFM overview image of rac-2. Scan area: 10� 10 mm, z range: 300 nm. The sample was prepared on a clean silicon
chip by putting one drop of a filtered, solution of rac-2 in dry dichloromethane on the chip and allowing the solvent to evaporate under air. f) AFM
image of the achiral 3. Scan area: 1.5 � 1.5 mm, z range: 100 nm, scale bar: 300 nm. Sample preparation as above. Note the spherical rather than tubular
aspect of the self-assemblies. g) Detail from the image in e), but in topographic representation. Scan size: 1.5� 1.5 mm, z range: 700 nm. h) Same AFM
image of the achiral 3 as in f), but in a topographic representation. Scan area: 1.5� 1.5 mm, z range: 100 nm. i) Topographic AFM image of another por-
tion of 3. Scan area: 2.5 � 2.5 mm, z range: 300 nm.
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result of random racemic variations within individual stacks
or superposition of enantiomorphic stacks, though the fact
that the crystals were grown from the racemate strongly sug-
gests the former. In support of this, the stacks are straight
and we would expect an enantiomorphically pure stack to
be helical due to the asymmetry induced by the methyl
group. Though this is not the case in 1, it is worth noting
that we have recently shown that in the crystal structures of
chlorophyll protein complexes, the diastereoselective coordi-
nation of the central magnesium atom has a structural
role.[18] In five-coordinate nonsymmetrically substituted tet-
rapyrroles the central metal atom must therefore be consid-
ered as an additional stereocenter. Since the hydroxyl group
and the metal atom lie in a bridge that is approximately per-
pendicular to the plane of the porphyrin ring, the methyl
group and the metal atom are each disordered over two po-
sitions. Details of the crystallographic analyses are given Ex-
perimental Section and in Table 1.


It appears that the formation of extended ordered struc-
tures is favored by the presence of both enantiomers. Al-
though (rac)-1 can be conveniently resolved by HPLC on
chiral columns,[11a,c] we have as yet not been able to obtain
diffraction quality crystals from separated enantiomers, or
from 2–6. In addition, rodlike images are obtained by AFM
for the racemates of the hydroxylethyl derivatives. Statistical
analysis of the images reveals that the propensity to form
rods is diminished by two orders of magnitude for the sepa-
rated enantiomers and that the orderly arrangement evi-
denced by TEM is entirely absent. Energy dispersive X-ray
(EDX) analysis indicates that zinc is present (Supporting In-


formation). Clear regular sheets with 1.6–2.5 nm striations
were imaged in several places, depending on the orientation
of the rods. Fourier transformation of the diffraction pattern
allows a precise estimation of the periodicities (insets in
Figure 3 and Supporting Information). The periodicities dis-
appeared after a few seconds exposure due to the high flux
of electrons within the TEM beam. These periodic striations
appear to arise from parallel stacks of zinc–porphyrin units.
Small-angle X-ray scattering (SAXS) data appear to confirm


this for compounds 1 and 2, for which the presence of super-
structure peaks indicate periodicities in the two structures
with a length scale of 2.10�0.05 and 2.05�0.05 nm, respec-
tively (Figure 4). However, for compound 6 additional peaks
are clearly observed. As with samples of 1 and 2, a strong
reflection corresponding to a lattice spacing of 2.1 nm is
present, but also an additional peak corresponding to a
planar spacing of 1.31 nm is observed, suggesting a different
symmetry of this organized phase with respect to those of
samples of 1 and 2. It should be noted, however, that this
value is comparable to the b lattice constant in 1 B, which is
1.373 nm. Due to the fact that all the SAXS data were col-
lected on powdered samples after prolonged standing under
high vacuum, these were solvent free and thus the ordering
is expected to be different from the crystal structures which
encompass a large amount of cyclohexane, the crystalliza-
tion solvent that acts like “cement”. This might also explain
the observed discrepancy between the TEM derived inter-
stack distances (~1.6 nm for compounds 2 and 6) relative to
those obtained from the SAXS profiles (2.05�0.05 nm).


Conclusion


The annulated five-membered ring in the natural (B)Chl�s is
a structural feature that has been carefully optimized by
evolution. It accounts for the increased extinction coeffi-
cients of chlorins in the visible region[11c] and forces the 131


carbonyl group to be coplanar with the tetrapyrrolic macro-
cycle. This is not the case with our model compounds in
which the carbonyl group in the southern half of the por-
phyrins is considerably twisted out of conjugation and
allows it to approach the zinc atom of the neighboring por-
phyrin in a stack. Whether this actually happens in the case
of the natural magnesium-containing BChls is worth future
studies. Presently, we can only state that the mesoscopic be-
havior, which is due to self-assembly and does not involve
hydrogen bonding to this carbonyl group, of several of our
model compounds leads to astonishingly similar tubular
structures as encountered in the chlorosomal antenna
system. After this work was finished and our initial submis-
sion of the manuscript, an important study by SAXS and
HR-TEM on the natural chlorosomes has been published by
Pšcenčik et al.,[19] who found a ~2.0 nm spacing very similar
to that encountered in several of our compounds (Figures 3
and 4). This fact encourages us to state that our biomimetic
approach has been successful and that maybe the current
models of the chlorosomal antennas need revision.


One of the long-standing unsolved problems regarding
the nature of the chlorosome structure is the question as to
why chlorosomes are made up of both stereoisomers of the
3-hydroxylethyl group, whereas nature generally prefers to
utilize enantiomerically pure components? Based on these
results it is tempting to conclude that a racemic mixture of
monomer units leads to linear stacks, which pack more fa-
vorably. When the achiral hydroxymethyl substitutent is
placed in the porphyrin ring, as in 3 or 5, spherical assem-


Figure 4. Small angle X-ray scattering (SAXS) spectra. Traces are from
samples of the rac-1 (red), rac-2 (blue), and rac-6 (green).
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blies with diameters in the 100–500 nm range rather than
rods are observed (Figure 3 and Supporting Information),
though self-assembly still occurs readily as evidenced by
red-shifted absorption (data not shown). Confocal fluores-
cence and optical microscopy images (data not shown) also
allow visualization of the self-assembled species, albeit with
much lower resolution. The aggregates are fluorescent, like
the chlorosomes, and are thus of potential use as light-har-
vesting constructs for hybrid solar cells.[11b] Controlling the
nature of the self-assembly and interfacing the species with
conducting glass electrodes for application as large area
solar devices in transparent windows are future challenges.
This study provides unprecedented insight into how the self-
assembly process of the BChls might operate and opens the
way to perfecting artificial antennas for light-harvesting.[11]


Experimental Section


General : The synthesis and characterization of compounds 1–6 are given
in the Supporting Information of reference [11a] (available on the Inter-
net) and in reference [11c].


X-ray diffraction studies : Data were measured on Stoe IPDS II area de-
tector diffractometers, with graphite-monochromated MoKa radiation
(l=0.71073 �; 1 A) or Si-monochromated radiation (l=1.0360 �) on
the ANKA-PX beamline for large molecular crystallography of the
ANKA synchrotron source at the Forschungszentrum Karlsruhe (1B).
The beamline optics essentially are composed of a vertically focusing X-
ray mirror and a horizontally focusing Si-{111} double-crystal X-ray mon-
ochromator (DCM). The Rh-coated silicon X-ray mirror simultaneously
acted as a low-pass filter, supressing higher harmonics from the DCM
that otherwise would alter the diffraction patterns. For our diffraction
studies the DCM was set to a fixed wavelength of 0.1 nm. The actual
wavelength and sample–detector distance were calibrated before data
collection by recording Debye–Scherrer patterns from a certified X-ray
diffraction line position standard (NIST 640c by the National Institute of
Standards). Diffraction datasets of the porphyrin crystals were collected
on a STOE IPDS II image plate diffraction station and on a Bruker AXS
D8 diffractometer equipped with a SMART APEX CCD detector. The
sample temperature was kept at 100 K during data collection by means
of an Oxford Cryosystems Cryostream cooler. Because of the small size
and poor quality of crystals of 1B, data could only be measured to a reso-
lution of approximately 1.26 �, but it is still clear from the final structure
that the porphyrin stacking is very similar to that in 1 A. Crystal data and
refinement details are summarized in Table 1. The structures were solved
and refined (full-matrix least-squares against F2, all data) by using the
SHELXTL software suite.[20] In both 1A and 1B, the Zn atom was found
to be disordered on either side of the plane of the porphyrin ring, with
concomitant disorder of the acetyl and hydroxyethyl groups. The cyclo-
hexane molecules were heavily disordered, and were refined using partial
carbon atoms. In 1A, the positions of the Zn atom, the porphyrin ring,
and the cyclohexane groups correspond rather closely to the centrosym-
metric space group P42/n. This pseudosymmetry results in a degree of
correlation and hence higher-than-expected esds on the structural param-
eters, preventing unambiguous assignment of the disordered O atoms to
the acetyl and hydroxyethyl groups. The structure of 1B could be refined
to a significantly lower wR2 (0.237 compared to 0.321), in the acentric
space group P1, but the data/parameter ratio became much too low, and
we prefer to accept a higher residual and an adequate ratio in P1̄.
CCDC-252496 (for 1A) and CCDC-252497 (for 1B) contain the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.


Small-angle X-ray scattering (SAXS): The small-angle X-ray scattering
(SAXS) measurements were performed on a commercial Bruker Nano-
star SAXS system using CuKa radiation. The system incorporated a gas-
filled 2D area detector and a collimation system with pin-hole geometry
that produced a low-divergence X-ray beam on the order of 300 microns
in diameter. The SAXS samples were prepared by simply allowing a
number of drops of solutions of the complexes in dry dichloromethane to
evaporate on a thin glass slide (100 mm). Typical measurement times
were on the order of 1 h. All measurements were performed in transmis-
sion geometry, at room temperature and under a background air pressure
of 10�3 mbar. The final scattering curves were corrected for background
scattering from the sample holder, residual air-scattering and for the de-
tector “dark” current. Measurements were made with a sample–detector
distance of 23 cm, providing access to a scattering vector q in the range
of 0.65�q�10 nm�1, which would, in principle, allow for the determina-
tion of structure sizes D on the order of 0.6�D�10 nm.


TEM measurements : TEM specimens were prepared by dropping a sus-
pension of the self-assemblies from either dry dichloromethane or di-
chloromethane diluted into an excess of dry n-heptane onto carbon
coated copper grids. Thin films consisting of the remaining solvent and
the organic molecules were generated within the Cu grids by this
method. The TEM investigations were performed on a Philips Tecnai
F20 ST microscope operated at 200 kV with an extraction voltage for the
field emission gun of 3.9 keV. The point resolution of this microscope
was about 0.235 nm at Scherzer focus and an information limit of about
0.14 nm was obtained. The TEM was equipped with an EDAX energy-
dispersive X-ray SiLi detector with a S-UTW (super-ultra-thin window).
EDX analyses were carried out in the STEM mode in order to perform
nanometre-sized probes (1 nm spot size for the presented EDX measure-
ments). For this purpose an extraction voltage of 4.5 keV was used. Use
of a double tilt holder (Gatan) was made. High-resolution micrographs
were taken with a 1K� 1K CCD camera and analysed with the software
package Digital Micrographs (Version 3.5.2, Gatan Company) in order to
perform fast Fourier Transformations (FFT).


AFM measurements : For the AFM investigations 10� 10 mm pieces of a
silicon wafer (Si-100, polished, Wacker, Germany) were treated with Pi-
ranha solution (H2SO4 (conc.)/H2O2 (30%) 4:1) for 10 min, rinsed with
water and dried under nitrogen. Then a drop of the porphyrin dissolved
in dry dichloromethane was put on the silicon substrate and dried in air.


All AFM investigations were carried out with a Multimode AFM system
combined with a Nanoscope IIIa controller (Digital Instruments, USA),
which was operated in the intermittent contact mode. Bar-shaped Si3N4


cantilevers (Silicon-MDT, Russia) with a typical spring constant of
7.5 Nm�1 were used for 3, while bar-shaped Si cantilevers (spring con-
stant: 0.6 Nm�1) were used for rac-2.
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Cascade Alkenyl Amination/Heck Reaction Promoted by a Bifunctional
Palladium Catalyst: A Novel One-Pot Synthesis of Indoles from
o-Haloanilines and Alkenyl Halides


Jos� Barluenga,* M. Alejandro Fern�ndez, Fernando Aznar, and Carlos Vald�s[a]


Introduction


Palladium-catalyzed cross-coupling reactions are amongst
the more powerful transformations in synthetic organic
chemistry. As a result of the intense effort of many research
groups over the years, a large repertoire of C�C and C�X
bond-forming reactions, and highly active catalytic combina-
tions are currently available.[1] Nevertheless, in most cases,


the palladium species is used to catalyze one single reaction.
However, those transformations in which the same catalytic
species—a multifunctional catalyst—promotes two or more
distinct reactions in a sequential manner are highly desira-
ble.[2] Such processes make better use of the relatively ex-
pensive catalysts, eliminate the need for the isolation and
purification tasks between steps, and are more atom eco-
nomical, since less waste materials and solvents are pro-
duced.


In the recent years, we have been studying the palladium-
catalyzed amination of alkenyl bromides[3] and chlorides.[4,5]


This reaction, which is an extension of the well-developed
Buchwald–Hartwig amination,[6] gives rise to enamines and
imines, versatile intermediates in organic synthesis.[7] In the
course of our investigation, we observed a remarkable selec-
tivity in the amination of alkenyl bromides in the presence
of aryl bromides. For instance, the competition reaction of
4-bromobiphenyl (1) and a-bromostyrene (2) affords exclu-
sively the enamine 3 derived from the amination of the al-


Abstract: A novel approach for the
synthesis of the important indole ring
is described. Indoles are obtained from
o-bromoanilines and alkenyl halides in
a Pd-catalyzed cascade process that in-
volves an alkenyl amination followed
by an intramolecular Heck reaction.
The overall process represents the first
example of the participation of alkenyl
amination reactions in Pd-catalyzed
cascade reactions. Initially, the relative
reactivity of aryl and alkenyl bromides
and chlorides towards Pd-catalyzed
amination was investigated. Competi-
tion experiments were carried out in
the presence of primary and secondary
amines, and these revealed the reactivi-
ty order alkenyl bromides > aryl bro-
mides > alkenyl chlorides > aryl


chlorides, as well as very high chemose-
lectivity; the more reactive halide was
always favored. Thereafter, optimized
reaction conditions for the sequential
alkenyl amination/Heck cyclization to
give indoles were investigated with the
model reaction of o-bromoaniline with
a-bromostyrene. An extensive screen-
ing of ligands, bases, and reaction con-
ditions revealed that the [Pd2(dba)3]/
DavePhos, NaOtBu, toluene combina-
tion at 100 8C were the optimized reac-
tion conditions to carry out the cascade
process (dba= dibenzylideneacetone,


DavePhos= 2-dicyclohexylphosphino-
2’-N,N-dimethylaminobiphenyl). The
reaction proceeds with aryl, alkyl, and
functionalized substitutents in both
starting reactants. The cyclization was
also studied with N-substituted o-bro-
moanilines (which would give rise to
N-substituted indoles); however, in this
case, indole formation occurred only
with 1-substituted-2-bromoalkenes. Fi-
nally, the application of this methodol-
ogy to o-chloroanilines required further
optimization. Although the catalyst
based on DavePhos failed to promote
the cascade process, a catalytic combi-
nation based on [Pd2(dba)3]/X-Phos
promoted the formation of the indole
ring also from the less reactive chloro-
anilines.
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kenyl bromide; the aryl bromide is left untouched
(Scheme 1).


The higher reactivity of alkenyl bromides than aryl bro-
mides in the amination reaction is not surprising, and can be


rationalized in terms of the higher tendency of alkenyl bro-
mides to undergo oxidative addition to Pd.[8] Nevertheless,
the complete chemoselectivity observed is very interesting
indeed. We envisioned that this exquisite selectivity in Pd-
catalyzed aminations could be exploited in sequential pro-
cesses promoted by a single Pd catalyst, and involving con-
secutive reactions of alkenyl and aryl halides. Herein we
report our efforts towards this aim.


Results and Discussion


Relative reactivity of aryl and alkenyl bromides and chlor-
ides in Pd-catalyzed amination reactions : As a continuation


of our studies on the amina-
tion of alkenyl bromides, we
recently reported the Pd-cata-
lyzed amination of alkenyl
chlorides.[4,9] Intrigued by the
remarkable selectivity ob-
served in the amination of al-
kenyl bromides versus aryl
bromides, we decided to inves-
tigate a broader range of reac-


tants that can participate in amination processes. According-
ly, we conducted similar competition experiments with dif-
ferent alkenyl and aryl bromides and chlorides and in the
presence of three amines with different steric and electronic
properties: a secondary cyclic amine such as morpholine, a
secondary aromatic amine such as N-methylaniline, and 4-
methoxybenzylamine as a typical primary amine. All the re-
actions were conducted with the [Pd2(dba)3]/DavePhos[10, 24]


catalytic system (dba=dibenzylideneacetone) at 90 8C,
which have been shown to be suitable reaction conditions
for the amination of the less reactive aryl chlorides.[11]


The results represented in Table 1 allowed us to establish
the following relative reactivity order in the Pd-catalyzed
amination reaction: alkenyl bromide > aryl bromide > al-
kenyl chloride > aryl chloride. It is well documented that
vinyl halides are usually more reactive than the correspond-
ing aryl halides, because vinyl halides tend to undergo oxi-
dative addition to Pd more easily.[12,13] However, the high
chemoselectivity observed is remarkable: In all the experi-
ments carried out, the product derived from the amination
of the less reactive halide of each pair was not even detect-
ed.


Synthesis of indoles by a cascade alkenyl amination/Heck
cyclization : The interesting observations discussed above,
prompted us to initiate research aimed at developing Pd-cat-
alyzed cascade processes, in which several different alkenyl
and aryl halides may participate in amination and other
cross-coupling reactions, mainly oriented towards the syn-
thesis of heterocycles.


As a simple model system we chose the reaction of a-bro-
mostyrene (2) with o-bromoaniline (4). We anticipated that
the initially formed enamine 5, which is in tautomeric equili-
brium with the more stable imine 6, would undergo an intra-
molecular Heck reaction,[14] catalyzed by the same Pd
system, to produce indole 7 (Scheme 2).[15,16] Although cas-
cade processes involving a cross-coupling reaction followed
by a Heck reaction are known (Suzuki–Heck,[17] Stille–
Heck[18]), this strategy would represent the first example of
a Pd-catalyzed sequential process involving an alkenyl ami-
nation reaction,[19] and would also provide a new approach
to the synthesis of the important indole scaffold.[2–22]


Abstract in Spanish: Se describe una nueva aproximaci�n al
importante anillo de indol a partir de o-bromoanilinas y ha-
luros de alquenilo, en un proceso en cascada catalizado por
Pd, que implica la aminaci�n del alquenilo seguida de una
reacci�n de Heck intramolecular. El proceso en su conjunto
constituye el primer ejemplo de la participaci�n de una ami-
naci�n de alquenilo en una secuencia de reacci�nes en casca-
da catalizada por Pd. En primer lugar, se estudi� la reactivi-
dad relativa de diferentes halogenuros en reacciones de ami-
naci�n catalizadas por Pd. Se llevaron a cabo experimentos
de competencia en presencia de aminas primarias y secunda-
rias que revelaron el orden de reactividad siguiente: bromu-
ros de alquenilo > bromuros de arilo > cloruros de alqueni-
lo > cloruros de arilo, as� como muy alta quimioselectividad
a favor del halogenuro m�s reactivo. Seguidamente las condi-
ciones apropiadas para el proceso secuencial aminaci�n de
alquenilo/reacci�n de Heck, se investigaron con la reacci�n
modelo de o-bromoanilina con a-bromostireno. Tras un
amplio estudio de ligandos, bases y condiciones de reacci�n
la combinaci�n [Pd2(dba)3]/DavePhos, NaOtBu, en tolueno
a 100 8C resulto ser la m�s adecuada para efectuar el proceso
en cascada. La reacci�n transcurre con sustituyentes arilo, al-
quilo y funcionalizados en ambos reactivos de partida. La ci-
claci�n tambi�n fue estudiada utilizando o-bromoanilinas N-
sustituidas, si bien la formaci�n de indol solo tuvo lugar con
2-bromoalquenos monosustituidos en posici�n 1. Finalmente,
la aplicaci�n de esta metodolog�a a o-cloroanilinas requiri�
una optimizaci�n adicional. Si bien el catalizador basado en
DavePhos no fue capaz de promover el proceso en cascada,
la utilizaci�n de X-Phos como ligando s� permiti� obtener el
anillo de indol a partir de cloroanilinas.


Scheme 1. Selectivity in the Pd-catalyzed amination of alkenyl and aryl bromides. RR’= morpholine,
PhMeNH; dba =dibenzylideneacetone, BINAP= 2,2’-bis(diphenylphosphanyl)-1,1’-binaphthyl.
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To optimize the reaction conditions for the overall trans-
formation, we carried out a large array of experiments using
catalytic combinations that had been effective in the amina-
tion of alkenyl bromides, but with larger amounts of
NaOtBu as base,[23] and under various reaction conditions.
Representative results are depicted in Table 2.


The reaction was studied by employing several different
ligands that had been effective the amination of alkenyl bro-
mides: P(o-Tol)3, bidentate ligands (BINAP, Xantphos),


bulky electron-rich biphenyl phosphines (JohnPhos, Dave-
Phos, X-Phos) and a N-heterocyclic carbene (NHC). The
best results in the formation of the indole were observed


Table 1. Competition experiments in Pd catalyzed amination of aryl and
vinyl bromides and chlorides.[a]


Entry R1�X R2�Y Amine Ratio
A:B[b]


1 >95: 5


2 >95:5


3 >95:5


4 >95:5


5 >95:5


6 >95:5


7 >95:5


8 >95:5


9 >95:5[c]


10 >95:5


11 >95:5


12 >95:5


[a] Reaction conditions: 1 equiv of R1�X, 1 equiv of R2-Y, 1 equiv of
amine, 1.4 equiv of NaOtBu, 2 mol % of [Pd2(dba)3], 4 mol % of Dave-
Phos, toluene (4 mL mmol�1), 90 8C, 6 h. [b] Determined from the crude
reaction mixture by GC and 1H NMR spectroscopy. [c] 75 % conversion.


Scheme 2. General strategy for the cascade alkenyl amination/Heck reac-
tion.


Table 2. Influence of the ligand and the reaction conditions in the cas-
cade alkenyl amination/Heck reaction.[a]


Entry [Pd2(dba)3] Ligand T [8C] Conversion[b]


[mol %] [%] 6/7


1 2 BINAP 100 100/0
2 4 BINAP 100 100/0
3 4 P(o-Tol)3 100 100/0
4 4 DavePhos 100 0/100 (64)[c]


5 4 Xantphos 100 100/0
6 4 JohnPhos 100 100/0
7 4 X-Phos 100 0/100 (52)[c]


8 4 NHC 100 100/0
9 2 DavePhos 90 50/50
10 2 DavePhos 100 30/70
11 2 X-Phos 100 35/65
12 4 DavePhos 120 0/100 (62)[c]


13[d] 4 DavePhos 100 0/100 (50)[c]


[a] Reaction conditions: 1 equiv of 2, 1 equiv of 4, 3 equiv of NaOtBu,
1:2 Pd/ligand ratio, toluene (4 mL mmol�1), 20 h. [b] Determined from
the crude reaction mixture by GC and 1H NMR spectroscopy. [c] Yield
of indole 7. [d] Performed in dioxane.
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when the reactions were carried out using 4 mol % of Pd
and the bulky biphenylphospane ligands DavePhos[24] and
X-Phos[25] (entries 4 and 7, Table 2), although the former
provided better overall yield. Catalysts based on the other
ligands induced the formation of the imine 6, but failed to
promote the subsequent Heck reaction. The process also
was carried out at higher temperatures and with the more
polar dioxane as solvent (entries 12 and 13, Table 2) but the
yield of the cascade sequence did not improve. Finally, a de-
crease in the Pd loading (entries 9–11, Table 2) resulted in a
decrease in the overall yield.


In an attempt to improve the results of the cascade pro-
cess, the second step in the sequence, the Heck reaction,
was investigated independently. Thus, the Pd-catalyzed cycli-
zation of preformed imine 6 to indole 7 was studied in the
presence of DavePhos and X-Phos as supporting ligands
and by employing different solvents and bases. The results
are shown in Table 3. Under the reaction conditions studied,


NaOtBu provided the best results. Inorganic bases such as
K3PO4 and CsCO3 in dioxane, also promoted the Heck cycli-
zation, although to a much lesser extent.


The optimized reaction conditions were then applied to a
variety of alkenyl bromides 8 and bromoanilines 9 to give
the corresponding 1 H-indoles 10 in good yields (Table 4).


Bromoalkenes with aryl, alkyl, and functionalized substi-
tutents were effective substrates for the tandem process.
Noteworthy, the cyclization with alkyl-substituted bromo-
alkenes occurred with total regioselectivity; only the indole
originating from the cyclization at the terminal position is
isolated (entries f–j, Table 4). As expected from our prelimi-
nary results on the differential reactivity of halides in amina-
tion reactions, the reaction is compatible with the presence
of a chloride substituent on the aromatic system (entries c,


h, Table 4), an interesting feature that may allow the intro-
duction of further substitution in the resulting indole.


Noteworthy are the relatively mild conditions and low
catalyst loading required for the sequential transformation.
Previously reported intramolecular Heck cyclizations of en-
amines usually require at least 10 mol % of Pd.[11,12] How-
ever, in these examples, the reactions proceed with only
4 mol % of a Pd catalyst that plays two different roles: to
promote both the amination reaction and the subsequent
Heck cyclization.


To test the scope of this novel method for the synthesis of
indoles, we next examined the reactions of N-substituted o-
bromoanilines 11 (Scheme 3). However, when alkenyl bro-
mides 8 were treated with o-bromo-N-methylanilines 11
under several different reaction conditions, the intermediate
enamine 12 was the only product isolated together with un-
reacted materials, and indole formation was not observed.
Apparently, the increased steric hindrance prevented the


Table 3. Optimization of the reaction conditions for the Heck
cyclization.[a]


Entry Ligand Solvent Base Conversion
to 7[b] [%]


1 DavePhos toluene NaOtBu 100 (64)[c]


2 DavePhos toluene K3PO4 10
3 DavePhos toluene Cs2CO3 –
4 DavePhos toluene AgCO3 10
5 DavePhos toluene NaOH 10
6 DavePhos toluene KOtBu –
7 DavePhos dioxane NaOtBu 100 (50)[c]


8 DavePhos dioxane K3PO4 20
9 DavePhos dioxane Cs2CO3 20
10 X-Phos toluene K3PO4 5
11 X-Phos toluene Cs2CO3 –
12 X-Phos toluene NaOH 5
13 X-Phos toluene AgCO3 –


[a] Reaction conditions: 0.5 mmol 6, 3 equiv of Base, 4 mol % of Pd, 1:2
Pd/ligand ratio, solvent (4 mL mmol�1), 20 h. [b] Determined by GC.
[c] Yield of indole 7.


Table 4. Reaction of alkenyl bromides 8 with o-bromoanilines 9. Synthesis of
1H-indoles 10.[a]


Entry[b] Bromide 8 Amine 9 Indole 10 Yield[c] %


a 64


b 62


c 55


d 62


e 61


f 63


g 60


h 53


i 61


j 59


[a] Reaction conditions: 1 equiv of 8, 1 equiv of 9, 3 equiv of NaOtBu, 4 mol %
of Pd, 8 mol % of DavePhos, toluene (4 mL mmol�1), 100 8C, 20 h. [b] Entry
labels correspond to those of the product 10. [c] Yields after flash chromatog-
raphy.
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progress of the reaction. Nevertheless, it was possible to
achieve the amination/Heck tandem process when the less
sterically hindered trans-1,2-disubstituted bromoalkenes 13
were employed. The results are represented in Table 5.
Again, the reaction is compatible with aryl, alkyl, and func-
tionalyzed bromoalkenes and tolerates several substitutents
on the nitrogen atom of the aniline.


Finally, we wanted to investigate if the less reactive o-
chloroanilines 15 were appropriate substrates for the se-
quential reaction. As represented in Table 6, the reaction of
o-chloroaniline (15) with a-bromostyrene 2 with the opti-
mized catalytic system developed for the reactions with o-
bromoanilines 9—[Pd2(dba)3], DavePhos, NaOtBu—afford-
ed exclusively the intermediate imine 16 (entry 1, Table 6),
even at higher temperatures (entries 2 and 3), higher load-
ings of Pd and ligand (entry 4), different solvents (entry 5),
and bases (entries 6 and 7). However, the indole formation
could be achieved efficiently by using X-Phos as supporting
ligand, and NaOtBu as a base, at 110 8C (entry 10). These re-
action conditions were used with different alkenyl bromides
8 to give the indoles 10 in good yields (Table 7).


It is worth noting the high sensitivity of the reaction to
the structure of the supporting ligand. DavePhos was the
best ligand for the cascade process with o-bromoanilines but
failed completely in the second step with chloroanilines. On
the other hand, X-Phos provided better results for o-chloro-
anilines than for the more reactive bromo analogues, show-
ing that very fine tuning of the catalytic systems is recom-
mended for this type of transformation.


Summary


In summary, we have reported the interesting high chemo-
selectivity of the Pd-catalyzed amination of aryl and alkenyl
halides. More interestingly, the potential application of this
differential reactivity has been demonstrated by the first ex-
amples of cascade processes involving a Pd-catalyzed alken-
yl amination, followed by an intramolecular Heck reaction.
The overall transformation represents a new approach for
the synthesis of substituted indoles in a single step, from
very simple starting materials. Moreover, the incorporation
of C�N bond-forming reactions, and in particular alkenyl
amination reactions, in sequential processes promoted by
multifunctional Pd catalysts, represents a general strategy
that may be of great use in the synthesis of more complex
heterocycles.


Experimental Section


General considerations : All reactions were carried out under a nitrogen
atmosphere in a RR98030 12 place Carousel Reaction Station from Rad-
leys Discovery Technologies, equipped with gas-tight threaded caps with


Scheme 3. General reaction between alkenyl bromides 8 and N-substitut-
ed o-bromoanilines 11.


Table 5. Reaction of alkenyl bromides 13 with o-bromoanilines 12. Synthe-
sis of indoles 14.[a]


Entry[b] Bromide 13 Aniline 11 Indole 14 Yield[c] [%]


a 70


b 72


c 69


d 64


e 63


f 61


g 64


h 49


i 68


j 52


[a] Reaction conditions: 1 equiv of 13, 1 equiv of 11, 3 equiv of NaOtBu,
4 mol % of Pd, 8 mol % of DavePhos, toluene (4 mL mmol�1), 100 8C, 20 h.
[b] Entry labels correspond to those of the product 14. [c] Yields after flash
chromatography.
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a valve, cooling reflux head system, and digital temperature controller.
Toluene and hexane solvents were refluxed and freshly distilled from
sodium/benzophenone under nitrogen. NMR spectra were recorded at
300 or 200 MHz for 1H and 75 or 50.3 MHz for 13C, with tetramethylsi-
lane as internal standard for 1H and the residual solvent signals as stan-
dard for 13C. Chemical shifts are given in ppm. Mass spectra were ob-
tained by EI (70 eV). Pd(OAc)2 and [Pd2(dba)3] were purchased from
Strem Chemical Co. and used without further purification. All phosphine
ligands used are commercially available from Strem or Aldrich and were
used without further purification. NaOtBu was purchased from Aldrich,
stored in a flask purged with nitrogen and weighed in the air. Non-com-
mercial alkenyl bromides were prepared according to literature proce-
dures: 2-bromodec-1-ene,[26] 2-bromo-3-benzyloxy-1-propene,[27] 1-(1-bro-


movinyl)-4-methylbenzene,[26] 1-bromodec-1-ene,[28] 1-bromo-3-benzyl-
oxy-1-propene,[29] 1-(2-bromovinyl)-4-methylbenzene.[29] Non-commercial
N-substituted o-bromoanilines 12 were prepared by a two-step reductive
amination sequence: condensation of the unsubstituted bromoanilines
with the appropriate aldehydes in the presence of methyl orthoformate
followed by reduction of the corresponding imines with NaBH4 in metha-
nol.


General procedure for the study of the relative reactivity of aryl and al-
kenyl bromides and chlorides in Pd-catalyzed amination reactions : A re-
action tube under a nitrogen atmosphere was charged with the ligand
DavePhos (15.5 mg, 0.04 mmol, 4 mol %), tris(dibenzylideneacetone)di-
palladium(0) (9.15 mg, 0.001 mmol, 2 mol %), sodium tert-butoxide
(134 mg, 1.4 equiv), and toluene (4 mL). After 1 min, the two halides
(1 mmol each) and the amine (1 mmol) were added under nitrogen and
the tube was placed in the carousel block and heated to 90 8C with stir-
ring for 6 h. The mixture was allowed to cool to room temperature, taken
up in hexanes (15 mL), and filtered through Celite. The solvents were
evaporated under reduced pressure.


General procedure for the synthesis of 1H-indoles 10 by palladium-cata-
lyzed cascade reactions of alkenyl bromides 8 with o-bromoanilines 9 : A
reaction tube under a nitrogen atmosphere was charged with DavePhos
(31 mg, 0.08 mmol, 8 mol %), tris(dibenzylideneacetone)dipalladium(0)
(18.3 mg, 0.002 mmol, 4 mol %), sodium tert-butoxide (288 mg, 3 mmol,
3 equiv), and toluene (4 mL). After 1 min, the alkenyl bromide 8
(1 mmol) and the bromoaniline 9 (1 mmol) were added under nitrogen
and the tube was placed in the carousel block and heated to 100 8C with
stirring for 20 h. The mixture was allowed to cool to room temperature,
taken up in hexanes (15 mL), and filtered through Celite. The solvents
were evaporated under reduced pressure. Purification by flash chroma-
tography (SiO2, Hex/EtOAc, 20:1) afforded indoles 10.


Spectroscopic data of known indoles 10 a and 10b,[30] 10c,[31] 10d,[32]


10e,[33] 10 f,[34] 14a,[35] and 14 f[36] were in complete agreement with litera-
ture values.


2-Phenyl-1H-indole 10 a : The general procedure gave 10a in 64% yield.


5-Methyl-2-phenyl-1 H-indole 10b : The general procedure gave 10 b in
62% yield.


5-Chloro-2-phenyl-1H-indole 10 c : The general procedure gave 10c in
55% yield.


2-p-Tolyl-1 H-indole 10d : The general procedure gave 10d in 62 % yield.


5-Methyl-2-p-tolyl-1H-indole 10e : The general procedure gave 10 e in
61% yield.


2-Octyl-1H-indole 10 f : The general procedure gave 10 f in 63% yield.


5-Methyl-2-octyl-1H-indole 10 g : The general procedure gave 10g in
60% yield as an orange syrup. Rf : 0.40 (SiO2, Hex/AcOEt, 9/1); 1H NMR
(CDCl3, 300 MHz): d=0.96 (t, 3J=6.2 Hz, 3 H), 1.38–1.28 (m, 10H),
1.77–1.72 (m, 2 H), 2.49 (s, 3 H), 2.74 (t, 3J =7.6 Hz, 2 H), 6.20 (s, 1 H),
6.99 (d, 3J =7.9 Hz, 1 H), 7.19 (d, 3J=7.9 Hz, 1H), 7.37 (s, 1H), 7.82 ppm
(s, 1H); 13C NMR (CDCl3, 75 MHz): d =13.9 (CH3), 21.3 (CH3), 22.5
(CH2), 28.1 (CH2), 29.0 (CH2), 29.1 (CH2), 29.2 (CH2), 29.3 (CH2), 31.7
(CH2), 98.7 (CH), 109.8 (CH), 119.3 (CH), 122.2 (CH), 128.4 (C), 129.1
(C), 134.0 (C), 140.0 ppm (C); HRMS calcd for C17H25N: 243.19815;
found: 243.19804.


5-Chloro-2-octyl-1 H-indole 10 h : The general procedure gave 10 h in
53% yield as an orange syrup. Rf : 0.40 (SiO2, Hex/AcOEt, 9/1); 1H NMR
(CDCl3, 300 MHz): d=0.91 (t, 3J=6.2 Hz, 3 H), 1.35–1.28 (m, 10H),
1.74–1.70 (m, 2 H), 2.74 (t, 3J =7.6 Hz, 2H), 6.20 (s, 1 H), 7.07 (d, 3J =


8.5 Hz, 1 H), 7.20 (d, 3J =8.5 Hz, 1H), 7.50 (s, 1H), 7.98 ppm (s, 1H);
13C NMR (CDCl3, 75 MHz): d=14.0 (CH3), 22.5 (CH2), 28.1 (CH2), 28.9
(CH2), 29.1 (CH2), 29.2 (CH2), 29.3 (CH2), 31.7 (CH2), 99.1 (CH), 111.1
(CH), 119.0 (CH), 120.9 (CH), 125.0 (C), 129.8 (C), 134.0 (C), 141.6 ppm
(C); HRMS calcd for C16H22ClN: 263.14352; found: 263.14348.


2-Benzyloxymethyl-1H-indole 10 i : The general procedure gave 10 i in
61% yield as an orange syrup. Rf : 0.14 (SiO2, Hex/AcOEt, 9/1); 1H NMR
(CDCl3, 300 MHz): d= 4.63 (s, 2 H), 4.79 (s, 2H), 6.55 (s, 1H), 7.31–7.19
(m, 2H), 7.45–7.38 (m, 6 H), 7.71 (d, 3J=7.7 Hz, 1 H), 8.62 ppm (s, 1H);
13C NMR (CDCl3, 75 MHz): d =64.9 (CH2), 71.5 (CH2), 101.8 (CH),


Table 6. Optimization of the reaction conditions with o-chloroanilines
15.[a]


Entry [Pd2(dba)3] Ligand Base T [8C] Conversion[b] [%]
[mol %] 16/7


1 4 DavePhos NaOtBu 100 100/0
2 4 DavePhos NaOtBu 110 100/0
3 4 DavePhos NaOtBu 120 100/0
4 5 DavePhos NaOtBu 100 100/0
5[c] 4 DavePhos NaOtBu 100 100/0
6 4 DavePhos KOtBu 100 100/0
7 4 DavePhos LHMDS 100 100/0
8 4 NHC NaOtBu 100 100/0
9 4 NHC LHMDS 100 100/0
10 4 X-Phos NaOtBu 110 0/100 (65)[d]


11 4 X-Phos NaOtBu 100 0/100 (50)[d]


12 4 X-Phos KOtBu 110 100/0


[a] Reaction conditions: 1 equiv of 2, 1 equiv of 15, 3 equiv of Base, 1:2
Pd/ligand ratio, toluene (4 mL mmol�1), 20 h. [b] Determined from the
crude reaction mixture by GC and 1H NMR spectroscopy. [c] Performed
in dioxane. [d] Yield of indole 7.


Table 7. Reaction of alkenyl bromides 8 with o-chloroanilines 16. Synthe-
sis of 1H-indoles 10.[a]


Entry[b] Bromide 8 Amine 16 Indole 10 Yield[c] [%]


a 65


b 58


c 60


d 55


[a] Reaction conditions: 1 equiv of 8, 1 equiv of 16, 3 equiv of NaOtBu,
4 mol % of Pd, 8 mol % of X-Phos, toluene (4 mL mmol�1), 110 8C, 20 h.
[b] Entry labels correspond to those of the product 10. [c] Yields after
flash chromatography.
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110.8 (CH), 119.6 (CH), 120.4 (CH), 121.9 (CH), 127.7 (CH), 127.9
(2CH), 128.0 (C), 128.3 (2CH), 134.8 (C), 136.4 (C), 137.6 ppm (C);
HRMS calcd for C16H15NO: 237.11481; found: 237.11503.


2-Benzyloxymethyl-5-methyl-1H-indol 10 j : The general procedure gave
10j in 59% yield as an orange syrup. Rf : 0.15 (SiO2, Hex/AcOEt, 9/1);
1H NMR (CDCl3, 300 MHz): d=2.53 (s, 3 H), 4.59 (s, 2H), 4.75 (s, 2H),
6.44 (s, 1H), 7.09 (d, 3J =8.2 Hz, 1H), 7.27 (d, 3J= 8.2 Hz, 1 H), 7.46–7.41
(m, 6 H), 8.40 ppm (s, 1H); 13C NMR (CDCl3, 75 MHz): d=21.3 (CH3),
65.0 (CH2), 71.5 (CH2), 101.5 (CH), 110.5 (CH), 120.1 (CH), 123.5 (CH),
127.7 (CH), 127.9 (2CH), 128.1 (C), 128.4 (2CH), 128.8 (C), 134.6 (C),
134.9 (C), 137.6 ppm (C); HRMS calcd for C17H17NO: 251.13046; found:
251.13063.


General procedure for the synthesis of 1R-indoles 14 by palladium-cata-
lyzed cascade reactions of alkenyl bromides 13 with o-bromoanilines 11:
A reaction tube under a nitrogen atmosphere was charged with Dave-
Phos (31 mg, 0.08 mmol, 8 mol %), tris(dibenzylideneacetone)dipalladi-
um(0) (18.3 mg, 0.002 mmol, 4 mol %), sodium tert-butoxide (288 mg,
3 mmol, 3 equiv), and toluene (4 mL). After 1 min, the alkenyl bromide 8
(1 mmol) and the bromoaniline 11 (1 mmol) were added under nitrogen
and the tube was placed in the carousel block and heated to 100 8C with
stirring for 20 h. The mixture was allowed to cool to room temperature,
taken up in hexanes (15 mL), and filtered through Celite. The solvents
were evaporated under reduced pressure. Purification by flash chroma-
tography (SiO2, Hex/EtOAc, 20:1) afforded indoles 14.


1-Methyl-3-phenyl-1 H-indole 14a : The general procedure gave 14 a in
70% yield.


1,5-Dimethyl-3-phenyl-1 H-indole 14 b : The general procedure gave 14b
in 72% yield as an orange syrup. Rf : 0.33 (SiO2, Hex/AcOEt 9/1);
1H NMR (CDCl3, 300 MHz): d=2.56 (s, 3 H), 3.84 (s, 3 H), 7.18 (dd, 3J=


1.4 y 8.2 Hz, 1H), 7.23 (s, 1 H), 7.35–7.30 (m, 2 H), 7.50 (t, 3J =7.7 Hz,
2H), 7.72 (dd, 3J =1.4 y 8.2 Hz, 2 H), 7.81 ppm (s, 1H); 13C NMR (CDCl3,
75 MHz): d=21.5 (CH3), 32.8 (CH3), 109.1 (CH), 115.9 (C), 119.4 (CH),
123.4 (CH), 125.4 (CH), 126.2 (C), 126.5 (CH), 127.2 (2CH), 128.6
(2CH), 129.1 (C), 135.7 (C), 135.8 ppm (C); HMRS calcd for C16H15N:
221.11990; found: 221.11979.


1-Methyl-3-p-tolyl-1H-indole 14c : The general procedure gave 14 c in
69% yield as an orange syrup. Rf : 0.32 (SiO2, Hex/AcOEt 9/1); 1H NMR
(CDCl3, 300 MHz): d= 2.50 (s, 3H), 3.88 (s, 3H), 7.46–7.26 (m, 6H), 7.65
(d, 3J =7.3 Hz, 2H), 8.04 ppm (d, 3J=7.8 Hz, 1 H); 13C NMR (CDCl3,
75 MHz): d 21.1 (CH3), 32.7 (CH3), 109.4 (CH), 116.5 (C), 119.6 (CH),
119.8 (CH), 121.8 (CH), 126.2 (CH), 127.1 (2CH), 128.9 (C), 129.3
(2CH), 132.6 (C), 135.7 (C), 137.3 ppm (C); HRMS calcd for C16H15N:
221.11990; found: 221.11959.


1-Methyl-3-octyl-1H-indole 14d : The general procedure gave 14d in
64% yield as an orange syrup. Rf : 0.40 (SiO2, Hex/AcOEt 9/1); 1H NMR
(CDCl3, 300 MHz): d=0.94 (t, 3J=6.2 Hz, 3 H), 1.40–1.25 (m, 14 H), 2.94
(s, 3H), 6.69–6.60 (m, 3H), 7.29–7.24 (m, 1 H), 7.48 ppm (d, 3J =7.8 Hz,
1H); 13C NMR (CDCl3, 75 MHz): d= 14.0 (CH3), 22.6 (CH2), 29.5–29.3
(5CH2), 30.4 (CH3), 31.8 (CH2), 109.4 (C), 110.6 (CH), 117.5 (CH), 128.4
(2CH), 128.5 (C), 132.1 (CH), 145.8 ppm (C); HRMS calcd for C17H25N:
243.19815; found: 243.19850.


3-Benzyloxymethyl-1-methyl-1H-indole 14 e : The general procedure gave
14e in 63% yield as an orange syrup. Rf: 0.22 (SiO2, Hex/AcOEt 9/1);
1H NMR (CDCl3, 300 MHz): d=3.81 (s, 3 H), 4.66 (s, 2H), 4.84 (s, 2H),
7.13 (s, 1 H), 7.24 (t, 3J=6.8 Hz, 1H), 7.45–7.31 (m, 7H), 7.80 ppm (d, 3J
=7.7 Hz, 1H); 13C NMR (CDCl3, 75 MHz): d=32.6 (CH3), 63.7 (CH2),
71.3 (CH2), 109.1 (CH), 111.4 (C), 119.2 (2CH), 121.7 (CH), 127.3 (CH),
127.5 (C), 127.7 (2CH), 128.2 (2CH), 128.4 (CH), 137.1 (C), 138.6 ppm
(C); HRMS calcd for C17H17NO: 251.13046; found: 251.13057.


1-Benzyl-3-phenyl-1H-indole 14 f : The general procedure gave 14 f in
61% yield.


1-Benzyl-3-p-tolyl-1 H-indole 14g : The general procedure gave 14 g in
64% yield as a yellow solid. m.p.: 83–85. Rf : 0.45 (SiO2, Hex/AcOEt 9/1);
1H NMR (CDCl3, 300 MHz): d=2.34 (s, 3H), 5.40 (s, 2H), 7.45–7.26 (m,
11H), 7.75 (d, 3J =8.2 Hz, 2H), 8.13–8.11 ppm (m, 1H); 13C NMR
(CDCl3, 75 MHz): d =21.1 (CH3), 49.9 (CH2), 109.8 (CH), 117.1 (C),
119.8 (CH), 119.9 (CH), 121.9 (CH), 125.5 (CH), 126.3 (C), 126.7 (2CH),


127.1 (2CH), 127.5 (C), 128.6 (2CH), 129.3 (2CH), 132.4 (C), 135.3 (C),
136.9 (C), 137.1 ppm (C); HRMS calcd for C22H19N: 297.15120; found:
297.15151.


1-Benzyl-3-benzyloxymethyl-1H-indole 14 h : The general procedure gave
14h in 49% yield as an orange syrup. Rf : 0.21 (SiO2, Hex/AcOEt 9/1);
1H NMR (CDCl3, 200 MHz): d=4.66 (s, 2 H), 4.84 (s, 2H), 5.34 (s, 2H),
7.18–7.30 (m, 4 H), 7.45–7.32 (m, 10 H), 7.83–7.79 ppm (m, 1H);
13C NMR (CDCl3, 50.4 MHz): d=49.8 (CH2), 63.9 (CH2), 71.4 (CH2),
109.6 (CH), 112.2 (C), 119.4 (CH), 119.5 (CH), 121.9 (CH), 126.7 (2CH),
127.4 (CH), 127.5 (CH), 127.7 (CH), 127.8 (2CH), 127.9 (C), 128.2
(2CH), 128.6 (2CH), 136.8 (C), 137.2 (C), 138.5 ppm (C); HRMS calcd
for C23H21NO: 327.16171; found: 327.16194.


1-Octyl-3-phenyl-1H-indole 14 i : The general procedure gave 14 i in 68 %
yield as an orange syrup. Rf : 0.56 (SiO2, Hex/AcOEt 9/1); 1H NMR
(CDCl3, 300 MHz): d=1.06 (t, 3J=5.9 Hz, 3 H), 1.54–1.43 (m, 10H),
2.03–1.98 (m, 2H), 4.25 (t, 3J= 7.1 Hz, 2 H), 7.42–7.35 (m, 4H), 7.62–7.52
(m, 3H), 7.96–7.83 (m, 2H), 8.14 ppm (t, 3J =5.9 Hz, 1 H); 13C NMR
(CDCl3, 75 MHz): d= 13.9 (CH3), 22.5 (CH2), 26.9 (CH2), 29.0 (CH2),
29.1 (CH2), 30.1 (CH2), 31.7 (CH2), 46.3 (CH2), 109.6 (CH), 116.4 (C),
119.6 (CH), 119.8 (CH), 121.6 (CH), 125.4 (CH), 125.5 (CH), 126.1 (C),
127.2 (2CH), 128.6 (2CH), 135.7 (C), 136.6 ppm (C); HRMS calcd for
C22H27N: 305.21380; found: 305.21412.


3-Benzyloxymethyl-1-octyl-1H-indol 14 j : The general procedure gave
14j in 52% yield as an orange syrup. Rf : 0.35 (SiO2, Hex/AcOEt 9/1);
1H NMR (CDCl3, 300 MHz): d=0.91 (t, 3J =5.9 Hz, 3 H), 1.34–1.29 (m,
10H), 1.88–1.84 (m, 2 H), 4.11 (t, 3J= 7.1 Hz, 2 H), 4.61 (s, 2 H), 4.79 (s,
2H), 7.40–7.14 (m, 9 H), 7.73 ppm (d, 3J=7.6 Hz, 1 H); 13C NMR (CDCl3,
75 MHz): d= 13.9 (CH3), 22.5 (CH2), 26.9 (CH2), 29.0 (CH2), 29.1 (CH2),
30.1 (CH2), 31.7 (CH2), 46.2 (CH2), 63.9 (CH2), 71.3 (CH2), 109.3 (CH),
111.4 (C), 119.2 (CH), 119.4 (CH), 121.5 (CH), 127.4 (CH), 127.5 (CH),
127.7 (C), 127.8 (2CH), 128.2 (2CH), 136.5 (C), 138.6 ppm (C); HRMS
calcd for C24H31NO: 349.24001; found: 349.24007.


General procedure for the synthesis of 1H-indoles 10 by palladium-cata-
lyzed cascade reactions of alkenyl bromides 8 with o-chloroanilines 15 : A
reaction tube under nitrogen atmosphere was charged with X-Phos
(38.1 mg, 0.08 mmol), tris(dibenzylideneacetone)dipalladium(0) (18.3 mg,
0.002 mmol, 4 mol %), sodium tert-butoxide (288 mg, 3 mmol, 3 equiv),
and toluene (4 mL). After 1 min, the alkenyl bromide 8 (1 mmol) and the
chloroaniline 15 (1 mmol) were added under nitrogen and the tube was
placed in the carousel block and heated to 110 8C with stirring for 20 h.
The mixture was allowed to cool to room temperature, taken up in hex-
anes (15 mL), and filtered through Celite. The solvents were evaporated
under reduced pressure. Purification by flash chromatography (SiO2,
Hex/EtOAc, 20:1) afforded indoles 10.


2-Phenyl-1H-indole 10 a : The general procedure gave 10a in 65% yield.


2-p-Tolyl-1 H-indole 10d : The general procedure gave 10d in 58 % yield.


2-Octyl-1H-indole 10 f : The general procedure gave 10 f in 60% yield.


2-Benzyloxymethyl-1H-indole 10 i : The general procedure gave 10 i in
55% yield.
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Synthesis of trans-1, trans-2, trans-3, and trans-4 Bisadducts of C60 by Regio-
and Stereoselective Tether-Directed Remote Functionalization


Sergey Sergeyev,[a] Michael Sch�r,[a] Paul Seiler,[a] Olena Lukoyanova,[b]


Luis Echegoyen,[b] and FranÅois Diederich*[a]


Introduction


Regio- and, in the event, stereoselective multiple functional-
ization of fullerenes is a key issue to be addressed to pre-
pare pure adducts with well-defined addition patterns on a
reasonable scale and without tedious purification. However,
stepwise multiple additions suffer from very low regioselec-
tivity. Thus, the second addition of diethyl malonate to a
monoadduct of C60 gives a mixture of seven out of eight the-
oretically possible regioisomers.[1] Also, some interesting ad-
dition patterns are hardly available by simple, consecutive
additions due to the intrinsic reactivity of fullerene deriva-
tives.[2] In the search for a rational approach to the regiose-
lective formation of multiadducts of C60 and other fuller-
enes, Diederich and co-workers introduced the tether-direct-
ed remote functionalization in 1994.[3] Since that time, this


versatile and powerful synthetic methodology has become
the method of choice for selective multiple additions to full-
erenes.[4]


An interesting aspect of cis-3, trans-3, and trans-2 addition
patterns of C60 is their inherent chirality, that is, even addi-
tion of two identical addends without chirality elements of
their own gives a chiral molecule.[5] Several syntheses of op-
tically active cis-3 bisadducts of C60 using bismalonates at-
tached to optically pure threitol or 2,3-butanediol tethers
have been published.[6] However, the asymmetric synthesis
of C2-symmetrical trans-2 or trans-3 bisadducts, with the ad-
dends located in opposite hemispheres of C60, remained un-
known until recently.[7] The main challenge consisted in find-
ing a large but conformationally constrained chiral tether.
Very recently, we reported in a preliminary communication
the first example of a regio- and stereoselective synthesis of
trans-2 bisadducts of C60 using chiral tethers with the struc-
tural motif of the Trçger base.[8]


Trçger base (1) is a chiral amine with two bridgehead ni-
trogen atoms as stereogenic centers.[9] Rigidity, C2 symmetry,
and a folded geometry with nearly perpendicular planes of
two aromatic rings made derivatives of the Trçger base very
attractive for applications in supramolecular chemistry and
molecular recognition.[10] Here, we report the regio- and
stereoselective synthesis of biscyclopropanated derivatives
of C60 with inherently chiral trans-2 and trans-3 addition pat-
terns starting from bismalonates connected by the core of
the Trçger base. In addition, we describe the high-yielding,


Abstract: The double Bingel reaction
of fullerene C60 with bismalonates at-
tached to a Trçger base derived tether
afforded trans-1, trans-2, trans-3, and
trans-4 bisadducts with excellent regio-
selectivity. In particular, enantiomeri-
cally pure bisadducts with inherently
chiral trans-2 or trans-3 addition pat-
terns were prepared starting from
enantiomerically pure bismalonates.


The absolute configuration of the
trans-2 and trans-3 bisadducts was es-
tablished from their CD spectra. The
excellent diastereoselectivity in the
double additions to give the trans-2 bis-


adducts is particularly remarkable
given the large distance between the
two reacting bonds in opposite hemi-
spheres of the fullerene that is spanned
by the tether. Now, all inherently chiral
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regioselective synthesis of trans-4 and trans-1 bisadducts of
C60 by the same approach.


Results and Discussion


Synthesis of racemic bisadducts of C60 : The synthesis of the
new fullerene bisadducts is outlined in Scheme 1 and
Scheme 2. We have chosen malonate (� )-2 as a first candi-
date to be tested in the tether-directed remote functionaliza-
tion. It should be mentioned that the intermediate diol
(� )-3 cannot be prepared by direct condensation of the cor-
responding aromatic amine with formaldehyde or a synthet-
ic equivalent thereof, the most practical route to analogues
of the Trçger base, due to acid-catalyzed formation of poly-
meric products.[11] It was also accepted until recently, that
electron-withdrawing substituents in any position of the ani-
line ring are not allowable for the successful condensation
to give derivatives of the Trçger base.[11] Fortunately, W�rn-
mark and co-workers recently found a solution to this prob-


lem by performing the condensation of 4-iodoaniline (4)
and other halogeno-substituted anilines in trifluoroacetic
acid (TFA), using paraformaldehyde as a source of CH2O.[12]


Probably, the concentration of electrophilic, protonated
formaldehyde and, therefore, the rate of key steps of the
condensation to give a derivative of the Trçger base is in-
creased in TFA compared to the frequently applied protocol
that uses formalin and aqueous HCl in ethanol.[12b] It was
also demonstrated later that strict temperature control is ex-
tremely important, particularly when the reaction scale ex-
ceeds 1 mmol.[13] We have further optimized the published
procedure by changing, first of all, the order of addition of
the reagents. When a mixture of 4 and paraformaldehyde
was added to TFA at �15 8C (the melting point of TFA),
the corresponding diiodo derivative of the Trçger base,
(� )-5, was isolated in well reproducible 56–62 % yield on a
20 to 100 mmol scale (Scheme 1). Furthermore, we conclud-
ed that long reaction times are less practical as they lead to
formation of unidentified side products, whereas the con-
densation to give derivatives of the Trçger base is completed
within 24 h. We also applied the optimized protocol to pre-
pare the previously unknown diiodide (� )-7 from 5-iodo-2-
methylaniline (6). In agreement with previous literature ac-
counts, an additional electron-donating methyl group in the
ortho position with respect to the nitrogen atom increases
the reactivity of the aniline and the yield of the Trçger base
derivative.[11a] Additionally, the ortho-methyl group is impor-
tant to block the attack of the electrophile at this position
and prevent the unwanted formation of other regioisomers.


The availability of halo derivatives of the Trçger base pro-
vides the opportunity to use the great variety of reactions


Scheme 1. Synthesis of bisadducts (� )-9, (� )-10, and (� )-14. a) (H2CO)n, CF3COOH, 0 8C, 24 h; b) nBuLi, THF, �78 8C, 10 min, then DMF, THF,
�78 8C ! RT, 30 min; c) LiAlH4, THF, RT 1 h; d) EtOOCCH2COCl, DMAP, THF, 08C, 16 h; e) C60, I2, DBU, toluene, 08C, 1 h. DMAP = 4-(dimethyl-
amino)pyridine, DBU = 1,8-diazabicyclo[5.4.0]undec-7-ene, DMF = dimethylformamide.
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with organometallics or transition-metal catalysts for further
transformations. Thus, iodine–lithium exchange in (� )-5,
followed by the reaction of the dilithiated intermediate with
DMF afforded the corresponding dialdehyde (� )-8, which
was reduced (LiAlH4) to diol (� )-3 and then transformed
into bismalonate (� )-2 by the action of EtO2CCH2COCl in
the presence of DMAP. A modified Bingel reaction[14] of
(� )-2 with C60 afforded the trans-2 bisadduct (� )-9 as a
major product (27%). In addition, a minor amount (5%) of
the regioisomeric bisadduct (� )-10 with equatorial (e) addi-
tion pattern was obtained. Both regioisomers were isolated
by simple flash chromatography on SiO2. Diiodide (� )-7
was converted by the same approach via dialdehyde (� )-11
and diol (� )-12 into bismalonate (� )-13 (see Supporting In-
formation for the X-ray crystal structure of (� )-13). The
Bingel reaction of the latter with C60 afforded exclusively
the trans-4 configured bisadduct (� )-14.


We were also interested in testing a larger tether derived
from a naphthalene analogue of the Trçger base. Diol (� )-
17 (Scheme 2) was prepared by direct condensation[11] of
amino alcohol 16 (synthesized by reduction of the commer-
cially available amino acid 15) with formaldehyde in HCl
and then converted to bismalonate (� )-18. Subsequent
Bingel reaction of (� )-18 with C60 afforded exclusively
trans-1 bisadduct (� )-19 in remarkable 58 % yield. It should
be noted that trans-1 biscyclopropanated adducts of C60


have been prepared previously with the aid of crown ether-
derived tethers which require relatively tedious synthesis,[15]


while preparation of diol (� )-17 is very simple and high-
yielding.


The addition patterns of bisadducts (� )-9, (� )-10, (� )-
14, and (� )-19 were unequivocally established using UV/Vis


and NMR spectroscopy. The absorption spectra of malonate
bisadducts of C60 in the region between 400 and 800 nm are
mainly determined by the structure of the fullerene chromo-
phore and nearly independent of the structure of addends.
Therefore, they can be used as “fingerprints” for the identi-
fication of addition patterns (see Supporting Informa-
tion).[7b,c] For all synthesized derivatives (� )-9, (� )-10,
(� )-14, and (� )-19, the absorption spectra were almost
identical to those reported for the corresponding bis(diethyl
malonate) adducts C62(COOEt)4.


[16] The 1H and 13C NMR
spectra perfectly reflect the C2 symmetry of (� )-9 and
(� )-19, and the C1 symmetry of (� )-10 and (� )-14.


In theory, the described tether-directed double addition to
C60 can give various diastereoisomers with respect to the rel-
ative orientation of the ethoxycarbonyl residues at the two
methano-bridge atoms.[17] There are three (in–in, in–out, and
out–out) potential isomers for trans-2 and trans-4 adducts;
trans-1 addition can yield two (out–out and in–out) diaster-
eoisomers, and four diastereoisomers exist for the e pattern.
However, all bisadducts (� )-9, (� )-10, (� )-14, and (� )-19
were isolated as single racemates, and the out-out configura-
tion (as depicted in Scheme 1 and 2) was assigned for all
compounds.


The configuration of trans-1 bisaduct (� )-19 was also con-
firmed by X-ray crystal structure analysis (Figure 1). Sur-
prisingly, only one, namely the (R,R)-configured enantiomer
crystallized out of a solution of (� )-19 in a mixture of
CH2Cl2 and CHCl3. The absolute configuration was clearly
established by X-ray analysis, that is, by determining the ab-
solute structure parameter. Thus we observed a relatively
rare example of spontaneous resolution of a racemic mix-
ture. To the best of our knowledge, this is the first example


Scheme 2. Synthesis of bisadducts (� )-19, (� )-23a, and (� )-23b. a) LiAlH4, THF, reflux, 2 h; b) H2CO/H2O, HCl, EtOH, RT, 24 h; c) EtOOCCH2COCl,
DMAP, THF or DMF, 0 8C, 16 h; d) C60, I2, DBU, toluene, 0 8C, 1 h; e) 4-(Ethoxycarbonyl)phenylboronic acid, [Pd(PPh3)4], K2CO3, toluene/EtOH/H2O,
reflux, 1.5 h.


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 2284 – 22942286


F. Diederich et al.



www.chemeurj.org





for a chiral fullerene. In this connection it should be men-
tioned that crystallization of this compound is difficult and
time-consuming. For the present analysis, only one suitable
crystal was available and thus we cannot exclude that crys-
tals of the (S,S)-enantiomer and the racemic compound can
be obtained.


The symmetry of the fullerene bisadduct (R,R)-19 is ap-
proximately C2. With respect to the free C60 skeleton (with a
mean diameter of ca. 7.07 �), the bridgehead atoms C1, C2,
C55, C60 of the cyclopropane rings protrude out by about
0.13 �, as observed, for example, in a hexakisadduct of
C60.


[18] Semiempirical calculations[19] of malonate (R,R)-18
gave a distance of 12.86 � between the two methylene
groups attached to the naphthyl moieties of the modified
Trçger base tether. The calculated value deviates only slight-
ly from the observed corresponding distance of 12.80 � be-
tween C65 and C91. This result indicates very small strain in
the spacer which probably accounts for the observed high
yield of the double Bingel cycloaddition. The planar naph-
thyl subunits C66–C75 and C81–C90 are in close contact
with the C60 skeleton. The [6, 5] bond C5�C19 is nearly on
top of the six-membered ring C66–C71, making four short
intramolecular contacts between 3.22 and 3.33 �. On the
other side, there are also four short contacts between the
[6,5] bond C37–C53 and the six-membered ring C83–C90,
with distances between 3.26 and 3.37 �.


The crystal packing based on its calculated density
(1.625 g cm�3), as well as on the analysis of intermolecular
contacts is quite compact, as expected. The overall arrange-
ment of a hexagonal close-packed layer, with solvent mole-
cules sitting in the cavities, is shown in Figure 2 (note that


only the ordered solvent mole-
cules are considered here).
Each fullerene molecule makes
a short O···C contact of 3.09 �
to a neighboring molecule of
solvent. In addition, each full-
erene is involved in 29 inter-
molecular contacts (3.12 to
3.50 �) to neighbouring fuller-
enes. The shortest intermolecu-
lar contact between a naphthyl
unit and the C60 sphere of
3.12 � is indicated in Figure 2
as a dashed line.


To prepare bisadducts with
the trans-3 addition pattern,
we explored biphenyl deriva-
tives of the Trçger base, since
they offer the opportunity for
fine-tuning both geometry and
extension of the tether by plac-
ing reactive groups in various
positions of the terminal
phenyl rings. Suzuki cross-cou-
pling is the most powerful and
most frequently used synthetic


route to biaryls.[20] Reaction of diiodide (� )-5 with 4-(ethox-
ycarbonyl)phenylboronic acid in the presence of [Pd(PPh3)4]
afforded diester (� )-20 in 81 % yield. Subsequent reduction
with LiAlH4 gave diol (� )-21, which was converted to bis-
malonate (� )-22 by the same method as described above
(see Supporting Information for the X-ray crystal structure
of (� )-22). Bingel reaction of bismalonate (� )-22 with C60


afforded two diastereoisomeric bisadducts (� )-23 a and
(� )-23 b in a 5.4:1 ratio which demonstrate identical absorp-
tion spectra and have, therefore, the same addition pattern,


Figure 1. Crystal structure of trans-1 bisadduct (R,R)-19. Molecules of CH2Cl2 are omitted for clarity. Atomic
displacement parameters obtained at 238 K are drawn at the 30% probability level.


Figure 2. Crystal packing of (R,R)-19. Only ordered molecules of CH2Cl2


are shown for clarity. The shortest intermolecular contact between the
naphthyl unit of a spacer and a C60 sphere (3.12 �) is shown as a dashed
line.
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identified as trans-3. The 1H NMR spectra of (� )-23 a and
(� )-23 b clearly indicated C1-symmetry for both products. In
addition, in the 13C NMR spectra of the major product, (� )-
23 a, 75 of expected 76 signals in the C(sp2)-region were ob-
served, thus undoubtedly confirming C1 symmetry.


The formation of three (in–in, in–out, and out–out) iso-
mers is theoretically possible also for the trans-3 bisadduct
of C60.


[17] However, both in–in and out–out adducts should
have C2 symmetry due to the matching of the C2 symmetry
of the Trçger base unit with the same symmetry of the
trans-3 addition pattern, and have to be excluded on the
basis of the NMR data. Therefore, both isolated bisadducts,
(� )-23 a and (� )-23 b must have the in–out trans-3 configu-
ration. Accordingly, they are diastereoisomeric pairs of
enantiomers with (S,S,f,sA)/(R,R,f,sC) and (S,S,f,sC)/(R,R,f,sA)
configurations (Scheme 2).[21] Absolute configurations of
23 a/23 b were established later with the aid of enantiomeri-
cally pure 22 (see below).


Enantiomerically pure bismalonates and bisadducts of C60 :
Since the trans-2 and trans-3 addition patterns are inherently
chiral, it was particularly attractive to prepare the corre-
sponding bisadducts using nonracemic 2 and 22. It was
known since the work of Prelog and Wieland[9c] that the res-
olution of the Trçger base via diastereoisomeric salts with
optically active acids is generally not feasible due to rela-
tively rapid racemization in the acidic media. Consequently,
in a pioneering approach, the authors developed the first
resolution of the Trçger base by chromatography on a chiral
stationary phase (CSP) consisting of a specially prepared
lactose.[9c] We succeeded in separating the enantiomers of
bismalonate 2 on a Chiralcel OJ HPLC column with a
tris(4-methylbenzoyl)cellulose derivative as CSP. In the case
of 22, separation of enantiomers was achieved on the (S,S)-
Whelk O1 stationary phase with a covalently bound chiral
selector derived from a 3,4-disubstituted 1,2,3,4-tetrahydro-
phenanthrene.


The absolute configuration of (+)-2 was assigned as (S,S)
based on the close similarity of its CD spectrum with that of
(+)-(S,S)-1 (see Supporting Information). The absolute con-
figuration of the latter was undoubtedly determined previ-
ously from the X-ray structure of the salt with (�)-1,1’-bi-
naphthalene-2,2’-diyl hydrogen phosphate.[22] Similarly, we
assigned the absolute configurations of (�)-22 and (+)-22 as
(R,R) and (S,S), respectively, based on the sign of the
Cotton effect for the longest-wavelength absorption band in
their CD-spectra (see Supporting Information). However,
this assignment should be treated with some caution, since
the structure of the chromophore in 22 is somewhat differ-
ent from that in 1 or 2.


Double Bingel addition of enantiomerically pure (S,S)-2
and (R,R)-2 to C60 afforded two enantiomeric adducts
(S,S,f,sA)-9 (for NMR spectra, see Supporting Information)
and (R,R,f,sC)-9, respectively, with perfect diastereoselectivi-
ty.[21] Double addition of (S,S)-2 to C60 resulted in the forma-
tion of the bisadduct with a (f,sA)-configured fullerene
moiety, which was established by comparison of its CD spec-


trum (Figure 3) with those of previously reported optically
pure trans-2 derivatives of C60.


[7] Accordingly, double addi-
tion of (R,R)-2 gave exclusively (R,R,f,sC)-9.


The high asymmetric induction in the double addition of
(S,S)-2 and (R,R)-2 to C60 is remarkable given the very large
distance between the two reacting fullerene bonds that is
spanned by the tether. It was rationalized by using semiem-
pirical PM3 calculations of the optimized geometries and
heats of formation of the potential diastereoisomeric bisad-
ducts.[19] Bisadduct (S,S,f,sA)-9 was calculated to be dramati-
cally more favorable (DDH =29.4 kcal mol�1) than its theo-
retically possible diastereoisomer (S,S,f,sC)-9 (Figure 4). The


calculated stereoselectivity is in perfect agreement with the
experimental finding, assuming that the thermodynamic sta-
bility of the bisadducts is reflected in the transition state of
the second cyclopropanation step that leads to macrocycliza-
tion and determines the absolute configuration of the addi-
tion pattern.[6a]


As described above, double Bingel addition of racemic
bismalonate (� )-22 leads to two diastereoisomeric pairs of
enantiomers (� )-23 a/(� )-23 b. We repeated this addition
with enantiomerically pure bismalonates (S,S)-22 and (R,R)-
22, isolated all four diastereoisomers (S,S,f,sA)-23 a, (S,S,f,sC)-
23 a, (R,R,f,sA)-23 b, and (R,R,f,sC)-23 b, and assigned their
absolute configuration from their CD spectra (Figure 5). As


Figure 3. CD spectra of (S,S,f,sA)-9 (solid line) and (R,R,f,sC)-9 (dashed
line) in CHCl3.


Figure 4. Energy-minimized structures of (S,S,f,sA)-9 (left) and (S,S ,f,sC)-9
(right). Ethyl esters have been substituted by methyl esters for clarity.
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expected, enantiomeric pairs of bisadducts (S,S,f,sA)-23 a/
(R,R,f,sC)-23 b or (S,S,f,sC)-23 a/(R,R,f,sA)-23 b display oppo-
site Cotton effects over the entire spectral range. On the
other hand, diastereoisomeric pairs (S,S,f,sA)-23 a/(S,S,f,sC)-
23 a or (R,R,f,sA)-23 b/(R,R,f,sC)-23 b show some deviation
from mirror image in the range 270–340 nm due to the own
Cotton effect of the Trçger base unit, which has the same
configuration in each pair of diastereoisomers while configu-
rations of fullerene chromophores are opposite. Subtraction
of the spectrum of (S,S)-22 from the spectra of (S,S,f,sA)-23 a
and (S,S,f,sC)-23 a gave “pure” CD spectra of the oppositely
configured fullerene chromophores (Figure 6). They are


merely identical to the previously published CD spectra of
enantiomerically pure trans-3 bis(diethyl malonate) adducts
C62(COOEt)4,


[7] thus allowing assignment of the absolute
configuration of the fullerene chromophore. The major
product from addition of (S,S)-22 to C60 has (S,S,f,sA), and
the minor one (S,S,f,sA) configuration. According to calcula-
tions of optimized geometries and heats of formation,[19]


(S,S,f,sA)-23 a is indeed by 0.9 kcal mol�1 more favorable than
(S,S,f,sC)-23 a, thus supporting the correct assignment of the


relative and absolute configuration. Definitely, these results
should also be treated with some caution, as the energy dif-
ference between two diastereoisomers is very small. Howev-
er, the results of the calculation are in good agreement with
the experimentally found moderate diastereoselectivity (d.r.
85:15) in favor of the (f,sA) addition pattern in the case of
the (S,S)-configured bismalonate.


The very high yield obtained in the synthesis of trans-1 bi-
sadduct (� )-19, together with the X-ray crystallographic
analysis (Figure 1), suggested the possibility of a special in-
tramolecular interaction between the naphthalene moieties
of the tether and the fullerene core, not present in other
conjugates, which could contribute to the stereoselectivity of
the Bingel macrocyclization reaction. To probe this further,
electrochemical experiments were performed with the trans-
1, trans-2, and trans-4 bisadducts (� )-19, (� )-9, and (� )-14,
using cyclic voltammetry (CV), Osteryoung square wave
voltammetry (OSWV), and controlled potential electrolysis
(CPE).


The CVs of the three compounds are presented in
Figure 7, and the potential scale is referenced to internal fer-


rocene, shown at 0 V. In all three cases, the first reduction
process is chemically and electrochemically reversible (see
Table 1). However, on the CV time scale, the second reduc-
tion process for the trans-2 and trans-4 bisadducts (� )-9 and
(� )-14 is chemically irreversible, as evidenced by the ap-
pearance of decreased anodic currents on the return scan,
and the appearance of extra anodic waves. This is the ex-
pected result, since malonate adducts are known to be un-
stable at the second reduction process, a transformation we
discovered and called retro-Bingel or retro-cyclopropana-
tion reaction.[23] Interestingly, trans-1 adduct (� )-19 exhibits
perfectly reversible behavior for the first two reduction
processes, on the CV time scale. This indicates higher stabil-
ity of this malonate adduct relative to the others, at least
under electron-reducing conditions, possibly the result of
the naphthalene–fullerene interaction. However, the first re-
duction potential of trans-1 bisadduct (� )-19 is identical to


Figure 5. CD spectra of (R,R,f,sC)-23a (black), (R,R,f,sA)-23a (red),
(S,S,f,sA)-23 b (gray), (S,S,f,sC)-23b (blue), and (R,R)-22 (green) in CHCl3.


Figure 6. CD spectra of (f,sC) (solid line) and (f,sA) (dashed line) config-
ured fullerene chromophores with trans-3 addition pattern, obtained by
subtraction of the CD spectrum of (R,R)-22 from the spectra of
(R,R,f,sC)-23a and (R,R,f,sA)-23a, respectively.


Figure 7. CV of a) 0.2 mm (� )-19, b) 0.2 mm trans-2 (� )-9, and c) 0.2 mm


(� )-14 in CH2Cl2, 0.1m Bu4NPF6, scan rate 100 mV s�1, room tempera-
ture.
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that of (� )-14, while (� )-9 is easier to reduce by 60 mV.
The origin of these differences is not clear at the present
time. Due to the irreversible nature of the second reduction
process for (� )-9 and (� )-14, it is not possible to report
E 2


1=2 values, but based on the peak potentials observed,
trans-1 and trans-4 bisadducts (� )-19 and (� )-14 seem to
have comparable values for the second reduction potential,
while trans-2 compound (� )-9 is again easier to reduce to
its corresponding dianion. The first reduction potentials E 1


1=2


are all more negative than that of the non-tethered trans-1
reference bisadduct 24 (Table 1).[15a] It thus appears as if the
tethers in all cases, including those on the dibenzo[18]crown
derivative analogues (� )-25 and (� )-26 (Figure 8), result in
cathodic shifts for the first reduction potential, expected if
they all exhibit some intramolecular donor–acceptor interac-
tions.


To further probe the stability of these compounds upon
electron reductions, CPEs were performed for (� )-9,
(� )-14, and (� )-19 (see Supporting Information for details).
While CV showed that the trans-1 bisadduct (� )-19 is kinet-
ically much more stable than (� )-9 and (� )-14, even after
two-electron reduction, CPE resulted in the decomposition
of all adducts back to the parent C60. Thus on the CV time
scale (seconds), trans-1 bisadduct (� )-19 is more stable than
the others when reduced, but all three bisadducts are unsta-
ble on the CPE time scale (minutes).


Conclusion


In this paper, we report the first diastereoselective synthesis
of enantiomeric bisadducts of C60 with the inherently chiral
trans-2 and trans-3 addition patterns by tether-directed
remote functionalization using novel Trçger base derivatives
as optically active spacers. Now, all inherently chiral bisaddi-


tion patterns of C60 are readi-
ly available by this versatile
methodology. This result
from extensive research ef-
forts is not only of fundamen-
tal but also of technological
interest since enantiomeri-
cally pure fullerene deriva-
tives are becoming promising


building blocks for supramolecular applications.[25] To the
best of our knowledge, there are no other examples of asym-
metric syntheses using the structural motif of the Trçger
base as a chiral auxiliary. In addition, we describe the use of
derivatives of the Trçger base in the regio- and diastereose-
lective (with respect to in–out isomerism) tether-directed
remote functionalization to give trans-4 and trans-1 bisad-
ducts of C60 in remarkably high yields. Spontaneous resolu-
tion of the trans-1 derivative afforded the enantiomer in
which the fullerene sphere is bridged by an (R,R)-config-
ured Trçger base tether as shown by X-ray crystallography:
it is the first such example in the field of fullerene chirality.
We are now applying the novel tethers to the regio- and
stereoselective multiple functionalization of higher fuller-
enes, a nearly unexplored field.[26]


Experimental Section


General methods : All chemicals and solvents were obtained from com-
mercial sources (Fluka, Aldrich, Merck) and used without further purifi-
cation unless stated otherwise. Technical grade solvents were distilled
before use. THF was distilled over sodium/benzophenone. DMF was
stored over flame-dried molecular sieves (4 �). Reactions were carried
out under dry N2 or Ar. TLC: precoated SiO2 plates Alugram UV254 (Ma-
cherey-Nagel). Column chromatography: Kieselgel 60 (Fluka, particle
size 0.040–0.063 mm). HPLC: Merck-Hitachi L-6250 Intelligent Pump, L-
4000 A UV-detector, and D-2500 Chromato-Integrator. FT-IR spectra:
Perkin Elmer Spectrum BX Spectrometer. NMR: 300 MHz 1H NMR and
75 MHz 13C NMR spectra were recorded on a Varian Gemini 300 spec-
trometer; 500 MHz 1H NMR and 125 MHz 13C NMR spectra were mea-
sured on a Bruker AMX 500 spectrometer; chemical shifts (d) are given
in ppm relative to TMS; coupling constants (J) are given in Hz; solvent
signals were used as internal references. EI-MS (70 eV): Micromass
Auto-Spec Ultima mass spectrometer; ESI-MS (solvent CH2Cl2/CH3OH)
and MALDI-MS (2-[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2-enylide-
ne]malononitrile (DCTB) matrix): Ion Spec 4.7 Ultima mass spectrome-
ter. UV-visible spectra: Varian CARY 500 spectrophotometer. Circular


Table 1. Electrochemical potentials (V) and DEpp (mV, in parentheses) versus Fc/Fc+ , scan rate 100 mV s�1.


C60
[a] trans-1 ((� )-


19)[b]
trans-2 ((� )-
9)[b]


trans-4 ((� )-
14)[b]


trans-1
(24)[c]


trans-1 ((� )-
25)[c]


trans-2 ((� )-
26)[c]


E 1
1=2 �0.98 (65) �1.17 (69) �1.11(65) �1.17(70) �0. 94(77) �1.04(70) �1.02(79)


E 2
1=2 �1.37 (67) �1.57(66) �1.52[d] �1.61[d] �1.36[d] �1.51[d] �1.48[d]


[a] In CH3CN/toluene, taken from reference [24]. [b] In CH2Cl2 in the presence of 0.1 m Bu4NPF6. [c] In CH3CN/
CH2Cl2 in the presence of 0.1m Bu4NPF6, taken from reference [15a]. [d] Only cathodic potential is given.


Figure 8. Reference compounds for electrochemical studies: non-tethered trans-1 bisadduct 24 and trans-1 and trans-2 bisadducts (� )-25 and (� )-26 with
crown ether spacers.
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dichroism (CD) spectra: Jasco J 715 spectropolarimeter. Optical rota-
tions: Perkin-Elmer 241 polarimeter, [a]D values are given in
10�1 deg cm2 g�1. Melting points: B�chi B-540 instrument in open capilla-
ries.


(� )-2,8-Diiodo-6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine ((� )-
5):[12b] A mixture of 4 (6.59 g, 30 mmol) and paraformaldehyde (1.81 g,
60 mmol) was added in portions under vigorous stirring to TFA (50 mL)
at �15 8C. The resulting mixture was allowed to reach room temperature
and stirred for 40 h, then slowly added to a stirred mixture of ice and an
excess of concentrated aqueous NH3. Extraction with CH2Cl2 (3 �
100 mL), drying of the organic layer over MgSO4, and removal of the sol-
vent in vacuo gave a crude product which was purified by flash chroma-
tography (AcOEt/CH2Cl2 1:10) to give (� )-5 (3.98 g, 56 %). Rf (AcOEt/
CH2Cl2 1:10)=0.26 ; m.p. 178.5–180 8C; 1H NMR (300 MHz, CDCl3): d=


7.45 (dd, J=8.4, J =1.9 Hz, 2 H; Ar-H), 7.23 (d, J=1.9 Hz, 2H; Ar-H),
6.87 (d, J= 8.4 Hz, 2H; Ar-H), 4.62 (d, J =16.8 Hz, 2H; exo-CH2N), 4.24
(s, 2H; NCH2N), 4.08 ppm (d, J =16.8 Hz, 2H; endo-CH2N); 13C NMR
(75 MHz, CDCl3): d=147.47, 136.34, 135.63, 130.07, 126.93, 87.60, 66.54,
58.16 ppm; ESI-MS: 475 (100, [MH]+), 497 (9, [M+Na]+).


(� )-1,7-Diiodo-4,10-dimethyl-6H,12H-5,11-methanodibenzo[b,f][1,5]di-
azocine ((� )-7): Prepared as described for (� )-5 from 6 (4.46 g,
19.1 mmol). Yield 3.72 g (77 %); Rf = 0.67 (CH2Cl2); m.p. 208.5–210.0 8C;
1H NMR (300 MHz, CDCl3): d =7.44 (d, J=8.1 Hz, 2H; Ar-H), 6.81 (d,
J =7.8 Hz, 2 H; Ar-H), 4.25 (d, J= 17.1 Hz, 2H; exo-CH2N), 4.20 (s, 2 H;
NCH2N), 3.84 (d, J =17.1 Hz, 2H; endo-CH2N), 2.42 ppm (s, 6H; CH3);
13C NMR (75 MHz, CDCl3): d=147.71, 134.32, 133.63, 130.66, 129.84,
95.33, 66.91, 61.24, 17.20 ppm; FT-IR (neat): ñ= 2937, 2879, 1571, 1446,
1426, 1389, 1211, 1118, 963, 939, 798 cm�1; HR-ESI-MS: m/z : calcd for
C17H17I2N2 ([MH]+): 502.9481; found: 502.9468.


(� )-6H,12H-5,11-Methanodibenzo[b,f][1,5]diazocine-2,8-dicarbaldehyde
((� )-8):[12a] A solution of (� )-5 (474 mg, 1.0 mmol) in dry THF (5 mL)
was treated dropwise with a 1.6 m solution of nBuLi in hexane (1.6 mL,
2.5 mmol) at �80 8C. The mixture was stirred for 5 min at �78 8C, then
dry DMF (0.2 mL, 2.6 mmol) was added. The mixture was allowed to
reach room temperature, then water (10 mL) was added. Extraction with
CH2Cl2 (3 � 25 mL), drying of the organic layer over MgSO4 and removal
of the solvent in vacuo gave a crude product which was purified by flash
chromatography (AcOEt/CH2Cl2 1:3) to give (� )-8 (253 mg, 91%). Rf =


0.39 (AcOEt/CH2Cl2 1:3); m.p. 161–162 8C; 1H NMR (300 MHz, CDCl3):
d=9.83 (s, 2H; CHO), 7.69 (dd, J =8.4, J =1.5 Hz, 2 H; Ar-H), 7.47 (d,
J =1.5 Hz, 2H; Ar-H), 7.27 (d, J =8.4 Hz, 2 H; Ar-H), 4.81 (d, J =


16.8 Hz, 2 H; exo-CH2N), 4.29–4.36 ppm (m, 4H; NCH2N, endo-CH2N);
13C NMR (75 MHz, CDCl3): d=190.76, 153.80, 132.41, 128.99, 128.90,
128.00, 125.50, 66.49, 58.65 ppm; ESI-MS: 279 ([MH]+).


(� )-4,10-Dimethyl-6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine-1,7-
dicarbaldehyde ((� )-11): Prepared as described for (� )-8 from (� )-7
(502 g, 1.0 mmol) with the following amendment: 50 mL THF was used
due to limited solubility of (� )-7 at low temperature. Yield 241 mg
(79 %); Rf =0.26 (AcOEt/CH2Cl2 1:20); m.p. 240–242 8C (decomp);
1H NMR (300 MHz, CDCl3): d=9.90 (s, 2 H; CHO), 7.40 (d, J =8.1 Hz,
2H; Ar-H), 7.27 (d, J= 8.1 Hz, 2H; Ar-H), 4.82 (d, J=18.0 Hz, 2 H; exo-
CH2N), 4.59 (d, J =18.0 Hz, 2 H; endo-CH2N), 4.27 (s, 2H; NCH2N),
2.54 ppm (s, 6H; CH3); 13C NMR (75 MHz, CDCl3): d =192.94, 147.20,
140.63, 131.47 (2 overlapped signals), 130.06, 129.09, 65.62, 54.47,
18.39 ppm; FT-IR (neat): ñ=2894, 2729, 1678 (C=O), 1568, 1426, 1218,
1100, 950, 935, 820, 751 cm�1; ESI-MS: m/z : 307 (55, MH+), 279 (100,
[MH�CO]+). HR-MALDI-MS: m/z : calcd for C19H19N2O2 ([MH]+):
307.1447; found: 307.1445.


(� )-(8-Hydroxymethyl-6H,12H-5,11-methanodibenzo[b,f][1,5]diazocin-
2-yl)-methanol ((� )-3): A solution of (� )-8 (556 g, 2.0 mmol) in dry
THF (20 mL) was slowly added to a suspension of LiAlH4 (114 mg,
3.0 mmol) in dry THF (20 mL). The mixture was stirred for 2 h at room
temperature, then quenched by slow addition of water. The inorganic
precipitate was filtered and the filtrate dried over MgSO4 and concentrat-
ed to give (� )-3 (524 mg, 93 %) which was used without further purifica-
tion. M.p. 194.5–196.5 8C; 1H NMR (300 MHz, CDCl3/CD3OD): d =7.02
(dd, J =8.4 Hz, 1.9, 2H; Ar-H), 6.97 (d, J= 8.4 Hz, 2 H; Ar-H), 6.76 (d,
J =1.9 Hz, 2 H; Ar-H), 4.52 (d, J= 16.8 Hz, 2H; exo-CH2N), 4.35 (s, 4 H;


OCH2); 4.17 (s, 2H; NCH2N), 4.02 ppm (d, J =16.8 Hz, 2H; endo-
CH2N); 13C NMR (75 MHz, CDCl3/CD3OD): d=146.05, 137.02, 127.10,
126.17, 125.36, 124.57, 66.54, 63.85, 58.48 ppm; FT-IR (neat): ñ =3410,
3150, 2920, 2872, 1612, 1576, 1492, 1205, 1008, 841, 831 cm�1; HR-
MALDI-MS: m/z : calcd for C17H19N2O2 ([MH]+): 283.1447; found:
283.1437.


(� )-(4,10-Dimethyl-7-hydroxymethyl-6H,12H-5,11-methanodibenzo[b,f]
[1,5]diazocin-1-yl)methanol ((� )-12): Prepared as described for (� )-3
from (� )-11 (367 mg, 1.2 mmol). Yield 338 mg (91 %); m.p. 222–223 8C;
1H NMR (300 MHz, CDCl3/CD3OD): d=6.99 (d, J =8.2 Hz, 2 H; Ar-H),
6.85 (d, J= 8.2 Hz, 2H; Ar-H), 4.50 (d, J =17.5 Hz, 2H; exo-CH2N), 4.37
(s, 4 H; OCH2), 4.16 (s, 2 H; NCH2N), 4.11 (d, J =17.5 Hz, 2 H; endo-
CH2N), 2.61 (br. s, 2 H; OH), 2.38 ppm (s, 6 H; CH3); 13C NMR (75 MHz,
CDCl3/CD3OD): d= 145.94, 135.19, 132.45, 128.67, 126.21, 123.30, 66.33,
61.98, 52.47, 17.29 ppm; FT-IR (neat): n=3550–3260 (OH), 2863, 1579,
1446, 1407, 1217, 977, 942, 817 cm�1; HR-MALDI-MS: m/z : calcd for
C19H23N2O2 ([MH]+): 311.1760; found: 311.1754.


(6-Aminonaphthyl)methanol (16): Acid 15 (1.87 g, 10 mmol) was added
in portions to a suspension of LiAlH4 (1.14 g, 30 mmol) in dry THF
(50 mL) at 0 8C. After the addition was completed, the mixture was stir-
red for 1 h at room temperature and then heated to reflux for 2 h. The
mixture was allowed to reach room temperature and carefully quenched
by slow addition of water. The inorganic precipitate was filtered and the
filtrate dried over MgSO4 and concentrated to give 16 (1.61 g, 93 %) as a
slightly brownish solid which was used without further purification; m.p.
166–168 8C (decomp); 1H NMR (300 MHz, (CD3)2SO): 7.53–7.57 (m, 2H;
Ar-H), 7.46 (d, J=8.4 Hz, 1H; Ar-H), 7.25 (dd, J=8.4, 1.6 Hz, 1H; Ar-
H), 6.92 (dd, J= 8.7, 2.2 Hz, 1 H; Ar-H), 6.81 (d, J =2.2 Hz, 1 H; Ar-H),
5.30 (s, 2H; CH2), 5.15 (br. s, 1 H; OH), 4.53 ppm (s, 2 H; NH2);
13C NMR (75 MHz, (CD3)2SO): d =146.11, 134.67, 133.93, 128.17, 125.91,
125.40, 124.28, 124.55, 118.25, 105.83, 63.21 ppm; FT-IR (neat): ñ =3370
(NH2), 3195 (OH), 2923, 2863, 1630, 1607, 1508, 1483, 1178, 1011, 882,
821 cm�1; HR-EI-MS: m/z : calcd for C11H11NO ([M]+): 173.0841; found:
173.0835.


(� )-(11-Hydroxymethyl-8H,16H-7,15-methanodinaphtho[2,1-b][2’,1’-f]
[1,5]-diazocin-3-yl)methanol ((� )-17): A suspension of 16 (865 mg,
5.0 mmol) in EtOH (10 mL) was treated at 0 8C first with formaldehyde
solution (37 % in water; 2.5 mL, ca. 30 mmol) and then with concentrated
HCl solution (32 % in water, 2.0 mL). After stirring at room temperature
for 2 h, the mixture turned to clear yellow solution, then a white solid
precipitated slowly. After 16 h, water (30 mL) was added and the pH ad-
justed to 14 with conc. aqueous NH3. The formed precipitate was filtered,
washed excessively with H2O, then with CH2Cl2, and dried in vacuo to
give (� )-17 (736 mg, 77 %) which was used without further purification.
M.p.: decomposes above 290 8C; 1H NMR (300 MHz, (CD3)2SO): 7.63–
7.72 (m, 6H; Ar-H), 7.42 (d, J =8.6 Hz, 2H; Ar-H), 7.35 (d, J =8.7 Hz,
2H; Ar-H), 5.26 (t, J =5.6 Hz, 2H; OH), 4.94 (d, J =16.8 Hz, 2H; exo-
CH2N), 4.69 (d, J =16.8 Hz, 2 H; endo-CH2N), 4.58 (d, J =5.6 Hz, 4 H;
CH2OH), 4.42 ppm (s, 2H; NCH2N); 13C NMR (75 MHz, (CD3)2SO): d=


144.80, 138.57, 129.89, 129.76, 126.92, 125.45, 124.79, 124.54, 121.14,
121.03, 66.01, 62.69, 55.15 ppm; FT-IR (neat): ñ= 3360–3180 (OH), 2909,
2847, 1597, 1471, 1389, 1210, 1017, 935, 896, 821 cm�1; ESI-MS: 383
([MH]+); HR-MALDI-MS: m/z : calcd for C25H23N2O2 ([MH]+):
383.1760; found: 383.1759.


(� )-Diethyl 4,4’-(6H,12H-5,11-Methanodibenzo[b,f][1,5]diazocine-2,8-
diyl)dibenzoate ((� )-20): A suspension of 4-(ethoxycarbonyl)phenylbor-
onic acid (1.076 g, 5.55 mmol) in ethanol (8 mL) and a solution of K2CO3


(3.317 g, 24.00 mmol) in H2O (4 mL) were added to a solution of (� )-3
(948 mg, 2.00 mmol) and [Pd(PPh3)4] (231 mg, 0.20 mmol) in toluene
(40 mL). The resulting mixture was heated to reflux for 1.5 h under Ar,
then cooled to room temperature and partitioned between CH2Cl2


(100 mL) and H2O (50 mL). The organic layer was separated, washed
with H2O (2 � 50 mL), dried over MgSO4, and concentrated in vacuo.
Flash chromatography (AcOEt/CH2Cl2 1:10–1:5) afforded (� )-20
(835 mg, 81 %) as colorless solid. Rf (AcOEt/CH2Cl2 1:5)=0.24; m.p.
209–211 8C; 1H NMR (300 MHz, CDCl3): d=8.05 (d, J=8.7 Hz, 4H; Ar-
H), 7.54 (d, J =8.7 Hz, 4 H; Ar-H), 7.44 (dd, J=8.4 Hz, 2.2, 2 H; Ar-H),
7.25 (d, J=8.4 Hz, 2H; Ar-H), 7.19 (d, J =1.9 Hz; 2H; Ar-H), 4.81 (d,
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2H, J =16.5 Hz, 2H; exo-NCH2), 4.39 (s, 2 H; NCH2N)), 4.38 (q, J=


7.2 Hz, 4H; CH3CH2), 4.31 (d, J=16.8, 2H; endo-NCH2), 1.40 ppm (t,
J =7.2 Hz, 6 H; CH3CH2); 13C NMR (75 MHz, CDCl3): d =166.33, 148.10,
144.76, 135.72, 129.94, 128.87, 128.18, 126.51, 126.32, 125.70, 125.51, 67.00,
61.00, 58.90, 14.51 ppm; FT-IR (neat): ñ=2956, 2898, 1705 (C=O), 1606,
1267, 1180, 1102, 962, 942, 747 cm�1; HR-ESI-MS: m/z : calcd for
C33H30N2NaO4 ([M+Na]+): 541.2103; found: 541.2098.


(� )-[6H,12H-5,11-Methanodibenzo[b,f][1,5]diazocine-2,8-diylbis(4,1-
phenylene)]dimethanol ((� )-21): A solution of (� )-20 (835 mg,
1.6 mmol) in THF (20 mL) was added dropwise to a suspension of
LiAlH4 (190 mg, 5.0 mmol) in THF (10 mL). The mixture was heated to
reflux for 2 h under Ar, then cooled to 0 8C and carefully quenched by
slow addition of water. The inorganic precipitate was filtered and the fil-
trate dried over MgSO4 and evaporated in vacuo to give (� )-21 (700 mg,
100 %) which was used without further purification. M.p. 243.5–245 8C.
1H NMR (300 MHz, (CD3)2SO): d= 7.50 (d, J =8.4 Hz, 4H; Ar-H), 7.42
(dd, J =8.4 Hz, 2.2, 2H; Ar-H), 7.33 (d, J= 8.4 Hz, 4 H; Ar-H), 7.25 (d,
J =1.9 Hz, 2 H; Ar-H), 7.19 (d, J =8.4 Hz, 2H; Ar-H), 5.17 (t, J =5.8 Hz,
2H; OH), 4.70 (d, J =16.8 Hz, 2 H; exo-NCH2), 4.49 (d, J =5.9 Hz, 4 H;
CH2O), 4.28 (s, 2 H; NCH2N), 4.23 ppm (d, J=17.1 Hz, 2H; endo-
NCH2); 13C NMR (75 MHz, (CD3)2SO): d= 147.28, 141.06, 138.03, 135.07,
128.33, 126.76, 125.79, 125.10, 125.03, 124.69, 66.22, 62.55, 58.24 ppm; FT-
IR (neat): ñ=3250 (OH), 2950, 2899, 2848, 1611, 1479, 1320, 964, 941,
841, 764 cm�1; ESI-MS: m/z (%): 435 (100) ([MH]+), 457 (12) ([M+Na]+);
HR-ESI-MS: m/z : calcd for C29H27N2O2 ([MH]+): 435.2073; found:
435.2061.


(� )-1,1’-Diethyl 3,3’-(6H,12H-5,11-Methanodibenzo[b,f][1,5]diazocine-
2,8-diyl)dimethylene Dimalonate ((� )-2): A solution of (� )-3 (282 mg,
1.0 mmol) and DMAP (488 mg, 4.0 mmol) in dry THF (50 mL) was treat-
ed at 0 8C with EtOOCCH2COCl (0.50 mL; 4.0 mmol). The mixture was
stirred at room temperature for 16 h, then the solvent was removed in
vacuo. Column chromatography of the residue afforded (� )-2 (267 mg,
52%). Viscous colorless oil. Rf (AcOEt/CH2Cl2 1 : 2)=0.26; 1H NMR
(300 MHz, CDCl3): d=7.15 (dd, J= 8.1 Hz, 1.9, 2H; Ar-H), 7.11 (d, J=


8.1 Hz, 2 H; Ar-H), 6.90 (d, J =1.9 Hz, 2 H; Ar-H), 5.03 (s, 4 H; OCH2),
4.68 (d, J=16.8 Hz, 2 H; exo-CH2N), 4.28 (s, 2 H; NCH2N), 4.10–4.17 (m,
6H; endo-CH2N, CH2CH3), 3.36 (s, 4H; CH2CO), 1.20 ppm (t, J =7.2 Hz,
6H; CH2CH3); 13C NMR (75 MHz, CDCl3): d=166.23, 166.19, 148.11,
130.76, 127.77, 127.64, 127.17, 125.18, 66.89, 66.72, 61.55, 58.57, 41.61,
14.09 ppm; FT-IR (neat): ñ=2980, 2945, 2900, 1742 sh, 1724 (C=O), 1616,
1493, 1326, 1263, 1204, 1143, 1029, 834 cm�1; HR-ESI-MS: m/z : calcd for
C27H30N2O8Na ([M+Na]+): 533.1900; found: 533.1901.


(R,R)-2 and (S,S)-2 were isolated by preparative HPLC on a Daicel Chir-
alcel OJ column (250 � 20 mm, eluent ethanol, flow rate 15 mL min�1, de-
tection at 254 nm). (R,R)-2 : [a]D =�195 (c= 0.25, chloroform); (S,S)-2 :
[a]D =++203 (c= 0.48, chloroform).


(� )-1,1’-Diethyl 3,3’-(8H,16H-7,15-Methanodinaphtho[2,1-b][2�,1�-f]
[1,5]diazocin-3,11-diyl)dimethylene Dimalonate ((� )-18): Prepared as
described for (� )-2 from (� )-17 (382 mg, 1.0 mmol). Viscous colorless
oil. Yield 123 mg (20 %); Rf (AcOEt/CH2Cl2 1:5) =0.20; 1H NMR
(300 MHz, CDCl3): d =7.64–7.71 (m, 6H; Ar-H), 7.42 (dd, J =8.6 Hz, 1.7,
2H; Ar-H), 7.35 (d, J =9.0 Hz, 2 H; Ar-H), 5.27 (s, 4 H; 2 OCH2Ar), 5.00
(d, J=16.8 Hz; 2H; exo-NCH2), 4.73 (d, J =16.8 Hz; 2 H; endo-NCH2),
4.50 (s, 2H; NCH2N), 4.17 (q, J =7.2 Hz, 4 H; CH2CH3), 3.40 (s, 4H;
COCH2), 1.22 ppm (t, J =7.2 Hz, 6H; CH3); 13C NMR (75 MHz, CDCl3):
d=166.26, 145.69, 131.48, 131.02, 130.44, 128.20, 127.83, 126.48, 121.64,
121.09, 67.17, 66.72, 61.58, 55.66, 41.65, 14.14 ppm; FT-IR (neat): ñ=


2980, 2899, 1741 sh, 1725 (C=O), 1599, 1474, 1327, 1264, 1144, 1027, 819,
732 cm�1; HR-MALDI-MS: m/z : calcd for C35H35N2O8 ([MH]+):
611.2393; found: 611.2378.


(� )-1,1’-Diethyl 3,3’-[6H,12H-5,11-Methanodibenzo[b,f][1,5]diazocine-
2,8-diylbis(4,1-phenylenemethylene)] Dimalonate ((� )-22): Prepared as
described for (� )-2 from (� )-21 (218 mg, 0.50 mmol). Yield 139 mg
(42 %); Rf (AcOEt/CH2Cl2 1:2)=0.47; m.p. 123–125 8C; 1H NMR
(300 MHz, CDCl3): d= 7.48 (d, J =8.4 Hz, 4H; Ar-H), 7.36–7.42 (m, 6 H;
Ar-H), 7.23 (d, J =8.4 Hz, 2H; Ar-H), 7.14 (d, J =1.9 Hz, 2H; Ar-H),
5.19 (s, 4 H; CH2OAr), 4.80 (d, J =16.5 Hz, 2 H; exo-NCH2), 4.38 (s, 2 H;
NCH2N), 4.29 (d, J =16.8 Hz, 2H; endo-NCH2), 4.19 (q, J=7.2 Hz, 4 H;


CH3CH2), 3.42 (s, 4 H; COCH2), 1.24 ppm (t, J=7.2 Hz, 6 H; CH3);
13C NMR (75 MHz, CDCl3): d=166.33, 166.27, 147.55, 140.73, 136.32,
133.90, 128.71, 128.09, 126.91, 126.15, 125.44, 66.96, 61.65, 58.85, 41.72,
14.18 ppm; FT-IR (neat): ñ=2963, 2925, 1723 (C=O), 1612, 1485, 1191,
1149, 1024, 826, 816 cm�1; ESI-MS: 663 (100, [MH]+), 685 (39, [M+Na]+);
HR-ESI-MS: m/z : calcd for C39H39N2O8 ([MH]+): 663.2706; found:
663.2702.


(R,R)-22 and (S,S)-22 were isolated by preparative HPLC on a Regis
(S,S)-Whelk-O1 column (250 � 10 mm, eluent hexane/AcOEt/EtOH
83:5:12, flow rate 7 min�1, detection at 290 nm). (R,R)-22 : [a]D =�434
(c= 0.80, chloroform); (S,S)-22 : [a]D =++456 (c =0.76, chloroform).


(� )-1,1’-Diethyl 3,3’-(4,10-Dimethyl-6 H,12H-5,11-Methanodibenzo[b,f]
[1,5]diazocine-1,7-diyl)dimethylene Dimalonate ((� )-13): Prepared as
described for (� )-2 from (� )-12 (310 mg, 1.0 mmol). Viscous colorless
oil, which crystallized very slowly upon standing; yield 288 mg (54 %);
m.p. 92–93.5 8C; Rf (AcOEt/CH2Cl2 1:5)= 0.32; 1H NMR (300 MHz,
CDCl3): d=7.08 (d, J =7.8 Hz, 2 H; Ar-H), 7.00 (d, J=7.8 Hz, 2H; Ar-
H), 5.01 (s, 4H; OCH2Ar), 4.57 (d, J =17.1 Hz, 2H; exo-CH2N), 4.28 (s,
2H; NCH2N), 4.16 (qd, J= 7.2, 2.0 Hz; 4 H; CH2CH3), 4.06 (d, J=


17.1 Hz, 2H; endo-CH2N), 3.36 (s, 4H; CH2CO), 2.42 (s, 6 H; CH3),
1.23 ppm (t, J =7.2 Hz, 6H; CH2CH3); 13C NMR (75 MHz, CDCl3): d=


166.17, 166.09, 146.40, 133.99, 129.52, 128.85, 127.03, 125.13, 66.35, 64.47,
61.61, 52.58, 41.56, 17.45, 14.11 ppm; FT-IR (neat): ñ=2946, 2899, 1744
(C=O), 1728 (C=O), 1580, 1330, 1142, 1094, 1023, 977, 810, 747 cm�1;
HR-ESI-MS: m/z : calcd for C29H34N2O8Na ([M+Na]+): 561.2213; found:
561.2213.


out,out-3’,3’’-Diethyl (S,S)-3’,3’’-(6H,12H-5,11-Methanodibenzo[b,f]
[1,5]diazocine-2,8-diyldimethylene) (f,sA)-3’H,3’’H-Dicyclopro-
pa[1,9:49,59](C60-Ih)[5,6]fullerene-3’,3’,3’’,3’’-tetracarboxylate and
out,out-3’,3’’-Diethyl (S,S)-3’,3’’-(6H,12H-5,11-Methanodibenzo[b,f]
[1,5]diazocine-2,8-diyldimethylene) 3’H,3’’H-Dicyclopropa[1,9:16,17](C60-
Ih)[5,6]fullerene-3’,3’,3’’,3’’-tetracarboxylate ((S,S,f,sA)-9 and (S,S)-10): A
well-degassed solution of (S,S)-2 (44 mg, 0.086 mmol) and C60 (54 mg,
0.075 mmol) in toluene (100 mL) was treated at 0 8C with a solution of I2


(48 mg, 0.19 mmol) in toluene (5 mL) and then with DBU (0.07 mL,
0.45 mmol). The resulting mixture was stirred for 1 h at 0 8C, then filtered
and applied on a SiO2 column. Elution with CH2Cl2/AcOEt 5:1 afforded
(S,S,f,sA)-9 (25 mg, 27%), then (S,S)-10 (5 mg, 6%). Analogously,
(R,R,f,sC)-9 (25 %), and (R,R)-10 (6 %) were prepared starting from
(R,R)-8.


(S,S,f,sA)-9 : UV/Vis (CHCl3): lmax(e)=405 (sh, 4950), 432 (4000), 488
(2000), 636 (550), 701 nm (400); 1H NMR (300 MHz, CDCl3): d =7.28
(m, overlap with CHCl3, 2H, Ar-H), 6.99 (d, J =8.1, 2H; Ar-H), 6.94 (s,
2H; Ar-H), 5.87 (d, J =11.5 Hz, 2 H; OCH2Ar), 4.96 (d, J =11.5 Hz, 2 H;
OCH2Ar), 4.70 (q, J =7.2 Hz, 4 H; CH2CH3), 4.59 (d, J =17.1 Hz, 2H;
NCH2Ar), 3.91 (s, 2 H; NCH2N), 3.85 (d, J =17.1 Hz, 2 H; NCH2Ar),
1.62 ppm (t, J =7.2 Hz, 6H; CH2CH3); 13C NMR (75 MHz, CDCl3): d=


164.04, 163.48, 149.65, 146.88, 146.87, 146.20, 145.98, 145.30, 145.23,
144.91, 144.85, 144.67, 144.59, 144.32, 144.00, 143.74, 143.40, 143.30,
143.14, 142.78, 142.16, 142.12, 142.04, 141.98, 141.88, 141.63, 141.31,
140.78, 139.75, 136.07, 135.24, 130.35, 129.33, 128.93, 127.95, 125.61, 70.89,
70.79, 67.84, 65.33, 63.76, 56.17, 49.06, 14.54 ppm; FT-IR (neat): ñ =2975,
2878, 1739 (C=O), 1607, 1490, 1222, 1106, 1055, 942, 828, 734, 702 cm�1;
HR-MALDI-MS: m/z : calcd for C87H26N2O8 ([M]+): 1226.1689; found
1226.1696.


(S,S)-10 : UV/Vis (CHCl3): lmax(e)=409 (sh, 2700), 422 (2300), 480 nm
(2670); 1H NMR (300 MHz, CDCl3): d= 7.09–7.15 (m, 3H; Ar-H), 6.92
(s, 1 H; Ar-H), 6.87(s, 1H; Ar-H), 6.76 (d, 1 H; Ar-H), 5.67 (d, J=


11.0 Hz, 1H; OCH2Ar), 5.54 (d, J =13.2 Hz, 1H; OCH2Ar), 5.10 (d, J =


13.2 Hz, 1H; OCH2Ar), 5.01 (d, J =11.0 Hz, 1H; OCH2Ar), 4.40–4.63
(m, 6 H, OCH2CH3, NCH2Ar), 4.30 (s, 2H; NCH2N), 4.14 (d, J =17.1 Hz,
1H; NCH2Ar), 3.68 (d, J =17.1 Hz, 1 H; NCH2Ar), 1.39–1.46 (m, 6 H,
OCH2CH3); 13C NMR (75 MHz, CDCl3): d= 163.38, 163.06, 162.99,
162.27, 148.99, 148.42, 147.17, 147.10, 146.99, 146.91, 146.50, 146.29,
146.27, 146.16, 145.87, 145.85, 145.82, 145.47, 145.34, 144.92, 144.91,
144.85, 144.80, 144.69, 144.63, 144.51, 144.47, 144.43, 144.38, 144.31,
144.10, 143.79, 143.76, 143.63, 143.56, 143.54, 143.51, 143.50, 143.50,
143.50, 143.29, 143.15, 142.95, 142.67, 142.28, 142.10, 141.81, 141.73,
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141.61, 141.53, 141.52, 141.45, 141.30, 140.64, 138.37, 138.17, 137.89,
137.83, 71.57, 71.28, 71.09, 68.54, 67.67, 66.99, 63.39, 63.34, 59.37, 58.89,
53.16, 51.19, 14.33 ppm; FT-IR (neat): ñ =2976, 2898, 1738 (C= O), 1614,
1492, 1225, 1205, 1097, 1058, 831, 731, 701 cm�1; HR-MALDI-MS: m/z :
calcd for C87H26N2O8 ([M]+): 1226.1689; found 1226.1672.


out,out-3’,3’’-Diethyl (� )-3’,3’’-(4,10-Dimethyl-6H,12H-5,11-methanodi-
benzo[b,f][1,5]diazocine-1,7-diyldimethylene) 3’H,3’’H-Dicyclopro-
pa[1,9:32,33](C60-Ih)[5,6]fullerene-3’,3’,3’’,3’’-tetracarboxylate ((� )-14):
Prepared as described for (S,S,f,sA)-9 from (� )-13 (129 mg, 0.24 mmol).
Yield 95 mg (38 %); UV/Vis (CHCl3): lmax(e)= 416 (2900), 472 (2100),
628 (470), 692 nm (310); 1H NMR (300 MHz, CDCl3): d =6.96 (d, J=


7.8 Hz, 1 H; Ar-H), 6.84–6.89 (m, 2 H; Ar-H), 6.74 (d, J =7.6 Hz, 1 H; Ar-
H), 5.70 (d, J=11.5 Hz, 1H; OCH2Ar), 5.42 (d, J =11.8 Hz, 1H;
OCH2Ar), 5.26 (d, J=11.8 Hz, 1 H; OCH2Ar), 4.88–4.97 (m, 2 H;
NCH2Ar, OCH2Ar), 4.51–4.70 (m, 6H; CH2CH3, NCH2Ar), 4.24 (d, J=


16.5 Hz, 1H; NCH2Ar), 4.14 (s, 2H; NCH2N), 2.48 (s, 3 H; CH3-Ar), 2.26
(s, 3 H; CH3-Ar), 1.51 ppm (t, J =7.1 Hz, 6 H; CH2CH3); 13C NMR
(75 MHz, CDCl3): d=163.52, 163.33, 163.17, 163.00, 147.91, 146.85,
146.78, 146.06, 145.93, 145.88, 145.78, 145.64, 145.35, 145.31, 145.24,
145.09, 145.06, 144.93, 144.88, 144.82, 144.76, 144.71, 144.50, 144.32,
143.95, 143.91, 143.83, 143.78, 143.77, 143.14, 142.99, 142.91, 142.81,
142.75, 142.58, 142.56, 142.41, 141.99, 141.86, 141.85, 141.64, 141.58,
141.50, 141.18, 141.11, 141.03, 140.97, 140.73, 140.61, 140.13, 139.45,
139.19, 138.92, 138.42, 138.15, 134.32, 134.27, 133.96, 133.30, 129.04,
129.00, 128.94, 128.83, 127.46, 126.71, 125.84, 125.25, 70.94, 70.75, 70.53,
70.22, 66.41, 63.64, 63.40, 62.17, 52.68, 52.25, 50.21, 49.23, 17.60, 17.51,
14.54 ppm; FT-IR (neat): ñ=2956, 2889, 1732 (C=O), 1442, 1365, 1223,
1093, 1060, 805 cm�1; HR-MALDI-MS: m/z : calcd for C89H30N2O8 ([M]+):
1254.2002; found 1254.1986.


out,out-3’,3’’-Diethyl (� )-3’,3’’-(8H,16H-7,15-methanodinaphtho[2,1-b]
[2�,1�-f][1,5]diazocin-3,11-diyldimethylene) 3’H,3’’H-Dicyclopropa-
[1,9:52,60](C60-Ih)[5,6]fullerene-3’,3’,3’’,3’’-tetracarboxylate ((� )-19): Pre-
pared as described for (S,S,f,sA)-9 from (� )-18 (121 mg, 0.20 mmol) with
the following amendment: acylation was performed in DMF (5 mL).
Yield 128 mg (58 %); UV/Vis (CHCl3): lmax(e)=405 (sh, 4950), 440
(2500), 470 (3700), 575 (sh, 500), 650 nm (sh, 200); 1H NMR (300 MHz,
CDCl3): d= 7.93 (s, 2H; Ar-H), 7.56–7.62 (m, 6H, Ar-H), 7.29 (d, J=


8.7 Hz, 2 H; Ar-H), 5.89 (d, J =10.9 Hz, 2 H; OCH2Ar), 5.70 (d, J=


10.9 Hz, 2 H; OCH2Ar), 5.00 (d, J= 17.1 Hz, 2H; NCH2Ar), 4.65 (q, J =


7.2 Hz, 4H; OCH2CH3), 4.48 (d, J =17.1 Hz, 2 H; NCH2Ar), 4.33 (s, 2 H;
NCH2N), 1.58 ppm (t, J= 7.2 Hz, 6H; CH3); 13C NMR (75 MHz, CDCl3):
d=164.27, 164.15, 147.24, 145.09, 145.02, 144.93, 144.45, 144.38, 143.88,
143.61, 143.30, 143.09, 143.01, 142.98, 142.83, 142.77, 142.73, 142.57,
142.41, 142.11, 142.09, 142.00, 141.82, 140.90, 140.73, 140.58, 140.56,
140.44, 140.13, 136.34, 135.91, 132.24, 131.91, 131.53, 131.18, 129.25,
128.48, 125.65, 121.76, 121.47, 69.73, 69.65, 69.08, 65.81, 63.65, 54.88,
44.83, 14.46 ppm; FT-IR (neat): ñ= 2920, 2850, 1727 (C=O), 1596, 1470,
1362, 1237, 1207, 1165, 1065, 1013, 806, 734 cm�1; HR-MALDI-MS
(DCTB): m/z : calcd for C95H30O8N2 ([M]+): 1326.2002; found: 1326.1980.


in,out-3’,3’’-Diethyl (S,S)-3’,3’’-[6H,12H-5,11-Methanodibenzo[b,f]
[1,5]diazocine-2,8-diylbis(4,1-phenylenemethylene)] (f,sA)-3’H,3’’H-Dicy-
clopropa[1,9:34,35](C60-Ih)[5,6]fullerene-3’,3’,3’’,3’’-tetracarboxylate and
in,out-3’,3’’-Diethyl (S,S)-3’,3’’-[6H,12H-5,11-Methanodibenzo[b,f]
[1,5]diazocine-2,8-diylbis(4,1-phenylenemethylene)] (f,sC)-3’H,3’’H-Dicy-
clopropa[1,9:34,35](C60-Ih)[5,6]fullerene-3’,3’,3’’,3’’-tetracarboxylate
((S,S,f,sA)-23 a and (S,S,f,sC)-23 a): Prepared as described for (S,S,f,sA)-9
from (S,S)-22. Column chromatography (AcOEt/CH2Cl2 1:10) afforded a
mixture of diastereoisomers which were separated by preparative HPLC
on a Regis Bucky Clutcher column (500 � 21 mm, eluent toluene/AcOEt
93 : 7, flow rate 15 min�1, detection at 350 nm), to give (S,S,f,sA)-23 a
(16.5 mg, 27 %) and (S,S,f,sC)-23a (4.5 mg, 5 %). Similarly, (R,R,f,sC)-23b
and (R,R,f,sA)-23b were prepared starting from (R,R)-22.


(S,S,f,sA)-23 a : Retention time (analytical HPLC: Regis Bucky Clutcher
column, 250 � 4.6 mm, eluent toluene/AcOEt 93 : 7, flow rate 1 mL min�1,
detection at 350 nm): 19.9 min; Rf (AcOEt/CH2Cl2 1:10)=0.20; UV/Vis
(CHCl3): lmax(e) =413 (2480), 423 (2010), 490 (1680), 618 nm (440);
1H NMR (500 MHz, CDCl3): d=7.60 (d, J=8.4 Hz, 2H), 7.53 (d, J =


8.4 Hz, 2H; Ar-H), 7.43 (d, J=8.1 Hz, 2 H; Ar-H), 7.37 (dd, J =8.4,


2.2 Hz, 1H; Ar-H), 7.24–7.31 (m, overlap with CHCl3, 3H; Ar-H), 7.21
(d, J =1.9 Hz, 1 H; Ar-H), 7.14 (d, J =8.4 Hz, 1 H; Ar-H), 7.02 (d, J=


8.1 Hz, 1 H; Ar-H), 6.90 (d, J =1.9 Hz, 1 H; Ar-H), 6.10 (d, J =10.6 Hz,
1H; OCH2Ar), 5.90 (d, J=10.9 Hz, 1H; OCH2Ar), 5.08 (d, J =10.6 Hz,
1H; OCH2Ar), 5.02 (d, J=10.9 Hz, 1H; OCH2Ar), 4.71 (d, J =16.2 Hz,
2H; exo-NCH2), 4.41–4.58 (m, 6H; CH3CH2, NCH2N), 4.16 (d, J =


16.5 Hz, 1H; endo-NCH2), 4.07 (d, J=16.5 Hz, 1 H; endo-NCH2), 1.51 (t,
J =7.0 Hz, 3 H; CH3CH2), 1.42 ppm (t, J=7.2 Hz, 3H; CH3CH2);
13C NMR (125 MHz, CDCl3): d=163.79, 163.52, 163.39, 162.57, 147.45,
147.38, 147.24, 146.86, 146.81, 146.65, 146.60, 146.52, 146.48, 146.35,
146.23, 145.67, 145.37, 145.34, 145.28, 145.24, 145.07, 144.96, 144.94,
144.86, 144.69, 144.50, 144.40, 144.35, 144.28, 144.23, 144.20, 143.96,
143.77, 143.43, 143.25, 143.24, 143.20, 143.14, 143.09, 142.81, 142.60,
142.59, 142.30, 141.87, 141.85, 141.80, 141.53, 141.36, 141.32, 141.23,
140.68, 140.59, 140.52, 140.24, 140.03, 139.65, 138.94, 137.80, 136.11,
135.41, 135.35, 133.97, 133.79, 132.33, 131.30, 129.04, 129.00, 128.61,
128.51, 128.23, 128.05, 127.36, 126.82, 126.49, 126.29, 126.02, 125.31,
124.80, 124.61, 71.68, 71.56, 71.00, 70.86, 69.36, 68.45, 67.56, 63.49, 63.44,
60.64, 59.86, 51.54, 51.30, 14.29, 14.19 ppm (1 C missing due to signal
overlap); FT-IR (neat): ñ=2961, 2848, 1742 (C=O), 1607, 1485, 1246,
1227, 1207, 962, 753 cm�1; HR-MALDI-MS: m/z : calcd for C99H34N2O8


([M]+): 1378.2315; found 1378.2295.


(S,S,f,sC)-23 b : Retention time (analytical HPLC): 23.6 min; Rf (AcOEt/
CH2Cl2 1:10)= 0.20; UV/Vis (CHCl3): lmax(e)=413 (2400), 423 (1950),
491 (1700), 620 nm (420); 1H NMR (300 MHz, CDCl3): d=7.58 (d, J=


8.5 Hz, 2 H; Ar-H), 7.02–7.47 (m, overlap with CHCl3, 11H; Ar-H), 6.87
(d, J=1.9 Hz, 1 H; Ar-H), 5.80 (d, J =11.0 Hz, 1H; OCH2Ar), 5.70 (d,
J =11.0 Hz, 1 H; OCH2Ar), 5.45 (d, J=10.7 Hz, 1H; OCH2Ar), 5.07 (d,
J =11.0 Hz, 1H; OCH2Ar), 4.68 (d, J=16.8 Hz, 2 H; exo-NCH2), 4.43–
4.58 (m, 6H; CH3CH2, NCH2N), 4.13 (d, J=16.5 Hz, 1H; endo-NCH2),
3.94 (d, J= 16.5 Hz, 1H; endo-NCH2), 1.49 (t, J=7.1 Hz, 3H; CH3CH2),
1.43 ppm (t, J=7.1 Hz, 3H; CH3CH2); FT-IR (neat): ñ =2921, 2850, 1741
(C=O), 1610, 1485, 1226, 1207, 1174, 1103, 962, 771, 753 cm�1; HR-
MALDI-MS: m/z : calcd for C99H34N2O8 ([M]+): 1378.2315; found
1378.2329.


X-ray crystal structure analyses: (� )-13 : Crystal data at 220(2) K:
C29H34N2O8, Mr = 538.58, triclinic, space group P1̄ (no. 2), 1calcd =


1.341 gcm�3, Z =2, a =8.3728(2), b=12.3137(2), c =13.5893(3) �, a=


106.060(1), b =97.703(1), g =98.613(1)8, V= 1334.29(5) �3. Bruker-
Nonius CCD diffractometer, MoKa radiation, l=0.7107 �. A colorless
crystal was obtained by very slow evaporation of a solution of (� )-13 in
CH2Cl2. The structure was solved by direct methods (SIR97)[27] and re-
fined by full-matrix least-squares analysis (SHELXL-97),[28] using an iso-
tropic extinction correction, and w=1/[s2(F2


o) + (0.1092P)2 + 0.5140P],
where P = (F2


o + 2 F2
c)/3. C29 is disordered over two orientations, only


one orientation is shown (see Supporting Information). All heavy atom
were refined anisotropically, hydrogen atoms isotropically, whereby hy-
drogen positions are based on stereochemical considerations. Final
R(F)=0.060, wR(F2) =0.171 for 385 parameters and 5036 reflections with
I>2s(I) and 3.14<q<27.47o (corresponding R values based on all 5897
reflections are 0.069 and 0.181 respectively).


(R,R)-19 : Crystal data at 238(2) K: C95H30O8N2·2 CH2Cl2, orthorhombic,
space group P212121 (no.19), 1calcd =1.625 g cm�3, Z =4, a=10.3913(13),
b=23.387(8), c =25.187(7) �, V=6121(3) �3. Nonius CAD4 diffractome-
ter, CuKa radiation, l= 1.5418 �. A black crystal was obtained by very
slow evaporation of a solution of (� )-19 in a mixture of CH2Cl2 and
CHCl3. It was cut to linear dimensions of about 0.32 � 0.25 � 0.22 mm and
mounted at low temperature to prevent evaporation of enclosed solvents.
The structure was solved by direct methods (SIR97)[27] and refined by
full-matrix least-squares analysis (SHELXL-97),[28] using an isotropic ex-
tinction correction, and w=1/[s2(F2


o) + (0.1932P)2 + 2.4285P], where
P= (F2


o + 2F2
c)/3. One of the two CH2Cl2 molecules, included in the crys-


tal packing, is disordered over four orientations. All heavy atoms of
(R,R)-19 were refined anisotropically, hydrogen atoms isotropically,
whereby hydrogen positions are based on stereochemical considerations.
Final R(F) =0.078, wR(F2)=0.209 for 1050 parameters and 4485 reflec-
tions with I>2s(I) and 2.58<q<66.968 (corresponding R values based
on all 5751 reflections are 0.098 and 0.242, respectively).
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(� )-22 : Crystal data at 200(2) K: C39H38N2O8, Mr =662.71, monoclinic,
space group C2/c (no. 15), 1calcd =1.343 gcm�3, Z=4, a=25.1985(6), b=


5.5400(1), c=23.6427(5) �, b=96.801(1)8, V=3277.29(12) �3. Bruker-
Nonius Kappa-CCD diffractometer, MoKa radiation, l =0.7107 �. A col-
orless crystal (linear dimensions about 0.25 � 0.21 � 0.15 mm) was ob-
tained by slow diffusion of hexane into solution of (� )-22 in CH2Cl2. The
structure was solved by direct methods (SIR97)[27] and refined by full-
matrix least-squares analysis (SHELXL-97),[28] using an isotropic extinc-
tion correction, and w= 1/[s2(F2


o) + (0.0718P)2 + 5.7134P], where P=


(F2
o + 2F2


c)/3. All heavy atoms of (� )-22 were refined anisotropically,
hydrogen atoms isotropically, whereby hydrogen positions are based on
stereochemical considerations. Final R(F)=0.061, wR(F2) =0.153 for 240
parameters and 2953 reflections with I>2s(I) and 3.26<q<27.47o (cor-
responding R values based on all 3726 reflections are 0.077 and 0.165, re-
spectively).


CCDC-257155 ((� )-13), CCDC-257156 ((R,R)-19), and CCDC-257157
((� )-22) contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystal-
lographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.


Cyclic voltammetry : Electrochemical measurements were performed at
room temperature in a three-electrode cell containing 0.1 m Bu4NPF6) in
CH2Cl2. A mini-glassy carbon electrode (CHI, 1 mm diameter) was used
as the working electrode, platinum wire was used as the counter elec-
trode, and Ag/AgNO3 as reference electrode. Ferrocene was added as an
internal standard, and all potentials were measured relative to the Fc/Fc+


couple. Solutions were stirred and degassed with argon prior to each
measurement.
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A Novel Series of Vanadium-Sulfite Polyoxometalates: Synthesis, Structural,
and Physical Studies
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Peter Baran,*[b] and Themistoklis A. Kabanos*[a]


Dedicated to Professor Francis S�cheresse on the occasion of his 60th birthday


Introduction


Research involving polyoxometalates is driven not only by
their remarkable structural and electronic properties,[1–5] but
also because of their significance in quite diverse disciplines
ranging from photochromism,[6] electrochromism,[7] and
magnetism[1,2c] to catalysis[1] and medicine.[8] Although the
polyoxometalate derivatives incorporating inorganic li-
gands[9–13] and in particular the tetrahedral phosphate[14] ion,
have been intensively investigated in the last two decades,
the polyoxometalates containing the pyramidal sulfite ion
are comparatively unexplored.[15,16] This is unexpected for
three main reasons: 1) metal sulfite chemistry is very attrac-
tive in view of its potential for restricting the serious envi-
ronmental problem of acid rain,[17] 2) the sulfite anion has a
C3v symmetry and contains a non-bonding, but stereochemi-
cally active pair of electrons and its non-centrosymmetric
compounds, may potentially display non-linear optical prop-
erties[18] which are observed in non-centrosymmetric metal
selenites[19] and metal iodates[20] and 3) V2O5 is used as an in-


Abstract: Reaction of NH4VO3 with
sulfur dioxide affords the hexanuclear
cluster (NH4)2(Et4N)[(VIVO)6(m4-
O)2(m3-OH)2(m3-SO3)4(H2O)2]Cl·H2O
(1), and the decapentanuclear host–
guest compound (Et4N)5{Cl�
[(VO)15(m3-O)18(m-O)3]}·3H2O (2). Se-
quential addition of magnesium oxide
to an acidic aqueous solution of
NH4VO3 (pH�0) followed by
(NH4)2SO3 resulted in the formation of
either the non-oxo polymeric vana-
dium(iv) compound trans-(NH4)2[V


IV-
(OH)2(m-SO3)2] (3) or the polymeric
oxovanadium(iv) sulfite (NH4)[VIVO-
(SO3)1.5(H2O)]·2.5 H2O (4) at pH values


of 6 and 4, respectively. The decameric
vanadium(v) compound {Na4(m-
H2O)8(H2O)6}[Mg(H2O)6][V


V
10(O)8(m6-


O)2(m3-O)14]·3H2O (5) was synthesised
by treating an acidic aqueous solution
of NH4VO3 with MgO and addition of
NaOH to pH�6. All the compounds
were characterised by single-crystal X-
ray structure analysis. The crystal struc-
ture of compound 1 revealed an unpre-


cedented structural motif of a cubane
unit [M4(m4-O)2(m3-OH)2] connected to
two other metal atoms. Compound 3
comprises a rare example of a non-oxo
vanadium(iv) species isolated from
aqueous solution and in the presence
of the reducing agent SO3


2�, while
compound 4 represents a rare example
of an open-framework species isolated
at room temperature (20 8C). In addi-
tion to the synthesis and crystallo-
graphic studies, we report the IR and
magnetic properties (for 1, 2 and 3) of
these vanadium clusters as well as the-
oretical studies on compound 3.
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dustrial catalyst in the production of sulfuric acid by oxida-
tion of SO2 to SO3 at 400–600 8C.[21] Crude oil may contain
up to 4 % vanadium mainly in the form of VIVO2+ porphy-
rins,[22] which are transformed to V2O5 on burning. The exis-
tence of V2O5 in the atmosphere may cause health hazards
and the oxidation of SO2 to SO3 (acid rain). On the other
hand, it is essential to use more efficient catalysts for the in-
dustrial oxidation of SO2 to SO3 that will allow us to reduce
the temperature for this process. Thus, it is of vital impor-
tance to study the interaction of vanadium with the sulfite
anion.


We present herein the first systematic study of metal–sul-
fite interactions. More specifically, the synthesis and struc-
tural characterisation of the vanadium(iv) sulfite compounds
1, 3, and 4 are reported (see Scheme 1). In addition, IR,
UV/Vis, magnetic properties and density functional calcula-
tions (for compound 3) are reported as well. Furthermore,
the synthesis, structural and physicochemical characterisa-
tion of the compounds 2 and 5 are described (see
Scheme 1). A preliminary report of this research has been
communicated previously.[16b]


Results and Discussion


Syntheses : The synthesis of the oxovanadium(iv)-sulfite
compounds 1, 1’, 1’’, 3 and 4 as well as of the spherical
mixed-valence host–guest cluster 2 and of the magnesium–
vanadium(v) compound 5 is summarised in Scheme 1. The
hexanuclear vanadium cluster 1, was prepared by dissolving
NH4VO3 in acidic aqueous solution (pH 0), because
NH4VO3 is only very slightly soluble in water, then adding a
concentrated aqueous ammonia to the vanadium(v) solution
to pH 8. Sulfur dioxide was then bubbled through the mix-
ture in the presence of Et4NCl until pH was 4.5. Dark green


crystals of (Et4N)5[Cl�(VIVO)7(VVO)8(m3-O)18(m-O)3]·H2O
(2) were also formed along with the crystals of 1, which
were manually separated. The synthesis and crystallographic
characterisation of (Me4N)6[Cl�(VIVO)8(VVO)7(m3-O)18(m-
O)3] (2’),[23] obtained from the hydrolysis VS4


3�, and of
(Bu4N)4[Cl�(VIVO)6(VVO)9(m3-O)18(m-O)3] (2’’),[24] obtained
from nBu4NVO3 in CH3CN, have been reported in the liter-
ature. It is obvious that the anions of the clusters 2, 2’ and
2’’ differ only in their VIV/VV content.


In an effort to study the effect of two outer oxovanad-
ium(iv) cations on the magnetic properties of 1, we tried to
substitute them with two non-magnetically interacting diva-
lent metal ions (i.e. , Zn2+ , Ca2+ , Mg2+ , etc.). Thus, sequen-
tial addition of excess MgO to an acidic aqueous solution of
NH4VO3 (pH 0) and then of (NH4)2SO3 resulted in the for-
mation of either the polymeric non-oxo vanadium(iv) com-
pound trans-(NH4)2[V


IV(OH)2(m-SO3)2] (3) or the polymeric
oxovanadium(iv)-sulfite compound (NH4)[VIVO(SO3)1.5-
H2O]·2.5H2O (4) at pH 6 and pH 4, respectively. When the
reaction was performed in the absence of MgO, the hexa-
nuclear compound[16b] (NH4)2[(VIVO)6(m4-O)2(m3-OH)2(m3-
SO3)4(H2O)2] (1’) was isolated instead. Compound 1’ was
also synthesised by reacting [VIVOCl2(thf)2], in acidic aque-
ous solution, with (NH4)2SO3.


[16b] The tetrabutylammonium
analogue of 1’, (nBu4N)2[(VIVO)6(m4-O)2(m3-OH)2(m3-
SO3)4(H2O)2] (1’’), was prepared by reacting [VIVOCl2(thf)2],
in acidic aqueous solution, with Na2SO3 and nBu4NBr.[16b]


To answer the question: “what is the role of MgO?”, the
compound {Na4(m-H2O)8(H2O)6}[Mg(H2O)6][V


V
10(O)8(m6-


O)2(m3-O)4(m-O)14]·3 H2O (5) was synthesised by treating an
acidic aqueous solution of NH4VO3 (pH 0) with MgO and
NaOH (to pH 6). Based on the isolation and characterisa-
tion of compound 5, it is rather difficult to comment on the
role of MgO in the isolation of compounds 3 and 4 instead
of the hexanuclear vanadium(iv) clusters 1 and 1’.


X-ray crystallography : Selected interatomic distances and
bond angles relevant to the vanadium coordination sphere
for compounds 1, 2 and 3 are listed in Table 1, Table 2 and
Table 3, respectively.


X-ray structural analysis of 1 revealed the presence of the
discrete cluster [VIVO)6(m4-O)2(m3-OH)2(m3-SO3)4(H2O)2]


2�


(Figure 1A) as well as one Et4N
+ , two ammonium and one


chloride counterions. The core of the hexanuclear cluster
consists of a distorted cubane unit, [V4


IV(m4-O)2(m3-OH)2].
The two outer vanadium(iv) atoms V3/V3A are connected
to the cubane core through the two m4-O


2� and the four m3-
(O,O,O) sulfite bridges, and their geometries lie between
square-pyramidal and trigonal-bipyramidal, with a trigonali-
ty index, t, of 0.51.[25] There is an extended network of hy-
drogen bonds between the hexanuclear clusters, in particu-
lar: 1) there are quite strong hydrogen bonds between the
two hydrogen atoms at O8 and the sulfite oxygens O11 and
O13 (Figure 2, Table 4), thus forming a hydrogen-bonded
layer of adjacent anions lying in the ab plane (Figure 2),
2) the hydroxylic hydrogen atom HO(6) forms a weak hy-
drogen bond with the terminal O2 oxygen of an adjacent
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hexanuclear cluster (Figure 2, Table 4) stabilising the hydro-
gen-bonded anionic layer, and 3) the hydroxylic hydrogen
atom, HO(7) is involved in an interaction with the Cl� coun-
ter-ion together with hydrogens from ammonium cations.
The hexanuclear VIV ![V4


IV(m4-O)2(m3-OH)2]!VIV cluster
represents a novel structural motif.[26,27]


The X-ray structure of 2 (Figure 3) exhibits a spherical
{Cl�[(VVO)8(VIVO)7(m3-O)18(m-O)3]}


5� cluster, which formal-


ly contains eight VV and seven
VIV centres arranged on the sur-
face of a sphere at a distance of
3.45�0.1 � from the centre of
the cluster in which the Cl� re-
sides.


Compound 3 has a linear
polymeric structure (Figure 4).
The crystallographically unique
vanadium atom of compound 3
exhibits an octahedral geometry
defined by four equatorial sul-
fite oxygen atoms and two axial
hydroxo groups. The four equa-
torial V�O bonds are equivalent
and equal to 1.996(4) �, while
the two axial V�O bonds are
also equivalent and equal to
1.988(8) �, which is somewhat
longer than expected. Owing to
the symmetry, the O3’-V1-O3
and O1-V1-O1’’ angles are 1808,
whereas the O1-V1-O1B and
O1-V1-O3 angles are 91.5(3)8


and 91.9(2)8, respectively, indicating almost an ideal octahe-
dral geometry. The vanadium octahedra are linked together
through four m2-pyramidal-sulfite bridges in 1D chains along
the c axis. The m2-sulfite bridges exhibit an O1A-S1-O1
angle of 100.8(4)8 and keep the vanadium octahedra in close
proximity. The ammonium ions between the chains pro-
motes stable packing. The hydrogen atoms of the ammoni-
um group make two different close contacts with O2 oxygen


Scheme 1. Synthetic routes to isolated compounds 1–5.


Table 1. Selected interatomic distances and angles relevant to the coordination sphere for the vanadium atoms
in compound 1.


bond lengths [�]
V1�O1 1.607(3) V2þ:25ex�O12 2.044(3) V4þ:25ex�O4 1.593(3)
V1�O5 1.995(2) V3þ:25ex�O3 1.591(3) V4þ:25ex�O5 2.328(2)
V1�O6 2.299(3) V3þ:25ex�O5 1.983(2) V4þ:25ex�O6 2.008(2)
V1�O9 2.044(2) V3þ:25ex�O8 2.065(3) V4þ:25ex�O7 2.001(2)
V2�O2 1.603(3) V3þ:25ex�O10 1.956(3) V4þ:25ex�O11 2.030(3)
V2�O5 1.990(2) V3þ:25ex�O13 1.966(3) V4þ:25ex�O14 2.014(3)
V2�O7 2.317(3)


bond angles [8]
O1-V1-O6 175.56(16) O10-V3-O13 131.66(12) O4-V4-O7 103.21(14)
O5-V1-O9A 155.84(10) O3-V3-O10 114.42(14) O4-V4-O11 98.23(12)
O5-V1-O9 90.23(9) O3-V3-O13 112.35(14) O4-V4-O14 98.03(12)
O5-V1-O5A 83.47(13) O5-V3-O3 102.69(12) O5-V4-O6 78.08(10)
O9-V1-O9A 86.05(13) O5-V3-O10 90.49(10) O5-V4-O7 78.45(11)
O1-V1-O5 104.23(12) O5-V3-O13 90.77(10) O5-V4-O11 80.13(9)
O1-V1-O9 99.93(12) O8-V3-O3 94.68(12) O5-V4-O14 81.87(9)
O2-V2-O7 174.12(16) O8-V3-O10 79.89(10) V1-O5-V2 94.91(9)
O5-V2-O12A 155.84(10) O8-V3-O13 84.89(11) V1-O5-V3 119.10(11)
O5-V2-O12 89.60(9) O4-V4-O5 178.34(12) V1-O5-V4 100.41(9)
O5-V2-O5A 83.76(13) O6-V4-O14 157.52(12) V2-O5-V3 118.96(11)
O12-V2-O12A 87.03(14) O7-V4-O11 156.62(11) V2-O5-V4 100.53(9)
O2-V2-O5 105.33(12) O4-V4-O6 102.30(13) V3-O5-V4 118.55(10)
O2-V2-O12 98.83(12) O4-V4-O7 103.21(14) V1-O6-V4 101.00(10)
O7-V2-O5 78.94(9) O4-V4-O11 98.23(12) V4-O6-V4A 102.79(14)
O7-V2-O12 76.98(9) O4-V4-O14 98.03(12) V2-O7-V4 100.58(11)
O5-V3-O8 162.44(10) O4-V4-O6 102.30(13) V4-O7-V4A 103.30(15)
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atoms of sulfite anions from neighbouring chains. This may
be the reason why O2 appears disordered over two positions
in the structure.


The two-dimensional structure of compound 4 is a layered
net of VO6 octahedra, each of which shares four corners
with four adjacent sulfite trigonal pyramids. The connectivi-
ty between the VO6 octahedra and the sulfite trigonal pyra-
mids creates an open-framework compound with 8- and 4-
ring windows (Figure 5). Compound 4 represents a rare ex-
ample of an open-framework compound prepared under
mild conditions (�20 8C).[28]


The 2D structure of compound 5 can be described as a
chain in which the edge-sharing octahedra of magnesium
and sodium atoms are linked together in a zigzag conforma-


Table 2. Selected interatomic distances and angles relevant to the coordi-
nation sphere for the vanadium atoms for the compound 2.


Bond lengths [�]
V1�O1 1.588(4) V5�O5 1.604(4)
V1�O34 1.862(4) V5�O36 1.741(4)
V1�O24 1.897(4) V5�O22 1.893(3)
V1�O19 1.901(4) V5�O23 1.894(3)
V1�O16 2.012(4) V5�O18 2.108(4)
V1�V6 2.8740(14) V5�V6 3.0202(14)
V1�V2 2.8849(15) V6�O6 1.598(4)
V2�O2 1.595(4) V6�O16 1.863(4)
V2�O16 1.886(4) V6�O18 1.889(4)
V2�O17 1.901(4) V6�O24 1.913(4)
V2�O19 1.907(4) V6�O23 1.939(4)
V2�O20 1.925(4) V6�V15 2.9965(14)
V2�V3 2.9132(14) V7�O7 1.593(4)
V2�V13 2.9692(14) V7�O34 1.769(4)
V3�O3 1.595(4) V7�O33 1.899(4)
V3�O35 1.853(4) V7�O28 1.902(4)
V3�O21 1.895(4) V7�O25 2.091(4)
V3�O20 1.902(4) V7�V8 2.9704(14)
V3�O17 2.016(4) V7�V12 3.0149(15)
V3�V4 2.9101(14)
V4�O4 1.605(4)
V4�O17 1.866(4)
V4�O18 1.875(4)
V4�O22 1.923(4)
V4�O21 1.926(4)
V4�V5 2.9906(14)
V4�V14 3.0075(13)


Bond angles [8]
O1-V1-O34 102.9(2) V6-V1-V2 76.53(4)
O1-V1-O24 111.3(2) O2-V2-O16 108.09(19)
O34-V1-O24 90.17(17) O2-V2-O17 107.4(2)
O1-V1-O19 111.1(2) O2-V2-O19 107.8(2)
O34-V1-O19 88.82(16) O16-V2-O19 84.59(16)
O24-V1-O19 136.62(16) O2-V2-O20 106.66(19)
O1-V1-O16 102.5(2) O16-V2-O20 145.02(16)
O34-V1-O16 154.65(16) O17-V2-O20 83.59(16)
O24-V1-O16 81.37(16) O19-V2-O20 81.27(15)
O19-V1-O16 81.37(15) O2-V2-V1 112.62(17)
O1-V1-V6 110.62(16) O16-V2-V1 43.98(11)
O34-V1-V6 128.07(13) O17-V2-V1 125.67(12)
O24-V1-V6 41.25(11) O19-V2-V1 40.68(11)
O19-V1-V6 113.18(11) O20-V2-V1 116.64(11)
O16-V1-V6 40.18(11) O2-V2-V3 111.86(16)
O1-V1-V2 110.43(18) O16-V2-V3 125.22(12)
O34-V1-V2 126.62(12) O17-V2-V3 43.49(12)
O24-V1-V2 113.56(11) O19-V2-V3 115.66(12)
O19-V1-V2 40.84(11) O20-V2-V3 40.13(11)
O16-V1-V2 40.60(11) V1-V2-V3 134.75(4)


Table 3. Selected interatomic distances and angles relevant to the coordi-
nation sphere for the vanadium atoms for the compound 3.


Bond lengths [�] Bond angles [8]


V1�O1 1.996(4) O3-V1-O1 91.9(2)
V1�O3 1.988(8) O1-V1-O1B 91.5(3)
S1�O1 1.522(4) O1-S1-O1D 100.8(4)
S1�O2 1.523(7)


Figure 1. A) Structure of the complex anion [(VIVO)6(m4-O)2(m3-OH)2(m3-
SO3)4(H2O)2]


2� from compound 1 (ORTEP diagram with 50 % thermal
ellipsoids). B) Representation of the magnetic model of 1.


Figure 2. Packing diagram of compound 1 showing the hydrogen-bonded
network; counterions and interstitial water molecules are not shown.
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tion. Chains are inter-linked with decavanadate(v) clusters,
which are connected to sodium atoms through m-oxygen
bridges (Figure 6).


IR spectroscopy: Assignments
of some diagnostic bands for
the vanadium(iv) sulfite com-
pounds 1, 3 and 4 as well as for
some known metal-sulfite com-
pounds are given in Table 5.
One should expect the SO3


2�


bands of the compounds 1, 3,
and 4 near the positions of the
four fundamentals (n1–n4) of the
pyramidal (C3V) sulfite anion.
The wavenumbers of the funda-
mentals of the free sulfite
groups are well-known,[29]


namely: n1(A1) = 967 cm�1,
n2(A1) = 620 cm�1, n3(E) = 933 cm�1, and n4(E) =


469 cm�1, according to the IR spectra of aqueous sulfite sol-


Table 4. Specified hydrogen bonds for compound 1.


D�H H···A D···A aDHA D�H···A


0.80 2.03 2.812(5) 165.6 O6�H6O···O2 (x�1, y, z)
0.82 2.30 3.117(4) 174.2 O7�H7O···Cl1 (x, y, z)
0.80 1.93 2.700(3) 162.4 O8�H1O8···O11 (�x, �y +1, �z+ 1)
0.81 1.93 2.706(3) 160.1 O8�H2O8···O13 (�x +1, �y+1, �z+1)
0.79 2.07 2.619(4) 127.1 O15�H1O5···O12 (x, y, z)
0.79 2.13 2.723(4) 131.9 O15�H1O5···O4 (x +1, y, z)
0.84 2.36 3.195(10 173.0 N2�H1N2···Cl1 (x, y, z�1)
0.85 1.78 2.613(12) 170.5 N2�H2N2···O15 (x�1, y, z�1)
0.86 2.30 3.161(4) 177.2 N3�H1N3···Cl1 (x, y, z�1)
0.85 2.27 2.937(4) 134.9 N3�H2N3···O9 (x+1, y, z)
0.86 2.21 3.036(5) 163.3 N3�H3N3···O1 (x, y, z)
0.85 2.37 2.872(4) 118.3 N3�H2N3···O3 (x, y, z)


Figure 3. Structure of compound 2 (ORTEP diagram with 50 % thermal
ellipsoids), counter-cations and interstitial water molecules are not
shown.


Figure 4. Ball-and-stick representation of compound 3 depicting the hy-
drogen-bonded network.


Figure 5. Packing diagram of compound 4 showing a 2D network (from
ref. [16b]).


Figure 6. Packing diagram of compound 5 showing a 2D network; the iso-
lated [Mg(H2O)6]


2+ ion and interstitial water molecules have been omit-
ted for clarity.
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utions; n1 and n3 are stretching vibrations, whereas n2 and n4


are bending vibrations. However, coordination of the sulfite
ions and interactions with other ions in the crystal lattice
are expected to reduce the symmetry, shift the fundamentals
and lift the degeneracy of the sulfite modes. An overlap be-
tween the V=O and SO stretches is expected for compounds
1 and 4 and between the V–O stretches and SO bendings
for 1, 3 and 4, respectively. Because compound 3 does not
possess a V=O bond, it is reasonable to assign the six strong
peaks observed in the range 1028–835 cm�1 to SO stretching
vibrations. The strong peak at 685 cm�1 of 3 was assigned to
n(V–OH) based on the absence of this peak in the spectra
of the oxovanadium(iv)-sulfite compounds 1 and 4. The
V=O stretches of compounds 1 and 4 were observed as very
strong bands at 967, 960 and 952 cm�1, respectively. Al-
though, the V=O stretches appear in the same region as the
SO stretches, they were easy to identify because the V=O
stretching vibrations have a larger intensity than the corre-
sponding SO stretching vibrations. From Table 5, it is obvi-
ous that D jn3�n1 j , the difference between the highest and
the lowest SO stretching vibrations in metal sulfite species,
is substantially larger for the m2-O,O and m3-O,O,O
(Scheme 2) coordination modes of SO3


2� anion, for which
this difference is �180 cm�1, compared to either the h1-S or
h1-O (Scheme 2) coordination modes for which this differ-
ence is �130 cm�1. Thus, it is easy to distinguish the m2-
(O,O) and m3-(O,O,O) coordination modes from the h1-S
(two peaks) and h1-O (three peaks) modes because since the
former have the following features: 1) six peaks in the range
1020–835 cm�1 and 2) D jn3�n1 j�180 cm�1.


Magnetic studies : The experimental magnetic data for 1 are
given as a plot of cMT versus T in Figure 7. The cMT value
increases from 2.24 emu mol�1 K�1 at 300 K, which is in per-
fect agreement with the expected value of
2.25 emu mol�1 K�1 for six non-interacting VIV centres (S =
1=2), to 3.1 emu mol�1 K�1 at 2 K. The increase of cMT with
decreasing temperature suggests the existence of ferromag-
netic exchange interactions within the molecule. The Hamil-


tonian formalism used to fit the experimental data for this
VIV


6 system (Figure 1B) is given by Equation (1).


H ¼ J1ðS4AS4Þ þ J2ðS1S2Þ þ J3½S4AðS1 þ S2Þ
þ S4ðS1 þ S2Þ� þ J4½S3ðS1 þ S2 þ S4Þ
þ S3AðS1 þ S2 þ S4AÞ�


ð1Þ


Table 5. Diagnostic IR bands [cm�1] of the vanadium(iv)-sulfite compounds 1, 3, 4 and of some known O- and S-bonded metal sulfite compounds.


Compound Bonding modes[a]


of SO3
2�


n3(E) n1(A1) D jn3�n1 j
[cm�1]


n2(A1)
n(V-OSO2)
n(V-O-V)


n4(E) n(V=O) n(V-OH) Ref.


1 m3-(O,O,O) 1014 s, 978 s[b] 176 641 w, 585 s 967 vs this work
940 s, 910 sh 561 s, 529 m 960 vs
904 s, 839 m 498 w, 457 w


441 w, 408 w
3 m-(O,O) 1028 vs, 1012 vs 193 553 m, 492 w 685 s this work


979 vs, 952 vs
898 vs, 835 vs


4 m3-(O,O,O) and 1018 s, 993 sh 177 646 w, 591 m 952 vs this work
m-(O,O) 987 s, 966 sh, 563 m, 535 m


903 s, 841 m 490 w, 424 w
cis-Na[CoIII(SO3)2(en)2] h1-S 1095 s 943 vs 152 625 s [45]


trans-Na[CoIII(SO3)2(en)2] h1-S 1068 s 939 vs 129 630 s [45]


Tl2[Cu(SO3)2] h1-O 894 s, 860 s 981 s 127 670 w 498 m, 453 m [46]


CuII[CuISO3]2·2H2O h1-O 977 s, 912 m 1025 m 113 636 m 499 m, 480 m [46]


[a] See Scheme 1. [b] Intensity codes: s = strong; m = medium; w = weak; sh = shoulder.


Scheme 2. The four coordination modes of the sulfite anion reported in
Table 5.


Figure 7. Temperature dependence of the susceptibility of compound 1.
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Equation (1) gave a very good fit (solid line in Figure 7)
and the following values: J1 = 2.0 cm�1, J2 = �47.0 cm�1, J3


= �5.0 cm�1, J4 = 1.0 cm�1, g = 1.97. This fit reveals the
existence of two ferromagnetic exchange parameters within
the V6


IV cluster. The first one is between the V1 and V2
atoms (Figure 1B) (V···V 2.936(1) �; av V-O-V 94.9(1)8)
and the second one is between the V4A and its symmetry-
related V4 and V1/V2 atoms, which are also symmetry-relat-
ed, (V···V 3.331(2) �; av V-O-V 100.5(1)8). Antiferromag-
netic interactions are expected between the V4 and V4A
centres (V···V 3.138(3) �; av V-O-V 103.0 (1)8) and between
the V3 and V1/V2 atoms as well as its symmetry-related
V3A and V1/V2, (V···V 3.429(2) �, av V-O-V 109.0 (1)8). In
general, the antiferromagnetic behaviour is the most
common feature in oxovanadium(iv) clusters.[30a,b] The exis-
tence of ferromagnetic interactions is quite surprising and
possibly involves the phenomenon of accidental orthogonali-
ty.[30c]


An examination of the literature indicated that the vanad-
ium(iv) ion shows analogous magnetostructural correlations
to the copper ion. In order not to increase the number of fit-
ting parameters in the above model, we included in the J4


constant the exchange interaction of the V3 with the V4 and
the V3A with V4A (V···V 3.624(2) �; av V-O-V 114.7 (1)8).
The energy diagram is shown in Figure 8, where the ground


state of the system is a ST = 1 and two different ST = 2 ex-
cited states are at about 0.4 and 0.7 cm�1, respectively, while
the S = 3 excited state is at 1 cm�1. To verify the above fit-
ting parameters, variable-field magnetisation data were col-
lected at two different temperatures, 2.5 and 5.0 K. The data
are plotted as M/NmB versus H/T in Figure 9 (where N is
Avogadro�s number and mB is the Bohr magneton). On ac-
count of the large number of fitting parameters used to fit
the susceptibility data, the same magnetic model was used
to simulate the magnetisation data with the exchanged con-
stants fixed to the above-mentioned values. The results
(solid lines in Figure 9) are in perfect agreement with the
experimental data.


The cMT and cM data versus temperature for compound 3
are shown in Figure 10. The cMT value, of
0.33 emu mol�1 K�1 at room temperature is in agreement


with the expected value of 0.375 for one isolated VIV centre
(S = 1=2) and decreases slowly until T = 75 K to a value of
0.28 and then more rapidly to a value close to zero at 2 K.
This behaviour is indicative of an antiferromagnetic ex-
change interaction between the vanadium centres in com-
pound 3. The 1D character of the system is revealed in the
cM versus T curve, where the cM value increases as the tem-
perature decreases until T = 14 K (the cM maximum is
0.008 emu mol�1). Below this temperature, the cM value de-
creases to about 6 K and then increases again owing to a
paramagnetic impurity with S = 1=2. Bonner and Fisher have
shown that the position of the maximum in the antiferro-
magnetic susceptibility can be estimated by the equations
kTmax/ jJ j�1.282 and jJ jcmax/g


2b2N�0.0735. According to
these equations, jJ j = 7.56 cm�1, g = 1.80. The reason for
the low g value is probably the paramagnetic impurity,
which is important for T<15 K. Over the entire tempera-
ture range, the data are best fit by the Bonner–Fisher


Figure 8. Energy representation of the ground and excited states of com-
pound 1.


Figure 9. Simulation of the magnetisation data at T = 2.5 and 5.0 K.


Figure 10. Temperature dependence of the susceptibility of compound 3.
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model[31,32] [Eq. (2)] for a uniformly spaced chain of S = 1=2
metal centres, with a paramagnetic impurity correction (1).


c ¼ ð1�1ÞNg2b2


kT
0:25 þ 0:07497c þ 0:075235c2


1:0 þ 0:9931c þ 0:172135c2 þ 0:757825c3


þ 1
Ng2b2SðS þ 1Þ


3kT
ð2Þ


In Equation (2), c =
jJj
kT. The


fit (solid lines in Figure 10)
gave jJ j = 9.65 cm�1, g =


1.93, and 1 = 3.85 %. The jJ j
values obtained from these two
different approaches are close
to each other, whereas a more
reasonable g value was ob-
tained from the second method
in which a paramagnetic impur-
ity parameter (1) was intro-
duced. The experimental magnetic data, where the cMT
value at room temperature is in agreement with the expect-
ed value for an isolated VIV centre as well as the obtained
fit, which revealed the existence of a weak antiferromagnet-
ic exchange interaction between the vanadium centres in the
polymer, confirm that the oxidation state of the metal is +


iv. Variable-field magnetisation data, M versus H, were col-
lected at T = 2 K and in the field range 0–12 T (Figure 11).


The magnetisation does not saturate at 12 T, and this is indi-
cative of antiferromagnetically coupled spins. The sigmoid
form of the magnetisation curve comes from the contribu-
tion of the paramagnetic impurity of a system with S = 1=2
plus the presence of a spontaneous moment attributed to
the presence of canted spins, something that has already
been reported for other 1D S = 1=2 systems.[33]


The meff of 2 at room temperature is 3.2 mB, which is sub-
stantially less than the theoretical value of 4.58 mB for seven


non-interacting VIV centres (S = 1=2) (Table 6). The V···V
distances in compound 2 are in the range of 2.816(1)–
3.020(1) �, thus indicating spin–spin interactions. At this
point, it is worth noting that the other two [Cl�V15] clusters
reported in the literature, namely: {Cl�[(VVO)7(VIVO)8(m3-
O)8(m-O)3]}


6� (2’),[23] and {Cl�[(VVO)9(VIVO)6(m3-O)8(m-
O)3]}


4� (2’’)[24] have V···V distances in the range of 2.93–3.00
and 2.83–3.05 �, respectively. Their experimental meff values
are 3.9 and 2.35 mB for 2’ and 2’’ and the theoretical meff


values for eight and six non-interacting VIV centres (S = 1=2)
are 4.90 and 4.24 mB, respectively (Table 6). From all this
data, it is evident that the spin–spin interactions of the VIV


centres increase as the negative charge of the clusters de-
creases, whereas there is no apparent correlation between
the vanadium···vanadium distances and the experimental meff


values.


Theoretical calculations of 3 : The geometry of compound 3
has been also investigated by means of open-shell density
functional calculations. It is very difficult to carry out such
calculations on the polymeric structure of compound 3.
Thus, to simulate the polymeric structure, the theoretical
study was undertaken on the basis of two model species
[(SO3)2V


IV(OH)2(m-SO3)2V
IV(OH)2(SO3)2]


8� (3 a) and
[(SO3)2V


IV(OH)2(m-SO3)2V
IV(OH)2(m-SO3)2V


IV(OH)2(SO3)2]
10�


(3 b) in which two and three trans-[VIV(OH)2]
2+ units, re-


spectively, are bridged to each other by two m2-SO3
2� groups


(Figure 12). The spin multiplicity was 3 and 4 for 3 a and 3 b,
respectively. A partial optimisation of the geometry of the
two models was carried out in which the [VIV(OH)2(m-SO3)2-
VIV(OH)2] or the [VIV(OH)2(m-SO3)2V


IV(OH)2(m-SO3)2V
IV-


(OH)2]
2� cores were fully optimised. Bond lengths within


the four terminal SO3
2� ligands were also optimised, but the


bond and torsion angles were kept constant. Thus, whereas
the two cores were allowed to breath freely, the orientation
of the terminal SO3


2� ligands was kept fixed to resemble the
SO3


2� ligands in the polymeric structure of compound 3.
The final optimised geometries of the 3 a and 3 b model


species are depicted in Figure 12, and selected calculated
structural parameters are reported in Table 7. There is no
great difference between the overall geometries of the binu-
clear and trinuclear cores. In general, and taking into ac-
count that the models are simplified, one can observe a sat-
isfactory agreement between the calculated and the experi-
mental values of the geometrical parameters. Bond lengths


Figure 11. Field dependence of the magnetisation at 2 K in the field
range 0–12 T.


Table 6. Comparison of mexp=theor
eff values, Dmeff values and vanadium–vanadium distances in the {Cl�[V15]} clus-


ters.


Cluster meff [mB][b] meff [mB][c] Dmeff
[d] V···V range [�] Ref.


{Cl�[(VO)15(m3-O)18(m-O)3]}
6� [V7


VV8
IV][a] 3.90 4.90 1.00 2.93–3.00 [23]


{Cl�[(VO)15(m3-O)18(m-O)3]}
5� [V8


VV7
IV] 3.20 4.58 1.38 2.82–3.02 this work


{Cl�[(VO)15(m3-O)18(m-O)3]}
4� [V9


VV6
IV] 2.35 4.24 1.89 2.83–3.03 [24]


[a] The decapentanuclear cluster [(VVO)7(VIVO)8(m3-O)18(m-O)3]
5�,[27] which does not encapsulate a Cl� , has an


experimental meff value of 2.86 mB. [b] Experimental value at room temperature. [c] Theoretical values for eight,
seven and six non-interacting VIV centres (S = 1=2), respectively. [d] Dmeff = mtheor


eff �mexp
eff .


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 2295 – 23062302


T. A. Kabanos, P. Baran, M. P. Sigalas et al.



www.chemeurj.org





agree within 0.06 �, while the largest deviation of the bond
angles appears to be about 88. The greatest discrepancy con-
cerns the longer V···V non-bonding distance calculated to
be 5.379 � and 5.261 � for 3 a and 3 b, respectively. How-
ever, as this distance is shorter in the trinuclear model spe-
cies, we can safely assume that it would be closer to the ex-
perimental V···V value of 5.13 � in a calculation of a larger
model species. Thus, it can be concluded that the polymeric
structure of 3 is well modelled by the binuclear or trinuclear
model species.


In the optimised structures, the calculated value of the
spin operator <S2> was 2.005 for 3 a and 3.751 for 3 b. The


calculated Mulliken atomic spin densities for the vanadium
atoms in 3 a were 1.085, 1.089 and 1.104 for V1 and V2/V2’,
respectively in 3 b. According to the results of the spin popu-
lation analysis, the two models should be considered as bi-
nuclear d1–d1 or trinuclear d1–d1–d1 systems.


According to Hoffmann�s model for superexchange inter-
actions in polynuclear complexes bridged by polyatomic li-
gands, the degenerate d-orbital combinations of the metal
fragments interact with symmetry-appropriate orbitals of
the bridging ligands to result in the SOMOs of the complex.
The extent of the superexchange interaction depends on the
degree of delocalisation of the SOMOs over the intervening
bridging atoms and on the energy gap between the SOMOs,
with the latter closely related to the absolute magnitude of
the antiferromagnetic term, JAF, of the superexchange inter-
action.[34] The shapes of the two highest singly occupied mo-
lecular orbitals (SOMOs) of 3 a and of the three SOMOs of
3 b are presented in Figure 13. Each of the SOMOs is local-


Figure 12. Final optimised geometries of the model complexes 3a and 3b.


Table 7. Selected bond lengths [�] and bond angles [8] calculated for the
model compounds 3a and 3b.[a]


3a 3 b


V�O1 2.018 V1�O1 2.015
V2�O3 1.996


V�O4 2.042 V2�O4 2.054
V�O5 1.985 V1�O5 1.985


V2�06 1.988
V···V 5.379 V1···V2 5.261
S�O1 1.570 S�O1 1.581
S�O2 1.561 S�O2 1.559
S�O3 1.570 S�O3 1.574
O5�H 0.985 O5�H 0.982


O6�H 0.983
O1-V-O1’ 85.7 O1-V1-O1’ 86.5


O3-V2-O3’ 82.3
O4-V-O4’ 101.4 O4-V2-O4’ 100.3
O5-V-O5’ 179.6 O5-V1-O5’ 180.0


O6-V2-O6’ 179.6
O1-S-O2 103.8 O1-S-O2 103.2
O2-S-O3 103.9 O2-S-O3 104.3
O1-S-O3 102.3 O1-S-O3 103.0
V-O5-H 104.0 V1-O5-H 105.2


V2-O6-H 103.8


[a] Numbering scheme as in Figure 1.


Figure 13. Shapes of the SOMOs, F1 and F2 of the model complex 3 a (a)
as well as F1, F2 and F3 SOMOs of the model complex 3b (b) (small
contributions from orbitals of the SO3


2� terminal ligands are not shown
for clarity).
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ised to the d orbitals of the VIV atoms with significant partic-
ipation from orbitals of the intervening atoms of the SO3


2�


bridging ligands. However, the ligand orbitals are always or-
thogonal to the metal d orbitals. This situation is ideal to ob-
serve the phenomenon of accidental orthogonality and a
small antiferromagnetic interaction. This is in agreement
with the experimentally observed value of the effective mag-
netic moment of the complex, which is typical of weakly
electron-coupled vanadium(iv) (S = 1=2) centres.


Conclusion


A series of unprecedented vanadium(iv) sulfite compounds
was synthesised by reacting NH4VO3 with either sulfur diox-
ide (compound 1) or ammonium sulfite in the presence of
magnesium oxide (compounds 3 (pH 4) and 4 (pH 6)). The
host–guest cluster (Et4N)5{Cl�[(VO)15(m3-O)18(m-O)3]}·3 H2O
(2) was formed along with crystals of compound 1. The
solid-state molecular structures of compounds 1–4 were de-
termined by single-crystal X-ray structure analysis. The hexa-
nuclear oxovanadium(iv) sulfite cluster, (NH4)2(Et4N)-
[(VIVO)6(m4-O)2(m3-OH)2(m3-SO3)4(H2O)2]Cl·H2O (1), exhib-
its a unique structural motif, consisting of a distorted cubane
unit, [VIV


4 (m4-O)2(m3-OH)2], connected to two outer vana-
dium(iv) atoms through two m4-O


2� and four m3-SO3
2�


bridges. The temperature dependence of the magnetic sus-
ceptibility data for compound 1 revealed an overall ferro-
magnetic behaviour, which is unprecedented for VIV clusters.
The non-oxo-vanadium(iv) sulfite species, trans-(NH4)2-
[VIV(OH)2(m-SO3)2] (3), is a unique example of a bare vana-
dium(iv) species in which an oxidizing (VIV) and reducing
agent (SO3


2�) coexist. Variable-temperature magnetic sus-
ceptibility measurements and theoretical studies for com-
pound 3 verified that the oxidation state of vanadium is iv.
Compound (NH4)[VIVO(SO3)1.5(H2O)]·2.5 H2O (4), the oxo-
vanadium(iv) sulfite species, represents a rare example of an
open-framework compound isolated under mild conditions.
Efforts to prepare new polyoxometal sulfite clusters by var-
iation of temperature, pressure, counterions and pH are un-
derway.


Experimental Section


Materials : Reagent-grade chemicals were obtained from Aldrich, and
used without further purification. C, H, N and S analyses were conducted
by the microanalytical service of the University of Manchester. Vanadi-
um was determined gravimetrically as vanadium pentoxide.


(NH4)2(Et4N)[(VIVO)6(m4-O)2(m3-OH)2(m3-SO3)4(H2O)2]Cl·H2O (1),
(Et4N)5{Cl�[(VO)15(m3-O)18(m-O)3]}·3 H2O (2): Solid NH4VO3 (0.60 g,
5.1 mmol) was dissolved in aqueous HCl (37 % HCl in water, 1:4 v/v,
20 mL, pH�0). The pH of the solution was adjusted to 8.5 by addition of
concentrated aqueous ammonia. Subsequently, SO2 was bubbled into the
solution for about 15 min. The orange-red colour of the solution progres-
sively changed to deep green and the final pH of the solution was about
4.5. Solid Et4NCl (1.00 g, 6.0 mmol) was added, and the solution was stir-
red for 15 min. The precipitate was removed by filtration and the filtrate
left in an open vessel at room temperature (�20 8C) for four days, during


which time light blue needle-shaped crystals of 1 as well as dark green
crystals of 2, suitable for single-crystal X-ray structure analysis, were
formed. The crystals were filtered and dried in air. The crystals of com-
pounds 1 and 2 were separated manually.


Complex 1: Yield: 1.19 g (38 %); elemental analysis calcd (%) for
C8H36ClN3O25S4V6 (1043.73): C 9.21, H 3.48, N 4.03, S 12.29, V 29.28;
found: C 9.31, H 3.61, N 4.14, S 12.30, V 28.92; UV/Vis (H2O): l (e


[m�1 cm�1]) = 236 (33 400), 868 (203) nm.


Complex 2 : Yield: 0.10 g (13 %); elemental analysis calcd (%) for
C40H106ClN5O39V15 (2080.85): C 23.07, H 5.09, N 3.36, V 36.76; found C
23.14, H 5.13, N 3.35, V 36.54; UV/Vis (H2O): l (e [m�1 cm�1]) = 246
(7600), 889 (45 100) nm.


trans-(NH4)2[VIV(m-SO3)2(OH)2] (3): Solid MgO (0.59 g, 14.6 mmol) was
added slowly to a stirred solution of NH4VO3 (0.60 g, 5.1 mmol) in aque-
ous HCl (37 % HCl in water, 1:4 v/v, 20 mL, pH�1). Subsequently, solid
(NH4)2SO3 (6.00 g, 61.2 mmol) was slowly added in small portions. In the
pH range �2.6–3, a precipitate sometimes was formed that redissolved
upon further addition of (NH4)2SO3. When the whole quantity of
(NH4)2SO3 was added to the solution, its colour changed from blue to
dark green and its pH value was 6. The reaction mixture was stirred for
15 min and then filtered. The filtrate was left to crystallise at room tem-
perature in an open vessel for four days. Square platelike light green
crystals were filtered and dried in air. Yield: 0.80 g (56 %, based on vana-
dium); elemental analysis calcd (%) for H10N2O8S2V (281.16): H 3.58, N
9.96, S 22.81, V 18.12; found H 3.63, N 10.21, S 22.66, V 17.81.


(NH4)[VIVO(SO3)1.5(H2O)]·2.5H2O (4): Compound 4 was prepared in
45% yield in a manner similar to 3 from 4.50 g (45.9 mmol) of
(NH4)2SO3 instead of 6.00 g (61.2 mmol). Upon addition of (NH4)2SO3,
the colour of the reaction mixture turned blue and the final pH value
was about 4. The solution was filtered and the filtrate was left crystallise
for six days in an open vessel at room temperature. The blue hexagonal
crystals were filtered and dried in air. Yield: 2.10 g (60 %, based on
vanadium); elemental analysis calcd (%) for H11NO9S1.5V (268.13): H
4.13, N 5.22, S 17.94, V 19.00; found: H 4.20, N 5.10, S 18.05, V 18.80.


{Na4(m-H2O)8(H2O)6}[Mg(H2O)6][V10
v(O)8(m6-O)2(m3-O)4(m-O)14]·3 H2O


(5): Solid MgO (0.59 g, 14.6 mmol) was added in one portion to a stirred
solution of NH4VO3 (0.60 g, 5.1 mmol) in aqueous HCl (37 % HCl in
water, 1:4 v/v, 20 mL, pH�1). Solid NaOH (2.40 g, 60.0 mmol) was
added to the reaction mixture and the final pH of the solution was about
6. The solution was filtered, and orthogonal orange crystals were ob-
tained after one day by vapour diffusion of methyl alcohol into the fil-
trate. Yield: 2.00 g (26 %, based on vanadium); elemental analysis calcd
(%) for H46MgNa4O49V10 (1456): H 3.15, Na 6.31, Mg 1.64, V 35.02;
found: H 3.23, Na 5.28, Mg 1.50, V 34.88; UV/Vis (H2O): l


(e [dm3 mol�1 cm�1]) = 218 (65 000), 241 (54 200) nm.


X-ray crystallography : Crystals of compounds 1, 2, 3 and 5 were sealed in
a glass capillary with the mother liquor to avoid decomposition of the
crystals. Crystal data and details of data collection are listed in Table 8.
Diffraction data were collected on a Bruker SMART 1 K 3-circle plat-
form diffractometer equipped with a CCD detector. The frame data were
acquired with the SMART[35] software and MoKa radiation (l =


0.71073 �). Final values of the cell parameters were obtained from least-
squares refinement of the positions of all observed reflections. A total of
1271 frames were collected in three sets with a 0.38 w-scan. The frames
were then processed with the SAINT software[36] to give the hkl file cor-
rected for Lorentz and polarisation effects. No absorption correction was
applied. The structures were solved by direct methods with the SHELX-
90[37] program and refined by least-squares method on F2, SHELXTL-
93,[36] incorporated in SHELXTL, Version 5.1.[39]


CCDC-233092 and CCDC-233440 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.


Further details of the crystal structure investigations of compounds 3 and
5 can be obtained from the Fachinformationszentrum Karlsruhe, 76344
Eggenstein-Leopoldshafen, Germany, (fax: (+49) 7247-808-666; e-mail :
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crysdata@fiz.karlsruhe.de) on quoting the depository numbers CSD-
413820 and CSD-413819


Physical measurements : IR spectra of the various compounds dispersed
in KBr pellets were recorded on a Perkin-Elmer Spectrum GX FT-IR
spectrometer. The temperature dependence of magnetic susceptibility
was measured on polycrystalline powder samples with a cryogenics S600
SQUID Magnetometer for a applied field of 0.1 T and a temperature
range of 2–300 K. Data were corrected for the contribution from the
sample holder and diamagnetism of the sample by means of standard
procedures.


Computational details : The electronic structure and geometry of the
models studied were computed within the open-shell density functional
theory. The hybrid B3LYP method was applied with Becke�s three-pa-
rameter functional[40] and the non-local correlation is provided by the
LYP expression.[41] The effective core potential (ECP) approximation of
Hay and Wadt was used For V and S atoms, with the vanadium electrons
described by the ECP being those of 1s, 2s and 2p shells, whereas the
basis set used was of valence double-z quality.[42] The valence double-z
basis set of Dunning and Huzinaga was used for the O and H atoms.[43]


All calculations were performed with the Gaussian 98 package.[44]


Acknowledgements


N.L. thanks Dr. Claudio Sangregorio and the Department of Chemistry,
Florence (Italy) for recording the magnetic measurements. We also thank
Dr. A. Keramidas for his useful contribution to the IR discussion. This
research was funded by the program “Heraklitos” of the Operational
Program for Education and Initial Vocational Training of the Hellenic
Ministry of Education under the 3rd Community Support Framework
and the European Social Fund.


[1] a) M. T. Pope, A. Muller, Angew. Chem. 1991, 103, 56; Angew.
Chem. Int. Ed. Engl. 1991, 30, 34; b) A. Muller, Nature 1991, 352,
115; c) C. L. Hill, guest editor, Chem. Rev. 1998, 98, 8; d) M. Farah-
bakhsh, H. Kagerler, H. Schmidt, D. Rehder, Inorg. Chem.
Commun. 1998, 1, 111; e) A. Muller, M. T. Pope, F. Peters, D. Gatte-
schi, Chem. Rev. 1998, 98, 239; f) P. Gouzerh, R. Villaneau, R. Del-
mont. A. Proust, Chem. Eur. J. 2000, 6, 1184; g) V. Artero, A.
Proust, P. Herson, P. Gouzerh, Chem. Eur. J. 2001, 7, 3901; h) V.
Artero, A. Proust, P. Herson, F. Villain, C. Moulin, P. Gouzerh, J.
Am. Chem. Soc. 2003, 125, 11 156; i) T. Liu, E. Diemann, H. Li, A.
Dress, A. Muller, Nature 2003, 426, 59.


[2] a) Modular Chemistry (Ed.: J.
Michl), Kluwer Academic Pub-
lishers, Dordrecht, 1995, and ref-
erences threin; b) J. M. Clemente-
Juan, E. Coronado, Coord. Chem.
Rev. 1999, 193–195, 361; c) B. Sali-
gnac, S. Riedel, A, Dolbecq, F.
Secheresse, E. Cadot, J. Am.
Chem. Soc. 2000, 122, 10381;
d) J. P. Jolivet, Metal Oxide
Chemistry and Synthesis: From
Solution to Solid State, Wiley, New
York, 2000 ; e) E. Cadot, J.
Marrot, F. Secheresse, Angew.
Chem. 2001, 113, 796 –799;
Angew. Chem. Int. Ed. 2001, 40,
774; f) A. Dolbecq, C. Peloux, A.
Auberty, S. Mason, P. Barboux, J.
Marrot, E. Cadot, F. Secheresse,
Chem. Eur. J. 2002, 8, 350; g) E.
Cadot, J. Marrot, F. Secheresse, J.
Cluster Sci. 2002, 13, 303.


[3] a) M. T. Pope, Heteropoly and Isopoly Oxometalates, Springer, New
York, 1983 ; b) A. Stein, S. W. Keller, T. E. Mallouk, Science 1993,
259, 1558; c) J. T. Rhule, C. L. Hill, D. A. Judd, Chem. Rev. 1998, 98,
327; d) H. Kwen, S. Tomlinson, E. Maata, C. Dablemont, R. Thou-
venot, A. Proust, P. Gouzerh, Chem. Commun. 2002, 2970; e) P. Mi-
alane, L. Lisnard, A. Mallard, J. Marrot, E. Fidancev, P. Aschehoug,
D. Vivien, F. Secheresse, Inorg. Chem. 2003, 42, 2102; f) J. Marrot,
M. Pilette, F. Secheresse, E. Cadot, Inorg. Chem. 2003, 42, 3609;
g) A. Muller, L. Toma, H. Bogge, M. Schmidtmann, P. Kogerler,
Chem. Commun. 2003, 2000.


[4] a) O. M. Yaghi, Li, H. Davis, C. Richardson, T. D. Groy, Acc.
Chem. Res. 1998, 31, 474, and references therein; b) M. Eddaoudi,
T. Moller, Li, H. Chen, B. T. Reineke, M. O�Keefe, O. M. Yaghi,
Acc. Chem. Res. 2001, 34, 319, and references therein; c) J. Kim, B.
Chen, T. Reineke, M. Eddaoudi, T. Moller, M. O�Keefe, O. M.
Yaghi, J. Am. Chem. Soc. 2001, 123, 8239; d) A. Gaunt, I. May, R.
Copping, A. Bhatt, D. Collison, D. Fox, T. Holman, M. Pope, Dalton
Trans. 2003, 3009; e) R. Rarig, J. Zubieta, Dalton Trans. 2003, 1861;
f) B. Modec, J. Brencic, E. Burkholder, J. Zubieta, Dalton Trans.
2003, 4618.


[5] a) A. Gatteschi D. Gatteschi, R. Sessoli, P. Rey, Acc. Chem. Res.
1989, 22, 392; b) K. Nakatami, P. Bergerat, E. Codjovi, C. Matho-
niere, Y. Pei, O. Kahn, Inorg. Chem. 1991, 30, 3977; c) K. Taft, C.
Delfs, G. Papaefthymiou, S. Foner, D. Gatteschi, S. Lippard, J. Am.
Chem. Soc. 1994, 116, 823.


[6] a) T. Yamase, J. Chem. Soc. Dalton Trans. 1985, 2585; b) P. K. Bhar-
adwaj, Y. Ohashi, Y. Sasaki, T. Yamase, Acta Crystallogr. Sect. C
1986, 42, 545; c) T. Yamase, M. Suga, J. Chem. Soc. Dalton Trans.
1989, 661; d) T. Yamase, M. Sugata, E. Ishikawa, Acta Crystallogr.
Sect. C 1996, 52, 1869; e) P. J. Hagrman, D. Hagrman, J. Zubieta,
Angew. Chem. 1999, 111, 2798 –2848; Angew. Chem. Int. Ed. 1999,
38, 2638 –2684, and references therein.


[7] a) T. Ozeki, T. Yamase, H. Naruke, Y. Sasaki, Inorg. Chem. 1994, 33,
409; b) M. Sugeta, T. Yamase, Acta Crystallogr. Sect. C 1997, 53,
1166; c) B. E. Koene, N. J. Taylor, L. F. Nazar, Angew. Chem. 1999,
111, 3065 –3068; Angew. Chem. Int. Ed. 1999, 38, 2888 – 2891.


[8] a) Polyoxometalates: From Platonic Acids to Anti-retroviral Activity
(Eds.: M. T. Pope, A. Muller), Kluwer Academic Publishers: Boston,
MA, 1994 ; b) X. Wang, J. Liu, M. Pope, Dalton Trans. 2003, 957.


[9] a) E. Heath, O. W. Howarth, J. Chem. Soc. Dalton Trans. 1981, 1105;
b) L. Petterson, B. Hedman, L. Anderson, N. Ingri, Chem. Scr. 1983,
22, 254; c) W. G. Klemperer, T. A. Marquart, O. M. Yaghi, Angew.
Chem. 1992, 104, 51; Angew. Chem. Int. Ed. Engl. 1992, 31, 49;
d) A. Muller, J. Mol. Struct. 1994, 325, 13; e) E. Burkholder, V.
Golub, C. O�Connor, J. Zubieta, Inorg. Chem. 2003, 42, 6729; f) E.
Burkholder, S. Wright, V. Golub, C. O�Connor, J. Zubieta, Inorg.
Chem. 2003, 42, 7460.


Table 8. Summary of crystallographic data for compounds 1, 2, 3 and 5.


Compound 1 2 3 5


formula C8H36ClN3O25S4V6 C40H106ClN5O39V15 H10N2O8S2V H46MgNa4O28V10


Mr 1043.73 2080.85 281.16 1488.04
a [�] 7.621(1) 19.717(3) 6.543(1) 8.954(2)
b [�] 19.780(3) 13.487(2) 13.393(2) 13.854(3)
c [�] 11.666(2) 29.323(4) 5.130(1) 18.356(4)
a [8] 90 90 90 91.643(4)
b [8] 103.550(2) 94.131(2) 90 91.815(4)
g [8] 90 90 90 104.442(4)
V [�3] 1709.7(4) 7777.6(17) 449.52(10) 2202.6(8)
Z 2 4 2 2
1calcd [Mg m�3] 2.027 1.777 2.077 2.244
space group P21/m (no. 11) P21/c (no. 11) Pnnm (no. 58) P1̄ (no. 1)
T [K] 298(2) 298(2) 301(2) 298(2)
l [�] 0.71073 0.71073 0.71073 0.71073
m [mm�1] 1.988 1.829 1.588 2.217
R1 (final) 0.0408 0.0548 0.0666 0.0264
wR2 0.1014 0.1336 0.1532 0.0650


Chem. Eur. J. 2005, 11, 2295 – 2306 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2305


FULL PAPERVanadium-Sulfite Polyoxometalates



www.chemeurj.org





[10] a) A. Muller, K. Mainzer, In From Simplicity to Complexity - and
Beyond (Eds.: A. Muller, A. Dress, F. Vogtle), Vieweg, Braunsch-
weig (Germany), 1996, p. 1; b) C. Peloux, P. Mialane, A. Dolbecq, J.
Marrot, F. Secheresse, Angew. Chem. 2002, 114, 2932 –2934; Angew.
Chem. Int. Ed. 2002, 41, 2808 –2810; c) C. Peloux, A. Dolbecq, P.
Mialane, J. Marrot, E. Riviere, F. Secheresse, Inorg. Chem. 2002, 41,
7100.


[11] a) M. T. Pope in From Simplicity to Complexity - and Beyond (Eds.:
A. Muller, A. Dress, F. Vogtle), Vieweg, Braunschweig (Germany),
1996, p. 137; b) K. Wassermann, M. H. Dickmann, M. T. Pope,
Angew. Chem. 1997, 109, 1513 –1516; Angew. Chem. Int. Ed. Engl.
1997, 36, 1445 –1448.


[12] a) See reference [23]; b) A. Muller, M. Penk, E. Krickenmeyer, H.
Bogge, H. J. Walberg, Angew. Chem. 1988, 100, 1787; Angew. Chem.
Int. Ed. Engl. 1988, 27, 1719; c) A. Muller, R. Rohlfing, J. Doring,
M. Pemk, Angew. Chem. 1991, 103, 575; Angew. Chem. Int. Ed.
Engl. 1991, 30, 588; d) D. Hou, K. S. Hagen, C. L. Hill, J. Am.
Chem. Soc. 1992, 114, 5864; e) D. Hou, K. S. Hagen, C. L. Hill, J.
Chem. Soc. Chem. Commun. 1993, 426; f) A. Muller, H. Reuter, S.
Dillinger, Angew. Chem. 1995, 107, 2505; Angew. Chem. Int. Ed.
Engl. 1995, 34, 2328; g) Y. Hayashi, K. Fukuyama, T. Takatera, A.
Uehara, Chem. Lett. 2000, 770.


[13] a) A. Muller, E. Krickemeyer, H. Bogge, M. Schmidtmann, F.
Peters, C. Menke, J. Meyer, Angew. Chem. 1997, 109, 500; Angew.
Chem. Int. Ed. Engl. 1997, 36, 484; b) A. Muller, S. Sarkar, S. Q. N.
Shah, H. Bogge, M. Schmidtmann, P. Kogerler, B. Hauptfleisch,
A. X. Trauwein, V. Schunemann, Angew. Chem. 1999, 111, 3435 –
3439; Angew. Chem. Int. Ed. 1999, 38, 3238 – 3241.


[14] a) R. C. Haushalter, L. A. Mundi, Chem. Mater. 1992, 4, 31; b) A. K.
Cheetham, G. F�rey, T. Loiseau, Angew. Chem. 1999, 111, 3466;
Angew. Chem. Int. Ed. 1999, 38, 3268, and references therein; c) C.
du Peloux, A. Dolbecq, P. Mialane, J. Marrot, E. Riviere, F. Secher-
esse, Angew. Chem. 2001, 113, 2521; Angew. Chem. Int. Ed. 2001, 40,
2455; d) C. du Peloux, P. Mialane, A. Dolbecq, J. Marrot, E. Riviere,
F. Secheresse, J. Mater. Chem. 2001, 11, 3392.


[15] K. Y. Matsumoto, M. Kato, Y. Sasaki, Bull. Acad. Vet. Fr. Bull.
Chem. Soc. Japan 1976, 49, 106.


[16] a) M. J. Manos, J. D. Woollins, A. M. Z. Slawin, T. A. Kabanos,
Angew. Chem. 2002, 114, 2925 –2929; Angew. Chem. Int. Ed. 2002,
41, 2801 –2805; b) M. J. Manos, H. N. Miras, J. D. Woollins, V. Tan-
goulis, A. M. Z. Slawin, T. A. Kabanos, Angew. Chem. 2003, 115,
441 – 443; Angew. Chem. Int. Ed. 2003, 42, 425 –427; c) D. Long, P.
Kogerler, L. Cronin, Angew. Chem. 2004, 116, 1853 – 1856; Angew.
Chem. Int. Ed. 2004, 43, 1817 – 1820.


[17] C. R. Brandt, V. Eldik, Chem. Rev. 1995, 95, 119.
[18] a) Materials for Non-Linear Optics: Chemical Perspectives (Eds.:


G. D. Stucky, S. R. Marder, J. E. Sohn) American Chemical Society,
Washington DC, 1991; b) Novel Optical Materials and Applications
(Eds.: I.C. Khoo, F. Simoni, C. Umeton), Wiley, New York, 1997.


[19] a) W. T. A. Harrison, L. L. Dussack, A. J. Jacobson, J. Solid State
Chem. 1996, 125, 234; b) P. S. Halasyamani, D. O�Hare, Chem.
Mater. 1998, 10, 646, and references therein; c) W. T. A. Harrison,
Acta Crystallogr. Sect. C 1999, 55, 1980; d) W. T. A. Harrison,
M. L. F. Phillips, J. Stanchfield, T. M. Nenoff, Angew. Chem. 2000,
112, 3966; Angew. Chem. Int. Ed. 2000, 39, 3808; e) M. G. Johnston,
W. T. A. Harrison, Inorg. Chem. 2001, 40, 6518.


[20] a) A. C. Bean, C. F. Campana, O. Kwon, T. E. Albrecht-Schmitt, J.
Am. Chem. Soc. 2001, 123, 8806; b) A. C. Bean, S. M. Pepper, T. E.
Albrecht-Schmitt, Chem. Mater. 2001, 13, 1266; c) R. E. Sykora,
K. M. Ok, P. S. Halasyamani, T. E. Albrecht-Schmitt, J. Am. Chem.
Soc. 2002, 124, 1951; d) R. E. Sykora, D. M. Wells, T. E. Albrecht-
Schmitt, Inorg. Chem. 2002, 41, 2697.


[21] a) K. Inumaru, M. Misono, T. Okuhara, Appl. Catal. A 1997, 149,
133; b) P. J. Dunn, G. H. Stenger, E. I. Wachs, Catal. Today 1999, 53,
543; c) P. J. Dunn, G. H. Stenger, E. I. Wachs, Catal. Today 1999, 51,
301; d) O. B. Lapina, S. B. Balzhinimaev, S. Boghosian, K. M. Erik-
sen, R. Fehrmann, Catal. Today 1999, 51, 469.


[22] E. N. Baker, S. E. Palmer in Porphyrins I (Ed.: D. Dolphin) Aca-
demic Press, New York, 1978.


[23] A. Muller, E. Krickenmeyer, M. Penk, H. J. Wallberg, H. Bogge,
Angew. Chem. 1987, 99, 1060; Angew. Chem. Int. Ed. Engl. 1987, 26,
1045.


[24] Y. Hayashi, N. Miyakoshi, T. Shinguchi, A. Uehara, Chem. Lett.
2001, 170.


[25] The trigonality index, t, is given by the equation, t = (f1�f2)/60,
where f1, is the largest angle and f2 is next largest angle in the coor-
dination sphere (t = 0/1 for square-pyramidal/trigonal-bipyramidal
geometries, respectively); A. W. Anson, J. N. Rao, J. Reedijk, J.
Rijn, G. C. Verschoor, J. Chem. Soc. Dalton Trans. 1984, 1349.


[26] a) K. Dimitrou, K. Folting, W. E. Streib, G. Christou, J. Chem. Soc.
Chem. Commun. 1994, 1385; b) K. Dimitrou, A. D. Brown, K. Folt-
ing, W. E. Streib, G. Christou, Inorg. Chem. 1999, 38, 1834.


[27] B. Gail Karet, Z. Sun, E. W. Streib, J. C. Bollinger, D. N. Hendrick-
son, G. Christou, Chem. Commun. 1999, 2249.


[28] a) L. Hailian, C. E. Davis, T. L. Groy, D. G. Kelley, O. M. Yaghi, J.
Am. Chem. Soc. 1998, 120, 2186; b) R. I. Walton, F. Millange, T. Loi-
seau, D. O�Hare, G. F�rey, Angew. Chem. 2000, 112, 4726 –4729;
Angew. Chem. Int. Ed. 2000, 39, 4552 –4555.


[29] P. K. Nakamoto, Infrared and Raman Spectra of Inorganic and Coor-
dination Compounds, Wiley, New York, 1986.


[30] a) A. Barra, D. Gatteschi, L. Pardi, A. Miiller, J. Doring, J. Am.
Chem. Soc. 1992, 114, 8509 – 8514; b) D. Gatteschi, B. Tsukerblatt,
A. L. Barra, L. C. Brunel , A. Miller, J. Wring, Inorg. Chem. 1993,
32, 2114; c) G. B. Karet, Z. Sun, D. D. Heinrich, J. K. McCusker, K.
Folting, W. E. Streib, J. C. Huffman, D. N. Hendrickson, G. Christou,
Inorg. Chem. 1996, 35, 6450.


[31] J. C. Bonner, M. E. Fisher, Phys. Rev. A 1964, 135, 640.
[32] W. E. Estes, D. P. Gavel, W. E. Hatfield, D. Hodgson, Inorg. Chem.


1978, 17, 1415.
[33] L. Deakin, A. M. Arif, J. S. Miller, Inorg. Chem. 1999, 38, 5072.
[34] P. J. Hay, J. C. Thibeault, R. Hoffmann, J. Am. Chem. Soc. 1975, 97,


4884.
[35] SMART-NT Software Reference Manual, version 5.059, Bruker


AXS, Inc., Madison, WI, 1998.
[36] SAINT + Software Reference Manual, version 6.02, Bruker AXS,


Inc., Madison, WI, 1999.
[37] G. M. Sheldrick, SHELXS-90, Program for the Solution of Crystal


Structure, University of Gçttingen (Germany), 1986.
[38] G. M. Sheldrick, SHELXL-97, Program for the Refinement of Crys-


tal Structure, University of Gçttingen (Germany), 1997.
[39] SHELXTL-NT Software Reference Manual, version 5.1, Bruker


AXS, Inc., Madison, WI, 1998.
[40] A. D. Becke, J. Chem. Phys. 1993, 98, 5648.
[41] C. Lee, W. Yang, Parr, R. G. Phys. Rev. B 1988, 37, 785.
[42] P. J. Hay, W. R. Wadt, J. Chem. Phys. 1985, 82, 299.
[43] T. H. Dunning, Jr., P. J. Hay, in Modern Theoretical Chemistry, Vol. 3


(Ed.: H. F. Schaefer, III), Plenum, New York, 1976, 1.
[44] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A.


Robb, R. Cheeseman, V. G. Zakrzewski, J. A. Montgomery, Jr.,
R. E. Stratman, J. C. Burant, S. Dapprich, J. M. Millam, A. D. Dan-
iels, K. N. Kudin, M. C. Strain, O. Farkas, J. Tomasi, V. Barone, M.
Cossi, R. Cammi, B. Mennucci, C. Pomelli, C. Adamo, S. Clifford, J.
Ochterski, G. A. Petersson, P. Y. Ayala, Q. Cui, K. Morokuma, P.
Salvador, J. J. Dannenberg, D. K. Malick, A. D. Rabuck, K. Ragha-
vachari, J. B. Foresman, J. Cioslowski, J. V. Ortiz, A. G. Baboul,
B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, Komaromi,I. R.
Gomperts, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y.
Peng, A. Nanayakkara, M. Challacombe, P. M. W. Gill, B. Johnson,
W. Chen, M. W. Wong, J. L. Andres, C. Gonzalez, M. Head-Gordon,
E. S. Replogle, J. A. Pople, Gaussian 98, RevisionA.7, Gaussian Inc.,
Pittsburgh PA, 1998.


[45] M. E. Baldwin, J . Chem. Soc. 1961, 3123.
[46] G. Newman, D. B. Pwell, Spectrochim. Acta 1963, 19, 213.


Received: March 2, 2004
Revised: November 23, 2004


Published online: February 1, 2005


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 2295 – 23062306


T. A. Kabanos, P. Baran, M. P. Sigalas et al.



www.chemeurj.org






Octyl-Decorated Fr�chet-Type Dendrons: A General Motif for Visualisation
of Static and Dynamic Behaviour Using Scanning Tunnelling Microscopy?


Leo Merz,[a] H.-J. G�ntherodt,[a] Lukas J. Scherer,[b] Edwin C. Constable,*[b]


Catherine E. Housecroft,*[b] Markus Neuburger,[b] and B. A. Hermann*[c]


Introduction


Self-assembly is a well-established phenomenon in chemis-
try[1] and is widely utilised for the construction of extended
two- or three-dimensional structures.[2] Phase interfaces
(solid–solid, solid–liquid, solid–gas, liquid–liquid, liquid–gas)
are particularly suitable for the assembly of two-dimensional
systems. Although originally little more than a chemical cu-
riosity, two-dimensional self-assembly is assuming a signifi-
cant technological importance.[3] The current drive for mini-
aturisation of devices commenced with so-called top-down
approaches, in which an existing macroscopic technology is


optimised to ever smaller scales. As one approaches the
nanoscale with nanometre and subnanometre-scaled devices,
the top-down approach reaches its practical and theoretical
limits, as it is based on bulk state theories. As sizes shrink,
the ratio of surface area to volume increases and surface
properties tend to dominate the system. For example, gold
clusters and nanoparticles have properties which differ sig-
nificantly from bulk, metallic gold.[4,5] A potential alterna-
tive is the bottom-up approach in which molecular compo-
nents are used for the assembly of nanoscaled devices. The
potential advantages in terms both of reaching the ultimate
nonsubatomic limits and of material economy are compel-
ling reasons for investigating the bottom-up methodology.[6]


Fundamental questions relating to the building, addressing,
and control of such molecular-based devices remain unan-
swered. However, self-assembly, using molecular recognition
interactions between molecules or between molecules and
substrates, is an attractive candidate for the construction of
nanoscaled devices.[7] If the interactions are sufficiently well
understood and the molecular components sufficiently well
designed, then the self-assembled structure can be spontane-
ously formed.[8] Applications require control at the molecu-
lar level, although the properties of surface-bound individu-
al molecules or of the ensemble may not parallel the proper-
ties of single molecules. In particular, properties are likely
to be highly dependent upon imperfections arising from sub-
strate structure, foreign molecules, or ambiguous self-assem-
bly motifs.


Abstract: A detailed STM study of
monolayers of 3,5-bis[(3,5-bisoctyloxy-
phenyl)methyloxy]benzaldehyde and
3,5-bis[(3,5-bisoctyloxyphenyl)methyl-
oxy]benzyl alcohol adsorbed on graph-
ite is presented. Very highly resolved
scanning tunnelling microscopy images
are observed at room temperature in
air allowing the analysis of the confor-
mation of the adsorbed molecules.


These long-chain alkyl-decorated Fr�-
chet-type dendrons are a powerful as-
sembly motif and initially form a pat-
tern based on trimeric units, assembled


into hexagonal host structures with a
pseudo-unit cell of seven molecules,
one of which remains highly mobile.
Over time, the supramolecular order-
ing changes from a trimeric into a di-
meric pattern. The chirality arising
from the adsorption onto a surface of
the dendrons is discussed.
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Scanning tunnelling microscopy (STM) is a powerful tool
for obtaining structural and electronic data of surfaces and
is particularly useful for characterising surfaces with non-
periodic properties, observing small numbers of (or even in-
dividual) molecules, and for visualising irregularities, dynam-
ic behaviour, or non-systematic defects.[9,10] It is well estab-
lished that STM may be used to monitor both the extent
and detailed structure of surface-bound monolayers. In a
few cases it has been possible not only to observe chemical
species by STM, but also to move atoms[11] or small mole-
cules[12] or to initiate and monitor chemical reactions of ad-
sorbed molecules,[13] although most studies of chemical reac-
tions have been made at low temperatures on isolated mole-
cules. Dynamic phase changes (two-dimensional Ostwald
ripening) have been observed in adsorbed monolayers,[14] as
have reorganisation processes.[15] The conformation of adsor-
bed molecules has a great effect on the properties of a mono-
layer[16] and with scanning probe microscopes, it is possible
to identify[17–19] and change the conformation of mole-
cules.[20]


Early studies of molecular systems with STM were in
ultra high vacuum[10] but measurements under ambient con-
ditions soon followed.[21] In some cases, molecular and sub-
molecular resolution STM images can be obtained at ambi-
ent temperature in air under conditions of chemical rele-
vance.[22–25]


A prerequisite for high resolution is a stable assembly
that is not perturbed during the scanning process by the
STM tip.[22] High-resolution imaging allows both a direct or
indirect analysis of the conformation of the adsorbed spe-
cies,[17,20, 22,26–29] and the determination of the periodic proper-
ties of the ensemble.[24,30] The technique can also be used to
observe single events in real-space and -time.[31]


We and others have shown that high-resolution images
with submolecular resolution can be obtained of self-assem-
bled monolayers of (S,S)-1,4-bis(dimethylamino)-2,3-dime-
thoxybutanes or 2,2’-bipyridines functionalised with octyl-
decorated Fr�chet dendrons and that in the latter case a de-
tailed conformational analysis is possible.[2,23] This leads us
to the idea of suggesting the general use of long-chain alkyl-
decorated Fr�chet-type dendrons as visualisation markers
for STM. The dendron functionalisation serves two purpos-
es: firstly, the aromatic-rich structure and the alkyl chains
combine to give a powerful self-assembly motif on graphite,
and secondly, the high concentration of aromatic residues
makes visualisation facile, as they act as STM markers. As a
first step towards this proposition, we present a study of
higher-generation Fr�chet dendrimers 3,5-bis[3,5-bis(octyl-
oxy)phenylmethyloxy]benzyl alcohol (3) and 3,5-bis[3,5-bis-
(octyloxy)phenylmethyloxy]benzaldehyde (4) (Scheme 1),
the former having a known 3D crystal structure.[32] Here we
present studies of these achiral molecules and show that
they form chiral domains upon adsorption on graphite. We
also describe the STM observation of a metastable pattern,
which rearranges to a stable one as a result of changing the
supramolecular arrangement.


Results and Discussion


Synthesis and solid-state characterisation of compounds :
The octyl-decorated alcohol 3 has been reported by Seebach
and co-workers[32] and was the starting point for our investi-
gations. An attractive feature of this compound was that a
three-dimensional solid-state X-ray structure had been de-
termined (CCDC Refcode WIRXOK). We used a modifica-
tion of the literature method for the preparation of 3 using
the mesylate 2 rather than the corresponding bromo deriva-
tive (Scheme 1). The mesylate 2 was prepared in high yield
by the reaction of alcohol 1 with methanesulfonyl chloride
and NEt3 in dichloromethane at �15 8C. The crude mesylate
2 was then treated directly with 3,5-dihydroxybenzyl alcohol
to give alcohol 3 in 76 % yield (Scheme 1). The spectroscop-
ic properties of 3 match those in the literature.[3]


The reported solid-state structure of 3 was collected at
295 K and was refined to R = 0.0872, wR2 = 0.229. Seebach
mentions that no hydrogen bonding to the alcohol was ob-
served. There was disorder present in the structure, with the
alcohol oxygen disordered over two sites with C�O distan-
ces of 1.219 and 1.094 �. We have determined the structure
of 3 at 123 K (Figure 1).


All cell dimensions were within 2.5 % of those of the pub-
lished structure and the structure was refined to final R and
wR factors of 0.0485 and 0.0565 (I>3s(I)). The structure at
123 K closely resembles that at room temperature, with the


Scheme 1. Synthesis of alcohol 3 and aldehyde 4. a) MesCl, NEt3,
CH2Cl2, �15 8C, 1 h; b) K2CO3, [18]crown-6, acetone, 60 8C, 48 h; c) pyri-
dinium chlorochromate, molecular sieves 3 �, CH2Cl2, room tempera-
ture, 4 h.
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exception that the alcohol is ordered with a C�O bond
length of 1.417(3) �. No intermolecular hydrogen bonding
between the alcohol groups is observed.


We have also prepared the aldehyde 4, which we initially
thought might be an oxidation product in the single-crystal
structure reported by Seebach et al. As the phenyl ether
groups of the Fr�chet-type dendrimers do not withstand
treatment with MnO2, alcohol 3 was oxidised with pyridini-
um chlorochromate and aldehyde 4 was formed in 91 %
yield. The aldehyde exhibited a characteristic C=O stretch-
ing mode at 1705 cm�1 in its IR spectrum and in the 1H
NMR spectrum, the aldehyde CH was observed at d =


9.89 ppm.
Initial crystallographic studies of poor quality crystals of


authentic 4 at 123 K revealed cell dimensions within 4 % of
those for 3, and accordingly we can make no useful com-
ment about the short C�O distances in the reported room-
temperature structure of 3.


Self-organised monolayers of 4 and 3 : Monolayers of 4 and
3 were prepared at room temperature in air by placing a
droplet of dilute solution (about 0.2 mm, n-pentane, n-
hexane, n-decane, toluene, dichloromethane, acetone, or 1:1
dichloromethane/methanol) onto a freshly cleaved sample
of highly oriented pyrolytic graphite (HOPG). After evapo-
ration of the solvent, the samples were mounted in a com-
mercial STM apparatus. Immediately after the approach of
the STM tip, a periodic pattern was observed. STM images
of organic molecules are often compared to representations
of frontier orbitals.[25,33] In a simplified treatment, a high
conductivity results in a high intensity in the STM image
and aromatic rings give particularly high contrasts. On the
other hand, STM images of alkyl chains are usually of low
intensity and low contrast. The images were recorded in
constant-current mode in which the contrast is a measure of


the height of the STM tip
above the surface. The height
of the tip above the surface is
a function of the conductivity
and of the physical topography
of the sample. The observed
�flower pattern�, which is
shown in Figure 2, was seen for
both 4 and 3.


To maximise the two-dimen-
sional crystallisation energy,
the alkyl chains form interdigi-
tated patterns with the alkyl
chains of the neighbouring
molecules, as is often observed
for alkoxylated molecules ad-
sorbed on surfaces,[25,34, 35] and
the molecular arrangement is
easily identified. The interdigi-
tation of alkyl chains is also
observed in the solid-state
structure of 3 (Figure 1 b).


Both 3 and 4 initially form monolayers. In each case, these
comprise multiple domains with similar structures but differ-
ent orientation.[36] For each compound, three orientations of
the domains were observed, reflecting the threefold symme-
try resulting from the ABAB layer structure of a-graphite,
in which every second atom in the A layer has an atom
from the B layers directly underneath it. These domains
consist dominantly of trimeric substructures as previously
reported by the group of Bai for 3,5-bis[(3,5-bisdodecyloxy-
phenyl)methyloxy]benzoic acid.[37] However, we also com-
ment upon an additional feature. In some domains of trim-
ers, rows of embedded dimers were observed (Figure 2 a and
c). As expected, the rows of dimers show three orientations
with respect to the surface. The STM images obtained were
of sufficiently high resolution to allow a detailed analysis of
the molecular conformation within the monolayers.


Analysis of the molecular and supramolecular conformation
of the trimeric pattern : Images with very high resolution
were obtained at room temperature in air. A further reduc-
tion of (random) noise by using an averaging procedure was
helpful, but not mandatory to perform a conformational
analysis, as we have reported previously.[22] Figure 3 shows
an averaged enlargement, and the proposed molecular ar-
rangement of 4.


The alcohol 3 was expected to form a six-membered cen-
tral ring of hydrogen-bonded alcohol groups. The existence
of the hydrogen bonds could only be inferred indirectly. The
distances found between the aromatic moieties are consis-
tent with an arrangement with a central ring of alcohol
groups. Perhaps the existence of three hydrogen bonds is
the reason for the increased stability of the layers of 3. The
layers of 4 are destroyed by scanning with about 50–100 pA
tunnelling current, while the monolayers of 3 are stable up
to about 100 pA. A higher current setpoint in STM also


Figure 1. a) ORTEP plot (50 % probability ellipsoids) of the solid state structure of 3 at 123 K. b) Part of a
layer from the packing diagram of 3 showing the interdigitation of the alkyl chains.
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means a shorter distance between tip and sample, and there-
fore more interaction between tip and sample (even though
there is no contact). It can be concluded that the trimeric
structure formed by 3 is slightly more stable than the struc-
ture formed by 4 under STM scanning conditions. Addition-
ally, the monolayers of 3 are stable over larger periods of
time than layers of the aldehyde. For months of measure-
ments and reproducible data recording we thought that 3
does not undergo the transformation described below, be-
cause we only measured each sample for a couple of days;
then we discovered that 3 also undergoes the conversion de-
scribed below (see section about the conversion of the
supramolecular arrangement). Often, STM images are com-
pared to the frontier orbitals of the molecules, and a rela-
tionship between them can be found.[25,33] However, images
with the highest resolution should be compared to the fron-
tier orbitals of the adsorbed species, or the frontier orbital
interacting with the orbitals of the substrate, respectively.
Such calculations would be a major undertaking. For small
molecules, the STM image can be simulated by use of scat-
tering theories, as has been done for molecules like benzene
on graphite.[38] Fisher and Blçchl calculated that the STM
image of benzene strongly depends on the adsorption site
and the applied potential. They predicted a three-fold sym-
metry for benzene on graphite (at certain lattice spaces), re-
flecting the three atoms that are seen with STM of each
graphite hexagon.[38] Our most highly resolved images of 4
indeed show three protrusions per phenyl ring, even for
molecules much larger than benzene, as can be seen in Fig-
ure 3a. This high resolution allows a conformational analysis
of the adsorbed molecules. We showed earlier[22] that highly
resolved STM images of adsorbed Fr�chet dendrimers can
be used to identify the conformation. Owing to the low con-
trast of the alkyl chains, only the conformation of the Fr�-
chet-type part of the dendrons can be determined with cer-
tainty. Molecules 3 and 4 adopted the asymmetric conforma-
tion shown in Figure 3b and were found adsorbed on either
face.


Chirality of the layers : Another reason for the interest in
self-assembled monolayers is the breaking of symmetry that
results from the interaction with the substrate on only one
face.[24,39] Both 4 and 3 are achiral molecules. They become
prochiral when they are constrained to a planar conforma-


Figure 2. Two 40 � 40 nm STM images and a cartoon of the observed pat-
tern. Bright features represent protrusions; dark features depressions.
The z scale (height) of all shown images is approximately 0.2 nm (from
black to white). a) A monolayer of 4 prepared from a hexane solution,
forming trimers and a row of dimers (parameters: It = 8 pA, Ubias =


�700 mV). b) A monolayer of 3, prepared from a toluene solution (pa-
rameters: It = 20 pA, Ubias = �600 mV). c) A representation of the ob-
served pattern observed for 4, including a row of dimers (purple). The
inset explains the schematic representation; the diagram is simplified and
only four alkyl chains are shown for clarity. Aromatic moieties give a
high contrast in STM, and aliphatics only a low contrast, owing to their
low conductivity. See also Figure 4. The scanning parameters are listed in
the Experimental Section.
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tion. Figure 4 shows trimers of 4 which are mirror images.
These trimers are prochiral. Upon adsorption onto a surface,
the symmetry is reduced and the supramolecular arrange-
ment becomes chiral, having a sense of direction as indicat-
ed with the circular arrows.


Because only the aromatic moieties give a high contrast
in STM, the molecules can be represented in cartoon form
as triangles, as shown in Figure 3b (green). These form trim-
ers that again can be represented as triangles (blue). The
trimers form hexagons and each presents a row of alkyl


chains to the neighbouring trimer. As a result, optimum in-
terdigitation is achieved and the two-dimensional crystallisa-
tion energy is maximised.


The green triangles formed by the aromatic moieties of
the molecules (Figure 4) do not point towards the centre of
the trimers, but either to the left or to the right of it. The tri-
angles formed by the trimers (Figure 5) do not point to-
wards the centre of the hexagons. A hypothetical substrate-
free monolayer of trimers would be correctly described as
prochiral—adsorption on the graphite would differentiate
the two prochiral faces and result in the formation of a
chiral monolayer. Figure 5 shows both mirror images of the
trimeric pattern. We call the orientation either clockwise
(Figure 5a) or counter-clockwise (Figure 5b), depending on
the arrangement of the trimers. Only homochiral domains of
this trimeric pattern were observed. Both chiralities were
found in equal proportions, but they were separated in dif-
ferent domains. This chiral, trimeric flower pattern was ob-
served for both 3 and 4.


The seventh molecule : At the centre of each hexagonal
array of trimers of 3 or 4, we observed an unresolved, noisy
centre. Using the averaging procedure described in the ex-
perimental section, the ordered molecules become better re-
solved, but the noisy centre is smoothed out. The height of
the centre in the raw data (Figure 2) is roughly the same as
for the ordered molecules. In the averaged image (Figure 3),
the height of the centre is less than the aromatic parts of the
fixed molecules. This indicates random noise, which is gener-
ated by mobile molecules. Further proof that the random
noise arises from the presence of one molecule confined to
an area of roughly 2 nm2 but remaining mobile is given
below.


On very rare occasions, a hexagonal motif without a noisy
centre could be observed for 3. Such a vacancy, where the
height of the bare graphite is seen,[40] is shown in Figure 6,
which further indicates that there is a mobile molecule in
most noisy centres.


Similar phenomena were observed in X-ray analyses of
trimesic acid (TMA) hydrogen-bonded structures that leave
cavities filled with solvent molecules, which may retain a
degree of mobility within a cavity.[41]


Scanning tunnelling microscopy can resolve and distin-
guish static and dynamic molecules. The mobile molecule in


Figure 3. a) A 10�10 nm image (It = 8 pA, Ubias = �700 mV) of a mono-
layer of 4 prepared from a hexane solution, averaged over ten positions
of a domain with counter-clockwise orientation with atomic resolution,
showing three protrusions per phenyl ring (example marked with a
circle). The conformation of the molecules is indicated with the over-
layed molecular structure (C: green; O: red). The alkyl chains are drawn
semi-transparent because they give little to no contrast in the STM
images. b) The proposed molecular arrangement for 4. Note that in
image 3 a, it appears that poorly resolved alkyl chains can be seen.


Figure 4. Mirror images of the same trimer of 4. These prochiral trimers
become chiral upon adsorption on a surface. The sense of orientation de-
pends on the face onto which they adsorb to the surface.
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the centre of the hexagonal array simply has no unique
“partner” with which to form an interdigitating pattern with
its alkyl chains. At room temperature, the motion of the
molecule is faster than the time scale of the STM measure-
ments. Neglecting the randomness of the orientation of the
central molecule, these ’hexagonal’ patterns have a unit cell
of seven molecules, comprising two trimers and one mobile
molecule in the centre.


Rows of dimers : Embedded in the domains of trimers of ad-
sorbed 3 or 4, are single rows of dimers, as can be seen in
Figure 2a and 2c. The space between the neighbouring half-
hexagons (yellow) and a row of dimers (purple) is filled
with single molecules (red) that form an interdigitating pat-
tern of their alkane chains with those of the dimers. A sche-


matic representation of this pattern is shown in Figure 2c.
These single molecules have less space available than the
mobile molecules in the centre of a hexagon and, what
seems more important, they have a “partner” available to
allow interdigition of the alkyl chains. One molecule of the
row of dimers extends its alkyl chains towards this molecule,
and the molecule is fixed in its location and can therefore
be imaged with STM. These molecules present their aromat-
ic region towards the half-hexagon, which is a further indica-
tion that no alkyl chains are extended towards the centre of
the hexagons.


Delayed conversion of the supramolecular arrangement :
The trimeric patterns observed for both 3 and 4 were not
stable over time. After minutes to hours, a conversion into a


Figure 5. Both mirror images, clockwise (a) and (c) and counter-clockwise (b) and (d) of the trimeric pattern formed by 4. STM images (c) and (d) are
each 10 � 10 nm; (c) is averaged over 21 positions and (d) is averaged over 16 positions.
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different assembly started. This conversion could be fol-
lowed in real time by STM measurements. While measuring
the domains of trimers, a domain, consisting of dimers, ap-
peared from outside of the observed window in the meas-
urement and spread over all the observed area. The dimers
formed a lamellar phase. One of the observed conversions is
shown in Figure 7.


The newly formed pattern of dimers was stable over days,
and no further conversion could be observed. The structural
and conformational analysis of this new monolayer is given
in the next section. The dimers also form a chiral pattern,
because the two molecules do not face each other directly,
but are closer together with a lateral offset. Figure 8 shows
an example of the final dimeric pattern.


Both chiralities (offset to the right or offset to the left)
were observed, separated in homochiral domains. The do-
mains of dimers were of much larger size than those of the
trimers. Again, the pattern was observed in the three equiv-
alent orientations of the graphite surface. These lamellar re-
gions were very well ordered and images of domains up to
400 � 400 nm were commonly observed. The software resolu-
tion (512� 512 pixels) precluded the observation of molecu-
lar structure within larger windows and we can merely state


Figure 6. A rare 40 � 40 nm image (It = 8 pA, Ubias = �700 mV) of a va-
cancy in the trimeric pattern (marked with an arrow) for 3. The monolay-
er was prepared from a hexane solution. On the top right of the image,
the edge of the domain can be seen. The graphite there is covered with
highly mobile molecules, leading to streaky noise. The vacancy inside the
pattern shows the bare graphite.


Figure 7. A sequence of 100 � 100 nm STM images for compound 4, show-
ing a conversion of the supramolecular arrangement (parameters: It =


9 pA, Ubias = �700 mV). a) A domain of dimers appears at the bottom
left of the scan-window. At the top right of the image, several domains of
trimers are seen. b) As the conversion continues, more and more of the
trimers rearrange into dimers. c) The conversion is almost complete. The
sample was prepared from hexane. Each image took about 6 min to
record.
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that individual domains were significantly greater than
160 000 nm2 without defects or vacancies. The structure of
the dimeric domains differs from that of the rows of dimers
observed in the original trimeric monolayers and no isolated
dimeric rows were seen in the large dimeric domains. In
rare cases, two domains were found with either an angle of
1208 or a linear offset between them. By thermal annealing
(70 8C) of a freshly prepared trimeric sample, a structure
with smaller domains consisting of dimers could be pre-
pared. Under these thermal conditions, multiple domains of
dimers were observed.


Conformational analysis of the dimeric pattern : As a result
of the high resolution of dimeric domains, the conformation
of the individual molecules forming the dimers could be as-
signed, as shown in Figure 9. In the dimeric arrangement,
molecules of both 3 and 4 showed the asymmetric confor-
mation shown in Figures 9 and 3b. The compounds poten-
tially exhibit a high degree of conformational divergence, al-
though the possibilities in conformational space are consid-
erably reduced if we exclude the (unobserved) polymethyl-
ene chains from the discussion. The principal conformation-
al freedom is then associated with the C-O-CH2-C units.
Somewhat surprisingly, a survey of all aromatic ethers in the
Cambridge Crystallographic Data Base revealed a strong
preference for the OCH2C residue to lie in the plane of the
attached aromatic ring.[42] With an assumption of planarity,
each ether unit can adopt a syn or an anti conformation (de-
fined with respect to the C4 proton). A unique fit to the
STM images is obtained with a syn, anti conformation at the
central aromatic ring and syn, syn and syn, anti conforma-
tions at the outer rings. Detailed analysis of the conforma-


tion of Fr�chet-type dendrimers and their metal complexes
will be given in a future publication.


Because of the observed spontaneous conversion of the
trimeric to dimeric arrangements, the question of the nature
of the mobile centre of the hexagons could be answered.
The surface coverage was determined for both arrange-
ments. Under the assumption that the number of molecules
per unit area for a given domain remains constant, we calcu-
lated that exactly one molecule must form the mobile centre
of the hexagons. The lamellar phase was observed to be
stable over several days, and no further change was ob-


Figure 8. A 50� 50 nm image of dimers of 4, prepared from a hexane so-
lution. Even the low contrast of the alkyl chains is recognisable, forming
aliphatic and aromatic lamellae. Compound 3 shows identical lamellar
phases after the conversion. (Parameters: It = 8.5 pA, Ubias = �700 mV.)


Figure 9. a) A 10 � 10 nm enlargement of the dimeric structure of 4 aver-
aged over 14 positions. Even the lower contrast of the alkyl chains can be
observed. The sample was prepared from a hexane solution. (Parameters:
It = 8.5 pA, Ubias = �700 mV.) b) A molecular model of the proposed
arrangement of molecules of 4. The chirality or handedness can be clear-
ly seen as an offset to the left or right with respect to the other molecule
of the dimer.
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served in any case. The next question to be addressed is
what triggers the conversion of trimeric to dimeric monolay-
ers and why the trimeric arrangement often appears meta-
stable.


Trigger and driving forces for the trimer to dimer conver-
sion : There is no evidence that the rows of dimers found in
the trimer phase initiate the trimer to dimer conversion.
They have a different orientation on the graphite than the
dimers of the lamellar pattern, and the embedded rows of
dimers proved to be stable over observed times of minutes
to days; they were even on occasion converted into the la-
mellar domain with a different orientation, as can be seen in


Figure 7. A few of the other obvious candidates for the ini-
tiation could be excluded as follows. The STM scanning
process always has a certain influence on the sample. Some-
times it is deliberately used to inflict an ordering process[43]


or to manipulate individual molecules.[14, 44] By using a low-
current STM with currents below 10 pA, we hoped that this
influence could be minimised. The following two clues allow
us to exclude the STM as a possible trigger. Firstly, immedi-
ately after the observation of a conversion at a certain posi-
tion of the graphite sample, a location millimetres away was
measured (too far away to be influenced by the previous
measurements)—only dimers were observed. If the STM
triggered the conversion, one should always observe trimers
first, which would then be converted. It is worth emphasis-
ing that no actual start of the conversion was ever observed
inside the imaging window; it always started outside of the
measured range and spread to areas much larger than the
observed window. This was directly observed when the scan
range was enlarged after the observation of the conversion.
Secondly a sample of 4 that was annealed for half an hour
at 70 8C showed only dimers (Figure 10).


We believe that the trimer–dimer interconversion is ther-
mal in origin. Every sample is slightly cooled by the evapo-
ration of the solvent, and then heated to about 30–40 8C in
the STM by the measurement. The images showed very
little drift at the time of the trimer–dimer conversion, which
indicates that a constant temperature had been attained
over the sample and microscope. Usually, we observed only
one or two domains over a 500 nm � 500 nm area. In con-
trast, a thermally annealed sample showed dimeric struc-
tures in many small domains. These observations are consis-
tent with the conversion having a relatively high activation
energy that results in only a few initiation events at ambient
(30–40 8C) temperatures.


In contrast to other studies,[23] the observed patterns did
not change depending on the measurement technique. The
images at the solid–liquid interface (tunnelling while the tip
is immersed in a droplet of a solution near saturation lying
on a graphite sample) look very similar to those of monolay-
ers prepared by evaporation techniques. Which technique
delivers the best resolution in the end seems to depend
more on the skills and experience of the operator than the
technique. However, no conversion was observed at the
liquid-solid interface. An image of 3 at the solid–liquid inter-
face is shown in Figure 11.


In these measurements, only single domains of trimers
were observed, and these were error-free. No domain mis-
matches, no rows of dimers, no vacancies or other irregulari-
ties were seen. This indicates that the irregularities of the
monolayer, or even impurities, might trigger the conversion.


The suggestion that inverse micelles formed in solutions
of n-hexane are imprinted directly in two-dimensional ana-
logues on the graphite could be disproved. Measurements
from aprotic and protic, polar and apolar solutions show the
same metastable trimeric domains, which are converted into
a dimeric domain after a delay. All tested solvents (n-pen-
tane, n-hexane, n-decane, toluene, dichloromethane, ace-


Figure 10. a, b) Two 10 � 10 nm 3D illustrations of the trimeric and dimer-
ic patterns observed for compound 4. The smooth central part of lower
height in the centre of the averaged trimeric pattern can be seen (a). The
samples were prepared from a hexane solution. The images are rendered
in Pov-Ray 3.5 using the averaged three-dimensional data from the pro-
gram SXM-shell.
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tone, and 1:1 dichloromethane/methanol) initially showed
only trimers with embedded rows of dimers. No influence of
the solvent on the formation of trimers or dimers was ob-
served.


In three-dimensional crystallography, it is well known that
metastable crystals can be formed, which are then converted
into a more stable form.[45]


Intuitively, a loss of entropy accompanies the observed
conversion of trimer to dimer owing to the localisation of
the seventh molecule. Clearly for the spontaneous conver-
sion of the trimers to the dimers, the global Gibbs energy
change must be negative. It follows that the decrease in en-
tropy must be compensated for by a negative enthalpy
change associated with the rearrangement—whether this
predominantly arises from the intermolecular or the mole-
cule–substrate interactions is unclear. In the spontaneous
conversion, the racemic conglomerate of small trimer do-
mains generates large dimer domains, each of a single chir-
ality.


Conclusion


Octyl-decorated Fr�chet dendritic wedges are a powerful
recognition motif for the assembly of monolayers on graph-
ite. Herein, we have shown that first generation alcohol 3
and aldehyde 4 both spontaneously form highly structured
monolayers upon evaporation of dilute solutions. The aro-
matic portions of these monolayers may be directly ob-
served by using STM techniques and molecular and submo-
lecular resolution images obtained at room temperature in
air. The combination of strong interdigitation interactions
between octyl chains of adjacent molecules, of interactions
between methylene groups and the graphite surface, and


stacking interactions of the aromatic rings with the graphite
result in a very strong binding. Taken in combination with
previous studies,[22,23, 42] we propose the use of these residues
as a general visualisation marker for the functionalisation of
molecular fragments for visualisation in STM.


The specificity of these binding interactions results in the
formation of monolayers, which allow us to directly observe
a range of phenomena (self-assembly, phase transformation,
molecular motion) that have not previously been observed
within one molecular system. Specifically, we have observed
the initial formation of a metastable monolayer based upon
trimeric units, which spontaneously and irreversibly trans-
forms into a monolayer composed of dimeric subunits.


The images obtained are so well resolved that it is possi-
ble to unambiguously assign the conformation within indi-
vidual molecules and describe the supramolecular ordering
of molecules into trimeric and dimeric structures and their
subsequent assembly into higher-order superstructures. We
have explicitly observed the formation of chiral monolayers
as a result of the graphite surface binding on only one face
of the prochiral monolayers.


We are currently synthesising and studying a variety of
other dendron-functionalised structures to establish the gen-
erality of this approach.


Experimental Section


General : Commercially available chemicals were reagent grade and were
used without further purification. Alcohol 1 was synthesised as described
in the literature.[32] 1H and 13C NMR spectra were recorded on a Bruker
DRX500 spectrometer; d is relative to TMS, referenced to residual
CHCl3. Infrared spectra were recorded on a Shimadzu FTIR-8400S spec-
trophotometer on neat samples, using a Golden Gate ATR. MALDI-
TOF mass spectra were recorded on a Vestec Voyager Elite without
matrix. The microanalyses were performed with a Leco CHN-900 instru-
ment.


Compound 3 : Methanesulfonyl chloride (1.04 mL, 13.5 mmol) was added
over 15 min to a mixture of 1 (1.23 g, 3.38 mmol) and NEt3 (2.08 mL,
16.9 mmol) in dry CH2Cl2 (20 mL) at �15 8C under N2. After stirring for
1 h at �15 8C, the reaction mixture was poured into a mixture of crushed
ice (100 g) and concentrated HCl (10 mL). The CH2Cl2 layer was separat-
ed, washed with saturated NaHCO3 solution, dried (Na2SO4), and evapo-
rated to give 2 (1.80 g, ca. 80 % pure by 1H NMR spectroscopy,
3.20 mmol) as an oil. Crude 2 (1.33 g, ca. 80% pure, 75.0 mmol), 3,5-dihy-
droxybenzyl alcohol (210 mg, 1.50 mmol), K2CO3 (840 mg, 6.00 mmol),
and [18]crown-6 (15.8 mg, 60.0 mmol) were stirred vigorously in acetone
(30 mL) at 60 8C for 48 h. The solvent was evaporated, water (20 mL)
was added, and the mixture extracted three times with dichloromethane
(20 mL). The combined organic layers were dried (Na2SO4) and evapo-
rated. Chromatography on silica (ethyl acetate/hexane 1:7) yielded 3 as
an off-white powder (950 mg, 1.14 mmol, 76%). 1H NMR spectroscopic
and MS data were identical to those previously reported.[32]


Compound 4 : A solution of 3 (64 mg, 76.8 mmol) in dichloromethane
(2 mL) was added to a dry mixture of pyridinium chlorochromate (PCC)
(16.7 mg, 77.0 mmol) and molecular sieves (3) �, 0.4 g) in dichlorome-
thane (6 mL). The reaction mixture was then allowed to stir at room tem-
perature for 4 h, filtered through Celite, and the solvent evaporated.
Chromatography on silica (ethyl acetate/hexane 1:8) yielded 4 as a white
powder (58 mg, 69.8 mmol, 91 %). 1H NMR (500 MHz, CDCl3, 23 8C): d


= 9.89 (s, 1H; CHO), 7.09 (d, 3J = 2.3 Hz, 2H; H2A), 6.85 (t, 3J =


2.3 Hz, 1H; H4A), 6.55 (d, 3J = 2.2 Hz, 4H; H2B), 6.41 (t, 3J = 2.2 Hz,


Figure 11. A 40 � 40 nm image of compound 3 at the solid–liquid inter-
face, measured in a 1-phenyloctane solution. Scanning frequency 5 Hz, It


= 8 pA, Ubias = �700 mV.
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2H; H4B), 5.00 (s, 4H; HOCH2B), 3.94 (t, 3J = 6.6 Hz, 8H; HOCH2CH2), 1.77
(tt, 3J = 7.1, 6.7 Hz, 8 H; HOCH2CH2), 1.44 (tt, 3J = 7.3 Hz, 8 H;
HOCH2CH2CH2), 1.25–1.37 (m, 32H; H(CH2)4), 0.88 ppm (t, 3J = 7.0 Hz, 12 H;
HCH3); 13C NMR (125 MHz, CDCl3, 25 8C): d = 192.01, 160.72, 160.50,
138.51, 138.48, 108.84, 108.42, 105.86, 101.05, 70.54, 68.25, 31.97, 29.51,
29.39, 29.39, 26.20, 22.81, 14.26 ppm; IR (neat): ñ = 2924 s, 2854 m,
1705 m, 1597 s, 1458 m, 1165 s, 1057 m, 833 cm�1 w; MS (MALDI-TOF):
m/z : 869.7 [M+K]+ , 853.7 [M+Na]+ ; elemental analysis calcd (%) for
C53H82O7: C 76.58, H 9.94, N 0.0; found: C 76.23, H 9.86, N 0.0.


X-ray crystal structure analysis of C53H82O7 3 : Determination of the cell
parameters and collection of the reflection intensities were performed on
an Enraf-Nonius Kappa CCD diffractometer (graphite monochromated
MoKa radiation, l = 0.71073 �.). Colourless plate, 0.10 � 0.10 � 0.12 mm,
triclinic, space group P1̄, a = 10.3990(2), b = 15.6630(3), c =


16.3371(4) �, a = 100.6870(9), b = 103.4880(10), g = 101.3648(10)8, T
= 123 K, V = 2460.98(9) �3, Z = 2, mcalcd = 1.124 gcm�3, m =


0.072 mm�1, F(000) = 916. Number of reflections measured 26 534
(unique 13990); 5703 observed reflections (I>3s (I)), which were used
for the determination (direct methods, Denzo/Scalepack,[46] SIR92[47]).
CRYSTALS[48] was used for structure refinement. The refinement con-
verged at R = 0.1285 (all data), 0.0485 (observed I>3s(I)), wR =


0.1289 (all data), 0.0565 (observed I>3s(I)), min and max residual elec-
tron density 0.41 and �0.26 e ��3. CCDC -251173 contains the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.


Preparation of monolayers : The monolayers were prepared by solution
casting. A small droplet of a dilute solution (about 0.2 mm) was placed
onto a freshly cleaved piece of HOPG. After the evaporation of the sol-
vent, the sample was ready for measurements. Perpendicular to the
“coffee cup rings” left on the surface by the gradual evaporation of the
solvent, a gradient of concentration was found; with any given sample,
various concentrations of molecules per surface area could be measured.


STM : A commercial Nanoscope III equipped with a low-current convert-
er was used in all measurements. Mechanically cut Pt-Ir wire was used
for tips. The piezo scanner was carefully calibrated with Si-grids and
HOPG atoms (for the X and Y axes) and with atomic gold steps (for the
Z axes). Nevertheless, the apparent height in STM images is not a height
of the molecule but a relative value, describing rather the relative con-
ductivity/tunnelling of the molecules versus the surrounding medium.
Some molecules can be imaged with negative height.[49] The measure-
ments presented in this paper were all recorded with the following pa-
rameters (exceptions are noted in the figure captions). Ubias = �600–
�700 mV, It = 6–20 pA, the scanning frequency was 1 Hz. All images
were flattened, but no other image filtering or manipulation was em-
ployed, unless noted in the Figure caption. Errors caused by thermal drift
of the apparatus could be excluded by carefully checking follow-up scans
of the opposite slow scanning direction.


Averaging procedure : To reduce the interaction of the tip with the ob-
served sample, very low tunnelling currents were needed. This resulted in
a higher noise level. One possible way to reduce the noise is by using an
averaging procedure. We used a procedure programmed for the SXM-
shell (University of Basel),[50] that cuts subimages and calculates an aver-
aged image of these. It is crucial, that these averaging procedures are ap-
plied with care; for example, it is easily possible to reduce the apparent
symmetry of the trimeric pattern to a threefold symmetry.


The three-dimensional vector representations of the measurements were
made with POV-Ray for Windows v.3.5 (www.povray.org).


Quantification of two-dimensional structural motifs : In contrast to three-
dimensional crystal structures, the number of possible arrangements in
two dimensions is relatively small.[51] In total, there are 17 plane (space)
groups and it is convenient to quantify the structure of the monolayers in
crystallographic terms. The trimeric arrangements of both 3 and 4 have
identical parameters and are in plane group p6 (no. 16) with a = 5.4 nm,
Z = 7. The dimeric arrangements of 3 and 4 are also identical and corre-
spond to plane group p2 (no. 2), a = 2.6; b = 3.1 nm; a = 588 ; Z = 2.
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p-Accepting-Pincer Rhodium Complexes: An Unusual Coordination Mode
of PCP-Type Systems


Elizaveta Kossoy,[a] Mark A. Iron,[a] Boris Rybtchinski,[a] Yehoshoa Ben-David,[a]


Linda J. W. Shimon,[b] Leonid Konstantinovski,[b] Jan M. L. Martin,*[a] and
David Milstein*[a]


Introduction


The rigid chelation in pincer ECE ligands (ECE = tridentate
monoanionic species, E is a neutral donor moiety) gives rise
to exceptionally stable metal complexes. In addition, excel-
lent electronic and steric tuning of the metal center can be
achieved.[1,2] Pincer-type complexes are active in a variety of
important catalytic processes, invaluable for mechanistic
studies and for the stabilization of unusual structures, and
useful as functional materials, as described in recent re-
views.[1–7] A variety of donors (E= N, P, As, O, S) have been
used in ECE systems. Nonetheless, no moieties with strong
p-accepting abilities have been introduced. In such a system,
back donation from the metal to the ECE ligand will lower
the electron density on the metal center while retaining the


rigid coordination, which can lead to new properties and ap-
plications.


Here we report on the synthesis of the first p-accepting
PCP ligand bearing pyrrolyl substituents, dipyrrolylphosphi-
noxylene (1, DPyPX-H), and the synthesis of rhodium com-
plexes based on this ligand. The coordination chemistry of
Rh-DPyPX complexes differs from that of typical pincer
complexes. Thus, due to the strong p-accepting ability of
DPyPX, formation of the first stable d8 ML5 PCP-based
complexes was observed. Moreover, the PCP phosphorus
atoms in these complexes adopt a cisoid rather than trans
configuration, in contrast to the structures of all the PCP
type complexes reported so far.[2]


Results and Discussion


Ligand 1 was prepared by the reaction of ClPPyr2 (Pyr =N-
pyrrolyl) with the Grignard reagent derived from a,a’-di-
chloro-m-xylene. To the best of our knowledge, this ligand
has the strongest p-accepting phosphine ligands in the PCP
ligand family. The p-accepting ability of tris(N-pyrrolyl)-
phosphine (PPyr3) was found to fit the following trend: fluo-
roalkyl phosphines > PPyr3 �P(C6F5)3 > P(OPh)3.


[8]


The reaction of stoichiometric amounts of [{Rh(coe)2m-
Cl}2] (coe =cyclooctene) with L (a : L= PPh3; b : L=PEt3)
and the DPyPX ligand 1 at 65 8C in THF resulted in metala-
tion to yield the rhodium(iii) hydride complexes 2 a,b
(Scheme 1). Both complexes were characterized by NMR
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Abstract: The novel p-accepting,
pincer-type ligand, dipyrrolylphoshi-
noxylene (DPyPX), is introduced. This
ligand has the strongest p-accepting
phosphines used so far in the PCP
family of ligands and this results in
some unusual coordination chemistry.
The rhodium(i) complex,


[(DPyPX)Rh(CO)(PR3)] (4, R= Ph,
Et, pyrrolyl) is prepared by treating
the relevant [(DPyPX)Rh(PR3)] (3)


complex with CO and is remarkably re-
sistant to loss of either ligand. X-ray
crystallographic analysis of complex 4 b
(R=Et) reveals an unusual cisoid coor-
dination of the PCP phosphine ligands.
These observations are supported by
density functional theory (DFT) calcu-
lations.


Keywords: coordination modes · P
ligands · pincer ligands · rhodium ·
tridentate ligands
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spectroscopy. Subsequent addition of KOtBu to solutions of
crude 2 a and 2 b resulted in deprotonation to form the rho-
dium(i) complexes 3 a and 3 b, respectively (Scheme 1). Both
complexes were characterized by NMR spectroscopy and el-
emental analysis. The 31P{1H} NMR spectrum of complex 3 a
exhibits a dd[9] at d= 124.6 ppm (1JRh,P = 208.3 Hz, 2JP,P =


38.2 Hz, 2P) and a dt at d=36.9 ppm (1JRh,P = 119.0 Hz, 1P).
The methylene groups of the “arms” give rise to an unre-
solved virtual triplet (vt) in the 1H NMR spectrum at d=


3.8 ppm, indicating that the complex has two symmetry
planes passing through the PCP-metal chelate core (i.e., a
C2v symmetry on the NMR time scale). The signal of the
ipso carbon atom in the 13C{1H} NMR spectrum appears as
a ddt centered at 172.8 ppm with 2JP,C,trans = 69.9 Hz, confirm-
ing the trans Ar-Rh-L arrangement. Complex 3 b has similar
NMR spectral features. An X-ray diffraction study on a
crystal of 3 a[10] confirmed its square-planar geometry
(Figure 1).


Complex 3 c was obtained by adding one equivalent of
PPyr3 to 3 a followed by one equivalent of MeOTf to precip-
itate the displaced PPh3 as its phosphonium salt (Scheme 1).
Complex 3 c was characterized by NMR spectroscopy and
elemental analysis, and was found to have similar NMR
spectral features as complexes 3 a,b indicating a similar
structure. Complex 3 c is an example of a complex in which
all neutral donor ligands are p-accepting pyrrolyl phos-
phines.


Interestingly, complexes 3 a–c react with one equivalent of
CO to form pentacoordinate rhodium(i) PCP-based com-
plexes 4 a–c (Scheme 2). These thermally stable complexes


were characterized by NMR
and IR spectroscopy, and ele-
mental analysis. Remarkably,
none of these compounds loses
CO or PR3, either under
vacuum or by bubbling with
inert gas.


An X-ray diffraction study
reveals that complex 4 b[11] has
a trigonal-bipyramidal (tbp) ge-
ometry.[12,13] The carbonyl group
is coordinated trans to the ipso-
carbon atom (Figure 2), while
all three phosphine groups
occupy equatorial positions. The
DPyPX phosphine ligands coor-


dinated to the rhodium center form an unprecedented
narrow angle for a PCP system of 128.318.


The 31P{1H} NMR spectrum of 4 b exhibits a dd at d=


124.06 ppm (1JRh,P =190.8 Hz, 2JP,P = 164 Hz, 2P) and a td at
d= 4.63 ppm (1JRh,P =132.4 Hz, 1P). The methylene groups
of DPyPX give rise to two signals in 1H NMR spectrum: a
dvt at d=3.92 ppm (2JH,H = 15.9 Hz, 2JP,H =5.3 Hz) and a d at
d= 3.71 ppm (2JH,H =15.9 Hz), indicating that the compound
has only one symmetry plane passing perpendicular to the
PCP–Rh plane. The 13C {1H} NMR signal of the ipso-carbon
atom appears as a ddt centered at 166.3 ppm (1JRh,C = 22 Hz,
2JP,C,DPyPX = 2JPC,PEt3


= 11 Hz); and the 13C {1H} NMR signal of
the CO appears as a ddt centered at 204.2 ppm (1JRh,C =


48 Hz, 2JP,C,DPyPX = 2JPC,PEt3
=11 Hz). Similarity between


2JP,C,DPyPX and 2JPC,PEt3
coupling constants suggests that all


Figure 1. Molecular structure of 3 a (ORTEP drawing; hydrogen atoms
omitted for clarity).


Scheme 2. Formation of pentacoordinate, cisoid complexes 4.


Scheme 1. Synthesis of complexes 3.
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three phosphine ligands of 4 b occupy similar positions rela-
tive to the carbonyl ligand and the ipso-carbon atoms.
Unlike the NMR spectrum of complex 4 b, the signals in the
NMR spectra of 4 a,c at 293 K are broad, as a result of an
equilibrium involving free PR3, indicated by the fact that
the coordinatively saturated complex 4 c reacts with PPh3 to
form complex 4 a, which in turn reacts with PEt3 to form 4 b.
Low-temperature (243 K) NMR spectra of 4 a–c are very
similar, suggesting that the ligands in 4 a,c are arranged in a
similar fashion as in 4 b. As expected, the p-backbonding to
CO increases with increasing electron donation ability of
the ancillary phosphine ligand (n : 2008 (4 c), 1987 (4 a), 1975
(4 b) cm�1 (C�O)).


Although pentacoordinate rhodium(i) complexes are
known,[14–16] to the best of our knowledge 4 a–c are the first
stable PCP d8 ML5 complexes. CO usually replaces an ancil-
lary ligand when it reacts with PCP rhodium(i) com-
plexes.[17,18] For example, [(DiPPX)RhPEt3] (DiPPX =diiso-
propylphosphinoxylene) reacts with one equivalent of CO in
benzene to give [(DiPPX)RhCO] (see Experimental Section
for details). Reversible formation of NCN d8 ML5 (M =Pt,
Ni) was previously reported.[19,20] Interestingly, X-ray diffrac-
tion studies revealed square-pyramidal geometries with
trans-disposed amine donors, rather than trigonal-bipyrami-
dal geometries, for these complexes.[21]


Ligand substitutions at rhodium(i) centers have been ob-
served to follow both associative[22–25] and dissociative[26,27]


mechanisms. Complexes 4 a–c can be viewed as arrested in-
termediates in an associative substitution process involving
PCP type complexes.


In general, the addition of a fifth ligand to square-planar
d8 ML4 is unfavorable due to occupied–occupied orbital re-
pulsive interactions between the dz2 (HOMO) orbital of the


complex and the HOMO orbital of the incoming ligand.[28]


Such interactions are especially pronounced in rigid pincer
systems. Previous theoretical studies showed that the addi-
tion of a fifth ligand can proceed via a bent ML4 geome-
try.[29] The key consequence of bending a planar
[Ru(CO)2(PH3)2] complex is a dramatic stabilization of the
dz2 orbital and its replacement by dyz as the HOMO.[30] The
p-accepting pyrrolyl ligands will enhance this effect, further
facilitating the coordination of the fifth ligand.[31]


To evaluate the effect of the pyrrolyl substituents on the
coordination of the fifth ligand, calculations were carried
out at the COSMO(C6H6)-B97–1/SDB-cc-pVDZ//B97–1/
SDD level of theory[32] on two model compounds, 4 d and
4 d’ (as 4 d, but with the PCP Pyr substituents replaced by H
atoms) (Scheme 3). In all cases, the computed geometries


were very similar to the experimentally determined struc-
tures. The loss of either CO or PH3 from these complexes
was examined. In both cases, the loss of CO is unfavorable
(DG298 =11.1 (4 d’) and 12.3 (4 d) kcal mol�1). The loss of
PH3 from 4 d’, as expected, occurs (DG298 =�5.1 kcal mol�1).
From 4 d, however, the loss is only DG298 =�1.2 kcal mol�1, a
value that is isoergonic to within the expected error of the
computational method. Nonetheless, one can clearly see
that both ligands are more strongly bound in 4 d.


The result that the Rh�CO bond is stronger in 4 d than in
4 d’ seems counter-intuitive. Because of the electron with-
drawing PCP ligand in 4 d, one would expect that coordina-
tion of strong p-accepting ligands, such as CO, would be un-
favorable. The rhodium(i) center in 4 d, however, is now so
electron-poor that it would benefit from any s-donating
ligand, even if they are p-accepting. In fact, loss of an equa-
torial CO from [(PCP)Rh(CO)2] (4 e, 4 e’) (Scheme 3) was
calculated to be disfavored by 3.3 and 2.4 kcal mol�1, respec-
tively. The retention of the second CO can be explained by
p-backdonation from Rh being dominant in the electron-
rich 4 e’, whereas the electron-poor Rh center in 4 e makes
s-donation from CO the major factor.


The stability of the pentacoordinate 4 a–c may in part be
explained by the effects the electron-withdrawing pyrrolyl
groups have on the molecular orbitals of 3. Figure 3 depicts
the metal d orbital energy diagram of complexes 3 d and 3 d’
(as 3 d, but with the PCP pyrrolyl substituents replaced by H
atoms) (Scheme 3) and compares them to those in which the
PCP phosphine arms have been bent into a “see-saw” con-
figuration to allow CO coordination. There are two most
dramatic observations. The first is that all of the orbitals are
lower in energy in complex 3 d. The second is that the ef-


Figure 2. Molecular structure of 4 b (ORTEP drawing; hydrogen atoms
omitted for clarity).


Scheme 3. Model compounds for computations.
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fects of bending the PCP arms are attenuated. While in both
cases bending causes a large rise in the energy of the dxz or-
bital, so much so that it rises above dz2 to become the
HOMO, in 3 d this stabilizes the dz2 orbital. Furthermore, be-
cause the rise in energy of dxz is reduced, the energy of the
HOMO in complex 3 d barely changes (DE=�0.07 eV) as a
result of the bending. Thus, the Pyr ligands clearly makes 3 d
much more amenable to ligand coordination than its elec-
tron donating counterparts.


Overall, the geometries of the d8 ML5-type complexes are
determined by the preference of the s-donating aryl ligand
to occupy an axial, rather than equatorial, position[33,34] and
by the steric demand of the large phosphines which dictates
that they occupy the equatorial plane of the tbp complex.[33]


Summary


A novel p-accepting PCP ligand and its rhodium complexes
were synthesized. The coordination chemistry of this system
differs significantly from that of other pincer-type ligands.
Thus, the first stable d8 ML5 PCP complexes were synthe-
sized. Moreover, the pincer framework of these complexes
bears the phosphine donor atoms in cisoid (rather than in
the normally observed trans) positions. Their unusual stabili-
ty is due to the p-accepting nature of the PCP ligand, which
disfavors formation of the coordinately unsaturated ML4


complexes. The implications of these features for catalysis
are currently under study.


Experimental Section


General procedures : All experiments with metal complexes and phos-
phine ligands were carried out under an atmosphere of purified nitrogen


in a Vacuum Atmospheres glove box
equipped with a MO 40–2 inert gas
purifier or using standard Schlenk
techniques. All solvents were reagent
grade or better. All non-deuterated
solvents were refluxed over sodium/
benzophenone ketyl and distilled
under argon atmosphere. Deuterated
solvents were used as received. All the
solvents were degassed with argon and
kept in the glove box over 4 � molec-
ular sieves. Commercially available re-
agents were used as received.
[{Rh(coe)2m-Cl}2] was prepared accord-
ing to a literature procedure.[35]


1H, 13C, and 31P NMR spectra were re-
corded at 400 MHz, 100 MHz, and
162 MHz, respectively, using a Bruker
AMX-400 NMR spectrometer. All
spectra were recorded at 295 K, unless
otherwise noted. 1H NMR and 13C{1H}
NMR chemical shifts are reported in
ppm downfield from tetramethylsilane.
31P NMR chemical shifts are reported
in ppm downfield from H3PO4 and ref-
erenced to an external 85% solution
of phosphoric acid in D2O. The


1H{103Rh} NMR spectrum (2a) was measured at 9.4T on a Bruker AMX-
400 spectrometer and standard four-pulse HMQC sequence with continu-
ous proton decoupling was applied. The 31P{103Rh} NMR spectra (3a–c)
were measured at 11.7 T on a Bruker “Avance”-500 spectrometer, equip-
ped with triple-resonance inverse probe with 1H, 31P and broadband
channels. Typical conditions for HMBC experiment: 31P and 103Rh pulse
lengths were 11.2 ms and 70 ms correspondingly, a spectral width in f2 (31P)
was 40–140 ppm, in f1 (103Rh) was 80–1000 ppm (resolution in f1 5 Hz per
point). 103Rh chemical shifts were referenced to 3.16 MHz at a tempera-
ture 295 K.


Elemental analyses were performed by H. Kolbe, Mikroanalytisches Lab-
oratorium, Muelheim, Germany.


Synthesis of DPyPX (1): Mg was activated with 1,2-dibromoethane
before use. To prepare the Grignard reagent, bis-a-chloro-m-xylene
(11.080 g) in dry THF (780 mL) was added dropwise to Mg (6.2 g) in dry
THF (90 mL). The resulting solution was stirred for 24 h at room temper-
ature and then cannulated under argon pressure into a 1 L dropping
funnel. ClP(pyrrolyl)2 (26.362 g, 133 mmol) in dry THF (350 mL) was
placed in a 1 L Schlenk flask equipped with a magnetic stirring bar and
the above dropping funnel, and then cooled to �30 8C. Then the
Grignard reagent was added dropwise over a few hours. The resulting so-
lution was allowed to warm up to room temperature and then stirred for
48 h at ambient temperature. Solvents were removed under high vacuum.
The residue was introduced into the glovebox, treated with toluene
(450 mL), filtered by using a sinter funnel, and dried under high vacuum,
resulting in white crystals. The compound was mixed with pentane
(300 mL) and filtered again, then dissolved in hot toluene, treated with
carbon black, filtered, and crystallized by the addition of pentane to give
white crystals (18.105 g; 80 %).
31P{1H} NMR (C6D6): d =68.75 (s); 1H NMR (C6D6): d=6.79 (m, 8 H;
Pyr, HC-N), 6.48 (m, 3H; Ar), 6.3 (m, 1 H; Ar), 6.25 (m, 8H; Pyr, HC-
CH-N), 3.08 ppm (d, 2JP,H =3.47 Hz, 4H; Ar-CH2-P); 13C{1H} NMR
(C6D6): d =133.93 (m, 2C; Ar, C1, C3), 130.27 (m, 1C; Ar, C2), 128.93 (m,
2C; Ar, C4, C6), 127.57 (br s, 1C; Ar, C5), 123.50 (d, 2JP,C =14.03 Hz, 8C;
Pyr, CH-N), 112.35 (d, 3JP,C = 4.11 Hz, 8C; CH-CH-N), 38.2 ppm (d,
1JP,C = 13.71 Hz, 2C; Ar-CH2-P).


[Rh(DPyPX)H(PPh3)Cl] (2 a): A solution of PPh3 (219 mg, 0.835 mmol)
in THF (2 mL) was slowly added to a solution of [{Rh(coe)2m-Cl}2]
(300 mg, 0.418 mmol) in THF (3 mL). The resulting solution was stirred
for 5 min at room temperature during which time it became clear orange.
Then a solution of ligand 1 (359.9 mg, 0.836 mmol) in THF (2 mL) was


Figure 3. Partial molecular orbital diagram showing the metal d-orbitals of complexes 3 d (right) and 3d’ (left),
and their bent configurations (see text).
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added dropwise while stirring. The resulting mixture was heated under
stirring at 65 8C for 1.5 h to give a deep red solution of 2 a. The 31P {1H}
NMR showed that no starting material remained.
31P{1H} NMR (C6D6): d= 121.5 (dd, 1JRh,P =138.52, 2JP,P =31.38 Hz, 2P),
19.3 ppm (dt, 1JRh,P =83.33, 2JP,P =31.38 Hz, 1P); 1H NMR (C6D6): d =7.6
(m, 6 H; Ph, ortho to P), 7.25–6.7 (m, 20H; Ph meta and para to P; Ar,
meta and para to Rh; Pyr, HC-N), 6.3 (br s, 4H; Pyr, HC-CH-N), 6.0 (br
s, 4 H; Pyr, HC-CH-N), 4.6 (dvt, ABX2 pattern, 2JH,H = 16 Hz, unresolved
t, 2H; Ar-CH(H)-P), 3.6 (dvt, ABX2 pattern, 2JH,H =16, 2JP,H =4.8 Hz,
2H; Ar-CH(H)-P), �15.5 ppm (ddt, 1JRh,H = 22.3, 2JP,H =13.3 Hz, 1H; H-
Rh); 13C{1H} NMR (C6D6): d=162.10 (ddt, 2JP,C, trans =93.72 Hz, 1JRh,C =


24.49 Hz, unresolved t, 1C; Cipso-Rh), 140.12 (vtd, 2JP,C =9.89, J =3.06 Hz,
2C; Ar, C-C-Rh), 135–126 (m, 19C; Ph Ar, CH-CH-C-C-Rh), 124.26 (t,
unresolved, 4C; Pyr, CH-N-P), 124.17 (vt, 2JP,C =3 Hz, 4C; Pyr, CH-N-P),
123.25 (vtd, 3JP,C =10.83, J =4.74 Hz, 2C; Ar, CH-C-C-Rh), 112.60 (vt,
3JP,C = 2.83 Hz, 4C; Pyr, CH-CH-N-P), 112.46 (t, J= 2.59 Hz, 4C; Pyr, CH-
CH-N-P), 51.97 ppm (vtdd, 1JP,C =19.78 Hz, unresolved dd, 2C; Ar-CH2-
P); 103Rh NMR ([D8]toluene): d=�89.5 ppm.


[Rh(DPyPX)H(PEt3)Cl] (2 b): Neat PEt3 (7.6 mL, 5.6� 10�5 mol) was
slowly added to [{Rh(coe)2m-Cl}2] (20 mg, 2.8� 10�5 mol) in THF (1 mL).
The resulting solution was left to stir for 5 min at room temperature
during which time it became clear red. Then ligand 1 (24 mg, 5.6�
10�5 mol) in THF (1 mL) was added dropwise while stirring. The resulting
mixture was heated under stirring to 65 8C for 1.5 h to give a deep yellow
solution of 2b. The 31P{1H} NMR spectra showed that no starting materi-
al remained.
31P{1H} NMR ([D8]THF): d=123 (dd, 1JRh,P =138, 2JP,P =30.3 Hz, 2P),
8.8 ppm (dt, 1JRh,P =83.8, 2JP,P =30.3 Hz, 1P); 1H NMR ([D8]THF): d=


7.38 (m, 4 H; Pyr, HC-N-P), 6.99 (m, 4 H; Pyr, HC-N-P), 6.83 (t, 3JH,H =


7.4 Hz, 1H; Ar, para to Rh), 6.27 (t, J=2.0 Hz, 4 H; Pyr, HC-HC-N-P),
6.25 (t, J =2.0 Hz, 4H; Pyr, HC-HC-N-P), 4.9 (dvt, ABX2 pattern, 2JH,H =


15.9, 2JP,H =4.8 Hz, 2 H; Ar-H(H)C-P), 4.2 (dvt, ABX2 pattern, 2JH,H =


15.9, 2JP,H =3.8 Hz, 2 H; Ar-H(H)C-P), 1.16 (m, 6 H; Et, H2C-P), 0.87 (m,
9H; Et, H3C), �16.1 ppm (ddt, 1JRh,H =23.8, 2JP,H =13.4 Hz, 1H; H-Rh);
13C{1H} NMR ([D8]THF): d =164.5 (ddt, 2JP,C, trans =92.4, 1JRh,C =23.2,
2JP,C = 5.5 Hz, 1C; Cipso-Rh), 141.5 (vtd 2JP,C =9.8, J= 3.07 Hz, 2C; Ar, C-
C-Rh), 130.75 (s, 1C; Ar, CH-CH-C-C-Rh), 125.86 (t, J=2.46 Hz, 4C;
Pyr, CH-N-P), 124.91 (vt, 2JP,C =3.3 Hz, 4C; Pyr, CH-N-P), 123.2 (vtd,
3JP,C = 11, J =4.8 Hz, 2C; Ar, CH-C-C-Rh), 113.06 (vt, 3JP,C =2.7 Hz, 4C;
Pyr, CH-CH-N-P), 112.67 (t, J=2.65 Hz, 4C; Pyr, CH-CH-N-P), 52.2
(vtdd, 1JP,C =20.5, 2JRh,C = 3JP,C =4.3 Hz, 2C; Ar-CH2-P), 17.5 (d, 1JP,C =


21.7 Hz, 3C; Et, CH2-P), 8.4 ppm (d, 2JP,C =3.13 Hz, 3C; CH3); elemental
analysis (%): calcd: C 52.45, H 5.72; found: C 52.54, H 5.81.


[Rh(DPyPX)PPh3] (3 a): A solution of KOtBu (94 mg, 0.836 mmol) in
THF (1 mL) was added dropwise to a solution of crude 2a (0.835 mmol,
see synthesis of 2 a) in THF, and the reaction mixture was stirred for
0.5 h inside the glove box. The solution became much darker immediate-
ly after the addition of KOtBu. The solvent was evaporated under
vacuum and the resulting solid was extracted with MeOH. Evaporation
of MeOH under vacuum resulted in a yellow solid that was redissolved
in benzene and filtered through a cotton pad. The solvent was evaporat-
ed under vacuum to yield compound 3a as a deep yellow solid (320 mg;
48%).
31P{1H} NMR (C6D6): d=124.6 (dd, 1JRh,P =208.3, 2JP,P =38.2 Hz, 2P),
36.9 ppm (dt, 1JRh,P =119.0, 2JP,P =38.2 Hz, 1P); 1H NMR (C6D6): d =7.5
(m, 6H; Ph, ortho to P), 7.0–6.8 (m, 12 H; Ph, meta and para to P, Ar,
meta and para to Rh), 6.72 (m, 8H; Pyr, HC-N), 6.01 (t, J =2.0 Hz, 8H;
Pyr, HC-HC-N), 3.8 ppm (vt, unresolved t, 4H; Ar-CH2-P); 13C{1H}
NMR (C6D6): d= 172.8 (ddt, 2JP,C,trans =69.9, 1JRh,C =30.4, 2JP,C, cis =9.6 Hz,
1C; Cipso-Rh), 143.8 (vt, 2JP,C =12.5 Hz, 2C; Ar, C-C-Rh), 137.6 (dvt,
1JP,C = 34.6, 3JP,C =2 Hz, 3C; Ph, C-P), 134.3 (d, J=13.5 Hz, 6C; Ph), 129.5
(d, 4JP,C =1.6 Hz, 3C; Ph, CH-CH-CH-C-P), 125.9 (s, 1C; Ar, CH-CH-C-
C-Rh), 123.9 (vt, 2JP,C = 3.7 Hz, 8C; Pyr, CH-N), 122.4 (vtd, 3JP,C =10.9,
J =3.1 Hz, 2C; Ar, CH-C-C-Rh), 111.8 (vt, 3JP,C =2.4 Hz, 8C; Pyr, CH-
CH-N), 52.7 ppm (vtdd, 1JP,C =16.1, 2JRh,C = 3JP,C = 5.2 Hz, 2C; Ar-CH2-P);
103Rh NMR ([D8]THF): d= �734 ppm; elemental analysis (%): calcd: C
63.48, H 4.82; found: C 63.70, H 4.76.


X-ray analysis of the structure of [Rh(DPyPX)PPh3] (3 a): Orange mon-
oclinic crystals of 3 a were obtained by slow diffusion of pentane into a
concentrated solution of 3 a in toluene, in a 5 mm NMR tube, left at
room temperature for three days.


Crystal data: C42H38N4P3Rh, orange, plate, 0.2� 0.2 � 0.2 mm3, monoclinic,
P2(1)/n (no.14), a =14.390(3), b=12.275(3), c=21.659(3) �, b=


108.75(3)8, from 15 degrees of data, T =120(2) K, V =3622.7(13) �3, Z=


4, Fw=794.58, 1calcd =1.457 Mg m�3, m=0.641 mm�1.


Data collection and processing: Nonius KappaCCD diffractometer, MoKa


(l=0.71073 �), graphite monochromator, 0�h�17, 0�k�14, �25� l�
24, frame scan width =1.58, scan speed 1.08 per 60 s, typical peak mosaici-
ty 0.428, 6944 independent reflections (Rint =0.040). The data were proc-
essed with Denzo-Scalepack.


Solution and refinement: structure was solved by direct methods with
SHELXS-97. Full-matrix least-squares refinement based on F2 with
SHELXS-97. A total of 451 parameters with 0 restraints, final R1 =0.0359
(based on F2) for data with I>2s(I) and, R1 =0.0525 on 6609 reflections,
goodness-of-fit on F2 =1.036, largest electron density peak=


0.847 e��3.[10]


[Rh(DPyPX)PEt3] (3 b): A solution of KOtBu (6.2 mg, 5.6� 10�5 mol) in
THF (0.5 mL) was added dropwise under stirring to a solution of 2b
(5.6 � 10�5 mol, see synthesis of 2 b) in THF. The reaction mixture became
darker immediately and it was heated to 65 8C for 1 h 40 min while stir-
ring. Then the solvent was evaporated under vacuum and the resulting
solid was redissolved in toluene, filtered through a cotton pad, and the
solvent was removed under vacuum to yield 3 b (32.6 mg; 89.9 %). (Note:
in one preparation, trace impurities were present and these were re-
moved by extraction of 3b with MeOH.)
31P{1H} NMR ([D8]toluene): d=128.0 (dd, 1JRh,P = 207.3 Hz, 2JP,P =


39.5 Hz, 2P), 20.8 ppm (td, 1JRh,P =114.7, 2JP,P = 39.5 Hz, 1P); 1H NMR
([D8]toluene): d=6.92 (m, 8 H; Pyr, HC-N-P), 6.88 (br s, 3 H; Ar, meta
and para to Rh), 6.24 (t, J=2.0 Hz, 8H; Pyr, HC-HC-N-P), 3.77 (vt,
2JP,H =3 Hz, 4 H; Ar-H2C-P), 0.96 (m, 6 H; Et, H2C-P), 0.83 ppm (m, 9 H;
Et, H3C); 13C{1H} NMR ([D8]toluene): d =174.43 (ddt, 2JP,C, trans =69.8,
1JRh,C =29.4, 2JP,C,cis =9.6 Hz, 1C; Cipso-Rh), 143.63 (vtdd, unresolved dd,
2JP,C = 12.5 Hz, 2C; Ar, C-C-Rh), 125.53 (s, 1C; Ar, CH-CH-C-C-Rh),
124.04 (vt, 2JP,C =4.0 Hz, 8C; Pyr, CH-N-P), 122.08 (vtd, 3JP,C =10.9 Hz,
J =3.3 Hz, 2C; Ar, CH-C-C-Rh), 112.23 (vt, 3JP,C =2.5 Hz, 8C; Pyr, CH-
CH-N-P), 52.73 (vtdd, 1JP,C =15.6, 2JRh,C = 3JP,C =5.3 Hz, 2C; Ar-CH2-P),
18.79 (dt, 1JP,C =20.8, 3JP,C =3 Hz, 3C; Et, CH2-P), 9.24 ppm (s, 3C; Et,
CH3); 103Rh NMR (C6D6): d =�781 ppm; elemental analysis (%): calcd:
C 55.39, H 5.89; found: C 55.46, H 5.79.


[Rh(DPyPX)PPyr3] (3 c): A solution of PPyr3 (30.5 mg, 1.3 � 10�4 mol) in
toluene (0.5 mL) was added to a solution of 3 a (105.6 mg, 1.3� 10�4 mol)
in toluene (0.5 mL). Neat MeOTf (14.95 mL, 1.3� 10�4 mol) was added
and the suspension formed was left for 2 h at room temperature until a
clear solution was obtained. A white precipitate (MePPh3OTf) appeared.
The solution was left at �37 8C overnight, the precipitate was filtered off
using a cotton pad, and the solvent was removed from the resulting so-
lution by evaporation under vacuum to yield 3c as a yellow solid
(97.8 mg; 96.6 %). (Note: in one case the product contained trace impuri-
ties and was recrystallized from pentane.)
31P{1H} NMR (C6D6): d=123 (dd, 1JRh,P =198.5, 2JP,P = 45.18 Hz, 2P),
108.8 ppm (dt, 1JRh,P =177.8, 2JP,P =45.38 Hz, 1P); 1H NMR (C6D6): d=


6.97 (t, 3JH,H =7.3 Hz, 1H; Ar, para to Rh), 6.88 (d, 3JH,H = 7.3 Hz, 2 H;
meta to Rh), 6.69 (m, 14H; Pyr, HC-N-P) 6.09 (m, 8 H; Pyr, HC-HC-N-
P), 6.05 (m, 6 H; Pyr, HC-HC-N-Pancillary), 3.72 ppm (vt, 2JP,H = 3.4 Hz, 4H;
Ar-H2C-P); 13C{1H} NMR ([D8]toluene): d=171.5 (ddt, 2JP,C, trans =104.6,
1JRh,C =29.4, 2JP,C, cis =9.4 Hz, 1C; Cipso-Rh), 144.2 (vt, 2JP,C =12.8 Hz, 2C;
Ar, C-C-Rh), 123.7 (m, 14C; Pyr, CH-N-P), 122.7 (vtd, 3JP,C = 11.4, J=


4.9 Hz, 2C; Ar, CH-C-C-Rh), 112.8 (m, 14C; Pyr, CH-CH-N-P), 51.9
(vtdd, 1JP,C =16.7, 2JRhC = 3JP,C =5.7 Hz, 2C; Ar-CH2-P); 103Rh NMR
([D8]toluene): d =�853.7 ppm; elemental analysis (%): calcd: C 56.78, H
4.63; found: C 56.67, H 4.70.


[Rh(DPyPX)PPh3CO] (4 a): CO (0.55 mL, 2.4� 10�5 mol) was injected
with a syringe into a solution of 3 a (19.3 mg, 2.4� 10�5 mol) in toluene
(0.7 mL) in a reaction tube fitted with a septum. The reaction tube was
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vigorously shaken until the solution became light yellow. The solvent was
removed under vacuum and the product was recrystallized from a satu-
rated MeOH solution, to yield 4 a as a yellow solid (12 mg; 61 %).
31P{1H} NMR ([D8]toluene, 295 K): d =125.0 (br dd, 1JRh,P =195.5, 2JP,P =


143), 21.2 ppm (br dt, 1JRh,P =130, 2JP,P = 145 Hz); 1H NMR ([D8]toluene,
295 K): d=6.98 (s, 4H; Pyr, HC-N-P), 6.96 (m, 3H; Ph, para to P), 6.86
(br s, 12H; meta and ortho to P), 6.79 (t, 3JH,H =7.4 Hz, 1 H; Ar, para to
Rh), 6.67 (d, 3JH,H =7.4 Hz, 2H; Ar, meta to Rh; 2 H), 6.55 (br s, 4H;
Pyr, HC-N-P), 6.32 (br s, 4H; Pyr, HC-HC-N-P), 6.08 (br s, 4 H; Pyr,
HC-HC-N-P), 3.52 (br s, 2 H; Ar-H(H)C-P), 3.08 ppm (br s, 2 H; Ar-
H(H)C-P); 13C{1H} NMR ([D8]toluene, 295 K): d=202.5 (dt, 1JRh,C =48.8,
2JP,P =14.5 Hz, 1C; CO), 166.14 (m, 1C; Cipso-Rh), 143.09 (vt, 2JP,C =


16.3 Hz, 2C; Ar, C-C-Rh), 136.6 (d, 1JP,C =25.6 Hz, 3C; Ph, C-P), 133.1
(d, 2JP,C =13.8 Hz, 6C; Ph, CH-C-P), 130–127 (overlapped with [D8]tolu-
ene, 9C; Ph), 124.5 (s, 1C; Ar, CH-CH-C-C-Rh), 123.6, (br s, 4C; Pyr,
CH-N-P), 123.3 (vt, 3JP,C =11.3 Hz, 2C; Ar, CH-C-C-Rh), 123.0 (br s, 4C;
Pyr, CH-N-P), 112.5 (br s, 8C; Pyr, CH-CH-N-P), 50.75 ppm (vtd, unre-
solved d, 1JP,C =16.0 Hz, 2C; Ar-CH2-P); 31P{1H} NMR ([D8]toluene,
243 K); d=125.9 (dd, 1JRh,P = 197.7 Hz, 2JP,P = 154.8 Hz, 2P), 21.5 ppm (td,
1JRh,P = 126.1, 2JP,P = 154.8 Hz, 1P); 1H NMR ([D8]toluene, 243 K): d=


6.96 (s, 4 H; Pyr, HC-N-P), 6.92 (m, 3 H; Ph, para to P), 6.82 (m, 13H;
Ph, meta and ortho to P, and Ar, para to Rh), 6.65 (d, 3JH,H =7.5 Hz, 2 H;
Ar, meta to Rh), 6.59 (br s, 4H; Pyr, HC-N-P), 6.36 (t, J =2 Hz, 4 H; Pyr,
HC-HC-N-P), 6.11 (t, J =2 Hz, 4H; Pyr, HC-HC-N-P), 3.42 (dvt, ABX2


pattern, 2JH,H = 15.6, 2JP,H =5.6 Hz, 2 H; Ar-H(H)C-P), 2.95 ppm (d, AB
pattern, 2JH,H =15.6 Hz, 2H; Ar-H(H)C-P); 13C{1H} NMR ([D8]toluene,
243 K): d= 202.6 (dtd, 1JRhC =49, 2JPC,DPyPX = 15, 2JPC,PPh3


=9.6 Hz, 1 C;
CO), 166.1 (ddt, 1JRh,C = 22 Hz, 2JPC,DPyPX = 2JPC,PPh3


=11 Hz, 1C; Cipso-Rh),
142.9 (vtd, 2JP,C =16.2 Hz, J =3.2 Hz, 2C; Ar, C-C-Rh), 136.2 (d, 1JP,C =


26.6 Hz, 3C; Ph, C-P), 133.0 (d, 2JP,C =13.7 Hz, 6C; Ph, CH-C-P), 130–127
(overlapped with [D8]toluene, 9C; Ph), 124.4 (s, 1C, Ar, CH-CH-C-C-
Rh), 123.7 (s, 4C; Pyr, CH-N-P), 123.4 (vt, 3JP,C =10.2 Hz, 2C; Ar, CH-C-
C-Rh), 123.0 (s, 4C; Pyr, CH-N-P), 112.8 (s, 4C; Pyr, CH-CH-N-P), 112.4
(s, 4C; Pyr, CH-CH-N-P), 50.4 ppm (vt, 1JP,C =16 Hz, 2C; Ar-CH2-P); IR
(film): ñ =1987 cm�1 (C�O); elemental analysis (%): calcd: C 62.78, H
4.66; found: C 62.63, H 4.71.


[Rh(DPyPX)PEt3CO] (4 b): CO (0.6 mL, 2.6� 10�5 mol) was added to 3 b
(17.4 mg, 2.6� 10�5 mol) in benzene (0.7 mL). The solution was vigorously
shaken to dissolve CO, resulting in a lighter yellow color. The solvent
was removed by evaporation and the product was recrystallized from a
saturated pentane solution, to yielding 4 b as a yellow solid (10 mg;
55%).
31P{1H} NMR (C6D6, 295 K): d= 124.06 (dd, 1JRh,P =190.8 Hz, 2JP,P =


164 Hz, 2P), 4.63 ppm (td, 1JRh,P =132.4 Hz, 2JP,P = 164 Hz, 1P); 1H NMR
([D8]toluene, 295 K): d=7.11 (m, 4H; Pyr, HC-N-P), 6.89 (d, 3JH,H =


7 Hz, 2H; Ar, meta to Rh), 6.84 (t, 3JH,H = 7 Hz, 1H; Ar, para-to-Rh),
6.52 (br s, 4H; Pyr, HC-N-P), 6.33 (br s, 4 H; Pyr, HC-CH-N-P), 6.08 (br
s, 4H; Pyr, HC-CH-N-P), 3.92 (dvt, ABX2 pattern, 2JH,H = 15.9, 2JP,H =


5.3 Hz, 2H; Ar-CH(H)-P), 3.71 (d, AB pattern, 2JH,H =15.9 Hz, 2H; Ar-
CH(H)-P), 1.03 (m, 6 H; Et, H2C-P), 0.46 ppm (m, 9H; Et, H3C-H2C-P);
13C{1H} NMR ([D8]toluene, 295 K): d=204.2 (ddt, 1JRh,C =48, 2JPC,DPyPX =
2JPC,PEt3


=11 Hz, 1C; CO), 166.3 (ddt, 1JRh,C = 22, 2JPC,DPyPX = 2JPC,PEt3
=


11 Hz, 1C; Cipso-Rh), 143.0 (vt, 2JP,C =16 Hz, 2C; Ar, C-C-Rh), 124.4 (s,
1C; Ar, CH-CH-C-C-Rh), 124.0 (br s, 4C; Pyr, CH-N-P), 122.9 (vt, 3JP,C =


10 Hz, 2C; Ar, CH-C-C-Rh), 122.7 (br s, 4C; Pyr, CH-N-P), 112.6 (s, 4C;
Pyr, CH-CH-N-P), 112.2 (s, 4C; Pyr, CH-CH-N-P), 53.0 (vt, 1JP,C =


16.4 Hz, 2C; Ar-CH2-P), the signal of CH2-PEt overlaps with [D8]toluene
signal, 7.0 ppm (s, 3C; Et, CH3); 31P{1H} NMR ([D8]toluene, 243 K): d=


124.1 (dd, 1JRh,P =190.5 Hz, 2JP,P =165 Hz, 2P), 4.9 ppm (td, 1JRh,P =


133.4 Hz, 2JP,P =165 Hz, 1P); 1H NMR ([D8]toluene, 243 K): d=7.11 (m,
4H; Pyr, HC-N-P), 6.92 (m, 3H; Ar, meta and para to Rh), 6.53 (m, 4H;
Pyr, HC-N-P), 6.37 (m, 4 H; Pyr, HC-CH-N-P), 6.13 (m, 4 H; Pyr, HC-
CH-N-P), 3.83 (dvt, ABX2 pattern, 2JH,H =15.8, 2JPH =5 Hz, 2 H; Ar-
CH(H)-P), 3.60 (d, AB pattern, 2JH,H =15.9 Hz, 2 H; Ar-CH(H)-P), 0.96
(m, 6 H; Et, H2C-P), 0.39 ppm (m, 9H; Et, H3C); 13C{1H} NMR ([D8]tolu-
ene, 243 K): d =204.4 (ddt, 1JRh,C =48, 2JPC,DPyPX = 2JPC,PEt3


= 13 Hz, 1C;
CO), 166.4 (ddt, 1JRhC = 22, 2JP,C,DPyPX = 2JPC,PEt3


=11 Hz, 1C; Cipso-Rh),
142.9 (vtd, 2JP,C =17, J=3.4 Hz, 2C; Ar, C-C-Rh), 124.4 (s, 1C; Ar, CH-


CH-C-C-Rh), 124.01 (br s, 4C; Pyr, CH-N-P), 122.95 (vt, 3JP,C =10 Hz,
2C; Ar, CH-C-C-Rh), 122.73 (br s, 4C; Pyr, CH-N-P), 112.68 (s, 4C; Pyr,
CH-CH-N-P), 112.24 (s, 4C; Pyr, CH-CH-N-P), 52.78 (vt, 1JP,C =17 Hz,
2C; Ar-CH2-P), the signal of CH2-PEt overlaps with [D8]toluene signal,
6.92 ppm (s, 3C; Et, CH3); IR (film): ñ=1975 cm�1 (C�O); elemental
analysis (%): calcd: C 54.88, H 5.65; found: C 55.04, H 5.58.


X-ray analysis of the structure of [Rh(DPyPX)PEt3CO] (4 b): Colorless
orthorhombic crystals of 4b were obtained by recrystallization of 4b
from a pentane solution. For this purpose, a toluene solution of 4b
(20 mg) was dried under vacuum to obtain a solid film of 4b at the
bottom of a 20 mL Wheaton vial. Then the obtained layer was covered
by pentane (2 mL) and left at 15–20 8C for three days. Crystals appeared
on the bottom of the vial.


Crystal data: C31H38N4O1P3Rh, colorless, prism, 0.1� 0.1� 0.1 mm3, orthor-
rhombic, Pbca, a =15.2900(3), b=19.2050(2), c =21.4960(2) �, from 15
degrees of data, T=120(2 K, V=6312.18(15) �3, Z= 8, Fw=678.47,
1calcd =1.428 Mg m�3, m =0.724 mm�1.


Data collection and processing: Nonius KappaCCD diffractometer, MoKa


(l=0.71073 �), graphite monochromator, �19�h�19, �24�k�24,
�27� l�27, frame scan width = 1.08, scan speed 1.08 per 30 s, typical
peak mosaicity 0.648, 71911 reflections collected, 14813 independent re-
flections (Rint =0.094). The data were processed with Denzo-Scalepack.


Solution and refinement: structure was solved by direct methods with
SHELXS-97. Full-matrix least-squares refinement based on F2 with
SHELXS-97. 428 parameters with 0 restraints, final R1 =0.0404 (based on
F2) for data with I>2s(I) and, R1 =0.0688 on 7205 reflections, goodness-
of-fit on F2 =1.039, largest electron density peak=1.214.


[Rh(DPyPX)PPyr3CO] (4 c): CO (0.4 mL, 2.0� 10�5 mol) was added to a
solution of 3c (15 mg, 2.0� 10�5 mol) in toluene (0.7 mL), resulting in the
quantitative formation of [Rh(PCP)PPyr3CO] (4 c).
31P{1H} NMR (C6D6, 295 K): d=119.6 (br d, 1JRh,P =184.9 Hz, 2P),
93.1 ppm (br s, 1P); 1H NMR (C6D6, 295 K): d=6.83 (t, 3JH,H =7.45 Hz,
1H; Ar, para to Rh), 6.70 (d, 2 H; 3JH,H =7.45 Hz, meta to Rh), 7.0–6.55
(br s, 8 H; Pyr, HC-N-P), 6.20 (br s, 8H; Pyr, HC-HC-N-P), 6.15 (br s,
6H; Pyr, HC-N-Pancillary), 6.06 (t, J=2.1 Hz, 6H; Pyr, HC-CH-N-Pancillary),
3.54 ppm (br s, 4 H; Ar-CH2-P); 13C{1H} NMR (C6D6, 295 K): d=199.8
(br d, 1JRh,C = 44.2 Hz, 1C; CO), 160 (br s, 1C; Cipso-Rh), 143.6 (vt, 2JP,C =


15.4 Hz, 2C; Ar, C-C-Rh), 125.79 (s, 1C; Ar, CH-CH-C-C-Rh), 123.81
(vt, 3JP,C =10.9 Hz, 2C; Ar, CH-C-C-Rh), 123.41 (s, 8C; Pyr, CH-N-P),
123.36 (d, partially overlapped with the s at 123.41, 6C; Pyr, CH-N-Pancil-


lary), 113.37 (br s, 8C; Pyr, CH-CH-N-P), 112.86 (d, 3JP,C =4.7 Hz, 6C; Pyr,
CH-CH-N-Pancillary), 51.10 ppm (vt, 1JP,C =16.3 Hz, 2C; Ar-CH2-P); 31P{1H}
NMR ([D8]toluene, 243 K): d =126.27 (br dd, 1JRh,P =188 Hz, 2JP,P =


229 Hz, 2P), 99.5 ppm (ddd, 1JRh,P =194, 2JP,P =223.5, 2JP,P =234.5 Hz, 1P);
1H NMR ([D8]toluene, 243 K): d =6.86 (br s, 4H; Pyr, HC-N-P), 6.78 (m,
1H; Ar, para to Rh), 6.64 (d, 3JH,H =7.46 Hz, 2H; Ar, meta to Rh), 6.40
(br s, 4 H; Pyr, HC-N-P), 6.29 (m, 6 H; Pyr, HC-N-Pancillary), 6.03 (m, 14 H;
Pyr, HC-HC-N-P), 3.43 (dvt, ABX2 pattern, 2JH,H =15.8, 2JP,H =5.45 Hz,
2H; Ar-H(H)C-P), 3.34 ppm (d, AB pattern, 2JH,H = 15.9 Hz, 2H; Ar-
H(H)C-P); 13C{1H} NMR ([D8]toluene, 243 K): d=199.76 (ddt, 1JRhC =49,
2JPC,DPyPX = 2JPC,PPyr3


= 14 Hz, 1C; CO), 159.79 (ddt, 1JRh,C = 19, 2JPC,DPyPX =
2JPC,PPyr3


=10 Hz, 1C; Cipso-Rh), 143.44 (vtd, 2JP,C =15.6 Hz, unresolved d,
2C; Ar, C-C-Rh), 125.62 (s, 1C; Ar, CH-CH-C-C-Rh), 123.74 (vt, 3JP,C =


9 Hz, 2C; Ar, CH-C-C-Rh), 123.5 (s, 4C; Pyr, CH-N-P), 123.23 (s, 4C;
Pyr, CH-N-P), 123.10 (d, 2JP,C =19.20 Hz, 6C; Pyr, CH-N-Pancillary), 113.68
(s, 4C; Pyr, CH-CH-N-P), 112.90 (s, 4C; Pyr, CH-CH-N-P), 112.73 (d,
partially overlapped with the s at 112.90, 6C; Pyr, CH-CH-N-Pancillary),
50.71 ppm (vt, 1JP,C =16.84 Hz, 2C; Ar-CH2-P); IR (film): n=2008 cm�1


(C�O); elemental analysis (%): calcd: C 56.28, H 4.47; found: C 56.41, H
4.51.


Reaction of [Rh(DPyPX)(PPy3)CO] (4 c) with PPh3 : PPh3 (6.5 mg, 2.5�
10�5 mol) in toluene (0.3 mL) was added to a solution of 4c (19.7 mg,
2.5� 10�5 mol) in toluene (0.7 mL). The reaction became slightly darker
yellow. 31P{1H} and 1H NMR ([D8]toluene, 243 K) spectra indicated for-
mation of 4 a, when 4a :4 c= 4:1. The 4a :4 c ratio did not change after
heating the solution at 70 8C for 40 min.
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Reaction of [Rh(DPyPX)(PPh3)CO] (4 a) with PEt3 : Neat PEt3 (3.2 mL,
2.4� 10�5 mol) was added to a solution of 4 a (19.5 mg, 2.4� 10�5 mol) in
toluene (0.7 mL). 31P{1H} and 1H NMR ([D8]toluene, 243 K) spectra indi-
cated immediate quantitative formation of 4b.


[Rh(DiPPX)H(PEt3)Cl]: PEt3 (7.6 mL, 5.6 � 10�5 mol) was added to a so-
lution of [{Rh(coe)2m-Cl2}] (20 mg, 2.8� 10�5 mol) in THF (1.5 mL). To
the resulting mixture, a solution of DiPPX-H (1,3-bis[(diisopropylphos-
phino)methyl]benzene)[36] (21.5 mL, 5.6� 10�5 mol) in THF (1 mL) was
added. The solution was heated under stirring at 65 8C for 2.5 h, to give
an orange solution of [Rh(DiPPX)H(PEt3)Cl]. The 31P{1H} NMR spec-
trum did not show any remaining starting material.
31P{1H} NMR (C6D6): d= 64.15 (dd, 1JRh,P =106, 2JP,P =24.5 Hz, 2P),
2.37 ppm (dt, 1JRh,P =82.5, 2JP,P =24.5 Hz, 1P); 1H NMR (C6D6): d =7.2–
7.1 (Ar, 3 H; meta and para to Rh), 3.79 (dvt, ABX2 pattern, 2JH,H =14.7,
2JP,H =3.4 Hz, 2 H; Ar-CH(H)-P), 2.98 (dvt, ABX2 pattern, 2JH,H =14.7,
2JP,H =3.9 Hz, 2 H; Ar-CH(H)-P), 2.3–0.7 (m, 43H; iPr, Et), �18.41 ppm
(ddt, 1JRh,H =23.64, 2JP,H =12.83 Hz, 1 H; H-Rh); 13C{1H} NMR (C6D6):
d=168.6 (ddt, 2JP,C, trans =103.7 Hz , 1JRh,C = 25.4 2JP,C, cis =4.2 Hz, 1C; Cipso-
Rh), 145.8 (vtd, 2JP,C =7.64 Hz, unresolved d, 2C; Ar, C-C-Rh), 124.08 (s,
1C; Ar, CH-CH-C-C-Rh), 121.3 (vtd, 3JP,C =8.15, J =4.7 Hz, 2C; Ar, CH-
C-C-Rh), 36.84 (vtdd, 1JP,C = 14.04, J =8.29 Hz, J=2.07 Hz, 2C; Ar-CH2-
P), 26.97 (vt, 1JP,C =10.01 Hz, 2C; iPr, CH-P), 25.36 (vt, 1JP,C =11.26 Hz,
2C; iPr, CH-P), 20.35 (dvt, 1JP,C =16.77 Hz, unresolved t, 3C; Et, CH2-P),
19.8 (s, 4C; iPr, CH3), 18.8 (s, 4C; iPr, CH3), 8.84 (d, 2JP,C =3.04 Hz, 3C;
Et, CH3).


[Rh(DiPPX)PEt3]: A solution of KOtBu (6.3 mg, 5.6� 10�5 mol) in THF
(1 mL) was added dropwise to a solution of crude [Rh(DiPPX)H-
(PEt3)Cl] (2.8 � 10�5 mol, see synthesis of [Rh(DiPPX)H(PEt3)Cl]) in
THF. The resulting solution was heated to 60 8C for 1 h to give almost
quantitative formation of dark brown [Rh(DiPPX)PEt3]. The product
was dried under vacuum and fully extracted with pentane, leaving KCl as
white solid. The pentane solvent was removed under vacuum, to yield
[Rh(DiPPX)PEt3] as a brown solid (30 mg; 96%).
31P{1H} NMR (C6D6): d=62.6 (dd, 1JRh,P =154.3, 2JP,P =30.8 Hz, 2P),
14.9 ppm (dt, 1JRh,P =113.7, 2JP,P =30.8 Hz, 1P); 1H NMR (C6D6): d =7.30
(d, 3JH,H =7.2 Hz, 2 H; Ar, meta to Rh), 7.21 (t, 3JH,H =7.2 Hz, 1H; para
to Rh), 3.16 (vt, 2JP,H =3.5 Hz, 4 H; Ar-CH2-P), 1.88 (m, 4H; iPr, CH-P),
1.59 (m, 6 H; Et, CH2-P) 1.16 (m, 12 H; iPr, CH3-CH-P), 1.08 (m, 9H; Et,
CH3-CH2-P), 0.95 ppm (m, 12 H; iPr, CH3-CH-P); 13C{1H} NMR (C6D6):
d=180.1 (ddt, 2JP,C, trans =85.0, 1JRh,C =32.2, 2JP,C, cis =7.62 Hz, 1C; Cipso-Rh),
149.79 (vt, 2JP,C = 11.3 Hz, 2C; Ar, C-C-Rh), 123.19 (s, 1C; Ar, CH-CH-C-
C-Rh), 120.13 (vtd, 3JP,C =8.90, J=2.9 Hz, 2C; Ar, CH-C-C-Rh), 39.74
(vtdd, 1JP,C =12.05, J =9.3, J=2.85 Hz, 2C; Ar-CH2-P), 27.30 (vtd, 1JP,C =


8.98, J =1.72 Hz, 4C; iPr, CH-P), 21.40 (dt, 1JP,C = 16.0 Hz, unresolved t,
3C; Et, CH2-P), 20.16 (vt, 2JP,C =3.35 Hz, 4C; iPr, CH3), 19.34 (s, 4C; iPr,
CH3), 9.39 (s, 3C; Et, CH3); elemental analysis (%): calcd: C 55.91, H
9.02; found: C 55.73, H 8.85.


[Rh(DiPPX)CO]: CO (1.2 mL, 5.4� 10�5 mol) was added to
[Rh(DiPPX)PEt3] (30 mg, 5.4� 10�5 mol) in benzene (0.7 mL). The so-
lution was vigorously shaken to dissolve CO, resulting in the quantitative
formation of [Rh(DiPPX)CO], which is lighter brown in color than the
starting material. Volatile compounds were removed by evaporation.
31P{1H} NMR (C6D6): d =74.5 ppm (d, 1JRh,P =144.0 Hz, 2P); 1H NMR
(C6D6): d=7.19 (d, 3JH,H =7.4 Hz, 2 H; Ar, meta to Rh), 7.13 (partially
overlapped with the solvent signal, 1H; Ar, para to Rh), 3.16 (vt, 2JP,H =


4.1 Hz, 4H; Ar-CH2-P), 1.89 (m, 4H; iPr, HC-P), 1.17 (m, 12H; iPr,
H3C), 0.93 ppm (m, 12 H; iPr, H3C); 13C {1H} NMR (C6D6): d =200.04
(dt, 1JRh,C =54.95, 2JP,C =12.05 Hz, 1C; CO), 178.83 (dt, 1JRh,C =29.8 Hz,
2JP,C = 6.96 Hz, Cipso-Rh, 1C), 152.88 (vtd, 2JP,C =12.35, 2JRh,C = 3.12 Hz, 2C;
Ar, C-C-Rh), 125.55 (s, 1C; Ar, CH-CH-C-C-Rh), 120.99 (vt, 3JP,C =


9.77 Hz, 2C; CH-C-C-Rh), 38.16 (vtd, 1JP,C =11.97, 2JRh,C =3.03 Hz, 2C;
Ar-CH2-P), 26.18 (vt, 1JP,C =11.26 Hz, 4C; iPr, CH-P), 19.79 (vt, 2JP,C =


3.0 Hz, 4C; iPr, CH3), 18.85 ppm (s, 4C; iPr, CH3); IR (film): ñ=


1943 cm�1 (C�O); elemental analysis (%): calcd: C 53.85, H 7.53; found:
C 53.72, H 7.52.


Computational details : All calculations were carried out using Gaussian
03 Rev B.02.[37] The density functional theory (DFT) B97–1 hybrid ex-
change-correlation functional[38] was used throughout. This is Handy


et al.�s reparameterization[4] of Becke�s B97 functional.[39] Two basis set-
RECP (relativistic effective core potential) combinations were used. The
first, denoted SDD, is the combination of the Huzinaga-Dunning double-
z basis set on lighter elements with the Stuttgart–Dresden basis set-
RECP combination[40] on transition metals. The second, denoted SDB-cc-
pVDZ, combines the Dunning cc-pVDZ basis set[41] on the main group
elements and the Stuttgart-Dresden basis set-RECP on the transition
metals with an added f-type polarization exponent taken as the geometric
average of the two f-exponents given in the Appendix to reference [42].
Geometry optimizations were carried out using the former basis set,
while the energetics of the reaction were calculated at these reference ge-
ometries with the latter basis set; this level of theory is conventionally
denoted as B97–1/SDB-cc-pVDZ//B97–1/SDD. Bulk solvation effects[43]


were approximated using a conductor-like screening solvation model
(COSMO)[44, 45] with benzene as the solvent, just as with the experimental
system. The molecular orbitals (MOs) were visualized by using Gauss-
View[46] and the MO energies were taken as the Kohn–Sham (KS) orbital
energies, both from the B97–1/SDB-cc-pVDZ energy calculation. The ap-
plicability of the KS orbital energies as ionization energies, for valence
orbitals in closed shell systems, has been clearly demonstrated.[47–49]
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Efficient Ruthenium-Catalyzed Aerobic Oxidation of Amines by Using a
Biomimetic Coupled Catalytic System


Joseph S. M. Samec, Alida H. �ll, and Jan-E. B�ckvall*[a]


Introduction


Oxidation reactions are of fundamental importance in or-
ganic chemistry.[1] Stoichiometric amounts of metal-based
oxidants such as dichromate ions, permanganate ions, man-
ganese dioxide, silver oxide, and lead tetraacetate are still
used in many oxidations.[2] The stoichiometric use of such
oxidants is undesirable from both an environmental and an
economic point of view. Therefore much attention has been
paid to the use of a transition-metal catalyst to achieve effi-
cient oxidations with molecular oxygen or hydrogen perox-
ide as terminal oxidants.[1,2] One challenge to overcome
when using a substrate-selective transition-metal catalyst is
the usually high energy barrier for the reoxidation of the re-
duced form of the metal by molecular oxygen. An efficient
and successful way to circumvent the high-energy pathway
for reoxidation of the metal is to mimic biological oxida-
tions, where large jumps in oxidation potentials are avoided
by the use of several coupled redox catalysts as electron-
transfer mediators (ETMs).[3] A number of such oxidation
systems that mimic biological electron transfer are


known.[4–11] In these so-called biomimetic oxidations the
electrons are smoothly transported from the reduced form
of the substrate-selective catalyst (often a transition metal)
to molecular oxygen or hydrogen peroxide (Figure 1).


Our group has recently designed and developed coupled
catalytic electron transfer systems for 1,4-oxidations of con-
jugated dienes,[4] allylic oxidations,[4a,5] oxidations of alco-
hols,[6] and dihydroxylations of olefins[7] for which either O2


or H2O2 are used as the oxidant.
Imines are useful intermediates in organic synthesis,


which act as electrophilic reagents in many different reac-
tions such as reductions, additions, condensations, and cyclo-
additions (see Scheme 1 for some examples). Many of these
transformations can be carried out with high enantioselectiv-
ity. Imines also occur as intermediates in the racemization
of chiral amines.[12] The standard protocol for their synthesis
involves condensation of an amine and a carbonyl com-
pound (aldehyde or ketone). Owing to their unstable and
reactive nature it would be desirable to obtain imines by
pathways other than those from an electrophilic carbonyl
compound. Amines are stable and easily accessible com-
pounds and would therefore be suitable precursors for
imines by dehydrogenation.


The biological oxidation of amines involves amine dehy-
drogenases/oxidases, which are important in a variety of
processes ranging from bacterial growth on amines to the
oxidation of neurotransmitters in animals.[20] The oxidation
is initiated by a condensation of the amine to a quinone,


Abstract: Efficient aerobic oxidation of
amines was developed by the use of a
biomimetic coupled catalytic system in-
volving a ruthenium-induced dehydro-
genation. The principle for this aerobic
oxidation is that the electron transfer
from the amine to molecular oxygen
occurs stepwise via coupled redox sys-
tems and this leads to a low-energy
electron transfer. A substrate-selective
ruthenium catalyst dehydrogenates the


amine and the hydrogen atoms ab-
stracted are transported to an electron-
rich quinone (2 a). The hydroquinone
thus formed is subsequently reoxidized
by air with the aid of an oxygen-acti-
vating [Co(salen)]-type complex (27).
The reaction can be used for the prepa-


ration of ketimines and aldimines in
good to high yields from the appropri-
ate corresponding amines. The reaction
proceeds with high selectivity, and the
catalytic system tolerates air without
being deactivated. The rate of the de-
hydrogenation was studied by using
quinone 2 a as the terminal oxidant. A
catalytic cycle in which the amine pro-
motes the dissociation of the dimeric
catalyst 1 is presented.


Keywords: homogeneous catalysis ·
imines · oxidation · ruthenium


[a] J. S. M. Samec, Dr. A. H. �ll, Prof. Dr. J.-E. B�ckvall
Department of Organic Chemistry, Arrhenius Laboratory
Stockholm University, 106 91 Stockholm (Sweden)
Fax: (+46) 8-154-908
E-mail : jeb@organ.su.se


Chem. Eur. J. 2005, 11, 2327 – 2334 DOI: 10.1002/chem.200401082 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2327


FULL PAPER







leading to the formation of an iminoquinone. Water hydro-
lysis of this intermediate releases the carbonyl compound.
The aminoquinol is subsequently oxidized back to quinone
by molecular oxygen, which releases ammonia (Scheme 2).
The problem with mimicking these systems is that the
amines are not dehydrogenated but rather react with a car-
bonyl group of a quinone, forming an imine intermediate
that is hydrolyzed to a ketone. Therefore this is not a suita-
ble path to mimic the generation of imines.


We therefore searched for alternative pathways for the
aerobic oxidation of amines to imines. A few methods for
the oxidation of amines to imine are known in the litera-
ture.[21] Murahashi et al.[22] reported a ruthenium-catalyzed
oxidation using tBuOOH as the oxidant, and James and
Bailey[23] described a porphyrin-catalyzed aerobic procedure
for the oxidation of amines to imines.[24] We recently found
that the coupled catalytic system involving the ruthenium
complex 1 (see [Eq. (1)]) and 2,6-dimethoxy-1,4-benzoquin-


one (2 a) as catalysts and
MnO2 as terminal oxidant effi-
ciently promoted the dehydro-
genation of aromatic amines to
their corresponding ket-
imines.[25] Jensen and co-work-
ers reported an iridium pincer
complex that catalyzed the de-
hydrogenation of amines to the
corresponding imines using an
olefin as terminal oxidant.[26]


However, very harsh reaction
conditions were required for
this transformation. Recently,
Mizuno and co-workers report-
ed a ruthenium-catalyzed het-


erogeneous aerobic oxidation of primary amines to ni-
triles.[27] This system also catalyzed the oxidation of secon-
dary amines to aldimines and two examples were given. A


problem with the latter reaction is that overoxidation to ni-
trile occurs and therefore the selectivity to imine is moder-
ate. The lack of mild catalytic procedures to obtain both ket-
imines and aldimines motivated further studies of the oxida-
tion of amines. Here we describe a mild and efficient aero-
bic catalytic system for the generation of aldimines and keti-
mines by ruthenium-catalyzed dehydrogenation of amines
involving a biomimetic coupled catalytic system. The design
of the system was inspired by the biological oxidation of sec-
ondary alcohols. Instead of NAD+ we employed a rutheni-
um complex as the substrate-selective catalyst, the ubiquin-
one (Q) was replaced by another electron-rich quinone
(2 a), and in place of cytochrome c, a metal macrocycle
(MLm), a [Co(salen)]-type complex, was used for the O2 ac-
tivation (Scheme 3).


Figure 1. Dividing the oxidation potential using catalyst and ETM.


Scheme 1. Imines as important intermediates: 1) hydrogenation;[13] 2)
Mannich;[14] 3) Strecker;[15] 4) imino—ene;[16] 5) addition; 6) [2 + 2] addi-
tion;[17] 7) aza-Baylis—Hillman;[18] 8) aza-Diels—Alder.[19]


Scheme 2. Biological oxidation of amines.
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Results and Discussion


Choice of catalyst : In a previous study we showed that cata-
lyst 1 is efficient in catalyzing the dehydrogenation of aro-
matic amines to ketimines.[25] The rate-limiting step of this
process is the transfer of the a-hydrogen atom from the sub-
strate to ruthenium.[28] In the dehydrogenation of N-phenyl-
1-phenylethylamine with the Shvo catalyst 1, where the 16-
electron complex A is the active catalyst, a deuterium iso-
tope effect kCHNH/kCDNH of 3.24 compared to kCHNH/kCDND of
3.26 was observed.[28] The active species A is continuously
regenerated from 1 a by reaction with the quinone 2 a
(Scheme 4).


The active species A can be generated also from the di-
meric structure [{Ph4(h5-C4CO)Ru(CO)2}2] (3) as recently
reported by Casey and co-workers[29] or from [{Ph4(h4-
C4CO)}Ru(CO)3] (4) by loss of CO. We found that both
complexes 1 and 3 showed a high activity in the transfer de-
hydrogenation of N-(4-methoxyphenyl)-N-(1-phenylethyl)-
amine using 2,6-dimethoxy-1,4-benzoquinone (2 a) as oxi-
dant (entries 1 and 2, Table 1). However, complex 4 showed
lower activity than catalysts 1 and 3 most likely due to the


required CO dissociation
from ruthenium being slow
(entry 3, Table 1). Both
Noyori�s catalyst (5) and
[RuCl2(PPh3)3] (6), which
have been successfully used
in the transfer hydrogenation
of imines,[13,30] showed very
low activity in the dehydro-
genation (entries 4 and 5,
Table 1).


Substrate effect on the rate : In the transfer hydrogenation
of imines, we found that the rate of the reaction was de-
pendent on the electronic properties of the substrate.[31]


Thus, electron-rich substrates gave a higher rate (measured
in TOF) than electron-deficient substrates. For example,
when N-phenyl-(1-phenylethylidene)amine was substituted
for N-phenyl-[1-(4-methoxyphenyl)ethylidene]amine the
rate was increased from 730 to 840 h�1, whereas a p-fluoro
substituent in the same position decreased the rate from 730
to 120 h�1.[31] Interestingly the same trend was found also for
the dehydrogenation reaction using catalyst 3, where the


Scheme 3.


Scheme 4.


Table 1. Catalyst screening.[a]


Entry Catalyst Yield [%]
after 2 h[b]


1 97


2 95


3 33


4 10[c]


5 5[c]


[a] The reactions were carried out on a 0.125-mmol scale in toluene
(1 mL) at 110 8C with 2 mol % of Ru catalyst and 1.5 equivalents of quin-
one 2a. [b] Determined by 1H NMR spectroscopy. [c] 4 mol % of K2CO3


was added.
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rate of the reaction (calculated in TOF) was higher for elec-
tron-rich substrates. For example, substrates having a me-
thoxy or a methyl group on one of the aromatic rings dis-
played higher rates (entries 1–6, Table 2). An additive effect
was found when more than one methoxy group was intro-
duced (entry 1, Table 2). In the transfer hydrogenation of
imines, we observed that aldimines react slower than ket-
imines. We observe the same trend for the reversed reaction
studied here, dehydrogenation of amines, that is, aldimines
are generated slower than ketimines (entry 9, Table 2). In
contrast to the transfer hydrogenation of imines, an ethyl
group instead of a methyl group a to the amino function did


not increase the rate (entry 8, Table 2). A possible explana-
tion for the latter is that the dehydrogenation is more sensi-
tive towards steric effects than transfer hydrogenation. A p-
CN substituent on one of the phenyl rings made the amine
unreactive under the general conditions used. However, a
high TOF was obtained using microwave assistance
(entry 10, Table 2).


Aerobic oxidation of amines : To develop an aerobic process
for the oxidation of amines to imines it is necessary to reox-
idize the dimethoxyquinone 2 with molecular oxygen. For
the alcohol oxidation in biological systems, ubiquinol is re-


oxidized to ubiquinone with
molecular oxygen, which is ac-
tivated by an iron porphyrin in
cytochrome c.[32] Recently, we
reported a successful coupled
oxidation system of secondary
alcohols that mimics this bio-
logical system where hydroquin-
one 2 b was reoxidized by O2


to generate 2 a.[6c] In this
system the [Co(salen)]-type
complex 27 was found to be ef-


ficient for the activation of
molecular oxygen and cata-
lyzed the reoxidation of 2 b to
2 a. It was of interest to find
out if this artificial oxidation
system also could be applied
to the aerobic oxidation of
amines. One concern was that
the water formed may hydro-
lyze the imine to give a ketone
(aldehyde). Initial attempts to
use the coupled aerobic system
for oxidation of amines to
imines gave varying results,
and difficulties were encoun-
tered to obtain good yields.
After some variation of the re-
action conditions we found
that a moderate stream of air
through the reaction flask gave
the best results.


Thus, the biomimetic system
used for alcohols[6c] works well
also for the dehydrogenation
of amines to imines in good to


Table 2. Ruthenium-catalyzed dehydrogenation of amines to imines by quinone 2 a.[a]


Entry Substrate Product TOF[b] after
10 min
[h�1]


Yield [%]
after 1 h[c]


1 71 >95


2 60 85


3 58 87


4 51 90


5 47 87


6 33 68


7 32[d] 44


8 31 38


9 24 30


10 <1 –


60[e]


[a] The reactions were carried out on a 0.125-mmol scale in toluene (1 mL) at 110 8C with 2 mol % of 3 and
1.5 equivalents of quinone 2a. [b] TOF (turnover frequency) based on Ru. [c] Determined by 1H NMR spec-
troscopy. [d] 4 mol % of 3 and 1.5 equivalents of quinone 2a was used. [e] Run under microwave irradiation at
180 8C for 5 min.
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high yields with catalytic amounts of 3, 2 a, and 27 under air
(Table 3).[33] Both ketimines (entries 1–7, 9, 10, Table 3) and
aldimines (entries 8, 11, 12, Table 3) can be prepared from
the corresponding amines. Amines with a secondary alkyl
group reacted faster (to give ketimines) than those with a
primary alkyl group (to give aldimines). Interestingly, also


nonbenzylic amines can be used as substrates with high se-
lectivity (entries 7 and 10, Table 3). Surprisingly, only traces
of the hydrolyzed product were detected in the 1H NMR
spectrum for the unstable imine in entry 10 even after 12 h.
A possible explanation why these rather unstable imines are
not hydrolyzed in the present system, is that the water


formed is continuously distil-
led off by the air stream used.


Mechanistic considerations :
Complex 1 is one of the resting
states with any of the catalysts
in the first three entries in
Table 1. To obtain catalysis
with complex 1 it has to break
up into 1 a and A under ther-
mal conditions [Eq. (1)].[29, 34]


Interestingly, neither 1 a nor A
have been observed under
thermal conditions, which can
be explained by a very low dis-
sociation constant Kdiss


[Eq. (1)]. However attempts to
dissociate catalyst 1 under
thermal conditions failed with-
out nucleophiles such as alco-
hols and amines, or hydrogen
gas.


During a mechanistic study
of 1 a with imines we found
that 1 together with N-methyl-
substituted amine 36 gave a
new complex 37 at low temper-
atures (Scheme 5).[35] This is
most likely the first step in the
dissociation of dimer 1.


With these results in hand,
we propose an alternative cat-
alytic cycle. Instead of thermal
dissociation of 1, the cycle
starts with abstraction of a
proton of 1 by an amine and
replacement of the proton by
the protonated amine to form
complex 37 (Scheme 6).[36] This
complex decomposes to form
complexes 1 a and amine com-
plex 38. b-Elimination from
the amine in 38 gives the cor-
responding imine and another
molecule of 1 a. Quinone 2 a
then oxidizes one of the two
molecules of 1 a to A, which
combines with 1 a to form the
dimer 1 and this completes the
catalytic cycle. When 3 is em-
ployed as the catalytic precur-


Table 3. Aerobic oxidation of amines using a biomimetic coupled catalytic system.[a]


Entry Substrate Product Time
[h]


Yield
[%][b]


1 6 90


2 6 86


3 12 95


4 6 88


5 6 88


6 12 90


7 12 83[c]


8 24 99[c,e]


9 12 84


10 12 76[c,d]


11 24 99[c,e]


12 24 99[e,f]


[a] Unless otherwise stated, the reactions were carried out on a 0.125-mmol scale in toluene (1 mL) at 110 8C
with 2 mol % of 3, 20 mol % of quinone 2a, and 2 mol % of 27 under a steady flow of air. Caution: Air with
toluene at 100 8C produces explosive mixtures in the gas phase. [b] Determined by 1H NMR spectroscopy.
[c] 4 mol % of 3 was used. [d] Traces of hydrolyzed product were observed in the 1H NMR spectra. [e] The re-
actions were carried out on a 0.25-mmol scale in toluene (2 mL). [f] 8 mol % of 3 and 4 mol % of 27 were
used.
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sor the catalyst enters the catalytic cycle via complex 38,
which is formed from reaction of 3 with the amine.


Synthetic applications : As mentioned in the introduction,
imines participate in a large number of synthetic transfor-
mations. The usual way of preparing imines is from the cor-
responding carbonyl compound and the appropriate amine,
with removal of water under anhydrous conditions. The
imine usually has to be isolated from this mixture before
using it in the subsequent transformations. The biomimetic
catalytic aerobic oxidation of amines reported here gener-
ates the imine from the amine without any stoichiometric
reagents except molecular oxygen. These conditions are
very favorable for using the imine in situ for further reac-
tions. In a separate paper to be published elsewhere


(Scheme 7),[37] we have demon-
strated that the imines generat-
ed from the aerobic oxidation
procedure can be conveniently
used in an organocatalytic re-
action without further purifica-
tion. Removal of the solvent
from the aerobic oxidation re-
action and replacement with
N-methylpyrrolidinone (NMP),
followed by addition of l-pro-
line and propionaldehyde gave
syn-Mannich products in high
yields and high ee.


Conclusion


We have developed an effi-
cient catalytic process for the
biomimetic aerobic oxidation
of secondary amines that toler-
ates important substrate
classes. Both aldimines and ket-
imines can be prepared by this
methodology. Generally, elec-
tron-rich substrates react faster
than electron-deficient sub-
strates. The catalytic cycle for
the transformation involves
ruthenium–amine complexes
as the key intermediates; it
was shown that an amine can
react with 1 to give complex
37. The hydroquinone 2 b
formed in Scheme 6 is continu-
ously recycled to quinone 2 a
in the aerobic process (cf.
Scheme 3).


Experimental Section


1H NMR spectra were recorded in CDCl3 with a Varian XL-400 spec-
trometer using the residual peak of CDCl3 (d=7.26 ppm for 1H) as inter-
nal standard. Ruthenium catalysts 1 and 3 were prepared according to
reference [29]. Quinone 2a was dried prior to use. Bis(salicylidenimina-
to-3-propyl)methylaminocobalt(ii) (27) was purchased from Aldrich and
used as received. All other reagents are commercially available and were


Scheme 5.


Scheme 6. Proposed mechanism for the ruthenium-catalyzed dehydrogenation of secondary amines (Q+ =


[RR’CHNH2R’’]+ .


Scheme 7.
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used without further purification. Solvents were technical grade and dis-
tilled before use. The amines used were either commercially available or
prepared by standard procedures. Spectral data for imines 17,[38] 20, 22,
23, 24, 25, 32, 33,[31] and 34, 35[39] were in accordance with those previous-
ly reported.


Reference samples imines 18, 19, 21, and 26 were prepared according to
reference [31].


N-(2,4,6-trimethylphenyl)-(1-phenylethylidene)amine (18): 1H NMR
(400 Hz, CDCl3, 25 8C): d=8.02–8.05 (m, 2 H), 7.45–7.50 (m, 3H), 6.89 (s,
2H), 2.30 (s, 3 H), 2.08 (s, 3 H), 2.00 ppm (s, 6H); 13C NMR (100 Hz,
CDCl3, 25 8C): d= 165.6, 146.6, 139.5, 132.9, 130.3, 128.7, 128.5, 127.2,
125.7, 20.9, 18.1, 17.6 ppm.


N-(2-methylphenyl)-(1-phenylethylidene)amine (19): 1H NMR (400 Hz,
CDCl3, 25 8C): d=8.02–8.05 (m, 2 H), 7.46–7.50 (m, 3H), 7.18–7.24 (m,
2H), 7.01–7.05 (m, 1H), 6.67–6.69 (m, 1 H), 2.19 (s, 3H), 2.13 ppm (s,
3H); 13C NMR (100 Hz, CDCl3, 25 8C): d =165.1, 150.5, 139.6, 130.6,
130.5, 128.5, 127.3, 126.5, 123.4, 118.6 17.9, 17.6 ppm.


N-(4-methoxyphenyl)-(1-phenylethylidene)amine (21): 1H NMR (400 Hz,
CDCl3, 25 8C): d=7.95–7.97 (m, 2 H), 7.43–7.45 (m, 3H), 6.90–6.92 (m,
2H), 6.74–6.77 (m, 2H), 3.82 (s, 3 H), 2.25 ppm (s, 3H); 13C NMR
(100 Hz, CDCl3, 25 8C): d=165.1, 156.1, 152.1, 140.0, 130.5, 128.5, 127.3,
120.9, 114.4, 55.7, 17.5 ppm.


N-(4-methoxyphenyl)-[1-(4-cyanophenyl)ethylidene]amine (26): 1H NMR
(400 Hz, CDCl3, 25 8C): d =8.05–8.08 (m, 2H), 7.72–7.75 (m, 2H), 6.91–
6.94 (m, 2 H), 6.74–6.77 (m, 2H), 3.83 (s, 3 H), 2.28 ppm (s, 3H);
13C NMR (100 Hz, CDCl3, 25 8C): d 164.1, 156.7, 144.1, 143.8, 132.4,
127.9, 120.9, 118.8, 114.5, 113.9, 55.7, 17.5 ppm.


General procedure for ruthenium-catalyzed dehydrogenation of amines
with a stoichiometric amount of 2a : Ruthenium complex 3 (2.7 mg,
2.5 mmol, 2 mol %) and dry quinone 2a (31.5 mg, 0.2 mmol, 1.5 equiv)
were dissolved under an argon atmosphere in toluene (1 mL) in a round-
bottomed flask equipped with a condenser and a stirring bar. Amine
(0.125 mmol) was added and the reaction mixture was heated to 110 8C.
The reaction course was monitored by 1H NMR spectroscopy. The prod-
uct was characterized by comparison with an authentic sample.


General procedure for the ruthenium-catalyzed aerobic oxidation of
amines : Ruthenium complex 3 (4.2 mg, 2.5 m mol, 2 mol %), quinone 2 a
(4.2 mg, 25 m mol, 20 mol %), and cobalt complex 27 (1 mg, 2.5 mmol,
2 mol %) were charged into a 5-mL round-bottomed flask under an
argon atmosphere. The amine (1 mL, 0.125 m in toluene, 0.125 mmol) was
added to this mixture followed by flushing with air for about 1 min. A
stream of air was allowed to pass through the system, and the mixture
was heated to 110 8C in an oil bath (reaction times are given in
Table 3).[40] When the reaction was complete, the mixture was cooled to
room temperature and analyzed by 1H NMR spectroscopy. The product
was characterized by comparison with an authentic sample.


[2,3,4,5-Ph4(h5-C4CO)Ru(CO)2N(CH3)(CH(4-MeO-Ph)(CH3))][2,3,4,5-
Ph4(h5-C4COH)Ru(CO)2H] (37): Complex 1 (30 mg, 0.03 mmol) was
weighed into an NMR tube, and CD2Cl2 (0.5 mL) was added under an
argon atmosphere. The sample was cooled to �78 8C, 36 (0.03 mmol,
0.3m, 0.1 mL) was added, then the sample was shaken carefully and in-
serted into the NMR spectrometer pre-cooled to �20 8C. Full conversion
to 37 was observed. 1H NMR (400 Hz, CD2Cl2, �20 8C): d=�15.17 (s,
1H; RuH), 0.79 (s, 3H; NMe), 0.96 (br d, J =6.4 Hz, 3H; CCH3), 2.47
(br, 1H; CH), 3.78 (s, 3H; OCH3), 6.80–7.26 (m, 44H; Ar), 8.91 (br s,
1H; NH), 9.56 ppm (br s, 1 H; NH); 1H NMR (400 Hz, CD2Cl2, 25 8C):
d=�16.27 (br s, 1H; RuH), 1.07 (br d, J =7.3 Hz, 3H; CCH3), 1.24 (s,
3H; NMe), 2.92 (br q, 1H; CH), 3.80 (s, 3 H; OCH3), 6.85–7.26 ppm (m,
44H; Ar).
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Tin-Free Radical Alkoxyamine Addition and Isomerization Reactions by
Using the Persistent Radical Effect: Variation of the Alkoxyamine Structure


Kian Molawi, Tobias Schulte, Kai Oliver Siegenthaler, Christian Wetter, and
Armido Studer*[a]


Introduction


Organotin compounds have found widespread application
for conducting various types of radical reactions.[1] However,
there are drawbacks associated with tin-based radical
chemistry, namely toxicity, hazardous handling, and prob-
lems with product purification. Therefore, many research
groups have initiated programs towards tin-free radical
chemistry.[2] Herein we report on environmentally benign
radical cyclization and addition reactions using the so-called
persistent radical effect (PRE).


The PRE is a general principle that explains the highly
specific formation of the cross-coupling product R1–R2 be-
tween two radicals R1 and R2 when one species is persistent
(R1) and the other transient (R2) and the two radicals are
formed at equal rates.[3] Nonselective statistical reaction be-
tween the two different radical intermediates is suppressed.


The reason behind this reactivity lies in the reluctance of
the persistent radicals to undergo homo-coupling. Therefore,
the persistent radicals can only be consumed through cross-
reaction with a transient radical. The transient species, how-
ever, can also react in a homo-coupling process to form R2–
R2 and the corresponding disproportionation products. This
leads to a build up of the persistent radical and eventually
to the highly selective cross-coupling reaction.


Recently, we communicated first results on environmen-
tally benign radical alkoxyamine isomerization reactions
using the PRE.[4] For example, alkoxyamine 1 was isomer-
ized to the corresponding cyclized alkoxyamines 2 (70 %)
and 3 (13 %, Scheme 1). Heating of alkoxyamine 1 reversi-
bly generates a transient C-radical 4 and the persistent
TEMPO radical. 5-exo or 6-endo cyclization leads to the
transients 5 and 6 which upon trapping with TEMPO finally
provide the alkoxyamine isomerization products 2 and 3.
The coupling of the transient species 4, 5 and 6 with the per-
sistent TEMPO is a highly selective process steered by the
PRE.[5]


We have also shown that these reactions can be conducted
under microwave conditions.[6] Herein we report in full de-
tails on alkoxyamine isomerization and addition reactions.
Structure/reactivity profiles of various new alkoxyamines
will be discussed. In addition, C�O-bond dissociation ener-
gies of the new alkoxyamines are provided.


Abstract: Various C-centered radicals
can efficiently be generated through
thermal C�O-bond homolysis of al-
koxyamines. This method is used to
perform environmentally benign radi-
cal cyclization and intermolecular addi-
tion reactions. These alkoxyamine iso-
merizations and intermolecular carboa-
minoxylations are mediated by the per-
sistent radical effect (PRE). In the


paper, the effect of the variation of the
alkoxyamine structure—in particular
steric effects in the nitroxide moiety—
on the outcome of the PRE mediated
radical reactions will be discussed.


Fourteen different nitroxides were used
in the studies. It will be shown that re-
action times can be shortened about
100 times upon careful tuning of the al-
koxyamine structure. Activation ener-
gies for the C�O-bond homolysis of
the various alkoxyamines are provided.
The kinetic data are used to explain
the reaction outcome of the PRE-
mediated processes.
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Results and Discussion


Intramolecular processes—
Radical alkoxyamine isomeri-
zations : The synthesis of the
alkoxyamines 1 and 7 a–h has
previously been described.[7]


All the radical isomerizations
were conducted in sealed
tubes at 130–132 8C under an
argon atmosphere. Optimiza-
tions were performed by using
alkoxyamine 1. Various sol-
vents were tested. Best results
were obtained in tBuOH
(0.02 m) in the presence of
10 % camphor sulfonic acid
(CSA) for 24 h (2 : 70 %, trans :cis 2.5:1; 3 : 13 %, trans/cis
1:1). CSA is used to decrease the concentration of TEMPO.
If the TEMPO concentration is too high, the desired cycliza-
tion reaction of radical 4 cannot efficiently compete with
TEMPO trapping.[8] In fact, isomerization without CSA was
not completed after 36 h. The relative configuration of the
major isomer was assigned after N–O cleavage in 2 by using
standard conditions (Zn, AcOH, H2O, THF) to form the
corresponding known alcohol.[9]


In DMF isomerization occurred faster (16 h), however,
slightly lower yields were obtained (2 : 56 %; 3 : 10 %). Reac-
tions in tert-butylbenzene, N,N’-dimethyl-N,N’-propylene
urea (DMPU) and water did not work.


Under the optimized conditions alkoxyamines 7 a–f were
successfully isomerized. The results are summarized in
Table 1. Isomerization of bromide 7 a afforded 8 a (71 %,
trans :cis 2.7:1) and 9 a in 8 % yield (run 1). Reaction of 7 b
led to 10 % of the side product 10 (R=Ph-4-OMe). The side
product either derives from a disproportionation reaction of


TEMPO with the corresponding transient C-radical or from
a direct ionic elimination of TEMPOH.[10] The products 8 b
and 9 b were isolated in 54 % combined yield (8 b :9b 2.8:1,
run 2). Clean reactions were observed for heteroarenes 7 c
and 7 d (runs 3 and 4). The reaction with nitrile 7 e afforded
61 % of the 5-exo product 8 e and 7 % of 9 e (run 5). With
7 f, no 6-endo product was formed and 8 f was isolated in
67 % (dr 1:1, run 6) along with 10 % of 10 (R= CO2tBu). No
isomerization occurred with 7 g, h, and i (runs 7–9).


In Table 1 the activation energies (Ea) of the C�O-bond
homolysis of the alkoxyamines 7 a–i are listed. One can
readily see that the success of the reaction depends on the
activation energy of the C�O-bond homolysis. For alkoxya-
mines with Ea <140 kJ mol�1 isomerization readily occurred
(runs 1–6, Ea(1) = 131.9 kJ mol�1) whereas for alkoxya-
mines 7 g–i the C�O bonds are too strong and homolysis
cannot be accomplished under the applied conditions (Ea


values are above 160 kJ mol�1, runs 7–9).
It would be important to know the upper limit for alkoxy-


amine Ea for which isomerization is still feasible. The 140–


160 kJ mol�1 range extracted from Table 1 is certainly too
large for synthetic planning. Therefore, we looked for other
substrates for which the Ea lies in between this range. We
found that isomerization of alkoxyamine 11, for which an Ea


of 144.0 kJ mol�1 was measured,[7] did not work under the
standard conditions (Scheme 2). Even at 150 8C reaction


could not be performed. Since the statistical error in the ki-
netic experiments lies between 2 and 3 kJ mol�1, we assume
that isomerizations should work for alkoxyamines with Ea


values below 142 kJ mol�1.


Scheme 1. Alkoxyamine isomerization using the PRE.


Table 1. Isomerization of 7a–i (tBuOH (0.02 m), 10 % CSA, 130–132 8C, 24 h, sealed tube) and activation ener-
gies for the C�O-bond homolysis of alkoxyamines 7a–i.


Run Compd R 8 [%] dr (8) 9 10 Ea
[b]


(trans/cis) [%][a] [%] [kJ mol�1]


1 7a 4-BrC6H4 71 2.7:1 8 <2 127.2
2 7b 4-CH3OC6H4 46 2.8:1 8 10 132.8
3 7c 2-thienyl 67 2.1:1 11 5 112.4
4 7d 2-pyridyl 57 1.6:1 12 5 129.7
5 7e NC 61 1.1:1[c] 7 <2 137.9
6 7 f tBuO2C 67 1:1 <2 10 139.0[d]


7 7g H <2 – <2 <2 >165.3
8 7h CH3 <2 – <2 <2 >165.3[d]


9 7 i PhS <2 – <2 <2 162.7[b,e]


[a] The 6-endo product was formed as a 1:1 mixture of the diastereoisomers. [b] Ref. [7]. [c] The relative con-
figuration of the two isomers was not assigned. [d] Estimated from data on similar compounds published in
ref. [11]. [e] 4-Hydroxy-TEMPO was used instead of TEMPO for the preparation of the alkoxyamine.


Scheme 2. Attempted isomerization of 11.
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The activation energy for the C�O-bond homolysis of an
alkoxyamine depends on the stability of the released radical
and on the structure of the corresponding nitroxide.[7,11, 12]


Steric and polar effects in the nitroxide moiety play an im-
portant role.[12] In order to improve the efficiency of the
PRE-mediated isomerizations, we decided to test other ni-
troxides. As a model reaction the cyclization of the 1-
phenyl-5-hexenyl radical 4 was investigated. The nitroxide
moiety was systematically varied. The synthesis of the al-
koxyamines 13 a, 15 a and 16 a has previously been de-
scribed.[7] The alkoxyamines 12 a, 14 a and 17–24 a were pre-
pared from the corresponding nitroxides[12–16] and 1-bromo-
1-phenyl-5-hexene as described in the Experimental Section.


In sealed tubes the alkoxyamines 12–24 a were heated
under standard conditions (tBuOH, 0.02 m, with or without
CSA, 130 8C) and the time necessary to get complete con-
version was determined. Samples were taken after appropri-
ate time intervals and were analyzed by 1H NMR spectro-
scopy. The 5-exo (12–24 b, trans :cis mixture of isomers) and
6-endo products (12–24 c) were obtained in moderate to
good yields. The endo/exo isomers were not separated. The
isomer ratio for the compounds 12 and 13 was determined
by using 1H NMR spectroscopy. The relative configuration
of the major isomer of the exo-cyclization products 12 b and
13 b was assigned in analogy to alkoxyamine 2. Due to the
complexity of the 1H NMR spectra of the isomerization
products 14–24 their isomer ratio was not determined. The
results are summarized in Table 2. In addition, we also in-
cluded the activation energies for the alkoxyamine C�O-
bond homolysis into Table 2. Most of the kinetic data have
previously been published. The Ea for C�O-bond homolysis
for alkoxyamine 19 a and for the other new alkoxyamines
described herein (see below) was determined by kinetic
EPR experiments (see Experimental Section).[7]


Isomerization of the hydroxy-TEMPO-derivative 12 was
completed in 14 h in the presence of CSA. The exo/endo-iso-
mers 12 b,c were isolated in 73 % combined yield (run 1). A
faster cyclization was obtained for the di-tert-butyl nitroxide
derived alkoxyamine 13 a. Isomerization for 3 h afforded the
alkoxyamines 13 b,c in 87 % yield (run 2). Since the addition
of CSA led to decomposition of the starting alkoxyamine
13 a, the reaction had to be conducted without CSA. A
short reaction time was also observed for the phosphonate
14 a (4.5 h, run 3).[17, 18] Hydrogen bonding in nitroxides has
been shown to lead to a stabilization of the nitroxides and
hence to decreased reactivity towards C-centered radicals.[19]


Moreover, we have shown that intramolecular H-bonding in
alkoxyamines influences the C�O-bond homolysis. Faster
homolysis was obtained for alkoxyamines capable of form-
ing intramolecular hydrogen bonds.[7] Thus, H-bonding in al-
koxyamines and nitroxides should lead to a shift of the equi-
librium of the reversible alkoxyamine C�O-bond homolysis
towards the radical pair. This eventually should lead to
faster isomerization reactions. In fact, upon going from the
parent Hawker–Braslau-type[20] alkoxyamine 15 a to the H-
bonding system 16 a a small decrease of the reaction time
was noticed (runs 4,5). With alkoxyamine 17 a, bearing three


OH groups appropriately positioned for intramolecular H-
bonding, a further decrease of the isomerization time was
obtained (4 h, run 6). However, at the same time the yield is
steadily decreasing from 97 to 73 to 69 %. This is due to the
instability of the nitroxides capable of forming intramolecu-
lar H-bonds.[14]


We have recently shown that substitution of the tert-butyl
group in Hawker–Braslau-type alkoxyamines of type 15 a by
the larger triethylmethyl group provides effective shielding
of the nitroxide moiety and this in turn leads to reactive al-
koxyamines.[16] To our delight, a highly efficient isomeriza-
tion was observed for alkoxyamine 18 a : Reaction was com-
pleted in less than 15 minutes and CSA addition did not
show any effect (Table 2, run 7).


Encouraged by these results we decided to prepare other
sterically highly hindered alkoxyamines (see Scheme 3,
Table 2). On the basis of experimental results and on calcu-
lations, it has been predicted that in cyclic nitroxides the
ring size influences the C�O-bond dissociation energy
(BDE) of the corresponding alkoxyamines.[13,21] The BDE
increases from seven- to six- to five-membered cyclic nitro-
xides. Therefore, alkoxyamines prepared from seven-mem-
bered cyclic nitroxides were tested in the model isomeriza-
tion reaction. Disappointingly, alkoxyamine 19 a isomerized
sluggishly (entry 8). A slightly better result was obtained for
the seven-membered ketone 20 a (entry 9). A further im-
provement was observed upon reduction of the keto func-
tionality. Isomerization of alcohol 21 a was completed in 3 h
(entry 9). The switching of the hybridization from sp2 to sp3


in the nitroxide ring at position 4 probably leads to a confor-
mational change which eventually provides better shielding
and hence faster homolysis.


Finally, we tested TEMPO analogues in which the four
methyl substituents are replaced by larger ethyl and silylox-
ymethyl groups, respectively. A highly efficient isomeriza-
tion was observed for alkoxyamine 22 a (<0.25 h, entry 11).
As with the seven-membered ring systems, the correspond-
ing ketone 23 a isomerized far less efficiently (entry 12). We
believe that the decreased stability of the ketoalkoxyamine
due to a possible b-elimination may be the reason for the
different reactivity. In fact, decomposition products were
identified in the crude 1H NMR spectrum. A very good
result was also obtained for the bissilyl ether 24 a for which
reaction was completed in 20 minutes (entry 13).


From these structure–activity studies we can state that 6-
membered cyclic nitroxides with bulky a-substituents per-
form very well in the PRE-mediated test reaction. Steric ef-
fects seem to play a major role for increasing the reactivity
of a given alkoxyamine. For efficient alkoxyamines CSA ad-
dition is not necessary.


The isomerization results correlate fairly well with the ac-
tivation energies for the C�O-bond homolysis of the corre-
sponding alkoxyamines. Slow isomerizations were observed
for alkoxyamines with Ea values above 133 kJ mol�1 (12 a,
19 a and 20 a). For alkoxyamines with Ea values between
124–127 kJ mol�1 reaction took 3–8 h for completion. For
systems with Ea values below 123 kJ mol�1 efficient isomeri-
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zations were obtained. However, the correlation is not per-
fect. The di-tert-butyl-nitroxide derived alkoxyamine 13 a,
for which the lowest activation energy was determined, iso-


merized in 3 h, whereas for the slower homolysing alkoxy-
amines 22 a and 24 a less than 20 minutes is necessary to get
complete conversion. It is important to note that the trap-
ping of the nitroxide with the C-centered radical is as impor-
tant as the C�O-bond homolysis. It is the equilibrium con-
stant which is important and which should provide a better
correlation. Unfortunately, the equilibrium constants for our
alkoxyamines are not known. We assume that the trapping
reaction of radical 4 with the nitroxides derived from 22 a
and 24 a is slower than the analogous reaction with the di-
tert-butyl-nitroxide. This leads to a higher life time of the in-
termediate radicals in systems 22 and 24 and eventually to
faster isomerizations.


Intermolecular processes—Radical alkoxyamine additions :
We next decided to study nitroxide-mediated intermolecular
alkoxyamine additions, so-called carboaminoxylations.[22]


Along with the strength of the C�O bond, the reactivity of
the C-centered radical in the intermolecular addition has to
be considered. As a model reaction the addition onto 1-
octene was investigated. It is obvious that the attempted in-
termolecular carboaminoxylation will only work for stabi-
lized radicals which at the same time are reactive in inter-
molecular additions. Malonyl radicals, which have success-
fully been used in atom transfer reactions,[23] fulfill these cri-
teria. Indeed, we have already shown that intermolecular
carboaminoxylation of TEMPO-malonate 25[24] in
ClCH2CH2Cl onto 1-octene provided carboaminoxylation
product 26 in 66 % yield (Table 3, run 1).[22] To study the
scope and the limitations we decided to look at other
TEMPO-alkoxyamines derived from stabilized radicals
which are reactive in intermolecular additions. The alkoxya-
mines 27–32 were prepared via deprotonation of the corre-
sponding C–H acidic compounds with subsequent oxidation
(CuCl2) in the presence of TEMPO. The compounds were
obtained as racemates. Alkoxyamine additions were studied
by using 1-octene as acceptor under the optimized condi-
tions (ClCH2CH2Cl, 1 m, 135 8C, 3 d, Table 3). Products de-
rived from 27, 30 and 31 were obtained as 1:1 mixture of di-
astereoisomers. Reaction of Weinreb amide 27 with 1-
octene afforded addition product 33 in 33 % yield (run 2).
Alkoxyamine addition by using 28, derived from methyl ace-
tylacetate, failed (run 3). The starting alkoxyamine was not
stable under the applied conditions. The same behavior was
observed for alkoxyamine 29 (run 4). Probably, the a-H-
atoms at C(4) of the b-ketoester are the reason for the fail-
ure. Intramolecular 1,5-proton transfer to the alkoxyamine
N atom may initiate the decomposition, as suggested by a
referee.[25] Indeed, the pivaloylated alkoxyamine 30 lacking
a-H-atoms at C(4) delivered the desired carboaminoxylation
product 36 in 51 % yield. The Horner-type alkoxyamine 31
was successfully added onto 1-octene (37, 56 %, run 6).[26]


Moreover, we showed that functionalized geminal bis-
phosphonates can be prepared using our methodology (38,
57 %, run 7).[27] Thus, various functional groups, which are
highly useful for further synthetic manipulations, can be in-
troduced using our method.


Scheme 3. Various alkoxyamines tested in the alkoxyamine isomerization.


Table 2. Effect of the nitroxide structure on the isomerization; activation
energies for the alkoxyamine C�O-bond homolysis.


Run Cpd Yield [%] t [h] Ea [kJ mol�1] Ref.
(exo + endo)


1 12 73[a] 14[b] 133.6 [13]
2 13 87[c] 3 119.1 [7]
3 14 80 4.5[b] 124.5 [11]
4 15 97 8[b] 127.1 [7]
5 16 73 7.5[b] 126.5 [7]
6 17 69 4[b] 124.1 [7]
7 18 90 <0.25 121.7 [16]
8 19 61 >36[b,d,e] 133.0 this work
9 20 74 20[b] 133.1 [13]
10 21 75 3[b] 124.4 [13]
11 22 95 <0.25 122.8 [15]
12 23 38 >24[d] 123.7 [15]
13 24 84 0.33 122.2 [14]


[a] exo/endo 2.2:1; trans/cis (12 b) 2.2:1. [b] 10% CSA was added. [c] exo/
endo 13.5:1; trans/cis (13 b) 2.2:1. [d] Reaction was not completed.
[e] Yield determined by 1H NMR spectroscopy. Remaining material is
unreacted 19a (39 %).
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We also measured the Ea values for alkoxyamines 25, 27,
30–32 (see Table 3). As expected for successful PRE-mediat-
ed processes, all values lie below 142 kJ mol�1. The change
of the ester functionality by an amide, such as the Weinreb
amide, does not alter the Ea to a large extent (compare runs
1 and 2, 140.0 vs 137.7 kJ mol�1). The introduction of a di-
alkylphosphonyl group leads to a lowering of Ea


(135.3 kJ mol�1, run 6). This is probably due to steric factors.
For the bisphosphonate 32 the lowest activation energy was
measured (123.8 kJ mol�1, run 7). The replacement of the
methoxycarbonyl group by a pivaloyl group also leads to a
decrease of the Ea (compare run 1 and 5, 140.0 versus
132.1 kJ mol�1). Electronic as well as steric factors are con-
tributing in this case.


We have to admit that a disadvantage of our method is
the long reaction times necessary to get high conversions
(three days!). We thought that the change of the TEMPO
moiety by sterically more hindered nitroxides should lead to
decreased reaction times, as already observed for the alk-
oxyamine isomerizations described above. To this end, alk-
oxyamines 39–43 were prepared and tested in the 1-octene
carboaminoxylation reaction (44–48, Scheme 4). The experi-
ments were conducted in sealed tubes at 125 8C in
ClCH2CH2Cl (1m) by using 5 equiv of 1-octene. The time
necessary to get complete conversion was determined. The
results are summarized in Scheme 4. With malonate 39 reac-
tion was completed after 7 h and alkoxyamine 44 was isolat-
ed in 77 % yield. With the more bulky triethylmethyl conge-
ner 40 an even faster addition was obtained. Reaction was
finished in just 1.5 h and 45 was isolated in 78 % yield. Simi-
lar results were obtained for the alkoxyamines 41 and 42. In-


terestingly, although the ketonitroxide derived from 42 did
not perform well in the cyclization reaction described above,
highly efficient intermolecular addition was obtained by
using 42. The alkoxyamines 43 (cis and trans-isomer) under-
went intermolecular addition onto 1-octene in 5 and 6 h, re-
spectively, providing the corresponding carboaminoxylation
products trans and cis-48 in high yields.


We also measured the acti-
vation energies for the C�O-
bond homolysis of malonates
39–43. The kinetic data corre-
late well with the reaction
times. For TEMPO-malonate
25 with an Ea of 140.0 kJ mol�1


three days were necessary for
the carboaminoxylation at
135 8C. The alkoxyamines 39,
cis-43 and trans-43 with Ea


values in the range of
131 kJ mol�1 reacted in 5–7 h
at 125 8C. For malonates 40–42
(Ea = 124.9 kJ mol�1 for each)
addition was completed in just
1.5 h. Hence, the reaction time
could be shortened from 3 d to


1.5 h upon simply switching the nitroxide moiety, clearly
showing the benefits of our nitroxide design.


With highly efficient nitroxides in hand we also attempted
intermolecular addition of tertiary alkyl radicals. The tert-
butyl alkoxyamines 49 and 51 were readily prepared from
tBuLi oxidation in the presence of the corresponding nitro-
xide. The intermolecular carboaminoxylations were per-


Table 3. Intermolecular carboaminoxylations of various TEMPO-derived alkoxyamines onto 1-octene. Ea for
the starting alkoxyamines.


Run Compd R1 R2 Product Yield [%] Ea [kJ mol�1]


1 25 CO2Me CO2Me 26 66 140.0
2 27 CO2Me CON(Me)OMe 33 33 137.7
3 28 CO2Me COMe 34 – n.d.
4 29 CO2Me COEt 35 – n.d.
5 30 CO2Et COtBu 36 51 132.1
6 31 CO2Et PO(OEt)2 37 56 135.3
7 32 PO(OMe)2 PO(OMe)2 38 57 123.8


Scheme 4. Carboaminoxylation of 1-octene by using alkoxyamines 39–43.
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formed in tBuOH at 130 8C by using 1-octene as radical ac-
ceptor (Scheme 5). A 40 % yield was obtained using alkoxy-
amine 49 (dr 1:1). The reaction with 51 provided adduct 52
in a moderate yield (24 %). Increasing the reaction time did
not improve the result. Surprisingly, the Ea for C�O-bond
homolysis of alkoxyamine 51 is smaller than the Ea for 49,
although with the latter a better result was obtained in the
1-octene addition. Alkoxyamine stability may be the reason
for the improved yield using 49.


We could also show that with efficient nitroxides, addi-
tions of a-methoxycarbonyl alkyl radicals are feasible. Addi-
tion of 53 onto 1-octene provided ester 55 as a 1:1 mixture
of diastereoisomers in 75 % yield (24 h). A slower reaction
was observed using alkoxyamine 54. The carboaminoxyla-
tion was stopped after four days. Product 56 was isolated in
57 % yield along with 14 % of unreacted starting alkoxy-
amine.


Conclusion


We reported radical alkoxyamine isomerization and inter-
molecular addition reaction using the PRE. We showed that
the nitroxide structure effects the reaction outcome to a
large extent. In particular steric effects play a major role.
For the alkoxyamine isomerization investigated comprising
the ubiquitous 5-hexenyl radical cyclization, reaction time
could be shortened from 24 h to 15 minutes upon simply


switching the nitroxide moiety. For the intermolecular addi-
tion of TEMPO-malonate 25 to 1-octene three days were
necessary for high conversions, whereas for alkoxyamines 40
and 41, deriving from sterically highly hindered nitroxides,
only 1.5 h were necessary for the same reaction. Important-
ly, reactions which cannot be conducted by using TEMPO-
derived alkoxyamines can be performed in moderate to
good yields using alkoxyamines derived from sterically
highly hindered alkoxyamines. Various functional groups,
such as the Weinreb amide, Horner-phosphonates or gemi-
nal bisphosphonates can be introduced using our methodol-
ogy. The environmentally benign reactions are easy to per-
form. No special equipment is necessary.


We could also show that the reaction times correlate
fairly well with the activation energies for the C�O-bond
homolysis of the starting alkoxyamines. Hence, upon simply
looking at the kinetics of the homolysis process, the success
of the reaction can be predicted. Of course this is important
for careful reaction planning.


Finally, it is worth mentioning that alkoxyamines are also
used as regulators for the nitroxide mediated stable free rad-
ical polymerization.[28] The results presented herein will lead
to new ideas for the design of alkoxyamine polymerization
regulators.


Experimental Section


General : All reactions involving air- or moisture-sensitive reagents or in-
termediates were carried out in dried glassware under an argon atmos-
phere. THF was freshly distilled from potassium under argon. Et2O was
freshly distilled from K/Na under argon. CH2Cl2 was freshly distilled
from P2O5. All other solvents and reagents were purified according to
standard procedures or were used as received from Aldrich or Fluka. 1H
and 13C NMR spectra were recorded on a Bruker AMX 500, AMX 400,
AC 300, ARX 300, ARX 200, a Varian-Gemini 300 or a Varian-Gemini
200. Chemical shifts d in ppm relative to CHCl3 at 7.26 ppm as external
standard. TLC was performed by using Merck silica gel coated 60 F254


glass plates; detection with UV or dipping into a solution of KMnO4


(1.5 g in 400 mL H2O, 5 g NaHCO3) or a solution of Ce(SO4)2·H2O
(10 g), phosphormolybdic acid hydrate (25 g), concentrated H2SO4


(60 mL), and H2O (940 mL), followed by heating. Flash column chroma-
tography (FC) was performed using Merck or Fluka silica gel 60 (40–
63 mm) applying a pressure of about 0.4 bar. Melting points were deter-
mined with a B�chi 510 or a B�chi SMP-20 apparatus and are uncorrect-
ed. IR spectra were recorded on a Perkin Elmer 1600, a Perkin Elmer
782, a Bruker IFS-200 or a Nicolet Magna-IR 750 spectrophotometer.
Mass spectra were recorded on a VG Tribid, a CG Tribid, Varian CH7
(EI); IonSpec Ultima, QStarPulsar i, Finnigan MAT TSQ 700 or a Finni-
gan MAT 95S (ESI) and peaks are given in m/z (% of basis peak). Kinet-
ic EPR experiments were performed on a Bruker ESP 300 E at 130 8C.
The temperature of the probe was regulated in a gas flow (92 % N2, 8 %
H2) by a Bruker Variable Temperature Unit BVT 2000. The nitroxide
concentrations were determined by double integration of the EPR spec-
tra and calibration with a TEMPO solution in tert-butylbenzene
(0.1 mm).


General procedure 1 (GP 1)—Isomerization of alkoxyamines : The al-
koxyamine and in some cases CSA (10 %) were dissolved in degassed
tBuOH (0.02 m solution) under argon. The mixture was heated to 130–
132 8C in a sealed tube for 0.25–40 h. After removal of the solvent in
vacuo the residue was purified by FC.


Scheme 5. Intermolecular carboaminoxylation by using the PRE.
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General procedure 2 (GP 2)—Synthesis of alkoxyamines according to
the method of Matyjaszewski :[29] The bromide, nitroxide, copper powder,
Cu(OTf)2 and 4,4’-di-tert-butyl-[2,2’]bipyridine were dissolved in benzene
under argon. The reaction mixture was heated to 65–75 8C in a sealed
tube for 6–20 h. Afterwards the mixture was filtered through silica gel
and the solvents were removed in vacuo. FC finally yielded the desired
alkoxyamine. For highly efficient nitroxides the alkoxyamine synthesis
should be performed at lower temperatures (< 40 8C).


General procedure 3 (GP 3)—Oxidative coupling of 1,3-dicarbonyl-com-
pounds and phosphonates with nitroxides : LDA was prepared from diiso-
propylamine (DIPA) and n-butyl lithium (nBuLi) in dimethoxyethane
(DME) at �60 8C. The 1,3-dicarbonyl-compound or the phosphonate, re-
spectively, was added and the mixture was stirred for 30 min at �60 8C.
Then the nitroxide and anhydrous CuCl2 were added followed by stirring
for 90 min at 0 8C and 2–20 h at room temperature. The reaction was
stopped upon addition of NH4Cl (aq. sat.) and the aqueous layer was ex-
tracted (3 � ) with Et2O. The combined organic layers were dried over
MgSO4 and the solvents were removed in vacuo. FC finally yielded the
desired alkoxyamine.


General procedure 4 (GP 4)—Intermolecular additions of alkoxyamines
to alkenes : The alkoxyamine was dissolved under argon in degassed 1,2-
dichloroethane (DCE, 1 m solution) and the alkene was added (5 equiv).
The mixture was heated in a sealed tube to 125–135 8C for 1.5–72 h.
After evaporation of the solvent in vacuo the residue was purified by FC
to yield the desired products.


2,2,6,6-Tetramethyl-1-(2-phenyl-cyclopentylmethoxy)-piperidine (2),
2,2,6,6-tetramethyl-1-(2-phenyl-cyclohexyloxy)-piperidine (3): The iso-
merization was performed according to GP 1 by using alkoxyamine 1
(210 mg, 0.67 mmol), CSA (15.6 mg, 0.067 mmol) and tBuOH (33.5 mL)
at 130–132 8C for 24 h. FC (Et2O/pentane 1:100) yielded a mixture
(174 mg, 83 %) of 2 and 3 (2/3 5.4:1, cis/trans (2) 1:2.5, cis/trans (3) 1:1;
all ratios determined by analysis of 1H NMR spectra).


Compound 2 : 1H NMR (400 MHz, CDCl3): d= 7.31–7.11 (m, 5H, Ph-H),
3.72–3.63 (m, 2 H, CH2O, trans), 3.38–3.29 (m, 2H, CH2O, cis), 3.27–3.21
(m, 1H, CHPh, cis), 2.78–2.72 (m, 1 H, CHPh, trans), 2.55–0.99 (m, 25H,
both isomers); 13C NMR (100 MHz, CDCl3): cis-2 : d= 143.2 (C), 128.4
(CH), 128.0 (CH), 125.7 (CH), 77.5 (CH2), 59.6 (C), 47.3 (CH), 43.6
(CH), 39.6 (CH2), 32.8 (CH3), 32.7 (CH3), 30.8 (CH2), 29.1 (CH2), 23.7
(CH2), 20.1 (CH3); trans-2 : d=145.9 (C), 128.2 (CH), 127.5 (CH), 125.7
(CH), 79.3 (CH2), 59.7 (C), 49.2 (CH), 47.2 (CH), 39.6 (CH2), 35.9 (CH2),
33.2 (CH3), 32.9 (CH3), 24.8 (CH2), 20.1 (CH3), 17.1 (CH3).


Compound 3 : 1H NMR (400 MHz, CDCl3): d=7.31–7.15 (m, 5 H, Ph-H,
both isomers), 4.07–4.04 (m, 1H, HCO, single isomer), 3.79–3.70 (m, 1 H,
HCO, single isomer), 3.00–2.92 (m, 1H, CHPh, single isomer), 2.60–2.40
(m, 1H, CHPh, single isomer), 2.40–1.00 (m, 26H, both isomers);
13C NMR (100 MHz, CDCl3): both isomers: d=147.7 (C), 146.9 (C),
128.3 (2 � CH), 126.9 (2 � CH), 125.9 (CH), 125.8 (CH), 82.2 (CH), 78.5
(CH), 59.8 (C), 59.7 (C), 43.5 (CH), 40.4 (CH2), 40.3 (2 � CH2), 38.7
(CH), 38.5 (CH2), 34.6 (CH3), 34.0 (CH2), 33.9 (CH2), 32.7 (CH2), 30.4
(CH2), 25.0 (CH2), 21.6 (CH2), 20.3 (CH3), 17.3 (CH2), 17.2 (CH2);
IR(CHCl3): ñ = 2933s, 2871s, 1601w, 1492m, 1470m, 1452m, 1374m,
1360m, 1260w, 1132m, 1046m, 994w, 957w cm�1; MS (EI): m/z : 315 (5)
[M]+ , 300 (35), 159 (13), 157 (18), 142 (100), 91 (35); elemental analysis
calcd (%) for C21H33NO (315.50): C 79.95 H 10.54, N 4.44; found: C
80.05, H 10.78, N 4.67.


The syntheses of the alkoxyamines 7 a–e have previously been publish-
ed.[7]


2-(2,2,6,6-Tetramethyl-piperidin-1-yloxy)-hept-6-enoic acid tert-butylester
(7 f): A solution of hept-6-enoic acid tert-butyl ester (200 mg, 1.09 mmol)
in THF (1.8 mL) was added to a solution of LDA (1.20 mmol) in THF
(5 mL) at �78 8C. After stirring for 30 min at �78 8C a suspension of
TEMPO (157 mg, 1.00 mmol) and CuCl2 (161 mg, 1.20 mmol) in THF
(4 mL) was added. The mixture was allowed to warm to room tempera-
ture (over 5 h) and was stirred over night. The reaction was stopped by
addition of NH4Cl (aq. sat.) followed by extraction (3 � ) of the aqueous
layer with Et2O. The combined organic layers were washed with brine,
dried over MgSO4 and the solvents were removed in vacuo. FC (Et2O/
pentane 1:45) yielded 7 f (200 mg, 59%). 1H NMR (400 MHz, CDCl3): d


=5.83–5.73 (m, 1 H, H2C=CH), 5.03–4.93 (m, 2 H, H2C=CH), 4.14–4.10
(m, 1H, HCO), 2.17–2.00 (m, 2H), 1.87–1.79 (m, 2 H), 1.60–1.20 (m, 8 H),
1.46 (s, 9H, C(CH3)3), 1.16 (s, 3 H, CH3), 1.12 (s, 3 H, CH3), 1.11 (s, 6 H,
CH3); 13C NMR (100 MHz, CDCl3): d=172.9 (C), 138.4 (CH), 114.7
(CH2), 85.8 (CH), 80.8 (C), 59.9 (C), 59.5 (C), 40.3 (CH2), 33.7 (CH3),
33.5 (CH2, CH3), 31.9 (CH2), 28.1 (CH3), 23.7 (CH2), 20.2 (CH3), 17.1
(CH2); IR (CHCl3): ñ = 2979s, 2935s, 2871s, 1732s, 1640w, 1457m, 1368s,
1153s, 915s, 843s cm�1; MS (EI): m/z : 339 (2) [M]+ , 156 (100); elemental
analysis calcd (%) for C20H37NO3 (339.52): C 70.75, H 10.98, N 4.13;
found: C 70.84, H 10.75, N 4.28.


2,2,6,6-Tetramethyl-1-(1-methyl-hex-5-enoyloxy)-piperidine (7 h): A so-
lution of 6-iodo-hept-1-ene (224 mg, 1.0 mmol) and TEMPO (941 mg,
6.0 mmol) in benzene (10 mL) was heated under reflux under argon.
Tris(trimethylsilyl)silane (TTMSH) (1.23 mL, 4.0 mmol) was added in
three portions every 60 min. After the last addition of TTMSH the mix-
ture was heated under reflux for another 30 min. The solvent was re-
moved in vacuo and the residue was purified by FC (Et2O/pentane 1:100)
to yield 7 h (246 mg, 97%). 1H NMR (400 MHz, CDCl3): d=5.88–5.78
(m, 1H, H2C=CH), 5.04–4.93 (m, 2H, H2C=CH), 3.91–3.83 (m, 1H,
HCO), 2.09–2.03 (m, 2 H), 1.69–1.27 (m, 10H), 1.16–1.07 (m, 15H);
13C NMR (100 MHz, CDCl3): d=139.1 (CH), 114.3 (CH2), 78.2 (CH),
60.1 (C), 59.1 (C), 40.3 (CH2), 35.9 (CH2), 34.4 (2 � CH3), 34.1 (CH2), 25.3
(CH2), 20.4 (2 CH3), 19.9 (CH3), 17.4 (CH2); IR (CHCl3): ñ = 2973s,
2933s, 2871w, 1639w, 1457m, 1376s, 1361s, 1132s, 915m cm�1; MS (EI): m/
z : 253 (< 1) [M]+ , 157 (11), 142 (100); elemental analysis calcd (%) for
C16H31NO (253.43): C 75.83, H 12.33, N 5.53; found: C 75.97, H 12.44, N
5.27.


2,2,6,6-Tetramethyl-1-(1-phenylsulfanyl-hex-5-enoyloxy)-piperidine (7 i):
Calcium ascorbate dihydrate (1.50 g, 3.80 mmol) was added to a suspen-
sion of TEMPO (468 mg, 3.00 mmol) in H2O (26 mL) and the mixture
was stirred at room temperature for 15 min. H2O was added and the re-
action mixture was extracted with Et2O (3 � ). The combined organic
layers were dried over MgSO4 and the solvent was removed in vacuo.
The resulting hydroxylamine was dissolved in THF (2 mL) under argon
and then added dropwise to a suspension of NaH (148 mg, 60 %,
3.70 mmol) in THF (5 mL). The mixture was stirred for 30 min at room
temperature. Afterwards a solution of 1-Chlor-1-phenylsulfanyl-5-hexene
(566 mg, 2.50 mmol)[30] in THF (2 mL) was added and the reaction mix-
ture was heated under reflux for 20 h. The reaction was stopped upon the
addition of H2O followed by extraction of the aqueous layer with Et2O
(2 � ). The combined organic layers were dried over MgSO4 and the sol-
vents were removed in vacuo. FC (pentane/CHCl3 20:1!2:1) yielded 7 i
(174 mg, 20%). 1H NMR (400 MHz, CDCl3): d =7.62–7.52 (m, 2 H, Ph-
H), 7.39–7.17 (m, 3H, Ph-H), 5.80–5.70 (m, 1 H, H2C=CH), 5.19 (dd, J1


=9.0, J2 =3.9 Hz, 1H, HCO), 4.99–4.90 (m, 2H, H2C=CH), 2.10–1.95 (m,
3H), 1.82–1.72 (m, 1H), 1.70–1.13 (m, 20 H); 13C NMR (100 MHz,
CDCl3): d= 138.6 (CH), 135.8 (C), 132.1 (CH), 128.5 (CH), 126.5 (CH2),
114.6 (CH2), 93.9 (CH), 60.7 (C), 59.8 (C), 40.4 (CH2), 34.7 (CH3), 34.0
(CH2), 33.5 (CH3), 33.4 (CH2), 25.5 (CH2), 20.6 (2 � CH3), 17.2 (CH2); IR
(CHCl3): ñ= 2933s, 1639w, 1583w, 1377m, 1362m, 1132m, 973m, 914s
cm�1; MS (EI): m/z : 347 (< 1) [M+H]+ , 234 (10), 218 (25), 191 (33), 157
(22), 142 (24), 140 (48), 126 (85), 110 (100); elemental analysis calcd (%)
for C21H33NOS (347.56): C 72.57, H 9.57, N 4.03; found: C 72.51, H 9.53,
N 3.93.


Isomerization of 7a : Applying GP 1 7a[7] (250 mg, 0.63 mmol), CSA
(14.6 mg, 0.063 mmol) and tBuOH (31.5 mL) were heated for 24 h. FC
(Et2O/pentane 1:100) yielded a mixture (201 mg, 80%) of 8 a (71 %) and
9a (8 %). The trans/cis ratios (2.8:1 for 8a, 1:1 for 9 a) were determined
by 1H NMR spectroscopy.


1-[2-(4-Bromophenyl)-cyclopentylmethoxy]-2,2,6,6-tetramethyl-piperi-
dine (8 a): 1H NMR (400 MHz, CDCl3): trans-8 a : d=7.38 (d, J =8.4 Hz,
2H, Ph-H), 7.10 (d, J =8.3 Hz, 2 H, Ph-H), 3.70–3.62 (m, 2 H, H2CO),
2.75–2.69 (m, 1 H, HCPh), 2.40–0.90 (m, 25H); cis-8a : d=7.36 (d, J
=8.3 Hz, 2H, Ph-H), 7.06 (d, J=8.1 Hz, 2 H, Ph-H), 3.37–3.28 (m, 2H,
H2CO), 3.22–3.16 (m, 1H, HCPh), 2.47–2.42 (m, 1 H), 2.20–1.00 (m,
21H), 0.86 (s, 3H, CH3); 13C NMR (100 MHz, CDCl3): trans-8 a : d


=145.0 (C), 131.2 (CH), 129.2 (CH), 119.3 (C), 79.2 (CH2), 59.7 (C), 48.8
(CH), 47.2 (CH), 39.6 (CH2), 39.6 (CH2), 36.0 (CH2), 33.1 (CH3), 33.0
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(CH3), 30.1 (CH2), 24.7 (CH3), 20.1 (CH3), 17.1 (CH2); cis-8a : d=142.3
(C), 131.0 (CH), 130.1 (CH), 119.4 (C), 77.4 (CH2), 59.6 (C), 59.5 (C),
46.7 (CH), 43.5 (CH), 32.8 (CH3), 32.8 (CH3), 30.9 (CH2), 29.1 (CH2),
23.7 (CH2), 20.1 (CH2); IR (CHCl3): ñ = 2933s, 2872s, 1488s, 1374s,
1360s, 1260w, 1131s, 1074s, 1046s, 1010s cm�1; MS (EI): m/z : 395 (4)
[M]+ , 380 (38) [M�CH3]


+ , 171 (25), 156 (24), 142 (100); elemental analy-
sis calcd (%) for C21H32NOBr (394.39): C 63.95, H 8.18, N 3.55; found:
C 64.07, H 8.04, N 3.23.


Isomerization of 7b : Applying GP 1 7 b[7] (37 mg, 0.11 mmol), CSA
(2.5 mg, 0.011 mmol) and tBuOH (5.5 mL) were heated for 24 h. FC
(Et2O/pentane 1:60) yielded a mixture (21 mg, 54%) of 8 b (46 %) and
9b (8 %). The trans/cis ratios (2.8:1 for 8b, 1:1 for 9b) were determined
by 1H NMR spectroscopy. 10c (10 %) was isolated as a by-product.


1-[2-(4-Methoxyphenyl)-cyclopentylmethoxy]-2,2,6,6-tetramethyl-piperi-
dine (8 b): 1H NMR (400 MHz, CDCl3): trans-8b : d= 7.14 (d, J =8.5 Hz,
2H, Ph-H), 6.82 (d, J =8.8 Hz, 2H, Ph-H), 3.78 (s, 3 H, OCH3), 3.69 (dd,
J1 =8.5, J2 = 5.0 Hz, 1 H, H2CO), 3.63 (dd, J1 =8.4, J2 =7.0 Hz, 1 H,
H2CO), 2.73–2.67 (m, 1 H, HCPh), 2.20–1.00 (m, 25H). cis-8b : d=7.09
(d, J =8.3 Hz, 2H, Ph-H), 6.79 (d, J=8.8 Hz, 2H, Ph-H), 3.78 (s, 3 H,
OCH3), 3.37 (dd, J1 =8.8, J2 =5.7 Hz, 1 H, H2CO), 3.30 (dd, J1 =8.6, J2


=8.6 Hz, 1 H, H2CO), 3.22–3.16 (m, 1 H, HCPh), 2.20–1.00 (m, 22H),
0.88 (s, 3H, CH3); 13C NMR (100 MHz, CDCl3): trans-8 b : d=157.7 (C),
137.9 (C), 128.3 (CH), 113.6 (CH), 79.3 (CH2), 59.7 (C), 55.3 (CH3), 48.3
(CH), 47.3 (CH), 39.6 (CH2), 35.9 (CH2), 33.2 (CH3), 33.0 (CH3), 30.2
(CH2), 24.6 (CH2), 20.1 (CH3), 17.1 (CH2); cis-8 b : d= 157.6 (C), 135.3
(C), 129.2 (CH), 113.4 (CH), 77.6 (CH2), 59.8 (C), 55.3 (CH3), 46.4 (CH),
43.6 (CH), 40.2 (CH2), 32.8 (CH3), 32.6 (CH3), 31.0 (CH2), 29.1 (CH2),
23.7 (CH2), 20.1 (CH3); IR (CHCl3): ñ = 2938s, 2871s, 1611m, 1512s,
1467s, 1374m, 1359m, 1132s, 1037s, 828s cm�1; MS (EI): m/z : 345 (5)
[M]+ , 330 (22) [M�CH3]


+ , 189 (76), 142 (46), 121 (100); elemental analy-
sis calcd (%) for C22H35NO2 (345.52): C 76.48, H 10.21, N 4.05; found: C
76.64, H 10.35, N 4.23.


Isomerization of 7c : Applying GP 1 7c[7] (200 mg, 0.62 mmol), CSA
(14.4 mg, 0.062 mmol) and tBuOH (31 mL) were heated for 24 h. FC
(Et2O/pentane 1:100) yielded a mixture (156 mg, 78 %) of 8c (67 %) and
9c (11 %). The trans/cis ratios (2.1:1 for 8c, 1:1 for 9c) were determined
by 1H NMR spectroscopy. 10c (5 %) was isolated as a by-product.


2,2,6,6-Tetramethyl-1-(2-thiophene-2-yl-cyclopentyl-methoxy)-piperidine
(8 c): 1H NMR (400 MHz, CDCl3): trans-8 c : d=7.10–7.08 (m, 1H, arom.
H), 6.90–6.88 (m, 1H, arom. H), 6.83–6.80 (m, 1 H, arom. H), 3.79 (dd, J1


=8.5, J2 =5.2 Hz, 1H, H2CO), 3.72 (dd, J1 =8.5, J2 =6.7 Hz, 1H, H2CO),
3.15–3.09 (m, 1H, HCAryl), 2.30–1.20 (m, 13 H), 1.20–1.00 (m, 12H, CH3);
cis-8c : d =7.12–7.08 (m, 1 H, arom. H), 6.94–6.88 (m, 1 H, arom. H),
6.78–6.76 (m, 1 H, arom. H), 3.53–3.47 (m, 2 H, H2CO), 3.42–3.38 (m, 1H,
HCAryl), 2.43–2.34 (m, 1H), 2.30–1.20 (m, 12H), 1.20–1.00 (m, 9H, CH3),
0.93 (s, 3H, CH3); 13C NMR (100 MHz, CDCl3): trans-8 c : d =150.2 (C),
126.4 (CH), 123.0 (CH), 122.4 (CH), 79.0 (CH2), 59.8 (C), 48.1 (CH),
43.8 (CH), 40.0 (CH2), 36.6 (CH2), 33.2 (CH3), 33.1 (CH3), 29.9 (CH2),
24.6 (CH2), 20.2 (CH3), 17.1 (CH2); cis-8c : d=146.6 (C), 126.3 (CH),
124.2 (CH), 122.9 (CH), 77.3 (CH2), 59.6 (C), 44.1 (CH), 42.9 (CH), 39.6
(CH2), 32.9 (CH3), 32.7 (CH2), 32.4 (CH3), 28.5 (CH2), 23.0 (CH2), 20.2
(CH3), 17.1 (CH2); IR (CHCl3): ñ= 2934s, 2871s, 1468s, 1375m, 1360m,
1132m, 1045m cm�1; MS (EI): m/z : 321 (4) [M]+ , 306 (42) [M�CH3]


+ ,
165 (70), 156 (22), 142 (100); elemental analysis calcd (%) for
C19H31NOS (321.53): C 70.98, H 9.72, N 4.36; found: C 71.21, H 9.58, N
4.34.


Isomerization of 7d : Applying GP 1 7 d[7] (76 mg, 0.24 mmol), CSA
(5.6 mg, 0.024 mmol) and tBuOH (12 mL) were heated for 24 h. FC
(Et2O/pentane 1:6!1:4) yielded a mixture (55 mg, 72 %) of 8 d (57 %)
and 9d (15 %). The trans/cis ratios (1.6:1 for 8 d, 1:1 for 9d) were deter-
mined by 1H NMR spectroscopy. 10 d (5 %) was isolated as a by-product.


2-[2-(2,2,6,6-Tetramethyl-piperidin-1-yloxymethyl)-cyclopentyl]-pyridine
(8 d): 1H NMR (400 MHz, CDCl3): trans-8 d : d =8.55–8.53 (m, 1 H, arom.
H), 7.57–7.53 (m, 1H, arom. H), 7.18–7.16 (m, 1H, arom. H), 7.08–7.04
(m, 1 H, arom. H), 3.74–3.68 (m, 2H, H2CO), 2.97–2.91 (m, 1 H, HCAryl),
2.54–2.45 (m, 1H), 2.13–1.97 (m, 2H), 1.96–1.68 (m, 4 H), 1.61–1.14 (m,
6H), 1.08 (s, 3H, CH3), 1.04 (s, 3 H, CH3), 0.95 (s, 3H, CH3), 0.93 (s, 3 H,
CH3); 13C NMR (100 MHz, CDCl3): trans-8 d : d=165.0 (C), 149.2 (CH),


136.0 (CH), 122.6 (CH), 120.9 (CH), 79.7 (CH2), 59.7 (C), 51.6 (CH),
46.1 (CH), 39.6 (CH2), 34.7 (CH2), 33.0 (CH3), 33.0 (CH3), 30.1 (CH2),
25.0 (CH2), 20.0 (CH3), 20.0 (CH3), 17.1 (CH2); IR (CHCl3): ñ = 2935s,
2870s, 1592s, 1474s, 1435s, 1374m, 1360m, 1132m, 1047m cm�1; MS (EI):
m/z : 317 (< 1) [M+H]+ , 301 (< 1) [M�CH3]


+ , 160 (100); elemental
analysis calcd (%) for C20H32N2O (316.49): C 75.90, H 10.19, N 8.85;
found: C 75.85, H 9.98, N 8.84.


Isomerization of 7e : Applying GP 1 7e[7] (200 mg, 0.76 mmol), CSA
(17.6 mg, 0.076 mmol) and tBuOH (38 mL) were heated for 24 h. FC
(Et2O/pentane 1:40!1:20) yielded a mixture (135 mg, 68%) of 8 e
(61 %) and 9e (7 %). The trans/cis ratios (1.1:1 for 8 e, 1:1 for 9 e) were
determined by 1H NMR spectroscopy.


2-(2,2,6,6-Tetramethyl-piperidin-1-yloxymethyl)-cyclopentane-1-nitrile
(8 e): 1H NMR (400 MHz, CDCl3): isomer A: d=3.87–3.83 (m, 1H,
H2CO), 3.72 (dd, J1 =9.0, J2 =6.6 Hz, 1H, H2CO), 2.70–2.64 (m, 1 H,
HCCN), 2.35–2.25 (m, 1H), 2.15–1.40 (m, 12H), 1.40–1.00 (m, 12 H,
CH3); isomer B: d=3.96 (dd, J1 =9.2, J2 =8.5 Hz, 1H, H2CO), 3.87–3.83
(m, 1H, H2CO), 3.05–3.01 (m, 1 H, HCCN), 2.47–2.38 (m, 1 H), 2.15–1.40
(m, 12H), 1.40–1.00 (m, 12H, CH3); 13C NMR (100 MHz, CDCl3): isomer
A: d =123.0 (C), 77.1 (CH2), 60.0 (C), 44.8 (CH), 39.6 (CH2), 33.3 (CH3),
32.3 (CH), 31.2 (CH2), 27.4 (CH2), 22.8 (CH2), 20.2 (2 � CH3), 20.2 (CH3),
17.0 (CH2); isomer B: d =121.3 (C), 77.1 (CH2), 59.9 (C), 42.4 (CH), 39.6
(CH2), 33.1 (CH3), 31.2 (CH2), 30.8 (CH), 28.5 (CH2), 24.6 (CH2), 20.1
(CH3), 20.0 (CH3), 17.1 (CH2); IR (CHCl3): ñ = 2974s, 2935s, 2875s,
2238m, 1470m, 1453m, 1375m, 1360m, 1132s, 1049s cm�1; MS (EI): m/z :
264 (6) [M]+ , 249 (100) [M�CH3]


+ , 156 (25), 142 (14); elemental analysis
calcd (%) for C16H28N2O (264.41): C 72.68, H 10.67, N 10.59; found: C
72.51, H 10.89, N 10.59.


Isomerization of 7 f : Applying GP 1 7 f (200 mg, 0.59 mmol), CSA
(13.7 mg, 0.059 mmol) and tBuOH (29.5 mL) were heated for 24 h. FC
(Et2O/pentane 1:60) yielded 8 f (134 mg, 67 %). The trans/cis ratio (1:1)
was determined by 1H NMR spectroscopy. 10 f (10 %) was isolated as a
by-product.


2-(2,2,6,6-Tetramethyl-piperidin-1-yloxymethyl)-cyclopentanoic acid tert-
butylester (8 f): 1H NMR (400 MHz, CDCl3): Isomer A: d= 3.81 (dd, J1


=8.6, J2 =5.3 Hz, 1H, H2CO), 3.61 (dd, J1 =9.6, J2 =8.6 Hz, 1H, H2CO),
2.87–2.71 or 2.52–2.46 (m, 1H, HCCO2R), 2.38–2.28 (m, 1 H,
HCCH2ON), 2.00–1.30 (m, 12H), 1.44 (s, 9 H, C(CH3)3), 1.16–1.09 (m,
12H, CH3); isomer B: d=3.77 (dd, J1 =8.4, J2 =5.8 Hz, 1H, H2CO), 3.73
(dd, J1 =8.4, J2 =6.4 Hz, 1 H, H2CO), 2.87–2.71 or 2.52–2.46 (m, 1H,
HCCO2R), 2.38–2.28 (m, 1 H, HCCH2ON), 2.00–1.30 (m, 12H), 1.44 (s,
9H, C(CH3)3), 1.16–1.09 (m, 12H, CH3); 13C NMR (100 MHz, CDCl3):
isomer A: d =175.9 (C), 79.7 (C), 79.0 (CH2), 59.9 (C), 47.8 (CH), 43.4
(CH), 39.6 (CH2), 33.1 (CH3), 30.0 (CH2), 28.2 (CH2), 28.1 (CH3), 25.4
(CH2), 20.1 (CH3), 17.1 (CH2); isomer B: d=174.2 (C), 79.9 (C), 76.9
(CH2), 59.9 (C), 47.3 (CH), 42.4 (CH), 39.6 (CH2), 33.1 (CH3), 30.5
(CH2), 29.1 (CH2), 28.2 (CH3), 23.3 (CH2), 20.2 (CH3), 17.2 (CH2); IR
(CHCl3): ñ = 2975s, 2934s, 2872s, 1715s, 1471s, 1454s, 1368s, 1151s, 1047m
cm�1; MS (EI): m/z : 339 (1) [M]+ , 324 (9) [M�CH3]


+ , 157 (20), 142
(100), 127 (33); elemental analysis calcd (%) for C20H37NO3 (339.52): C
70.75, H 10.98, N 4.13; found: C 70.67, H 10.79, N 4.16.


2,2,6,6-Tetramethyl-1-(1-phenyl-hex-5-enyloxy)-piperidin-4-ol (12 a): Cal-
cium ascorbate dihydrate (2.77 g, 6.50 mmol) was added to a suspension
of 4-tert-butyldimethylsilyloxy-TEMPO (1.72 mg, 6.0 mmol) in H2O
(25 mL) and the mixture was stirred at room temperature for 15 min.
H2O was added and the reaction mixture was extracted with Et2O (3 � ).
The combined organic layers were dried over MgSO4 and the solvent was
removed in vacuo. The resulting hydroxylamine was dissolved in THF
under argon and then added dropwise to a suspension of NaH (240 mg,
60%, 6.00 mmol) in THF (10 mL). The mixture was stirred for 30 min at
room temperature. Afterwards a solution of 1-bromo-1-phenyl-5-hexene
(703 mg, 3.00 mmol) in THF (2 mL) was added and the reaction mixture
was heated under reflux for 14 h. The reaction was stopped by the addi-
tion of H2O followed by extraction of the aqueous layer with Et2O (2 � ).
The combined organic layers were dried over MgSO4 and the solvents
were removed in vacuo. FC (Et2O/pentane 1:130) yielded silylated-12a
(493 mg, 37%). Desilylation was achieved by dissolving silylated-12a
(490 mg, 1.10 mmol) in THF (13 mL) and adding TBAF·3 H2O (868 mg,
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2.75 mmol) at room temperature. The mixture was stirred for 6 h. The re-
action was stopped upon the addition of NH4Cl (aq. sat.) followed by ex-
traction (3 � ) of the aqueous layer with Et2O. The combined organic
layers were washed with brine, dried over MgSO4 and the solvents were
removed in vacuo. FC (Et2O/pentane 2:3) yielded 12 a (336 mg, 92%).
1H NMR (400 MHz, CDCl3): d=7.32–7.21 (m, 5 H, Ph-H), 5.76–5.66 (m,
1H, H2C=CH), 4.96–4.87 (m, 2H, H2C=CH), 4.57 (dd, J1 =9.9, J2


=4.1 Hz, 1H, HCO), 3.96–3.88 (m, 1 H, HCOH), 2.13–1.91 (m, 3H),
1.84–1.74 (m, 2H), 1.70–1.51 (m, 1H), 1.51–1.46 (m, 1 H), 1.33 (s, 3H,
CH3), 1.22 (s, 3 H, CH3), 1.33–1.00 (m, 3 H), 1.04 (s, 3 H, CH3), 0.53 (s,
3H, CH3); 13C NMR (100 MHz, CDCl3): d=143.4 (C), 138.7 (CH), 127.9
(CH), 127.9 (CH), 127.1 (CH), 114.5 (CH2), 87.5 (CH), 63.3 (CH), 60.5
(C), 59.8 (C), 48.9 (CH2), 48.9 (CH2), 35.3 (CH2), 34.3 (CH3), 34.1 (CH3),
33.7 (CH2), 24.7 (CH2), 21.3 (2 CH3); IR (CHCl3): ñ = 3604m, 3440br,
2975s, 2940s, 1639m, 1456s, 1363s, 1046s, 1027m, 996m, 913m cm�1; MS
(EI): m/z : 316 (< 1) [M�CH3]


+ , 173 (29), 158 (100), 117 (35); elemental
analysis calcd (%) for C21H33NO2 (331.50): C 76.09, H 10.03, N 4.23;
found: C 76.17, H 9.89, N 4.26.


2,2,6,6-Tetramethyl-1-(2-phenyl-cyclopentylmethyl)-piperidin-4-ol (12 b):
GP 1 was applied by using alkoxyamine 12 a (200 mg, 0.60 mmol) and
CSA (13.0 mg, 0.06 mmol) in tBuOH (30 mL) at 130 8C for 14 h. The de-
sired isomerization product could be isolated after FC (Et2O/pentane
1:2) in an overall yield of 73 % (exo/endo 12.2:1, trans/cis (12b) 2.2:1).
M.p. 94–95 8C. 1H NMR (400 MHz, CDCl3): trans-12b : d=7.31–7.12 (m,
5H, Ph-H), 3.92–3.87 (m, 1H, HCOH), 3.70 (dd, J1 =8.6, J2 =5.4 Hz, 1 H,
HCON), 3.65 (dd, J1 =8.5, J2 =6.8 Hz, 1H, HCON), 2.77–2.70 (m, 1 H,
HC-Ph), 2.50–1.00 (m, 23H, CH, CH2, CH3); cis-12b : d =7.31–7.12 (m,
5H, Ph-H), 3.92–3.87 (m, 1H, HCOH), 3.37 (dd, J1 =8.8, J2 =5.9 Hz, 1 H,
HCON), 3.65 (dd, J1 =8.7, J2 =8.7 Hz, 1H, HCON), 3.27–3.21 (m, 1 H,
HC-Ph), 2.50–1.00 (m, 22H, CH, CH2, CH3), 0.87 (s, 1H, CH3); 13C NMR
(100 MHz, CDCl3): trans-12 b : d=145.7 (C), 128.2 (CH), 127.4 (CH),
125.8 (CH), 79.5 (CH2), 63.3 (CH), 60.1 (C), 60.0 (C), 49.3 (CH), 48.3
(CH2), 47.1 (CH), 35.9 (CH2), 33.2 (CH3), 33.0 (CH3), 30.2 (CH2), 24.7
(CH2), 21.0 (CH3); cis-12b : d=143.1 (C), 128.4 (CH), 127.4 (CH), 125.7
(CH), 77.6 (CH2), 63.3 (CH), 59.9 (C), 59.8 (C), 48.3 (CH2), 47.2 (CH),
35.9 (CH2), 32.8 (CH3), 32.6 (CH3), 30.9 (CH2), 29.2 (CH2), 23.7 (CH2),
21.0 (CH3); IR (CHCl3): ñ = 3606m, 3428br, 2941s, 2872m, 1601w,
1492w, 1453m, 1375s, 1364s, 1044s, 1027s, 952m, 897w cm�1; MS (EI): m/z :
331 (8) [M]+ , 316 (42) [M�CH3]


+ , 173 (41) [M�C12H14]
+ , 158 (100)


[M�ONC9H18OH]+ , 91 (68); elemental analysis calcd (%) for C21H33NO2


(331.50): C 76.09, H 10.03, N 4.32; found: C 76.02, H 10.24, N 4.27.


N,N-Di-tert-butyl-O-(1-phenyl-hex-5-enyl)-hydroxylamine (13 a): Calcium
ascorbate dihydrate (1.194 g, 2.80 mmol) was added to a suspension of
N,N-di-tert-butylnitroxide (403 mg, 2.80 mmol) in water (10 mL). The
mixture was stirred at room temperature for 15 min. After the addition
of water and extraction with Et2O (2 � ) evaporation of the solvent led to
the corresponding hydroxylamine which was then dissolved in THF
under argon. The solution was added slowly to a suspension of NaH
(112 mg, 60%, 2.80 mmol) in THF (5 mL) prior to the addition of a so-
lution of 1-bromo-1-phenyl-5-hexene (300 mg, 1.28 mmol) in THF
(1 mL). The reaction mixture was heated to reflux for 44 h. After the ad-
dition of water the mixture was extracted with Et2O twice and the com-
bined organic layers was dried over MgSO4. Evaporation of the solvent
in vacuo and purification with FC (Et2O/pentane 1:120) yielded alkoxy-
amine 13 a (185 mg, 24%). 1H NMR (400 MHz, CDCl3): d =7.35–7.20 (m,
5H, Ph-H), 5.76–5.66 (m, 1H, CH=CH2), 4.96–4.87 (m, 2H, CH=CH2),
4.60 (dd, J1 = 3.9, J2 =10.3 Hz, 1H, HCO), 2.21–2.12 (m, 1H), 2.07–1.91
(m, 2 H), 1.83–1.73 (m, 1H), 1.31 (s, 9H, C(CH3)3), 1.20–1.00 (m, 2H),
0.97 (s, 9 H, C(CH3)3); 13C NMR (100 MHz, CDCl3): d =143.10 (C),
138.79 (CH), 128.29 (CH), 127.82 (CH), 127.13 (CH), 114.39 (CH2), 87.44
(CH), 62.07 (C), 61.68 (C), 34.47 (CH2), 33.79 (CH2), 30.70 (CH3), 30.62
(CH3), 25.13 (CH2); IR (CHCl3): ñ = 2971s, 2931s, 2861w, 1639w, 1494m,
1453m, 1386m, 1362s, 976m, 912s cm�1; MS (FAB): m/z : 304.3 (25)
[M+H]+ , 248.3 (26), 159.2 (83), 145.2 (100), 128.1 (40), 117.0 (28); ele-
mental analysis calcd (%) for C20H33NO (303.49): C 79.15, H 10.96, N
4.62; found: C 79.24, H 11.02, N 4.51.


N,N-Di-tert-butyl-O-(2-phenyl-cyclopentylmethyl)-hydroxylamine (13 b):
According to GP 1 alkoxyamine 13a (60 mg, 0.198 mmol) was isomerized


in tBuOH (10 mL) at 130–132 8C in 3 h. The crude product was purified
by FC (Et2O/pentane 1:120) and the isomerization product was isolated
in an overall yield of 87% (exo/endo 13.5:1, trans/cis (13 b) 2.2:1).
1H NMR (400 MHz, CDCl3): trans-13b : d=7.30–7.10 (m, 5H, Ph-H),
3.69–3.62 (m, 2 H, OCH2), 2.70–2.64 (m, 1H, HC-Ph), 2.25–2.15 (m, 1 H,
OCH2CH), 2.12–1.50 (m, 6H, CH2), 1.16 (s, 9 H, C(CH3)3), 1.10 (s, 9 H,
C(CH3)3); cis-13b : d=7.30–7.10 (m, 5 H, Ph-H), 3.36–3.19 (m, 3H,
OCH2, HCPh), 2.12–1.50 (m, 7H, OCH2CH,CH2), 1.15 (s, 9 H, C(CH3)3),
1.05 (s, 9 H, C(CH3)3); 13C NMR (100 MHz, CDCl3): trans-13 b : d=145.8
(C), 128.2 (CH), 127.4 (CH), 125.7 (CH), 79.7 (CH2), 62.4 (C), 62.2 (C),
49.5 (CH), 47.0 (CH), 35.7 (CH2), 30.7 (CH2), 29.9 (CH3), 29.8 (CH3),
24.7 (CH2); cis-13b : d=128.3 (CH), 128.0 (CH), 126.9 (CH), 77.2 (CH2),
62.3 (C), 62.2 (C), 47.3 (CH), 43.3 (CH), 30.7 (CH2), 29.9 (CH3), 29.7
(CH3), 29.3 (CH2), 23.6 (CH2); IR (CHCl3): ñ = 3008m, 2940s, 2868m,
1703s, 1450m, 1361m, 1312m, 1120m, 1053w, 1018m, 913m cm�1; MS
(FAB): m/z : 303 (100) [M]+ , 248 (91) [M�C4H7]


+ , 232 (94), 159 (93)
[M�ONC8H18]


+ , 145 (87) [M�C12H14]
+ , 90 (98), 71 (96); elemental anal-


ysis calcd (%) for C20H33NO (303.49): C 79.15, H 10.96, N 4.62; found: C
79.11, H 10.97, N 4.41.


{1-[tert-Butyl-(1-phenyl-hex-5-enyloxy)-amino]-2,2-dimethyl-propyl}-
phosphonic acid dimethylester (14 a): GP 2 was applied by using (1-
bromo-hex-5-enyl)-benzene (235 mg, 1.00 mmol), corresponding nitro-
xide[17] (303 mg, 1.20 mmol), Cu (67 mg, 1.05 mmol), Cu(OTf)2 (3.5 mg,
10 mmol) and 4,4’-di-tert-butyl-[2,2’]bispyridine (1 mg, 40 mmol) in ben-
zene (1.5 mL) for 22 h at 70 8C. FC (Et2O/pentane 1:2) yielded 14 a
(77 mg, 19%) as a mixture of diastereoisomers. 1H NMR (400 MHz,
CDCl3): isomer A: d=7.45–7.43 (m, 2H, Ph-H), 7.33–7.20 (m, 3H, Ph-
H), 5.76–5.64 (m, 1H, H2C=CH), 5.00–4.82 (m, 3 H, H2C=CH, HCO),
3.51 (d, JHP =11.1 Hz, 3H, OCH3), 3.41 (d, JHP =26.1 Hz, 1 H, HCP), 2.97
(d, JHP =11.4 Hz, 3H, OCH3), 2.65–2.57 (m, 1 H), 2.10–1.95 (m, 2H),
1.75–1.50 (m, 2 H), 1.10–0.90 (m, 1H), 1.20 (s, 9H, C(CH3)3), 1.18 (s, 9 H,
C(CH3)3); isomer B: d=7.33–7.20 (m, 5H, Ph-H), 5.76–5.64 (m, 1H,
H2C=CH), 5.00–4.82 (m, 2 H, H2C=CH), 4.74 (dd, J1 =11.9, J2 =3.3 Hz,
1H, HCO), 3.86 (d, JHP = 11.2 Hz, 3H, OCH3), 3.64 (d, JHP =11.0 Hz, 3H,
OCH3), 3.35 (d, JHP = 26.0 Hz, 1H, HCP), 2.76–2.67 (m, 1H), 2.00–1.80
(m, 2 H), 1.75–1.50 (m, 2H), 1.10–0.90 (m, 1 H), 1.22 (s, 9 H, C(CH3)3),
0.82 (s, 9H, C(CH3)3); 13C NMR (100 MHz, CDCl3): isomer A: d =141.7
(C), 138.8 (CH), 128.8 (CH), 127.9 (CH), 114.4 (CH2), 83.5 (CH), 70.2 (d,
J =139.2 Hz, CH), 61.4 (C), 52.9 (d, J =6.2 Hz, CH3), 49.1 (d, J =7.5 Hz,
CH3), 35.2 (d, J= 5.1 Hz, C), 34.0 (CH2), 33.0 (CH2), 28.5 (CH3), 28.1
(CH3), 24.7 (CH2); isomer B: d= 143.5 (C), 138.9 (CH), 128.0 (CH),
127.7 (CH), 127.2 (CH), 114.2 (CH2), 90.5 (CH), 70.0 (d, J =138.1 Hz,
CH), 61.2 (C), 53.0 (d, J =7.4 Hz, CH3), 36.1 (CH2), 35.7 (d, J =6.1 Hz,
C), 33.6 (CH2), 30.6 (CH2), 30.5 (CH3), 29.9 (CH3), 25.4 (CH2); IR
(CHCl3): ñ= 2979s, 1639w, 1454m, 1394m, 1365s, 1070s, 1035s, 914m
cm�1; MS (FAB): m/z : 426 (89) [M+H]+ , 316 (36), 267 (56), 210 (44),
158 (100), 154 (30); elemental analysis calcd (%) for C23H40NO4P
(425.55): C 64.92, H 9.47, N 3.29; found: C 65.08, H 9.61, N 3.26.


{1-[tert-Butyl-(2-phenyl-cyclopentylmethoxy)-amino]-2,2-dimethyl-
propyl}-phosphonic acid dimethyl ester (14 b): Applying a variation of
GP 2 a solution of alkoxyamine 14 a in tBuOH (6.3 mL, 0.05 m) was
heated to 130 8C for 4.5 h. FC (Et2O/pentane 1:2) yielded the desired cyc-
lization product as a mixture of 14b and 14c (102 mg, 80 %). 1H NMR
(400 MHz, CDCl3) (4 isomers): d=7.27–7.22 (m, 5H, Ph-H), 4.23–4.04
(m, 1H, OCH2), 3.81–3.35 (m, 7H, OCH2, OCH3), 3.21–3.10 (m, 1 H,
PCH), 2.64–1.35 (m, 8 H, CH, CH2), 1.19–0.94 (m, 18H, CH3); due to its
complexity (4 isomers) the 13C NMR spectrum was not interpreted; IR
(CHCl3): ñ = 3400br, 2956s, 2873w, 1601w, 1468s, 1392m, 1365s, 1070s,
1032s cm�1; MS (FAB): m/z : 426 (11) [M+H]+ , 368 (18) [M�C4H9]


+ , 316
(100) [M�C2H6O3P]+, 260 (81), 210 (20); elemental analysis calcd (%)
for C23H40NO4P (425.55): C 64.92, H 9.47, N 3.29; found: C 64.86, H 9.50,
N 3.22.


The syntheses of alkoxyamines 15 a, 16a and 17 a have previously been
published.[7]


N-tert-Butyl-N-(2-methyl-1-phenyl-propyl)-O-(2-phenyl-cyclopentyl-
methyl)-hydroxylamine (15 b): Applying a variation of GP 1 a solution of
alkoxyamine 15a (350 mg, 0.92 mmol) and CSA (20.1 mg, 0.092 mmol) in
tBuOH (1.75 mL, 0.05 m) was heated in a sealed tube to 130 8C for 8 h.
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FC (pentane/MTBE 20:1) yielded 15b as a colourless oil (338 mg, 97%).
15b was isolated as an unseparable mixture of diastereoisomers. Due to
the complexity of the 1H NMR spectrum the diastereomeric ratio could
not be determined. 1H NMR (300 MHz, CDCl3): d =7.20–7.10 (m, 10 H,
Ph-H), 3.89–3.12 (m, 4 H, CH2ON, PhCH), 2.74–0.28 (m, 23H); 13C NMR
(75 MHz, CDCl3): d=145.6, 142.8, 131.1, 130.9, 129.4, 128.3, 127.4, 126.9,
126.2, 125.8, 79.5, 72.3, 72.1, 60.0, 49.2, 47.1, 35.9, 31.4, 30.9, 28.4, 27.6,
24.7, 21.9, 21.1; IR (neat): ñ = 3061w, 2954s, 2869m, 1491w, 1452m,
1384m, 1359m, 1213w, 1040w, 756m, 701s cm�1; MS (ESI): m/z : 411 (100),
380 (47) [M+H]+ , 325 (54), 222(82); HRMS (ESI): m/z : calcd for
C26H38NO: 380.2953; found: 380.2953 [M+H]+ .


2-Methyl-2-[(1-methyl-1-phenyl-ethyl)-(2-phenyl-cyclopentylmethoxy)-
amino]-propane-1-ol (16 b): A solution of alkoxyamine 16 a (102 mg,
0.258 mmol) and CSA (6 mg, 0.026 mmol) in tBuOH (13 mL) was heated
under argon in a sealed tube to 130 8C for 7.5 h. Evaporation of the sol-
vent and purification by FC (Et2O/pentane 1:20!1:10) yielded the iso-
merization product (74 mg, 73 %). Due to their complexity (4 isomers)
the 1H NMR spectrum and the 13C NMR spectrum were not interpreted.
IR (CHCl3): ñ = 3482br, 3007w, 2957s, 2871m, 1601w, 1492m, 1452s,
1409m, 1383s, 1365m, 1322w, 1162m, 1042s cm�1; MS (MALDI): m/z : 418
(23) [M+Na]+ , 264 (42), 200 (100); HRMS (MALDI): m/z : calcd for
C26H37NO2Na: 418.2716; found: 418.2712 [M+Na]+ ; elemental analysis
calcd (%) for C26H37NO2 (395.58): C 78.94, H 9.43, N 3.54; found: C
78.78, H 9.49, N 3.55.


2-Hydroxymethyl-2-[(1-methyl-1-phenyl-ethyl)-(2-phenyl-cyclopentylme-
thoxy)-amino]-propane-1,3-diol (17 b): The isomerization was performed
according to GP 1 by using alkoxyamine 17a, CSA and tBuOH. FC
(Et2O/pentane 1:2) yielded the cyclization product 17b. Due to their
complexity (4 isomers) the 1H NMR spectrum and the 13C NMR spec-
trum were not interpreted. IR (CHCl3): ñ = 3503br, 2960s, 2872m,
1601m, 1496w, 1452m, 1385m, 1111m, 1045s, 881w cm�1; MS (FAB): m/z :
450 (8) [M+Na]+ , 428 (88) [M+H]+ , 396 (31) [M�CH2OH]+ , 384 (63)
[M�C3H7]


+ , 296 (32) [M�C10H11]
+ , 264 (35), 133 (100)


[M�C12H15ONC4H9O3]
+ , 90 (75).


N-(1,1-Diethylpropyl)-N-(2-methyl-1-phenylpropyl)-O-(1-phenylhex-5-
enyl)hydroxylamine (18 a): GP 2 was applied by using (1-bromo-hex-5-
enyl)-benzene (137 mg, 0.57 mmol), the corresponding nitroxide[16]


(150 mg, 0.57 mmol), Cu (36 mg, 0.57 mmol), Cu(OTf)2 (10.0 mg,
29 mmol) and 4,4’-di-tert-butyl-[2,2’]bipyridine (15.0 mg, 0.114 mmol) in
benzene (2.0 mL) for 14 h at 75 8C. FC (Et2O/pentane 1:250) yielded 18a
(162 mg, 67%) as a mixture of diastereoisomers (dr 1:1, determined by
1H NMR analysis). 1H NMR (400 MHz, CDCl3): isomer A: d=7.41–7.14
(m, 10H, CH), 5.79–5.68 (m, 1 H, CH), 5.01–4.90 (m, 2H, CH2), 4.68 (dd,
J1 =10.8, J2 =3.7 Hz, 1H, CH), 3.88 (d, J =7.0 Hz, 1H, CH), 2.42–1.04
(m, 13 H), 0.94–0.17 (m, 15H); isomer B: d=7.41–7.14 (m, 10 H, CH),
5.79–5.68 (m, 1 H, CH), 5.01–4.90 (m, 2H, CH2), 4.63 (dd, J1 =10.8, J2


=3.7 Hz, 1H, CH), 3.42 (d, J =7.0 Hz, 1 H, CH), 2.42–1.04 (m, 13H),
0.94–0.17 (m, 15 H); 13C NMR (100 MHz, CDCl3): both isomers: d


=145.4 (C), 143.7 (C), 143.2 (C), 138.6 (C), 128.7 (CH), 128.5 (CH),
128.1 (CH), 127.9 (CH), 127.2 (CH), 126.9 (CH), 126.0 (CH), 125.8
(CH), 114.5 (CH2), 114.4 (CH2), 87.8 (CH), 87.3 (CH), 71.2 (CH), 70.8
(CH), 67.2 (C), 67.0 (C), 36.4 (CH2), 36.3 (CH2), 35.4 (CH), 35.3 (CH),
27.2 (CH2), 27.1 (CH2), 25.2 (CH2), 25.0 (CH2), 24.6 (CH3), 24.5 (CH3),
22.2 (CH3), 22.1 (CH3), 9.0 (CH3), 8.9 (CH3); IR (neat): ñ = 3442br,
3061w, 3026w, 2956s, 2873m, 1601w, 1492w, 1453m, 1382w, 1029m cm�1;
MS (ESI): m/z : 422 (27) [M+H]+ , 409 (100); HRMS (ESI): m/z : calcd
for C29H44NO: 422.3423; found: 422.3414 [M+H]+ .


N-(1,1-Diethylpropyl)-N-(2-methyl-1-phenylpropyl)-O-(2-phenylcyclo-
pentylmethyl)hydroxylamin (18 b): Applying GP 1 a solution of alkoxya-
mine 18a (71.5 mg, 0.170 mol) in tBuOH (8.5 mL) was heated for 20 min.
FC (Et2O/pentane 1:200) yielded the cyclization product (64.1 mg, 90 %).
1H NMR (200 MHz, CDCl3): trans-18 b : d=7.39–7.17 (m, 10 H, Ph-H),
3.90–3.87 (m, 1H, CH), 3.78–3.67 (m, 2 H, CH2), 3.51–3.40 (m, 1 H, CH),
2.35–1.12 (m, 14H), 0.93–0.35 (m, 15H, CH3); cis-18 b : d =7.39–7.17 (m,
10H, Ph-H), 3.90–3.87 (m, 1H, CH), 3.51–3.40 (m, 2H, CH2), 3.34–3.11
(m, 1 H, CH), 2.35–1.12 (m, 14H), 0.93–0.35 (m, 15H, CH3); 13C NMR
(50 MHz, CDCl3): mixture of isomers: d= 145.4 (C), 143.8 (C), 130.4
(CH), 128.3 (CH), 128.2 (CH), 127.4 (CH), 127.3 (CH), 127.2 (CH),


126.2 (CH), 125.9 (CH), 79.2 (CH2), 78.9 (CH2), 71.1 (CH), 71.0 (CH),
67.1 (C), 66.9 (C), 49.1 (CH), 47.5 (CH), 47.1 (CH), 35.7 (CH), 35.6
(CH), 32.2 (CH2), 32.0 (CH2), 31.1 (CH2), 30.8 (CH2), 27.3 (CH2), 27.1
(CH2), 24.6 (CH3), 24.5 (CH3), 22.2 (CH3), 22.1 (CH3), 21.4 (CH2), 8.7
(CH3); IR (neat): ñ = 3026w, 2955s, 2872s, 1644s, 1492m, 1452s, 1382m,
1029m cm�1; MS (ESI): m/z : 481 (100), 444 (14) [M+Na]+ , 437 (78);
HRMS (ESI): m/z : calcd for C29H43NNaO: 444.3242; found: 444.3249
[M+Na]+ .


2,2,7,7-Tetramethyl-1-(1-phenylhex-5-enyloxyl)[1,4]diazepane-5-one
(19 a): GP 2 was applied by using (1-bromo-hex-5-enyl)-benzene (253 mg,
1.06 mmol), the corresponding nitroxide (150 mg, 0.57 mmol), Cu (72 mg,
1.12 mmol), Cu(OTf)2 (4.0 mg, 10.6 mmol) and 4,4’-di-tert-butyl-[2,2’]bi-
pyridine (7.0 mg, 42.4 mmol) in benzene (4.0 mL) for 14 h at 75 8C. FC
(ethyl acetate/MeOH 30:1) yielded 19 a (169 mg, 39 %). 1H NMR
(300 MHz, CDCl3): d =7.33–7.23 (m, 5H, Ph-H), 6.94 (1 H, NH), 5.75–
5.63 (m, 1H, H2C=CH), 4.96–4.88 (m, 2 H, H2C=CH), 4.60 (dd, J1 =10.6,
J2 =3.9 Hz, 1 H, OCH), 3.40–3.18 (m, 1 H, NCH2), 2.96–2.67 (m, 2H,
NCH2, OCCH2), 2.44–2.05 (m, 1H, OCH2), 2.31–1.80 (m, 4 H, CH2),
1.44–1.03 (m, 12H, CH2, CH3), 0.70 (br s, 1H, CH3), 0.60 (br s, 1H, CH3);
13C NMR (75 MHz, CDCl3): d= 175.7 (C), 143.8 (C), 138.5 (CH), 128.0
(CH), 127.4 (CH), 114.6 (CH2), 87.9 (CH), 63.5 (C), 61.8 (C), 51.0 (CH2),
47.2 (CH2), 34.8 (CH2), 34.2 (CH3), 33.6 (CH2), 30.1 (CH3), 24.7 (CH2),
22.8 (CH3), 20.4 (CH3); IR (neat): ñ = 3426br, 3214m, 3081w, 2078w,
2949m, 1676s, 1493w, 1434w, 1381m, 1247m cm�1; MS (ESI): m/z : 367
(33) [M+Na]+ , 345 (100) [M+H]+ , 255 (17), 227 (21), 195 (28); HRMS
(ESI): m/z : calcd for C21H33N2O2: 345.2542; found: 345.2540 [M+H]+ .


2,2,7,7-Tetramethyl-1-(-2-phenyl-cyclopentylmethyloxy)-[1,4]diazepan-5-
one (19 b), 2,2,7,7-tetramethyl-1-(-2-phenyl-cyclohexyloxy)-[1,4]diazepan-
5-one (19 c): According to GP 1 a solution of alkoxyamine 19a (25 mg,
0.073 mmol) and CSA (1.8 mg, 0.0073 mmol) in tBuOH (3.65 mL, 0.02 m)
was heated to 130 8C for 36 h. The reaction was not yet completed and
the products could not be separated from the starting material. Due to
the complexity of the NMR spectra (starting material 19 a, 2 isomers of
19b, 2 isomers of 19 c) the reaction product was not analyzed.


2,2,7,7-Tetramethyl-1-(1-phenyl-hex-5-enyloxy)-azepane-4-one (20 a):
GP 2 was applied by using the corresponding nitroxide[13] (527 mg,
2.86 mmol), (1-bromo-hex-5-enyl)-benzene (570 mg, 2.38 mmol),
Cu(OTf)2 (8.6 mg, 0.024 mmol), Cu (159 mg, 2.50 mmol) and 4,4’-di-tert-
butyl-[2,2’]bipyridine (12.8 mg, 0.095 mmol). FC (pentane/MTBE 4:1)
yielded alkoxyamine 20 a as a yellowish oil (204 mg, 25 %). 1H NMR
(300 MHz, CDCl3): both isomers: d =7.23–7.19 (m, 5H, Ph-H), 5.70–5.57
(m, 1 H, CH2=CH), 4.90–4.82 (m, 2 H, CH2=CH), 4.51 (dd, J1 =3.6, J2


=9.9, 1H, CHON), 2.86 (d, J =11.6 Hz, 1H, CHC=O, single isomer),
2.72 (d, J=11.6 Hz, 1H, CHC=O, single isomer), 2.39 (d, J =11.6 Hz,
1H, CHC=O, single isomer), 2.24 (d, J= 11.6 Hz, 1H, CHC=O, single
isomer), 2.13–1.60 (m, 8 H, CH2), 1.42–1.06 (m, 11 H, CH2, CH3), 0.69,
0.55 (2 s, 3H, CH3, both isomers); 13C NMR (75 MHz, CDCl3): both iso-
mers: d =211.4, 211.2, 142.1, 138.3, 128.2, 127.7, 127.2, 125.7, 114.4, 87.1,
63.4, 62.2, 37.7, 36.3, 36.0, 33.9, 33.4, 32.5, 32.3, 25.1, 24.7, 24.3; IR (film):
ñ = 2974s, 2937s, 1714s, 1454m, 1363m, 911m, 700s cm�1; MS (ESI): m/z :
366 (33) [M+Na]+ , 207 (100); HRMS (ESI): m/z : calcd for
C22H33NNaO2: 366.2409; found: 366.2396 [M+Na]+ .


2,2,7,7-Tetramethyl-1-(2-phenyl-cyclopentylmethoxy)-azepan-4-one (20b),
2,2,7,7-tetramethyl-1-(3-phenyl-cyclohexyloxy)-azepan-4-one (20 c): Ac-
cording to GP 1 a solution of alkoxyamine 20 b (90.0 mg, 0.26 mmol) and
CSA (5.70 mg, 0.026 mmol) in tBuOH (0.02 m) was heated in a sealed
tube to 130 8C for 20 h. FC (pentane/MTBE 4:1) yielded the desired
product as a yellow oil (66.0 mg, 0.19 mmol, 74%). The isomerization
product was isolated as an unseparable mixture of 20b (two diaster-
eoisomers) and 20c (due to the complexity of the NMR spectra the prod-
uct ratios could not be determined). 1H NMR (200 MHz, CDCl3): d


=7.22–7.07 (m, 5H, Ph-H), 3.68–3.46 (m, 2 H, CH2ON), 3.25–3.07 (m,
1H, CHPh), 2.79–0.82 (m, 25H, CH2, CH, CH3); IR (neat): ñ = 2946s,
2873s, 1710s, 1493m, 1451m, 1363m, 1222m, 1031s, 759m, 703s cm�1; MS
(ESI): m/z : 366 (100) [M+Na]+ , 344 (21) [M+H]+ , 288 (10), 242 (31),
232 (11); HRMS (ESI): m/z : calcd for C22H34NO2: 344.2590; found:
344.2588 [M+H]+ .
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2,2,7,7-Tetramethyl-1-(1-phenyl-5-hexenyloxy)-azepan-4-ol (21 a): A so-
lution of alkoxyamine 20a (500 mg, 1.46 mmol) in MeOH (50 mL) with
molecular sieves (3) �) was cooled to 0 8C and NaBH4 (275 mg,
7.28 mmol) was added portionwise. After gas development ceased
MeOH (70 mL) was added to dissolve the solid formed. The solution was
stirred at room temperature for 24 h prior to the addition of NH4Cl (aq.
sat. , 30 mL). The resulting suspension was filtered, washed with Et2O
(3 � 30 mL) and the combined organic layers were dried over MgSO4.
Evaporation of the solvent and purification by FC (pentane/MTBE 4:1)
yielded 21a as a yellow oil (450 mg, 89 %). Alkoxyamine 21a was isolat-
ed as an unseparable mixture of diastereoisomers. Due to the complexity
of the NMR spectra the diastereomeric ratios could not be determined.
1H NMR (300 MHz, CDCl3): d=7.33–7.19 (m, 5 H, Ph-H), 5.77–5.62 (m,
1H, CH2=CH), 5.47–5.26 (m, 1 H, OH, both isomers), 4.96–4.88 (m, 2H,
CH2=CH), 4.62–4.53 (m, 1 H, CHON), 4.08–3.93 (m, 1 H, CHOH), 2.36–
1.01 (m, 21 H, CH2, CH3), 0.72, 0.64, 0.53 (3 s, 3 H, CH, both isomers); IR
(neat): ñ = 3352m, 2936s, 1478m, 1454m, 1361s, 1160m, 911m, 700m
cm�1; MS (ESI): m/z : 346 (100) [M+H]+ , 188 (34), 171 (30).


2,2,7,7-Tetramethyl-1-(2-phenyl-cyclopentylmethoxy)-azepan-4-ol (21 b),
2,2,7,7-tetramethyl-1-(2-phenyl-cyclohexyloxy)-azepan-4-ol (21 c): Ac-
cording to GP 1 a solution of alkoxyamine 21 a (79.0 mg, 0.23 mmol) and
CSA (5.00 mg, 0.023 mmol) in tBuOH (0.02 m) was heated to 130 8C for
3 h. FC (pentane/MTBE 4:1) yielded the isomerization product as a
yellow oil (60.0 mg, 75 %). Both 21b (cis and trans isomers) and 21 c
were observed. Due to the complexity of the NMR spectra the product
ratios could not be determined. 1H NMR (200 MHz, CDCl3): d =7.24–
7.09 (m, 5 H, Ph-H), 4.92 (br s, 1 H, OH), 3.99–3.60 (br m, 3 H, CHOH,
CH2ON), 3.42–3.17 (m, 1H, PhCH), 2.76–0.93 (m, 25H); IR (neat): ñ =


3359brm, 2936s, 2871s, 1474m, 1451m, 1359m, 1238w, 1161m, 1036s,
755m, 699s cm�1; MS (ESI): m/z : 368 (18) [M+Na]+ , 346 (100) [M+H]+ ,
328 (13), 290 (7), 242 (25), 192 (10), 171 (8).


2,2,6,6-Tetraethyl-1-(1-phenylhex-5-enyloxy)-piperidin-4-ol (22 a): GP 2
was applied by using (1-bromo-hex-5-enyl)-benzene (281 mg, 1.17 mmol),
corresponding nitroxide[15] (295 mg, 1.29 mmol), Cu (78 mg, 1.23 mmol),
Cu(OTf)2 (9.4 mg, 0.026 mmol) and 4,4’-di-tert-butyl-[2,2’]bipyridine
(13.8 mg, 0.103 mmol) in benzene (4.0 mL) for 14 h at 75 8C. FC (Et2O/
pentane 1:3) yielded 22 a (146 mg, 32%). 1H NMR (200 MHz, CDCl3): d


=7.30–7.11 (m, 5 H, Ph-H), 5.76–5.62 (m, 1H, H2C=CH), 4.97–4.87 (m,
2H, H2C=CH), 4.73 (s, 1H, OH), 4.49 (dd, J1 =10.1, J2 =3.4 Hz, 1H,
NOCH), 4.01–3.79 (m, 1 H, HOCH), 2.14–0.58 (m, 30H, CH2, CH3);
13C NMR (50 MHz, CDCl3): d=138.6 (C), 128.2 (CH), 127.3 (CH), 127.0
(CH), 125.7 (CH), 114.4 (CH2), 86.0 (CH), 65.4 (C), 65.0 (C), 62.5 (CH),
39.9 (CH2), 39.6 (CH2), 35.7 (CH2), 33.6 (CH2), 30.3 (CH2), 30.1 (CH2),
29.5 (CH2), 29.1 (CH2), 24.6 (CH2), 10.2 (CH3), 10.0 (CH3), 8.2 (CH3), 8.0
(CH3); IR (neat): ñ = 3325br, 3027w, 2959s, 2877s, 1942w, 1803w, 1640w,
1603w, 1493m, 1464s, 1377m cm�1; MS (ESI): m/z : 410 (27) [M+Na]+ ,
388 (82) [M+H]+ , 372 (77), 260 (41), 242 (72), 184 (100); HRMS (ESI):
m/z : calcd for C25H42NO2: 388.3216; found: 388.3209 [M+H]+ .


2,2,6,6-Tetraethyl-1-(2-phenylcyclopentylmethoxy)-piperidin-4-ol (22 b),
2,2,6,6-tetraethyl-1-(3-phenylcyclohexyloxy)-piperidin-4-ol (22 c): GP 1
was applied by using alkoxyamine 22 a (49.0 mg, 0.133 mmol) in tBuOH
(6.6 mL) for 15 min. FC (Et2O/pentane 1:3) yielded the products 22 b and
22c (48.1 mg, 95%) as mixture of isomers (22b/22c 12.5:1; 22b : trans/cis
2.7:1). 1H NMR (500 MHz, CDCl3): trans-22b : d=7.37–7.17 (m, 5H, Ph-
H), 4.02–3.84 (m, 1 H, CH), 3.64–3.59 (m, 2 H, CH2), 2.69 (dt, J1 =8.3, J2


=8.3 Hz, 1 H, CH), 2.18–1.07 (m, 20 H, CH2, CH, OH), 1.10–0.81 (m,
12H, CH3); cis-22 b : d=7.37–7.17 (m, 5H, Ph-H), 4.02–3.84 (m, 1H,
CH), 3.27–3.22 (m, 2 H, CH2), 2.43–2.35 (m, 1 H), 2.18–1.07 (m, 20 H,
CH2, OH), 1.06–0.68 (m, 12 H, CH3); 13C NMR (125 MHz, CDCl3): mix-
ture of isomers: d=145.5 (C), 138.4 (C), 128.4 (CH), 128.3 (CH), 128.2
(CH), 128.1 (CH), 127.9 (CH), 127.3 (CH), 126.8 (CH), 125.8 (CH),
127.7 (CH), 76.5 (CH), 75.4 (CH), 65.4 (C), 65.3 (C), 65.0 (C), 64.8 (C),
64.7 (C), 62.9 (C H), 49.1 (CH), 47.5 (CH), 47.3 (CH), 43.6 (CH), 40.1
(CH2), 40.0 (CH2), 39.9 (CH2), 39.6 (CH2), 35.7 (CH2), 30.9 (CH2), 30.3
(CH2), 29.5 (CH2), 29.3 (CH2), 29.2 (CH2), 29.1 (CH2), 28.9 (CH2), 27.4
(CH2), 27.1 (CH2), 24.6 (CH2), 23.8 (CH2), 10.2 (CH3), 10.1 (CH3), 8.3
(CH3), 8.2 (CH3), 8.1 (CH3), 8.0 (CH3), 7.9 (CH3); IR (neat): ñ = 3338br,
3062w, 3027w, 2959s, 2877m, 1603w, 1493w, 1466m, 1378m, 1038s cm�1;


MS (ESI): m/z : 389 (27), 388 (100) [M+H]+, 320 (10), 260 (11), 192 (11),
184 (13); HRMS (ESI): m/z : calcd for C25H42NO2: 388.3216; found:
388.3216 [M+H]+ .


2,2,6,6-Tetraethyl-1-(1-phenylhex-5-enyloxy)-piperidin-4-one (23 a): GP 2
was applied by using (1-bromo-hex-5-enyl)benzene (191 mg, 0.80 mmol),
corresponding nitroxide[15] (200 mg, 0.88 mmol), Cu (53 mg, 0.84 mmol),
Cu(OTf)2 (3.0 mg, 8.4 mmol) and 4,4’-di-tert-butyl-[2,2’]bipyridine (4.5 mg,
0.034 mmol) in benzene (2.6 mL) for 14 h at 75 8C. FC (Et2O/pentane
1:20) yielded alkoxyamine 23 a (86 mg, 28 %). 1H NMR (300 MHz,
CDCl3): d=7.23–7.19 (m, 5H, Ph-H), 5.68–5.59 (m, 1H, CH), 4.90–4.82
(m, 2H, CH2), 4.44 (dd, J1 =10.0, J2 =3.9 Hz, 1H, CH), 2.24 (br s, 4 H,
CH2), 1.98–1.89 (m, 4H, CH2), 1.69–1.62 (m, 6H, CH2), 1.10–0.49 (m,
4H, CH2), 0.99 (br s, 3H, CH3), 0.86 (br s, 3H, CH3), 0.65 (br s, 3H, CH3),
0.52 (br s, 3 H, CH3); 13C NMR (75 MHz, CDCl3): d=211.0 (C), 142.8
(C), 138.4 (CH), 127.8 (CH), 127.6 (2 CH), 127.4 (CH), 114.5 (CH2), 87.0
(CH), 66.2 (C), 66.1 (C), 46.5 (CH2), 35.3 (CH2), 33.5 (CH2), 30.9 (CH2),
30.0 (CH2), 29.5 (CH2), 28.6 (2 � CH2), 24.7 (CH2), 9.7 (CH3), 9.5 (CH3),
8.6 (CH3), 8.3 (CH3); IR (CCl4): ñ = 3444w, 3065w, 2971s, 2940s, 2881m,
1718s, 1463m, 1329m cm�1; MS (ESI): m/z : 408 (83) [M+Na]+ , 386 (4)
[M+H]+ , 281 (65), 249 (100); HRMS (ESI): m/z : calcd for
C25H39NNaO2: 408.2879; found: 408.2879 [M+Na]+ .


2,2,6,6-Tetraethyl-1-(2-cyclopentylmethyloxy)-piperidin-4-one (23 b),
2,2,6,6-tetraethyl-1-(2-cyclohexyloxy)-piperidin-4-one (23 c): According to
GP 1 a solution of alkoxyamine 23a (10 mg, 26.0 mmol) and CSA
(0.6 mg, 2.6 mmol) in tBuOH (1.3 mL) was heated to 130 8C for 24 h. The
reaction was not yet completed and the products could not be separated
from the starting material. Due to the complexity of the NMR spectra
(starting material 23a, 2 isomers of 23 b, 2 isomers of 23 c) the reaction
product was not analyzed.


trans-2,6-Bis(tert-butyldimethylsilyloxymethyl)-2,6-diethyl-1-(1-phenyl-
hex-5-enyloxy)-piperidin (24 a): GP 2 was applied by using (1-bromohex-
5-enyl)benzene (76 mg, 0.319 mmol), the corresponding nitroxide[14]


(142 mg, 0.319 mmol), Cu (20 mg, 0.319 mmol), Cu(OTf)2 (5.8 mg,
0.016 mmol), 4,4’-di-tert-butyl-[2,2’]bipyridine (8.6 mg, 0.064 mmol) in
benzene (2.0 mL) for 16 h at 75 8C. FC (pentane) yielded alkoxyamine
24a (183 mg, 93%) as a mixture of diastereoisomers (dr 1:1). Isomer A:
1H NMR (400 MHz, CDCl3): d=7.34–7.13 (m, 5 H, Ph-H), 5.74–5.64 (m,
1H, CH), 4.95–4.87 (m, 2 H, CH2), 4.77–4.73 (m, 1 H, CH), 4.00–3.92 (m,
4H, CH2), 2.14–0.50 (m, 40H), 0.10–(�0.07) (m, 12H, CH3); 13C NMR
(100 MHz, CDCl3): d=144.2 (C), 138.7 (CH), 128.2 (CH), 127.6 (2 � CH),
127.1 (2 � CH), 114.4 (CH2), 86.8 (CH), 78.0 (CH2), 76.3 (CH2), 65.7 (C),
65.0 (C), 36.7 (CH2), 33.9 (CH2), 31.0 (CH2), 30.4 (CH2), 28.9 (CH2), 28.7
(CH2), 25.9 (6 � CH3), 24.8 (CH2), 18.2 (2 � C), 15.8 (CH2), 10.1 (CH3), 7.9
(CH3), �5.5 (CH3); isomer B: 1H NMR (400 MHz, CDCl3): d=7.34–7.13
(m, 5 H, CH), 5.74–5.64 (m, 1H, CH), 4.95–4.87 (m, 2 H, CH2), 4.57 (dd,
J1 =10.2, J2 =3.3 Hz, 1 H, CH), 4.00–3.92 (m, 4H, CH2), 2.14–0.50 (m,
40H), 0.10–(�0.01) (m, 12H, CH3); 13C NMR (100 MHz, CDCl3): d


=144.2 (C), 138.7 (CH), 128.3 (CH), 127.3 (2 � CH), 126.8 (2 � CH), 114.4
(CH2), 86.8 (CH), 78.0 (CH2), 76.3 (CH2), 68.7 (C), 68.0 (C), 36.7 (CH2),
33.9 (CH2), 31.7 (CH2), 31.2 (CH2), 30.4 (CH2), 28.9 (CH2), 25.9 (6 �
CH3), 24.8 (CH2), 18.2 (2 � C), 15.8 (CH2), 10.3 (CH3), 8.0 (CH3), �5.5
(CH3); IR (neat): ñ = 2954s, 2930s, 2881m, 2857m, 1641br, 1471m,
1254m, 1089s cm�1; MS (ESI): m/z : 604 (100) [M+H]+ , 569 (79); HRMS
(ESI): m/z : calcd for C35H66NO3Si2: 604.4581; found: 604.4583 [M+H]+ .


trans-2,6-Bis(tert-butyldimethylsilyloxymethyl)-2,6-diethyl-1-(2-phenylcy-
clopentylmethoxy)-piperidine (24 b), trans-2,6-bis(tert-butyldimethylsily-
loxymethyl)-2,6-diethyl-1-(3-phenylcyclohexyloxy)-piperidine (24 c): GP 1
was applied by using alkoxyamine 24a (46.0 mg, 76.2 mmol) in tBuOH
(3.8 mL, 0.02 m) for 20 min. FC (Et2O/pentane 1:250) yielded the prod-
ucts 24b and 24 c (39.2 mg, 84%) as a mixture of isomers (24b/24 c
10.6:1; 24b : trans/cis 2.9:1; 24c : dr 1.1:1; the diastereoisomers due to the
stereogenic centre of the nitroxide moiety are formed in a 1:1 ratio).
1H NMR (500 MHz, CDCl3): trans-24 b : d=7.33–7.13 (m, 5 H, CH), 4.00–
3.24 (m, 6 H, CH2), 2.70–2.59 (m, 1H, CH), 2.15–1.15 (m, 23H), 0.90–0.77
(m, 18H, CH3), 0.07–(�0.13) (m, 12H, CH3); cis-24b : d= 7.33–7.13 (m,
5H, CH), 4.00–3.24 (m, 4H, CH2), 3.23–3.17 (m, 3 H), 2.15–1.15 (m,
23H), 0.90–0.77 (m, 18H, CH3), 0.07–(�0.13) (m, 12H, CH3); 24 c
(isomer A): d =7.33–7.13 (m, 5 H, CH), 4.00–3.24 (m, 5H), 2.90–2.84 (m,


Chem. Eur. J. 2005, 11, 2335 – 2350 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2345


FULL PAPERPersistent Radical Effect



www.chemeurj.org





1H, CH), 2.15–1.15 (m, 24H), 0.90–0.77 (m, 18H, CH3), 0.07–(�0.13) (m,
12H, CH3); 24c (isomer B): d=7.33–7.13 (m, 5H, CH), 4.00–3.24 (m,
5H), 2.49–2.46 (m, 1 H, CH), 2.15–1.15 (m, 24 H), 0.90–0.77 (m, 18H,
CH3), 0.07–(�0.13) (m, 12 H, CH3); 13C NMR (125 MHz, CDCl3): mixture
of isomers: d=145.8 (C), 145.6 (C), 128.3 (CH), 128.2 (CH), 127.4 (CH),
127.3 (CH), 125.8 (CH), 125.7 (CH), 78.0 (CH2), 77.9 (CH2), 68.1 (CH2),
65.8 (C), 65.6 (C), 65.5 (C), 65.0 (C), 63.6 (CH2), 49.5 (CH), 49.1 (CH),
47.3 (CH), 35.9 (CH2), 35.8 (CH2), 31.7 (CH2), 31.5 (CH2), 30.4 (CH2),
30.2 (CH2), 28.7 (CH2), 28.1 (CH2), 26.0 (CH3), 24.9 (CH2), 24.8 (CH2),
24.6 (CH2), 18.2 (C), 15.8 (CH2), 10.3 (CH3), 10.2 (CH3), 7.9 (CH3), 7.7
(CH3), �5.5 (CH3); IR (neat): ñ = 3063w, 3027w, 2955s, 2880s, 2857s,
1939w, 1603w, 1471m, 1462m, 1254s, 1089s cm�1; MS (ESI): m/z : 605 (43),
604 (100) [M+H]+ , 569 (78); HRMS (ESI): m/z : calcd for C35H66NO3Si2:
406.4582; found: 406.4559 [M+H]+ .


N-Methoxy-N-methyl-2-(2,2,6,6-tetramethyl-piperidin-1-yloxy)-malonam-
ic acid methylester (27): GP 3 was applied by using N-methoxy-N-methyl
malonamic acid methylester (483 mg, 3.00 mmol), DIPA (0.47 mL,
3.30 mmol), nBuLi (2.35 m in hexane, 1.40 mL, 3.30 mmol), TEMPO
(516 mg, 3.30 mmol) and CuCl2 (1.210 g, 9.00 mmol) in DME (18 mL)
and stirring for 5 h at room temperature. FC (Et2O/pentane 1:5) yielded
alkoxyamine 27 (746 mg, 2.36 mmol, 79 %) as a colourless oil. 1H NMR
(500 MHz, CDCl3): d= 5.27 (s, 1 H, CCH3), 3.74 (s, 3H, NOCH3), 3.73 (s,
3H, COCH3), 3.16 (s, 3H, NCH3), 1.57–1.25 (m, 6H, CH2), 1.22 (s, 3 H,
CCH3), 1.16 (s, 3 H, CCH3), 1.11 (s, 3H, CCH3), 1.05 (s, 3H, CCH3);
13C NMR (125 MHz, CDCl3): d=168.8 ((CO)O), 167.8 ((CO)N), 84.3
(CH), 61.5 (NOCH3), 60.5 (NC(CH3)2), 59.9 (NC(CH3)2), 52.1 (OCH3),
40.1 (CH2), 32.6 (NCH3), 32.4 (CH3), 20.3 (CH3), 20.0 (CH3), 16.9 (CH2);
IR (neat): ñ = 3501m, 2958s, 2922w, 1761s, 1670s, 1473m, 1428m, 1384m,
1361w, 1307w, 1264s, 1199s, 1176w, 1136w, 1080s, 1018w, 999w, 944w,
931w, 652m, 588m cm�1; MS (ESI): m/z : 317 (100) [M+H]+, 183 (6), 156
(33), 140 (8), 126 (7); HRMS (ESI): m/z : calcd for C15H29N2O5: 317.2076;
found: 317.2074 [M+H]+ .


3-Oxo-2-(2,2,6,6-tetramethyl-piperidin-1-yloxy)-methylbutanoate (28):
GP 3 was applied by using 3-oxo butyric acid methylester (1.858 g,
16.00 mmol), DIPA (2.49 mL, 17.60 mmol), nBuLi (2.19 m in hexane,
8.05 mL, 17.60 mmol), TEMPO (2.750 g, 17.60 mmol) and CuCl2 (2.366 g,
17.60 mmol) in DME (64 mL) and stirring at room temperature for 2 h.
FC (Et2O/pentane 1:20) yielded alkoxyamine 28 (2.065 g, 7.61 mmol,
48%). 1H NMR (300 MHz, CDCl3): d=4.83 (s, 1 H, CH), 3.76 (s, 3H,
OCH3), 2.32 (s, 3H, OCCH3), 1.60–1.26 (m, 6 H, CH2), 1.20 (s, 6 H, CH3),
1.04 (s, 3 H, CH3), 1.00 (s, 3H, CH3); 13C NMR (75 MHz, CDCl3): d


=202.3 (H3CCO), 167.8 (OCO), 92.9 (CH), 59.8 (NC), 59.5 (NC), 51.9
(OCH3), 39.6 (CH2), 32.5 (CH3), 32.0 (CH3), 26.0 (CH3), 19.7 (CH3), 16.4
(CH2); IR (KBr): ñ = 3004m, 2986m, 2931s, 1749s, 1717s, 1455m, 1435m,
1376w, 1362m, 1315m, 1236m, 1198s, 1172s, 1133w, 1085s, 993w, 975w,
958w, 925m, 523m cm�1; MS (ESI): m/z : 272 (55) [M+H]+, 156 (77), 142
(25), 126 (100); HRMS (ESI): m/z : calcd for C14H26NO4: 272.1862;
found: 272.1858 [M+H]+ .


3-Oxo-2-(2,2,6,6-tetramethyl-piperidin-1-yloxy)-pentanoic acid methyl
ester (29): Applying GP 3 by using LDA (5.50 mmol), 3-oxo-pentanoic
acid methyl ester (651 mg, 5.00 mmol), TEMPO (859 mg, 5.50 mmol) and
CuCl2 (1.345 g, 10.00 mmol) in DME (23 mL). Stirring at 0 8C for 6 h. FC
(Et2O/pentane 1:15!1:9) yielded 29 (841 mg, 59%). M.p. 53 8C;
1H NMR (300 MHz, CDCl3): d =4.85 (s, 1 H, OCH), 3.73 (d, J =0.6 Hz,
3H, OCH3), 2.80 (dq, J1 =18.6, J2 =7.2 Hz, 1 H, OCCH2), 2.57 (dq, J1


=18.6, J2 =7.2 Hz, 1 H, OCCH2), 1.44–0.96 (m, 18H, CH2, CH3), 1.06 (t, J
=7.2 Hz, 3 H, CH2CH3); 13C NMR (75 MHz, CDCl3): d=205.3 (C), 168.5
(C), 93.1 (CH), 60.3 (C), 60.0 (C), 52.3 (CH3), 40.1 (CH2), 33.0 (CH3),
32.5 (CH3), 32.3 (CH2), 24.2 (CH2), 20.1 (CH3), 16.9 (CH2), 7.0 (CH3); IR
(neat): ñ = 2980m, 2938s, 2875w, 1740s, 1708s, 1651w, 1452m, 1436w,
1377w, 1360m, 1313m, 1237m, 1169m, 1137s, 1085s, 1051m, 992w, 973w,
957w, 925m, 875w, 839w, 794s, 740m, 689w, 632w, 581w, 516w cm�1; MS
(ESI): m/z : 308 (31) [M+Na]+ , 286 (22) [M+H]+ , 118 (36), 104 (75), 90
(100), 76 (64), 72 (49), 58 (38); HRMS (ESI): m/z : calcd for
C15H27NO4Na: 308.1832; found: 308.1820 [M+Na]+ .


4,4-Dimethyl-3-oxo-2-(2,2,6,6-tetramethyl-piperidin-1-yloxy)- pentanoic
acid ethylester (30): GP 3 was applied by using 4,4-dimethyl-3-oxo-penta-
noic acid methylester (334 mg, 1.94 mmol), DIPA (0.30 mL, 2.13 mmol),


nBuLi (2.35 m in hexane, 0.91 mL, 2.13 mmol), TEMPO (333 mg,
2.13 mmol) and CuCl2 (782 g, 5.82 mmol) in DME (12 mL) and stirring
at room temperature for 17 h. FC (Et2O/pentane 1:10) yielded alkoxy-
amine 30 (447 mg, 1.37 mmol, 48%). 1H NMR (300 MHz, CDCl3): d


=5.30 (s, 1H, CH), 4.20 (q, J=7.1 Hz, 2 H, OCH2), 1.69–1.39 (m, 6 H, 3�
CH2), 1.28 (t, J =7.1 Hz, 3H, CH2CH3), 1.23–1.11 (m, 15H, C(CH3)3,
CH3), 0.97 (s, 3H, CH3), 0.93 (s, 3H, CH3); 13C NMR (75 MHz, CDCl3):
d=208.1 ((H3C)3CCO), 167.7 (COOEt), 89.5 (CH), 61.4 (OCH2), 60.5
(NC), 59.8 (NC), 44.2 ((CH3)3C), 40.1 (CH2), 33.0 (CH3), 27.1 ((CH3)3C),
20.3 (CH3), 20.1 (CH3), 17.0 (CH2), 14.0 (CH3); IR (neat): ñ = 2987s,
2936s, 2872w, 1750s, 1716s, 1472m, 1362m, 1325m, 1271w, 1242m, 1174m,
1093s, 1048w, 1016m, 986m cm�1; MS (ESI): m/z : 328 (100) [M+H]+ , 158
(53), 156 (16), 142 (15), 126 (35); HRMS (ESI): m/z : calcd for
C18H34NO4: 328.2488; found: 328.2461 [M+H]+ .


Diethoxyphosphoryl-(2,2,6,6-tetramethyl-piperidin-1-yloxy)-acetic acid
ethyl ester (31): GP 3 was applied by using diethoxyphosphoryl-acetic
acid ethyl ester (0.68 mL, 3.46 mmol), DIPA (0.54 mL, 3.84 mmol),
nBuLi (1.6 m in hexane, 2.4 mL, 3.84 mmol), TEMPO (600 mg,
3.84 mmol) and CuCl2 (4.66 g, 34.6 mmol) in DME (60 mL). FC (ace-
tone/pentane 1:4) yielded 31 (1.1 g, 83%). 1H NMR (200 MHz, CDCl3): d


=4.81 (d, J =18.0 Hz, 1 H, CH), 4.32–4.10 (m, 6H, OCH2), 1.43–1.05 (m,
27H, 3 � CH3CH2, TEMPO); 13C NMR (75 MHz, CDCl3): d =168.6 (C),
83.6 (d, J= 147.6 Hz, CHP), 63.4–62.9 (m, CH2-O-P), 61.2 (CH2), 60.0
(C), 40.7 (CH2), 16.9 (CH2), 16.4 (CH2), 16.3 (CH3), 16.3 (CH3), 13.9
(CH3); IR (neat): ñ = 2978s, 2934s, 1788s, 1468m, 1379m, 1366m, 1263s,
1213m, 1150m, 1097m, 1024s, 975m, 902w, 875s, 789m, 599m, 540m cm�1;
MS (EI): m/z : 379 (75) [M]+ , 364 (100), 296 (66), 156 (71) [TEMPO]+ ;
HRMS (EI): m/z : calcd for C17H34NO6P: 379.2124; found: 379.2124 [M]+.


[(Dimethoxyphosphoryl)-(2,2,6,6-tetramethylpiperidin-1-yloxy)-methyl]-
phosphonic acid dimethylester (32): GP 3 was applied by using DIPA
(0.72 mL, 5.19 mmol), nBuLi (1.62 m in hexane, 3.2 mL, 5.19 mmol), (di-
methoxyphosphorylmethyl)-phosphonic acid dimethylester (803 mg,
3.46 mmol), TEMPO (600 mg, 3.81 mmol) and CuCl2 (4.66 g,
34.60 mmol) in DME (40 mL) and stirring at �60 8C for 90 min before al-
lowing to warm up and stirring at room temperature for another 3 h. FC
(acetone) yielded alkoxyamine 32 (526 mg, 39%). 1H NMR (300 MHz,
CDCl3): d=4.85 (t, J =26.3 Hz, 1 H, CH), 3.87–3.81 (m, 12H, OCH3),
1.61–1.22 (m, 18H, TEMPO); 13C NMR (75 MHz, CDCl3): d=76.3 (t, JCP


=148.9 Hz, CH), 61.7 (CH2), 53.3 (CH3), 40.9 (CH2), 33.5 (CH3), 20.5
(CH3), 16.9 (CH2); IR (neat): ñ = 2955s, 2853s, 1467s, 1369m, 1365m,
1260s, 1183m, 1132m, 1039s, 862m, 832m, 784m, 603m, 529m cm�1; MS
(EI): m/z : 387 (61) [M]+ , 304 (80), 323 (91), 157 (74) [TEMPO�H]+ , 156
(100) [TEMPO], 124 (77); HRMS (EI): m/z : calcd for C14H31NO7P2:
387.1576; found: 387.1576 [M]+ .


2-(Methoxy-methyl-carbamoyl)-4-(2,2,6,6-tetramethyl-piperidin-1-yloxy)-
decanoic acid methylester (33): GP 4 was applied by using alkoxyamine
29 (160 mg, 0.51 mmol) and 1-octene (284 mg, 2.53 mmol) in DCE
(0.5 mL) at 135 8C for 3 d. FC (Et2O/pentane 1:5) yielded 33 (71 mg,
0.17 mmol, 33%). Alkoxyamine 33 was isolated as an unseparable mix-
ture of diastereoisomers (dr 1:1). 1H NMR (400 MHz, CDCl3): both iso-
mers: d= 4.06 (t, J =7.1 Hz, 1 H, OCCHCO), 3.84–3.75 (m, 1 H, OCH),
3.71 (s, 3H, NOCH3), 3.70 (s, 3 H, COCH3), 3.20 (s, 3H, NCH3), 2.19–
2.06 (m, 2 H, CH2), 1.66–1.37 (m, 6H, CH2), 1.35–1.16 (m, 10H, CH2),
1.07 (s, 12 H, CH3), 0.87 (t, J =6.3 Hz, 3H, CH3); 13C NMR (100 MHz,
CDCl3): both isomers: d=170.9 (OCO), 170.5 (CON), 79.2 (OCH), 61.2
(NOCH3), 60.0 (NC(CH3)2), 59.3 (NC(CH3)2), 52.2 (OCH3), 45.5
(OCCHCO), 40.4 (CH2), 40.2 (CH2), 34.2 (NCH3), 33.2 (CH2), 32.9
(CH2), 32.7 (CH3), 31.9 (CH2), 29.6 (CH2), 25.8 (CH2), 22.6 (CH2), 20.5
(CH3), 17.4 (CH2), 14.1 (CH3); IR (neat): ñ = 3470w, 2930s, 2871m,
1745s, 1675s, 1465s, 1377s, 1361m, 1259m, 1181m, 1133m, 992m, 958w,
721w, 593w cm�1; MS (ESI): m/z : 429 (100) [M+H]+ ; HRMS (ESI): m/z :
calcd for C23H45N2O5: 429.3328; found: 429.3338 [M+H]+ .


2-(2,2-Dimethylpropionyl)-4-(2,2,6,6-tetramethyl-piperidin-1-yloxy)-dec-
anoic acid ethylester (36): GP 4 was applied by using alkoxyamine 30
(100 mg, 0.31 mmol) and 1-octene (171 mg, 1.53 mmol) in DCE
(0.31 mL) at 135 8C for 3 d. FC (Et2O/pentane 1:10) yielded 36 (68 mg,
0.15 mmol, 51%). Alkoxyamine 36 was isolated as an unseparable mix-
ture of diastereoisomers (dr 1:1). 1H NMR (200 MHz, CDCl3): both iso-
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mers: d=4.46 (dd, J =8.8, J= 2.8 Hz, 2H, OCCHCO), 4.16 (q, J =7.0 Hz,
2H, OCH2), 4.13 (q, J=7.3 Hz, 2 H, OCH2), 3.81–3.65 (m, 2H, NOCH),
2.34–1.98 (m, 4 H, CH2), 1.68–1.41 (m, 12H, CH2), 1.27–1.15 (m, 25H,
C(CH3)3, CH3, CH2), 1.06 (s, 9 H, CH3), 1.05 (s, 9H, CH3), 0.87 (t, J
=6.3 Hz, 6H, CH3); 13C NMR (75 MHz, CDCl3): both isomers: d=210.8
((H3C)3CCO), 169.9 (OCO), 169.8 (OCO), 79.8 (OCH), 79.4 (OCH),
61.1 (NC), 61.0 (OCH2), 60.3 (NC), 50.0 (OCCHCO), 48.9 (OCCHCO),
45.5 ((H3C)3C), 45.4 ((H3C)3C), 40.5 (CH2), 40.2 (CH2), 40.1 (CH2), 34.5
(CH2), 34.4 (CH3), 34.1 (CH3), 33.6 (CH2), 33.2 (CH2), 32.7 (CH3), 31.9
(CH2), 29.6 (CH2), 29.6 (CH2), 26.5 (CH3), 26.2 (CH3), 26.0 (CH2), 25.8
(CH2), 22.6 (CH2), 22.6 (CH2), 20.7 (CH3), 20.6 (CH3), 17.4 (CH2), 17.3
(CH2), 14.7 (CH3), 14.6 (CH3), 14.3 (CH3); IR (neat): ñ =3441w, 2930s,
2872m, 1748s, 1709s, 1466m, 1366m, 1226w, 1182m, 1132w, 1043w, 989w,
957w, 942w, 716w cm�1; MS (ESI): m/Z : 440 (100) [M+H]+ , 321 (73), 158
(26), 126 (39); HRMS (ESI): m/z : calcd for C26H50NO4: 440.3740; found:
440.3741 [M+H]+ .


2-(Diethoxyphosphoryl)-4-(2,2,6,6-tetramethylpiperidin-1-yloxy)-decanoic
acid ethylester (37): GP 4 was applied by using alkoxyamine 31 (100 mg,
0.26 mmol) and 1-octene (0.21 mL, 1.32 mmol) in DCE (0.26 mL) at
135 8C for 3 d. FC (pentane/acetone 10:1) yielded the desired product 37
(72 mg, 56%). 1H NMR (300 MHz, CDCl3): both isomers: d=4.35–3.98
(m, 7H, OCH2CH3, CHO), 3.78–3.57 (m, 2 H, CH2CHP), 3.56–3.29 (m,
1H, EtO2CCHP, single isomer), 3.16–2.87 (m, 1H, EtO2CCHP, single
isomer), 2.44–0.83 (m, 37H), 0.85 (t, J =6.6 Hz, 3H, CH3CH2CH2);
13C NMR (75 MHz, CDCl3): both isomers: d =169.1 (3 signals), 80.3,
80.1, 79.0, 78.8, 65.8, 65.7, 65.6, 65.5, 65.4, 62.9, 62.8, 62.7 (2 signals), 62.5
(2 signals), 62.4, 62.3, 62.2, 61.4, 61.1, 61.0, 60.1, 59.6, 59.2, 58.8, 43.7,
42.7, 42.0, 40.9, 40.2, 40.1, 39.9, 34.0, 33.9, 32.6, 32.1, 31.6, 31.2, 31.1, 30.3,
30.2, 29.3 (2 signals), 25.8, 25.4, 22.4, 20.3, 17.1, 16.1, 13.8; IR (neat): ñ =


2930s, 2871s, 1736s, 1466m, 1369m, 1258s, 1157m, 1133m, 1027s, 966s,
867w, 786w, 733w cm�1; MS (ESI): m/z : 1005 (11) [2M+Na]+ , 492 (100)
[M+H]+ ; HRMS (ESI): m/z : calcd for C25H51NO6P: 492.3455; found:
492.3454 [M+H]+ .


[1-(Dimethoxyphosphoryl)-3-(2,2,6,6-tetramethylpiperidin-1-yloxy)-
nonyl]-phosphonic acid dimethylester (38): GP 4 was applied by using al-
koxyamine 32 (100 mg, 0.258 mmol) and 1-octene (0.20 mL, 1.29 mmol)
in DCE (0.258 mL) at 135 8C for 3 d. FC (pentane/acetone 4:1!acetone)
yielded the desired product 38 (73 mg, 57%). 1H NMR (300 MHz,
CDCl3): d =3.98–3.77 (m, 1H, CHON), 3.76–3.71 (m, 13 H, OCH3, CHP),
2.87–2.67 (m, 1 H, CH2CHP), 2.05–1.92 (m, 3 H, CH2-CHP, CH2CHO),
1.92–0.78 (m, 17H), 1.03 (s, 6 H, CH3 (TEMPO)), 0.98 (s, 6 H, CH3


(TEMPO)); 13C NMR (50 MHz, CDCl3): d=79.2–79.0 (m, CH-ON), 59.9
(C), 59.1 (C), 53.3–52.8 (m, OCH3), 40.2 (m, CH2), 32.4 (CH2), 32.1 (t, J
=89.1 Hz, CH-P), 31.8 (CH2), 29.8–29.7 (m, CH2), 29.4 (CH2), 25.7
(CH2), 22.5 (CH2), 20.5 (CH3), 20.3 (CH3), 17.2 (CH2), 14.0 (CH3); IR
(neat): ñ = 2955s, 2929s, 2855s, 1464s, 1376m, 1360m, 1257s, 1183m,
1132m, 1034s, 958w, 828m, 733m, 530m cm�1; MS (ESI): m/z : 1021 (51)
[2M+Na]+ , 500 (100) [M+H]+ ; HRMS (ESI): m/z : calcd for
C22H48NO7P2: 500.2907; found: 500.2906 [M+H]+ .


2-[N-tert-Butyl-N-(2-methyl-1-phenyl-propyl)-aminooxy]-malonic acid di-
methylester (39): GP 3 was applied by using DIPA (1.87 mL,
13.20 mmol), nBuLi (2.35 m in hexane, 5.61 mL, 13.20 mmol), dimethyl-
malonate (1.585 g, 12.00 mmol), corresponding nitroxide[20] (2.908 g,
13.20 mmol) and CuCl2 (4.840 g, 36.00 mmol) in DME (72 mL) and stir-
ring at room temperature for 5 h. FC (Et2O/pentane 1:10) yielded alkoxy-
amine 39 (2.724 g, 7.75 mmol, 65 %). M.p. 88–91 8C; 1H NMR (300 MHz,
CDCl3): d=7.64 (br s, 2H, Ph-H), 7.45–7.30 (m, 3 H, Ph-H), 5.26 (s, 1 H,
NOCH), 3.97 (s, 3H, OCH3), 3.90 (s, 3 H, OCH3), 3.49 (d, J =10.5 Hz,
1H, NCH), 2.12–2.00 (m, 1 H, (H3C)2CH), 1.23 (d, J=6.3 Hz, 3 H,
CHCH3), 1.06 (s, 9H, C(CH3)3), 0.59 (d, J =6.6 Hz, 3H, CHCH3);
13C NMR (75 MHz, CDCl3): d= 168.1 (OCO), 167.3 (OCO), 141.5 (C),
130.5 (CH), 127.7 (CH), 126.6 (CH), 86.0 (NOCH), 72.9 (NCH), 61.2
(C(CH3)3), 52.6 (OCH3), 52.6 (OCH3), 31.3 (CH), 27.6 (C(CH3)3), 21.7
(CH3), 21.2 (CH3); IR (KBr): ñ = 3068w, 2971m, 2867w, 1766s, 1734s,
1736w, 1436m, 1362m, 1350m, 1283m, 1236s, 1197m, 1166m, 1105s, 917m,
703s cm�1; MS (ESI): m/z : 374 (100) [M+Na]+ , 220 (20), 154 (6), 133 (9);
HRMS (ESI): m/z : calcd for C19H29NO5Na: 374.1938; found: 374.1943
[M+Na]+ .


2-[N-(1,1-Diethyl-propyl)-N-(2-methyl-1-phenyl-propyl)-aminooxy]-ma-
lonic acid dimethyl ester (40): GP 3 was applied by using LDA
(2.20 mmol), malonic acid dimethyl ester (229 mL, 2.00 mmol), corre-
sponding nitroxide[16] (525 mg, 2.00 mmol) and CuCl2 (296 mg,
2.20 mmol) in DME (9.0 mL). Stirring at 0 8C for 6 h. FC (Et2O/pentane
1:30) yielded alkoxyamine 40 (438 mg, 56 %). 1H NMR (300 MHz,
CDCl3): d=7.62–7.18 (m, 5H, Ph-H), 5.13 (s, 1H, OCH), 3.84 (s, 3 H,
OCH3), 3.79 (s, 3H, OCH3), 3.41 (d, J=10.5 Hz, 1H, NCH), 1.97 (dhept,
J1 =10.5, J2 =6.6 Hz, 1 H, HC(CH3)2), 1.43–1.25 (m, 6 H, CH2), 1.14 (d, J
=6.6 Hz, 3 H, HCCH3), 0.71 (t, J=7.5 Hz, 9H, CH2CH3), 0.47 (d, J
=6.6 Hz, 3 H, HCCH3); 13C NMR (75 MHz, CDCl3): d=168.1 (COO),
167.2 (C), 142.5 (C), 130.6 (CH), 127.6 (CH), 126.6 (CH), 86.2 (CH), 71.7
(CH), 68.6 (C), 52.6 (CH3), 52.5 (CH3), 32.0 (CH), 27.4 (CH2), 22.0
(CH3), 21.6 (CH3), 8.6 (CH3); IR (neat): ñ = 3481w, 3061w, 2958s, 2881s,
1771w, 1749s, 1600w, 1492w, 1455s, 1435m, 1383m, 1326m, 1274m, 1219s,
1154m, 1095s, 1075w, 1019s, 914s, 853m, 808m, 759m, 735m, 707s, 614w,
571w, 540w cm�1; MS (ESI): m/z : 432 (47) [M+K]+ , 416 (47) [M+Na]+ ,
262 (100) [M�C5H7O4]


+ , 170 (38), 164 (26), 133 (69), 91 (14); HRMS
(ESI): m/z : calcd for C22H35NO5K: 432.2152; found: 432.2161 [M+K]+ .


2-(2,2,6,6-Tetraethyl-4-hydroxy-piperidin-1-yloxy)-malonic acid dimethyl
ester (41): Alkoxyamine 42 (100 mg, 0.28 mmol) was dissolved in isopro-
panol (0.4 mL) and NaBH4 (5.3 mg, 0.14 mmol) was added. After stirring
for 18 h at room temperature the reaction was stopped by the addition of
HCl (1 m). The aqueous layer was extracted (2 � ) with Et2O and the com-
bined organic layers were dried over MgSO4. After removal of the sol-
vents FC (Et2O/pentane 1:10!1:2) yielded 41 (65 mg, 65 %). M.p. 114–
116 8C; 1H NMR (300 MHz, CDCl3): d =4.93 (s, 1H, OCH), 3.90 (tt, J1


=11.4, J2 =3.9 Hz, 1 H, CHOH), 3.77 (s, 6 H, OCH3), 2.23–2.11 (m, 2 H,
CH2), 1.81–1.69 (m, 4H, OCCH2), 1.52 (br s, 1H, OH), 1.45–1.22 (m, 6 H,
CH2), 0.88 (t, J=7.5 Hz, 6H, CH3), 0.85 (t, J =7.5 Hz, 6H, CH3);
13C NMR (75 MHz, CDCl3): d= 167.5 (C), 84.4 (CH), 66.3 (C), 62.1
(CH), 52.7 (CH3), 39.3 (CH2), 29.3 (CH2), 27.0 (CH2), 9.9 (CH3), 7.9
(CH3); IR (KBr): ñ = 3527s, 3350s, 2968s, 2880w, 1760s, 1738w, 1454m,
1436w, 1413w, 1382w, 1331m, 1275m, 1222s, 1153m, 1101m, 1060s, 1038w,
1013m, 984w, 956w, 904m, 839w, 791m, 732m, 627w, 494m cm�1; MS
(ESI): m/z : 382 (47) [M+Na]+ , 250 (33), 232 (22), 228 (100)
[M�C5H7O4]


+ , 200 (23), 170 (52), 154 (13); HRMS (ESI): m/z : calcd for
C18H33NO6Na: 382.2206; found: 382.2215 [M+Na]+ .


2-(2,2,6,6-Tetraethyl-4-oxo-piperidin-1-yloxy)-malonic acid dimethyl ester
(42): Applying GP 3 by using LDA (1.70 mmol), malonic acid dimethyl
ester (177 mL, 1.55 mmol), the corresponding nitroxide[15] (350 mg,
1.55 mmol) and CuCl2 (416 mg, 3.09 mmol) in DME (6.2 mL). The mix-
ture was stirred at 0 8C for 4.5 h. FC (Et2O/pentane 1:20!1:10) yielded
42 (403 mg, 73%). M.p. 53–55 8C; 1H NMR (300 MHz, CDCl3): d=4.95
(s, 1 H, OCH), 3.77 (s, 6 H, OCH3), 2.42–2.27 (m, 4H, OCCH2), 2.18–2.11
(m, 2H, CH2), 1.70–1.63 (m, 2 H, CH2), 1.52–1.39 (m, 4H, CH2), 0.87 (t, J
=6.9 Hz, 12H, CH3); 13C NMR (75 MHz, CDCl3): d=209.1 (C), 170.0
(C), 85.0 (CH), 67.6 (C), 52.7 (CH3), 46.3 (CH2), 30.0 (CH2), 28.3 (CH2),
9.5 (CH3), 8.1 (CH3); IR (KBr): ñ = 2971s, 2881w, 1764s, 1728m, 1453 s,
1426m, 1379m, 1326m, 1278m, 1215s, 1149s, 1098s, 986m, 961w, 917m,
840w, 823w, 799s, 742m, 646m, 625w, 579w, 518m, 451w, 435w, 405w cm�1;
MS (ESI): m/z : 396 (10) [M+K]+ , 380 (30) [M+Na]+ , 226 (100)
[M�C5H7O4]


+ , 170 (34), 154 (62), 86 (34); HRMS (ESI): m/z : calcd for
C18H31NO6Na: 380.2049; found: 380.2057 [M+Na]+ .


2-(cis-2,6-Bis-(tert-butyl-dimethylsilanoxymethyl)-2,6-diethylpiperidin-1-
yloxy)-malonic acid dimethylester (cis-43): GP 3 was applied by using
DIPA (0.11 mL, 787 mmol), nBuLi (1.64 m in hexane; 0.48 mL, 787 mmol),
dimethyl malonate (86 mL, 749 mmol), corresponding nitroxide[14]


(350 mg, 787 mmol) and CuCl2 (252 mg, 1.87 mmol) in DME (10 mL).
The mixture was stirred at 0 8C for 2 h and at room temperature for 18 h.
FC (MTBE/pentane 1:19) yielded alkoxyamine cis-43 (337 mg, 585 mmol,
78%). M.p. 51–57 8C; 1H NMR (300 MHz, CDCl3): d= 4.93 (s, 1H, CH),
3.94–3.80 (m, 3H, OCHH), 3.78 (s, 6 H, OCH3), 3.40 (s, 1 H, OCHH),
2.19–1.15 (m, 10 H, 5 � CH2), 0.82–0.93 (m, 24H, 2� C(CH3)3, 2�
CH2CH3), 0.04 (s, 12H, Si(CH3)2); 13C NMR (75 MHz, CDCl3): d =167.4,
85.2, 68.2, 66.8, 65.9, 63.9, 52.7, 31.6, 28.6, 28.4, 25.9, 24.3, 22.3, 18.2, 15.5,
9.9, 7.8, �5.4, �5.5; IR (KBr): ñ = 2955s, 2884m, 2857m, 1771s, 1752s,
1471m, 1435w, 1255s, 1218m, 1089s, 837s, 776s, 669w cm�1; MS (ESI):
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m/z : 614 (7) [M+K]+ , 598 (47) [M+Na]+ , 576 (6) [M+H]+ , 483 (43), 467
(100), 444 (35) [M�malonyl]+ , 337 (35), 284 (23); HRMS (ESI): m/z :
calcd for C28H57NO7Si2Na: 598.3571; found: 598.3581 [M+Na]+ .


2-[trans-2,6-Bis-(tert-butyl-dimethylsilanoxymethyl)-2,6-diethylpiperidin-
1-yloxy]-malonic acid dimethylester (trans-43): GP 3 was applied by
using DIPA (0.16 mL, 1.12 mmol), nBuLi (1.64 m in hexane, 0.68 mL,
1.12 mmol), malonic acid dimethylester (122 mL, 1.07 mmol), correspond-
ing nitroxide[14] (500 mg, 1.12 mmol) and CuCl2 (376 mg, 2.80 mmol,
2.60 equiv) in dimethoxyethane (19 mL). The reaction mixture was stir-
red at room temperature for 18 h. FC (MTBE/pentane 1:9) yielded al-
koxyamine trans-43 (580 mg, 1.01 mmol, 94%). M.p. 67–69 8C; 1H NMR
(300 MHz, CDCl3): d=5.30 (s, 1 H, CH), 3.96 (d, J=9.8 Hz, 1 H,
OCHH), 3.76 (s, 3 H, OCH3), 3.76 (s, 3 H, OCH3), 3.75 (d, J =8.5 Hz, 1H,
OCHH), 3.47 (d, J =10.5 Hz, 1 H, OCHH), 3.25 (d, J=10.5 Hz, 1 H,
OCHH), 2.18–1.20 (m, 10 H, 5� CH2), 0.92–0.79 (m, 24H, 2 � C(CH3)3,
2� CH2CH3), 0.11–(�0.07) (m, 12H, Si(CH3)2); 13C NMR (50 MHz,
CDCl3): d=167.9, 167.7, 84.7, 66.6, 66.4, 65.9, 63.5, 52.5, 52.4, 30.2, 28.6,
28.3, 25.9, 25.8, 23.7, 18.1 (2 signals), 15.7, 9.4, 7.6, �5.5 (2 signals), �5.6,
�5.7; IR (neat): ñ = 2954s, 2885m, 2857m, 1770s, 1752s, 1471m, 1435w,
1255s, 1220m, 1089s, 837s, 776s cm�1; MS (ESI): m/z : 598 (7) [M+Na]+ ,
467 (18), 444 (100) [M�malonyl]+ ; HRMS (ESI): m/z : calcd for
C28H57NO7Si2Na: 598.3571; found: 598.3572 [M+Na]+ .


2-{2-[N-tert-Butyl-N-(2-methyl-1-phenyl-propyl)-aminooxy]-octyl}-malon-
ic acid dimethylester (44): GP 4 was applied using alkoxyamine 39
(100 mg, 0.29 mmol) and 1-octene (160 mg, 1.42 mmol) in DCE
(0.29 mL) at 125 8C for 7 h. FC (pentane/diethylamine 30:1) yielded the
desired product 44 (103 mg, 0.22 mmol, 77 %). Alkoxyamine 44 was iso-
lated as an unseparable mixture of diastereoisomers (dr 1:1). 1H NMR
(200 MHz, CDCl3): both isomers: d =7.31–7.16 (m, 5H, Ph-H), 3.92–3.59
(m, 8 H, OCCHCO, NOCH, OCH3), 3.45 (d, J= 10.2 Hz, 1 H, NCH,
single isomer), 3.40 (d, J=10.3 Hz, 1H, NCH, single isomer), 2.41–2.19
(m, 2 H, CH2), 2.16–1.97 (m, 1H, (H3C)2CH), 1.50–1.23 (m, 10H, CH2),
1.17 (d, J =6.5 Hz, 3H, CHCH3, single isomer), 1.16 (d, J=6.3 Hz, 3H,
CHCH3, single isomer), 0.99–0.85 (m, 12 H, C(CH3)3, CHCH3), 0.43 (t, J
=6.5 Hz, 3H, CH2CH3); 13C NMR (75 MHz, CDCl3): both isomers: d


=170.1 (OCO), 170.0 (OCO), 141.5 (C), 131.4 (CH), 131.0 (CH), 127.2
(CH), 127.0 (CH), 126.3 (CH), 126.2 (CH), 79.3 (NOCH), 79.1 (NOCH),
72.4 (NCH), 71.9 (NCH), 61.2 (C(CH3)3), 60.2 (C(CH3)3), 52.4 (OCH3),
52.3 (OCH3), 48.4 (OCCHCO), 48.1 (OCCHCO), 32.9 (CH2), 32.6
(CH2), 32.4 (CH2), 32.4 (CH2), 32.3 (CH), 31.8 (CH2), 31.7 (CH2), 31.6
(CH2), 29.6 (CH2), 29.5 (CH2), 28.4 (C(CH3)3), 28.4 (C(CH3)3), 27.2
(CH3), 25.8 (CH2), 25.2 (CH2), 22.6 (CH2), 22.1 (CH3), 21.7 (CH3), 21.5
(CH3), 21.0 (CH3), 14.0 (CH3); IR (neat): ñ = 3474w, 2955s, 2870s, 1739s,
1454m, 1436s, 1385m, 1362m, 1254s, 1203s, 1155s, 1046m, 957w, 864w,
835w, 773w, 744w, 703s, 599w cm�1; MS (ESI): m/z : 486 (100) [M+Na]+ ,
464 (43) [M+H]+ , 332 (58), 265 (22), 150 (12), 94 (9); HRMS (ESI): m/z :
calcd for C27H46NO5: 464.3376; found: 464.3367 [M+H]+ .


2-{2-[N-(1,1-Diethyl-propyl)-N-(2-methyl-1-phenyl-propyl)-aminooxy]-
octyl}-malonic acid dimethyl ester (45): Applying GP 4 alkoxyamine 40
(50 mg, 0.13 mmol), 1-octene (100 mL, 0.64 mmol) and DCE (127 mL)
were heated to 125 8C for 1.5 h. FC (Et2O/pentane 1:10) yielded 45
(50 mg, 78 %) as a mixture of diastereoisomers (dr (syn/anti) 1:1, deter-
mined by 1H NMR analysis). 1H NMR (300 MHz, CDCl3): both isomers:
d=7.36–7.12 (m, 5H, Ph-H), 3.85–3.61 (m, 2H, OCH, OCCHCO), 3.76
(s, 3H, OCH3, single isomer), 3.73 (s, 3H, OCH3, single isomer), 3.72 (s,
3H, OCH3, single isomer), 3.70 (s, 3H, OCH3, single isomer), 3.49–3.42
(m, 1 H, NCH), 2.37–2.01 (m, 3H, OCHCH2, HC(CH3)2), 1.52–1.15 (m,
19H, CH2, CH3), 0.92–0.87 (m, 3H, HCCH3), 0.68, 0.65 (2 t, J =7.8 Hz,
9H, CH2CH3), 0.44, 0.41 (2 d, J =6.6 Hz, 3 H, HCCH3); 13C NMR
(75 MHz, CDCl3): both isomers: d=170.2 (C), 170.1 (C), 170.2 (C), 167.2
(C), 142.8 (C), 142.1 (C), 131.5 (CH), 131.0 (CH), 127.0 (CH), 126.8
(CH), 126.2 (CH), 126.1 (CH), 79.2 (CH), 78.8 (CH), 71.4 (CH), 70.8
(CH), 68.4 (C), 67.6 (C), 52.5 (CH3), 52.5 (CH3), 52.5 (CH3), 52.3 (CH3),
48.3 (CH), 48.2 (CH), 33.0 (CH2), 32.9 (CH), 32.7 (CH2), 32.6 (CH2), 32.6
(CH2), 32.1 (CH), 31.8 (CH2), 31.7 (CH2), 29.7 (CH2), 29.6 (CH2), 27.6
(CH2), 27.4 (CH2), 25.6 (CH2), 25.3 (CH2), 22.6 (CH2), 22.4 (CH3), 21.9
(CH3), 21.5 (CH3), 14.1 (CH3), 14.1 (CH3), 8.8 (CH3), 8.7 (CH3); IR
(neat): ñ = 3472w, 2956s, 2872w, 1740s, 1600w, 1457m, 1436s, 1380m,


1341m, 1253s, 1196w, 1155s, 1011s, 911s, 863m, 754s, 734w, 704s, 593m,
526m cm�1; MS (ESI): m/z : 544 (22) [M+K]+ , 528 (100) [M+Na]+ , 428
(6), 408 (7); HRMS (ESI): m/z : calcd for C30H51NO5Na: 528.3665; found:
528.3660 [M+Na]+ .


2-[2-(2,2,6,6-Tetraethyl-4-hydroxy-piperidin-1-yloxy)-octyl]-malonic acid
dimethyl ester (46): Applying GP 4 alkoxyamine 41 (47 mg, 0.13 mmol),
1-octene (103 mL, 0.65 mmol) and DCE (131 mL) were heated to 125 8C
for 1.5 h. FC (Et2O/pentane 2:3) yielded 46 (52 mg, 85 %). 1H NMR
(400 MHz, CDCl3): d= 3.97–3.78 (m, 1 H, OCH), 3.73 (s, 3 H, OCH3),
3.72 (s, 3 H, OCH3), 3.68–3.53 (m, 2 H, HOCH, OCCHCO), 2.21–1.10 (m,
25H, CH2, CH3, OH), 0.89–0.86 (m, 15 H, CH3); 13C NMR (100 MHz,
CDCl3): d=170.0 (C), 169.9 (C), 78.6 (CH), 66.1 (C), 62.7 (CH), 52.5
(CH3), 52.4 (CH3), 48.4 (CH), 40.4 (CH2), 32.8 (CH2), 32.7 (CH2), 31.7
(CH2), 30.5 (CH2), 30.3 (CH2), 29.5 (CH2), 27.3 (CH2), 27.1 (CH2), 25.3
(CH2), 22.5 (CH2), 14.0 (CH3), 10.3 (CH3), 10.0 (CH3), 8.7 (CH3), 7.8
(CH3); IR (neat): ñ = 3371s, 2956s, 2879m, 1739s, 1464s, 1436s, 1378m,
1337m, 1256s, 1197w, 1155s, 1107w, 1060m, 1040m, 1012m, 913m, 789w,
734s, 648w cm�1; MS (ESI): m/z : 510 (29) [M+K]+ , 494 (100) [M+Na]+ ,
472 (36) [M+H]+ , 344 (28), 276 (16), 228 (14), 170 (10); HRMS (ESI):
m/z : calcd for C26H49NO6Na: 494.3458; found: 494.3463 [M+Na]+ .


2-[2-(2,2,6,6-Tetraethyl-4-oxo-piperidin-1-yloxy)-octyl]-malonic acid di-
methyl ester (47): Applying GP 4 alkoxyamine 42 (70 mg, 0.20 mmol), 1-
octene (154 mL, 0.98 mmol) and DCE (196 mL) were heated to 125 8C for
1.5 h. FC (Et2O/pentane 1:20!1:4) yielded 47 (72 mg, 78 %). 1H NMR
(300 MHz, CDCl3): d=3.73 (s, 3 H, OCH3), 3.73 (s, 3H, OCH3), 3.64–3.59
(m, 2H, OCH, OCCHCO), 2.46–2.27 (m, 4 H, CH2), 2.23–2.00 (m, 2 H,
CH2), 1.77–1.49 (m, 8H, CH2), 1.32–1.17 (m, 10 H, CH2), 0.89–0.83 (m,
15H, CH3); 13C NMR (75 MHz, CDCl3): d= 210.8 (C), 169.9 (C), 169.8
(C), 79.2 (CH), 66.1 (C), 65.4 (C), 52.6 (CH3), 52.5 (CH3), 48.4 (CH),
47.0 (CH2), 32.6 (CH2), 32.5 (CH2), 31.9 (CH2), 31.7 (CH2), 29.5 (CH2),
29.3 (CH2), 29.1 (CH2), 25.4 (CH2), 22.5 (CH2), 14.0 (CH3), 9.8 (CH3), 9.4
(CH3), 8.7 (CH3), 8.3 (CH3); IR (neat): ñ = 3469w, 2959s, 2882w, 1755w,
1738s, 1464w, 1436s, 1378w, 1331m, 1253s, 1197w, 1155m, 1045m, 970w,
920w, 806w, 733m cm�1; MS (ESI): m/z : 492 (100) [M+Na]+ , 470 (12)
[M+H]+ , 287 (42), 144 (66), 60 (30); HRMS (ESI): m/z : calcd for
C26H47NO6Na: 492.3301; found: 492.3300 [M+Na]+ .


2-[2-(cis-2,6-Bis-(tert-butyl-dimethylsilanoxymethyl)-2,6-diethylpiperidin-
1-yloxy)octyl]-malonic acid dimethylester (cis-48): Applying GP 4 al-
koxyamine cis-43 (52 mg, 90 mmol) and 1-octene (71 mL, 452 mmol,
5.00 equiv) were heated in DCE (0.11 mL) to 125 8C for 6 h. FC (MTBE/
pentane 1:19) yielded the addition product cis-48 (53 mg, 77 mmol, 85 %).
1H NMR (300 MHz, CDCl3): d=3.94–3.22 (m, 6 H, CH(CO), OCH, 2�
OCH2), 3.73 (s, 6 H, OCH3), 2.23–1.01 (m, 22 H, CH2, CH3), 1.00–0.76 (m,
27H, 2� C(CH3)3, CH2, CH3), 0.09–(�0.08) (m, 12H, 2� Si(CH3)2);
13C NMR (75 MHz, CDCl3): d =169.9, 79.2, 66.1, 64.5, 52.5, 52.4, 48.5,
32.4, 31.8, 29.6, 29.3, 27.0, 25.9, 22.6, 18.3, 18.2, 15.9, 14.1, 8.8, 7.9, �5.5;
IR (neat): ñ = 2955s, 2930s, 2883m, 2857s, 1758s, 1742s, 1463m, 1436m,
1254s, 1196w, 1153m, 1089s, 1007w, 862s, 837s, 776s cm�1; MS (ESI): m/z :
726 (18) [M+K]+ , 710 (71) [M+Na]+ , 688 (30) [M+H]+ , 284 (100), 195
(73), 163(70); HRMS (ESI): m/z : calcd for C36H73NO7Si2Na: 710.4823;
found: 710.4833 [M+Na]+ .


2-[2-(trans-2,6-Bis-(tert-butyl-dimethylsilanoxymethyl)-2,6-diethylpiperi-
din-1-yloxy)octyl]-malonic acid dimethylester (trans-48): Applying GP 4
alkoxyamine trans-43 (65 mg, 113 mmol) and 1-octene (89 mL, 568 mmol)
were heated in DCE (0.11 mL) to 125 8C for 5 h. FC (MTBE/pentane
1:19) yielded the addition product trans-48 (67 mg, 97 mmol, 86%). Sepa-
ration of the formed diastereoisomers (dr 1:1, determined by 13C NMR
analysis) was not possible. 1H NMR (300 MHz, CDCl3): both isomers: d


=4.11–3.31 (m, 6 H, CH(CO), OCH, OCH2), 3.73 (s, 6H, OCH3), 2.34–
1.05 (m, 25 H, 11 � CH2, CH2CH2CH3), 1.00–0.77 (m, 24H, 2� C(CH3)3,
2� CCH2CH3), 0.06–0.00 (m, 12H, 2 � Si(CH3)2); 13C NMR (50 MHz,
CDCl3): both isomers: d =170.3, 170.0, 169.9 (2 signals), 79.0, 78.9, 52.5,
52.4 (2 signals), 48.6, 48.2, 33.2, 32.7, 32.5, 32.4, 31.9, 31.8, 29.7, 25.9, 25.6,
22.6, 18.2, 16.0, 14.1 (2 signals), �5.5 (2 signals); IR (neat): ñ = 2955s,
2883s, 2857s, 1758s, 1742s, 1463m, 1435m, 1254s, 1089s, 866s, 837s, 775s
cm�1; MS (ESI): m/z : 727 (3) [M+K]+ , 711 (60), 688 (24) [M+H]+ , 284
(78), 222 (49), 195 (97), 163 (100), 130 (100); HRMS (ESI): m/z : calcd
for C36H73NO7Si2Na: 710.4823; found: 710.4829 [M+Na]+ .
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O-tert-Butyl-N-(1,1-diethyl-propyl)-N-(2-methyl-1-phenyl-propyl)-hy-
droxylamine (49): Corresponding nitroxide[16] (380 mg, 1.49 mmol) was
dissolved in THF (6 mL) under argon. The mixture was cooled to �78 8C
followed by the addition of tBuLi (2.90 mmol) and CuCl2 (214 mg,
1.59 mmol). After stirring for 23 h at room temperature the reaction was
stopped upon the addition of NH4Cl (aq. sat.). The aqueous layer was ex-
tracted with Et2O (3 � ) and the combined organic layers were dried over
MgSO4. Evaporation of the solvents in vacuo followed by FC (pentane)
yielded 49 (207 mg, 45%). 1H NMR (400 MHz, CDCl3): d= 7.51–7.46 (m,
2H, Ph-H), 7.26–7.15 (m, 3H, Ph-H), 3.45 (d, J =10.4 Hz, 1H, NCH),
2.16 (dhept, J1 =10.4, J2 =6.4 Hz, 1 H, HC(CH3)2), 1.48–1.38 (m, 6 H,
CH2), 1.41 (s, 9H, C(CH3)3), 1.20 (d, J =6.0 Hz, 3H, HCCH3), 0.66 (t, J
=7.2 Hz, 9H, CH2CH3), 0.43 (d, J=6.4 Hz, 3 H, HCCH3); 13C NMR
(100 MHz, CDCl3): d =143.7 (C), 131.5 (CH), 126.8 (CH), 125.9 (CH),
78.9 (C), 71.4 (CH), 67.7 (C), 32.5 (CH), 29.9 (CH3), 28.0 (CH2), 23.0
(CH3), 21.6 (CH3), 8.8 (CH3); IR (neat): ñ = 3059w, 2970s, 2876w, 1601w,
1456s, 1385m, 1362s, 1252w, 1222w, 1173s, 1072w, 1006m, 910m, 867s,
780w, 754s, 737w, 700s, 665m, 593m, 522w, 454w cm�1; MS (ESI): m/z :
320 (12) [M+H]+ , 222 (100) [M�C7H13]


+ , 166 (33) [M�C11H21]
+ , 148


(16) [M�C11H20O]+ , 133 (16) [M�ONC11H24]
+ ; HRMS (ESI): m/z : calcd


for C21H38NO: 320.2948; found: 320.2963 [M+H]+ .


N-(1,1-Diethyl-propyl)-O-[1-(2,2-dimethylpropyl)-heptyl]-N-(2-methyl-1-
phenyl-propyl)-hydroxylamine (50): Alkoxyamine 49 (55 mg, 0.17 mmol)
was dissolved in degassed tBuOH (172 mL) under an argon atmosphere
and 1-octene (136 mL, 0.86 mmol) was added. The mixture was heated to
130 8C in a sealed tube for 4 d. After removal of the solvent in vacuo the
residue was purified by FC (pentane) to yield 50 (30 mg, 40 %) as a mix-
ture of diastereoisomers (dr (syn/anti) 1:1, determined by 1H NMR analy-
sis). 1H NMR (300 MHz, CDCl3): both isomers: d=7.51–7.31 (m, 2 H,
Ph-H), 7.26–7.12 (m, 3H, Ph-H), 3.92–3.79 (m, 1H, OCH), 3.47–3.34 (m,
1H, NCH), 2.24–2.00 (m, 2H, CH2), 1.85, 1.80 (2 d, J=5.4 Hz, 1 H, CH),
1.54–1.17 (m, 22H, CH2, CH3), 1.00–0.98 (m, 3 H, CH3), 0.93–0.86 (m,
6H, CH3), 0.75–0.63 (m, 9H, CH3), 0.50–0.39 (m, 3H, CH3); 13C NMR
(75 MHz, CDCl3): both isomers: d=142.9 (C), 142.6 (C), 131.7 (CH),
131.5 (CH), 126.7 (CH), 126.7 (CH), 125.9 (CH), 79.7 (CH), 79.7 (CH),
71.2 (CH), 70.8 (CH), 68.2 (C), 68.2 (C), 46.9 (CH2), 46.4 (CH2), 35.1
(C), 34.2 (C), 32.5 (CH), 32.4 (CH), 31.9 (CH2), 31.9 (CH2), 30.8
(C(CH3)3), 30.7 (CH3), 30.0 (CH2), 30.0 (CH2), 29.9 (CH2), 29.9 (CH2),
28.0 (CH2), 27.9 (CH2), 27.5 (CH2), 25.5 (CH2), 25.5 (CH2), 23.0 (CH3),
23.0 (CH3), 22.7 (CH2), 22.6 (CH2), 21.8 (CH3), 21.6 (CH3), 14.1 (CH3),
14.1 (CH3), 9.0 (CH3), 8.9 (CH3); IR (neat): ñ = 3060w, 2956s, 2871w,
1600w, 1467s, 1381s, 1363m, 1248w, 1158m, 1072w, 1033w, 1009m, 910m,
863m, 753m, 702s, 676w, 595w, 525w cm�1; MS (ESI): m/z : 432 (22)
[M+H]+ , 331 (100) [M�C7H16]


+, 202 (3), 165 (3), 147 (59), 132 (29)
[M�C19H41NO]+ ; HRMS (ESI): m/z : calcd for C29H54NO: 432.4200;
found: 432.4219 [M+H]+ .


1-tert-Butoxy-2,2,6,6-tetraethylpiperidin-4-ol (51): tBuLi (5.94 mmol) was
added dropwise at �78 8C to a solution of the corresponding nitroxide[15]


(616 mg, 2.70 mmol) in THF (10 mL). After 5 min anhydrous CuCl2


(399 mg, 2.97 mmol) was added and the reaction mixture was allowed to
warm to room temperature and was stirred overnight. The reaction was
quenched with NH4Cl (aq. sat.) and extracted with MTBE. Drying over
MgSO4 and evaporation of the solvent in vacuo yielded alkoxyamine 51
(312 mg, 41 %). 1H NMR (300 MHz, CDCl3): d=3.91–3.83 (m, 1H, CH),
2.05–1.93 (m, 2H, CH2), 1.81–1.66 (m, 4H, CH2), 1.55–1.47 (m, 3 H,
CH2), 1.34–1.19 (m, 1H, CH2), 1.55 (s, 9 H, CH3), 1.05–0.96 (m, 2H,
CH2), 0.93–0.85 (m, 12H, CH3); 13C NMR (75 MHz, CDCl3): d =77.9
(C), 65.2 (2 � C), 61.9 (CH), 40.2 (2 � CH2), 29.8 (2 � CH2), 29.0 (3 � CH3),
26.6 (2 � CH2), 10.0 (2 � CH3), 8.3 (2 � CH3); IR (neat): ñ = 3333br, 2966s,
2879m, 1463m, 1383m, 1279w, 1257w, 1223w, 1175m cm�1; MS (ESI): m/z :
286 (56) [M+H]+ , 230 (100), 184 (34); HRMS (ESI): m/z : calcd for
C17H36NO2: 286.2741; found: 286.2741 [M+H]+ .


1-[1-(2,2-Dimethyl-propyl)-heptyloxy]-2,2,6,6-tetraethylpiperidin-4-ol
(52): Alkoxyamine 51 (50 mg, 0.175 mmol) and 1-octene (98 mg,
0.875 mmol) were dissolved in tBuOH (0.18 mL) and heated to 130 8C in
a sealed tube for 2 d (5 mL) under an argon atmosphere. The solvent was
removed in vacuo and the residue was purified by FC (Et2O/pentane 1:2)
yielding the addition product 52 (17 mg, 24%). 1H NMR (200 MHz,


CDCl3): d=3.97–3.86 (m, 1 H, CH), 3.73–3.59 (m, 1H, CH), 2.17–1.91
(m, 4H, CH2), 1.81–1.43 (m, 12H, CH2), 1.39–1.14 (m, 12 H), 1.04–0.83
(m, 20H); 13C NMR (50 MHz, CDCl3): d =69.8 (C), 64.8 (C), 62.8 (C),
61.9 (CH), 48.2 (CH2), 40.6 (CH2), 40.2 (CH2), 32.6 (CH2), 31.7 (CH2),
29.9 (CH2), 29.8 (CH2), 29.4 (3 � CH3), 29.2 (CH2), 27.4 (CH2), 27.1
(CH2), 25.7 (CH2), 22.8 (C), 22.4 (CH2), 13.9 (CH2), 10.6 (CH3), 10.1
(CH3), 8.8 (CH3), 8.0 (CH3); IR (neat): ñ = 3353br, 2961s, 2878m,
1464m, 1379m, 1148w, 1039m cm�1; MS (ESI): m/z : 447 (100), 398 (12)
[M+H]+ , 235 (67); HRMS (ESI): m/z : calcd for C25H52NO2: 398.3998;
found: 398.4011 [M+H]+ .


2-(2,2,6,6-Tetraethyl-4-oxo-piperidin-1-yloxy)-propionic acid methyl ester
(53): GP 2 was applied by using 3-bromo-propionic acid methyl ester
(181 mL, 1.58 mmol), the corresponding nitroxide[15] (340 mg, 1.50 mmol),
Cu (100 mg, 1.58 mmol), Cu(OTf)2 (5.4 mg, 15 mmol) and 4,4’-di-tert-
butyl-[2,2’]bipyridine (16.0 mg, 60 mmol) in benzene (3.0 mL) for 18 h at
75 8C. FC (Et2O/pentane 1:6) yielded 53 (436 mg, 93%). 1H NMR
(400 MHz, CDCl3): d= 4.37 (q, J =6.8 Hz, 1H, OCH), 3.72 (s, 3H,
OCH3), 2.36 (d, J= 6.8 Hz, 4 H, OCCH2), 2.24–1.97 (m, 2H, CH2), 1.64–
1.60 (m, 4H, CH2), 1.49–1.35 (m, 2H, CH2), 1.39 (d, J =6.8 Hz, 3H,
OCCH3), 0.97–0.81 (m, 12 H, CH3); 13C NMR (100 MHz, CDCl3): d


=210.0 (C), 174.1 (C), 80.6 (CH), 66.6 (C), 51.6 (CH3), 46.6 (CH2), 31.0
(CH2), 28.8 (CH2), 18.4 (CH3), 9.4 (CH3), 8.2 (CH3); IR (neat): ñ =


3423w, 2969s, 2882m, 1751m, 1717s, 1614w, 1460s, 1377m, 1333m, 1272m,
1198s, 1129s, 1078s, 1036m, 976m, 761w, 582w, 521w cm�1; MS (ESI): m/z :
336 (100) [M+Na]+ , 267 (41), 249 (33), 212 (42), 109 (32), 85 (64);
HRMS (ESI): m/z : calcd for C17H31NO4Na: 336.2145; found: 336.2153
[M+Na]+ .


(2,2,6,6-Tetraethyl-4-oxo-piperidin-1-yloxy)-acetic acid methyl ester (54):
GP 2 was applied by using bromo-acetic acid methyl ester (102 mL,
1.05 mmol), corresponding nitroxide[15] (226 mg, 1.00 mmol), Cu (67 mg,
1.05 mmol), Cu(OTf)2 (3.6 mg, 10 mmol) and 4,4’-Di-tert-butyl-[2,2’]bipyr-
idine (11.0 mg, 40 mmol) in benzene (2.0 mL) for 16 h at 75 8C. FC (Et2O/
pentane 1:10) yielded 54 (145 mg, 48%). 1H NMR (300 MHz, CDCl3): d


=4.41 (s, 2H, OCH2), 3.71 (s, 3H, OCH3), 2.35, 2.30 (2 br s, 4 H,
OCCH2), 2.03 (br s, 2 H, CH2), 1.59 (br s, 6 H, CH2), 0.91 (br s, 12 H, CH3);
13C NMR (75 MHz, CDCl3): d=209.3 (C), 169.3 (C), 73.6 (CH2), 67.6
(C), 51.4 (CH3), 46.4 (CH2), 29.8 (CH2), 28.2 (CH2), 9.4 (CH3), 8.0 (CH3);
IR (neat): ñ = 2968s, 2882m, 1759m, 1716s, 1522w, 1462m, 1436m,
1377m, 1333m, 1280m, 1201s, 1087s, 1016m, 922w, 898w, 802m, 733m,
650w, 580m, 524m cm�1; MS (ESI): m/z : 300 (22) [M+H]+, 215 (13), 194
(4), 173 (100), 110 (9), 83 (13), 56 (8); HRMS (ESI): m/z : calcd for
C16H29NO4Na: 322.1989; found: 322.1953 [M+Na]+ .


2-Methyl-4-(2,2,6,6-tetraethyl-4-oxo-piperidin-1-yloxy)-decanoic acid
methyl ester (55): Applying GP 4 alkoxyamine 53 (52 mg, 0.17 mmol), 1-
octene (130 mL, 0.83 mmol) and DCE (165 mL) were heated to 135 8C for
24 h. FC (Et2O/pentane 1:10) yielded 55 (53 mg, 75%) as a mixture of di-
astereoisomers (dr (syn/anti) 1:1, determined by 1H NMR analysis).
1H NMR (400 MHz, CDCl3): both isomers: d=3.66 (s, 3H, OCH3, single
isomer), 3.65 (s, 3H, OCH3, single isomer), 3.66–3.58 (m, 1H, OCH),
2.72–1.28 (m, 25H, CH, CH2), 1.17 (t, J =8.8 Hz, 3 H, CH3), 0.90–0.81 (m,
15H, CH3); 13C NMR (100 MHz, CDCl3): both isomers: d=210.8 (C),
177.1 (C), 177.0 (C), 79.9 (CH), 79.6 (CH), 65.7 (C), 51.4 (CH3), 51.4
(CH3), 47.1 (CH2), 37.5 (CH2), 37.2 (CH2), 36.3 (CH), 36.2(CH), 33.0
(CH2), 32.9 (CH2), 32.5 (CH2), 31.7 (CH2), 29.6 (CH2), 25.5 (CH2), 25.3
(CH2), 22.5 (CH2), 18.3 (CH3), 18.1 (CH3), 14.0 (CH3), 9.5 (CH3), 8.8
(CH3); IR (neat): ñ = 3433w, 2964s, 2932s, 2881m, 1736s, 1718s, 1597w,
1461s, 1377w, 1331w, 1253m, 1196s, 1169s, 1145w, 1093m, 979m, 922w,
806w, 763w, 537w cm�1; MS (ESI): m/z : 448 (79) [M+Na]+ , 212 (100)
[M�C12H21O3]


+ , 152 (100), 85 (45); HRMS (ESI): m/z : calcd for
C25H47NO4Na: 448.3397; found: 448.3421 [M+Na]+ .


4-(2,2,6,6-Tetraethyl-4-oxo-piperidin-1-yloxy)-decanoic acid methyl ester
(56): Applying GP 4 alkoxyamine 54 (42 mg, 0.14 mmol), 1-octene
(110 mL, 0.70 mmol) and DCE (140 mL) were heated to 135 8C for 4 d. FC
(Et2O/pentane 1:20) yielded 56 (33 mg, 57 %). Some of the starting mate-
rial 54 could be reisolated (6 mg, 14%). 1H NMR (400 MHz, CDCl3): d


=3.68–3.60 (m, 1H, OCH), 3.67 (s, 3H, OCH3), 2.41–2.32 (m, 6H,
OCCH2), 2.08–1.58 (m, 12 H, CH2), 1.34–1.17 (m, 8H, CH2), 0.95–0.77
(m, 15H, CH3); 13C NMR (75 MHz, CDCl3): d= 210.8 (C), 174.0 (C),
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80.8 (CH), 67.8 (C), 51.5 (CH3), 47.1 (CH2), 32.3 (CH2), 31.8 (CH2), 30.2
(CH2), 29.9 (CH2), 29.6 (CH2), 28.4 (CH2), 27.9 (CH2), 25.6 (CH2), 22.6
(CH2), 14.0 (CH3), 9.6 (CH3), 8.7 (CH3); IR (neat): ñ = 3427w, 2960s,
2930s, 2882m, 1739m, 1718s, 1462m, 1438m, 1376w, 1331w, 1253m, 1197s,
1169s, 1091m, 1013m, 966m, 804m, 726w, 700w, 578w, 529w cm�1; MS
(ESI): m/z : 434 (100) [M+Na]+ , 412 (6) [M+H]+, 322 (33); HRMS
(ESI): m/z : calcd for C24H45NO4Na: 434.3241; found: 434.3193 [M+Na]+ .
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PdII-Catalyzed Oxidative Dimeric Cyclization–Coupling Reaction of 2,3-
Allenoic Acids: An Efficient Synthesis of Bibutenolide Derivatives


Shengming Ma,* Zhanqian Yu, and Zhenhua Gu[a]


Introduction


Allenes are three-carbon functional groups that possess two
perpendicular p orbitals with great potential in organic syn-
thesis in terms of chirality transfer and diversity, due to the
existence of the axial chirality and the substituent-loading
capability.[1,2] Under the catalysis of the palladium species,
functionalized allene compounds have also been reported to
form a variety of cyclic compounds.[3–8] Recently, we estab-
lished a new area of transition-metal-catalyzed oxidative
cyclization–dimerization reactions between two different
functionalized allenes to give interesting bicyclic compounds
in a single step (Scheme 1).[9]


In this reaction, the regeneration of catalytically active
PdII is critical.[10] In a preliminary communication,[11] we dis-
closed an oxidative cyclization–coupling reaction of 2,3-alle-
noic acids catalyzed by PdCl2 by applying excess of an alkyl
iodide as the oxidant for the synthesis of bibutenolides,
which is of current interest due to their potential biological


activities and a structural unit in many natural products.[12]


In this paper, we wish to present new and efficient catalytic
systems; the scope and mechanism of this reaction in detail.


Results and Discussion


We have developed three systems to realize this reaction.
The results are listed in Table 1. When five equivalents of
propyl iodide (2 a) were added in DMA, the oxidative cycli-
zation–coupling reaction catalyzed by PdCl2 led to the for-
mation of 3 a in 74 % yield (Table 1, entry 1). The yield de-
creased when a smaller amount of 2 a was added (Table 1,
entry 2). Furthermore the yields were also lower in other
solvents (Table 1, entries 3–5). An explanation of this reac-
tion is the possible oxidation of the in-situ formed Pd0 to
PdII with I2, which may be formed by the aerobic oxidation
of I� released from alkyl iodide. Thus, alkyl iodide was re-
placed with metallic iodide. It is interesting to observe that
the reaction also proceeded smoothly to yield 3 a (Table 1,
entries 6–9). Furthermore, the reaction can also occur with


Abstract: Three sets of convenient cat-
alytic systems have been developed for
the oxidative dimeric cyclization cou-
pling of differently substituted 2,3-alle-
noic acids catalyzed by PdII, affording
bibutenolides that are not otherwise
readily available. The advantages and
disadvantages of these systems are dis-
cussed. Although the diastereoselectivi-
ty for the bicyclization of racemic 2,3-


allenoic acids is low, excellent diaster-
eoselectivity was realized in the bicycli-
zation reaction of optically active 2,3-
allenoic acids, leading to the optically
active bibutenolides in high yields and
ee. Based on a mechanistic study, it is


believed that the reaction may proceed
by means of a double oxypalladation
and reductive elimination to yield bute-
nolide 3 and Pd0 species, which may be
reoxidized to the catalytically active
PdII species in the presence of alkyl
iodide/air, metallic iodide/air, or benzo-
quinone.Keywords: allenes · butenolides ·


homogeneous catalysis · palladium
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Scheme 1. FG= functional group.
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20 mol % KI. The best result was obtained when 50 mol %
KI was used, leading to a 74 % yield of product 3 a (Table 1,
entry 8). In addition, benzoquinone was reported to be a
good oxidant for the transformation of Pd0 to PdII under
acidic conditions.[13] Thus, 0.63 equivalents of benzoquinone
(slightly more than the required 0.5 equiv) was applied as
the oxidant to afford 3 a in a much higher yield (92 %;
Table 1, entry 10).


Some typical results are summarized in Table 2. It should
be noted that a variety of alkyl- and aryl-substituted 2,3-alle-
noic acids successfully underwent cyclization–coupling reac-
tions to afford bibutenolides in decent yields. The RI/O2


system (method A) is the most general, although the yield
may not be the highest; with R1 being alkyl and R2 being
benzyl, alkyl, or hydrogen, the reaction did not give the cor-
responding product in good yields when KI (method B) was
used as the additive (Table 2, entries 16, 19, 23, 27, 31, 35,
and 39). Benzoquinone (methods C and D) is more suitable
for the reaction of 4-aryl-2-alkyl/benzyl-substituted and 4-
alkyl-substituted-2-nonsubstituted allenoic acids, affording
bibutenolides 3 a–e,j–l in higher yields (Table 2, entries 3, 6,
9, 11, 14, 32, 33, 36, 37, 40, and 41).


Mechanistic study : At first, the reaction with 5 mol% PdCl2


under an argon atmosphere occurred with difficulty to
afford 3 a only in 26 % yield, along with 4 a in a 12 % yield
[Eq. (1)], which indicates that the oxygen in air may partici-
pate in the catalytic cycle.


When we used two alkyl iodides with high boiling points,
that is, 2 b and 2 c, after the reaction they were recovered in
94 and 95 % yields, respectively, indicating that most of the
alkyl iodide was not consumed during the reaction [Eqs. (2)
and (3)]. After analyzing the crude reaction mixture, no
product derived from the alkyl iodide was detected.


In all the cases reported in Table 2, the distereoselectivity
of the products is low, ranging from 1.0 to 2.18. However,
with optically active 4-aryl-2,3-allenoic acids, which could be
easily obtained by resolution of the racemic allenoic acids,
only one diastereoisomer of 3 was obtained. Some typical
results are listed in Table 3. In the presence of benzoqui-
none, the reaction gave the corresponding compounds in ex-
cellent yields, diastereoselectivity, and ee. The absolute con-
figurations of two chiral centers in the product (+)-3 o from
the S-configuration allenoic acid (S)-(+)-1 o were deter-
mined to be S,S by the X-ray diffraction study (Figure 1),[15]


indicating that the cyclization was realized by a PdII-cata-
lyzed oxypalladation process.[2e–g]


Table 1. PdII-catalyzed oxidative cyclization–coupling reaction of 4-
phenyl-2-propyl-2,3-butadienoic acid (1a).[a]


Entry Additive Solvent T t Yield of 3a
(equiv) [8C] [h] [%][b]


1 C3H7I (5) DMA 80 10 74
2 C3H7I (3) DMA 80 6.5 62
3 C3H7I (5) THF reflux 46 trace
4 C3H7I (5) MeCN reflux 16 66
5 C3H7I (5) EtOH reflux 10 42
6 TBAI (1) DMA 80 5 62
7 NaI (0.5) DMA 80 5 68
8 KI (0.5) DMA 80 5 74
9 KI (0.2) DMA 80 5 64
10 BQ[c] (0.63) DMF 80 2 92


[a] The reaction was carried out using 0.25 mmol of 2,3-allenoic acids.
[b] Isolated yield. [c] BQ=benzoquinone.


Figure 1. ORTEP representation of the product (S,S)-(+)-3o.
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Based upon these experi-
mental findings, it was pro-
posed that the PdII species
firstly coordinates with the rel-
atively electron-rich C�C
double bond in the allene
moiety to form a coordination
complex. Subsequently, PdII-in-
duced double cyclic oxypalla-
dation, which is responsible for
the high efficiency of chirality
transfer observed with the
optically active 2,3-allenoic
acids,[2e–g] would afford inter-
mediate 5 o. Subsequent reduc-
tive elimination yields the bib-
utenolide (S,S)-3 o and the Pd0


species. Then the Pd0 species is
reoxidized by the in-situ-
formed I2, which may be pro-
duced by the reaction of alkyl
iodide or KI with the oxygen
in air, or benzoquinone to give
the catalytically active PdII spe-
cies to complete the catalytic
cycle (Scheme 2).


Conclusion


We have developed an oxida-
tive dimeric cyclization–cou-
pling reaction of 2,3-allenoic
acids catalyzed by PdCl2, af-
fording bi-butenolides[16] that
are not otherwise readily avail-
able, by using three oxidative
systems. Although the diaster-
eoselectivity for the bicycliza-
tion of racemic 2,3-allenoic
acids is low, excellent diaster-
eoselectivity was realized in
the bicyclization reaction of
optically active 2,3-allenoic
acids, leading to the optically
active bibutenolides in high
yields and ee. Further studies
on the application of these
PdII-regenerating oxidation sys-
tems are being pursued in our
laboratory.


Experimental Section


General procedures Method A : A so-
lution of 2,3-allenoic acid (1;


Table 2. Oxidative dimeric cyclizing-coupling reaction of 2,3-allenoic acids.


Entry Substrate 1 Method[a] t Yield R*S*/R*R*
R1 R2 [h] [%] of 3


1 Ph n-C3H7 (1a) method A 10 74 (3 a) 1/1.87
2 method B 5 75 (3 a) 1/2.18
3 method C 2 92 (3 a) 1/1.65


4 Ph CH3 (1 b) method A 4 64 (3 b) 1/1.62
5 method B 4 74 (3 b) 1/1.66
6 method C 2 96 (3 b) 1/2.03


7 Ph PhCH2 (1 c) method A 11.5 75 (3 c) 1/1.53
8 method B 11.5 mixture –
9 method C 2 94 (3 c) 0.9/1


10 a-naphthyl CH3 (1 d) method A 4 71 (3 d) 1/1.28
11 method C 2 92 (3 d) 1/1.84


12 a-naphthyl n-C3H7 (1e) method A 4.5 64 (3 e) 1/1.43
13 method B 6 65 (3 e) 1/1.54
14 method C 2 67 (3 e) 1/1.33


15 CH3 PhCH2 (1 f) method A 3.5 72 (3 f) 1.04/1
16 method B 5 15 (3 f) –
17 method C 2 36 (3 f) –


18 n-C6H13 CH3 (1 g) method A 21 47 (3 g) 1/1.87
19 method B 17 11 (3 g) 1.23/1
20 method C 3.5 13 (3 g) 1/1.84
21 method D 2 [b] –


22 CH3 CH3 (1 h) method A 20 43 (3 h) 1/1.13
23 method B 22.5 mixture –
24 method C 2 22 (3 h) 1/2
25 method D 11 20 (3 h) 1/1.62


26 n-C3H7 n-C3H7 (1 i) method A 17 61 (3 i) 1/1.59
27 method B 2.5 25 (3 i) 1/1.02
28 method C 2 [c] –
29 method D 2.5 mixture –


30 n-C5H11 H (1j) method A 3 52 (3 j) 1/1.67
31 method B 15 mixture –
32 method C 2 46 (3 j) 1/1.06
33 method D 2 61 (3 j) 1.19/1


34 n-C7H15 H (1k) method A 6 49 (3 k) 1/1
35 method B 21 mixture –
36 method C 2 80 (3 k) 1.06/1
37 method D[d] 2 83 (3 k) 1/1.05


38 n-C8H17 H (1 l) method A 3 54 (3 l) 1/1[e]


39 method B 2 32 (3 l) 1/1.38
40 method C 2 71 (3 l) 1/1.06
41 method D 2 73 (3 l) 1/1.06


42 H Bn (1 m) method A 10.5 mixture –


43 H H (1n) method C 2 NR –


[a] See the Experimental Section for the general procedures for methods A–D. [b] 62% of cycloismerization
product was isolated. [c] 8 % of cycloismerization product was isolated. [d] Carried out in 0.25 mmol scale of
2,3-allenoic acid. [e] The stereochemistry of 3 l was determined by the X-ray diffraction study,[14] and the ster-
eochemistry of 3 j and 3 k were established by the comparison with 3 l.
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0.50 mmol), propyl iodide (2a ; 2.50 mmol), and PdCl2 (4 mg,
0.023 mmol) in DMA (2 mL) was stirred in air at 80 8C for the time indi-
cated in the tables. Then the mixture was diluted with diethyl ether,
washed with water, and dried by MgSO4. After evaporation, the residues
were purified by flash chromatography on silica gel with petroleum
ether/ethyl acetate as the eluent to afford 3.


Method B : A solution of 2,3-allenoic
acid (1; 0.50 mmol), KI (42 mg,
0.25 mmol), and PdCl2 (4 mg,
0.023 mmol) in DMA (2 mL) was stir-
red in air at 80 8C for the time indi-
cated in Table 2 to afford 3.


Method C : A solution of 2,3-allenoic
acid (1; 0.50 mmol), benzoquinone
(0.30 mmol), and PdCl2 (4 mg,
0.023 mmol) in DMF (2 mL) was stir-
red at 80 8C for the time indicated in
Table 2 to afford 3.


Method D : A solution of 2,3-allenoic
acid (1; 0.50 mmol), benzoquinone
(0.30 mmol), and PdCl2 (4 mg,
0.023 mmol) in DMA (2 mL) was stir-
red at 80 8C for the time indicated in
Table 2 to afford 3.


For the analytical data of 3 a–f see
the Supporting Information of refer-
ence [11].


3,3’-Dimethyl-5,5’-dihexyl-5H,5’H-
[4,4’]bifuranyl-2,2’-dione (3 g)


Method A : A solution of 2-methyl-
deca-2,3-dienoic acid (1 g ; 92 mg,
0.51 mmol), 2 a (428 mg, 2.50 mmol),
and PdCl2 (5 mg, 0.028 mmol) in
DMA (5 mL) was stirred at 80 8C for
21 h to afford 43 mg (47 %) of 3g
(R*,S*:R*,R* =1:1.87).


Method B : A solution of 1g (91 mg,
0.50 mmol), KI (42 mg, 0.25 mmol),
and PdCl2 (4 mg, 0.023 mmol) in
DMA (3 mL) was stirred at 80 8C for


17 h to afford 10 mg (11 %) of 3 g (R*,S*:R*,R* =1.23:1).


Method C : A solution of 1g ; 92 mg, 0.51 mmol), benzoquinone (32 mg,
0.30 mmol), and PdCl2 (4 mg, 0.023 mmol) in DMF (2 mL) was stirred at
80 8C for 3.5 h to afford 12 mg (13 %) of 3 g (R*,S*:R*,R* =1:1.84).


R*,R* isomer (less polar): liquid; 1H NMR (300 MHz, CDCl3): d=5.04
(br, 2 H), 1.92 (s, 6H), 1.48–1.15 (m, 20H), 0.88 ppm (t, J=6.6 Hz, 6 H);
13C NMR (75.4 MHz, CDCl3): d =10.7, 14.0, 22.4, 24.6, 28.8, 31.5, 33.1,
81.1, 129.0, 151.1, 172.5 ppm; EIMS: m/z (%): 362 (3.79) [M+], 69 (100);
IR (neat): ñ=2928, 2858, 1755 cm�1; HRMS: m/z calcd for C22H35O4


+


[M++1]: 363.25299; found: 363.2552.


R*,S* isomer (more polar): liquid; 1H NMR (300 MHz, CDCl3): d =5.00–
5.90 (m, 2 H), 1.82 (d, J =2.1 Hz, 6H), 1.70–1.15 (m, 20H), 0.89 ppm (t,
J =6.6 Hz, 6 H); 13C NMR (75.4 MHz, CDCl3): d =10.0, 14.0, 22.4, 25.3,
28.8, 31.5, 33.3, 81.9, 129.4, 152.0, 172.2 ppm; EIMS: m/z (%): 362 (4.53)
[M+], 43 (100); IR (neat): ñ =2956, 2928, 2858, 1757 cm�1; HRMS: m/z
calcd for C22H35O4


+ [M++1]: 363.25299; found: 363.2548.


3,3’-Dimethyl-5,5’-dimethyl-5H,5’H-[4,4’]bifuranyl-2,2’-dione (3 h)


Method A : A solution of 2-methylpenta-2,3-dienoic acid (1h ; 56 mg,
0.50 mmol), 2 a (420 mg, 2.47 mmol), and PdCl2 (4 mg, 0.023 mmol) in
DMA (2 mL) was stirred at 80 8C for 20 h to afford 24 mg (43 %) of 3h
(d.r.=1:1.13).


Method C : A solution of 1 h (56 mg, 0.50 mmol), benzoquinone (32 mg,
0.30 mmol), and PdCl2 (4 mg, 0.023 mmol) in DMF (2 mL) was stirred at
80 8C for 2 h to afford 12 mg (22 %) of 3 h (d.r.=1:2).


Method D : A solution of 1h (56 mg, 0.50 mmol), benzoquinone (32 mg,
0.30 mmol), and PdCl2 (4 mg, 0.023 mmol) in DMA (2 mL) was stirred at
80 8C for 11 h to afford 11 mg (20 %) of 3 h (d.r.=1:1.62).


Solid, m.p. 153–175 8C (ethyl acetate and petroleum ether); 1H NMR
(300 MHz, CDCl3): d =5.25–5.03 (2 m, 2H), 1.94, 1.84 (2 d, J =2.1 Hz,
6H), 1.47, 1.39 ppm (2 d, J =6.9 Hz, 6H); EIMS: m/z (%): 222 (16.86)
[M+], 151 (100); IR (KBr): ñ=2927, 1759 cm�1; elemental analysis calcd
(%) for C12H14O4: C 64.85, H 6.35; found: C 64.54, H 6.29.


Table 3. Oxidative dimeric cyclizing-coupling reaction of optical active 2,3-allenoic acids.


Entry Allenoic acids Equiv of BQ Product 3 Yield
of 3 [%]


ee of
3 [%]


R*R*/R*S*[a]


1 0.63 88 >99 >99:1


2 0.58 100 99 25:1


3 0.74 86 >99 20:1


4 0.67 94 98 24:1


[a] The ratio was determined by the 1H NMR spectra.


Scheme 2.
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3,3’-Dipropyl-5,5’-dipropyl-5H,5’H-[4,4’]bifuranyl-2,2’-dione (3 i)


Method A : A solution of 2-propylhepta-2,3-dienoic acid (1 i ; 84 mg,
0.50 mmol), 2 a (425 mg, 2.50 mmol), and PdCl2 (4 mg, 0.023 mmol) in
DMA (2 mL) was stirred at 80 8C for 17 h to afford 51 mg (61 %) of 3 i
(d.r.=1:1.59).


Method B : A solution of 1 i (85 mg, 0.51 mmol), KI (42 mg, 0.25 mmol),
and PdCl2 (4 mg, 0.023 mmol) in DMA (2 mL) was stirred at 80 8C for
2.5 h to afford 21 mg (25 %) of 3 i (d.r.=1:1.02).


Solid, m.p. 123–125 8C (ethyl acetate); 1H NMR (300 MHz, CDCl3): d =


5.05–4.83 (2 m, 2H), 2.40–2.01 (2 m, 4H), 1.80–1.30 (m, 12H), 1.05–
0.82 ppm (m, 12H); EIMS: m/z (%): 334 (12.06) [M+], 291 (100); IR
(KBr): ñ =2961, 2934, 2874, 1764, 1642 cm�1; elemental analysis calcd
(%) for C20H30O4: C 71.82, H 9.04; found: C 71.74, H 8.87.


5,5’-Dipentyl-5H,5’H-[4,4’]bifuranyl-2,2’-dione (3 j)


Method A : A solution of nona-2,3-dienoic acid (1j ;77 mg, 0.50 mmol), 2 a
(430 mg, 2.53 mmol), and PdCl2 (4 mg, 0.023 mmol) in DMA (2 mL) was
stirred at 80 8C for 3 h to afford 40 mg (52 %) of 3j (R*,S*:R*,R*
=1:1.67).


Method C : A solution of 1 j (78 mg, 0.50 mmol), benzoquinone (32 mg,
0.30 mmol), and PdCl2 (4 mg, 0.023 mmol) in DMF (2 mL) was stirred at
80 8C for 2 h to afford 35 mg (46 %) of 3 j (R*,S*:R*,R* =1:1.06).


Method D : A solution of 1j (76 mg, 0.49 mmol), benzoquinone (33 mg,
0.31 mmol), and PdCl2 (4 mg, 0.023 mmol) in DMA (2 mL) was stirred at
80 8C for 2 h to afford 46 mg (61 %) of 3 j (R*,S*:R*,R* =1.19:1).


R*,R* isomer (less polar): solid, m.p. 160–162 8C (ethyl acetate);
1H NMR (300 MHz, CDCl3): d =6.27 (d, J =1.1 Hz, 2 H), 5.27 (dd, J=


1.1, 4.8 Hz, 2H), 2.19–2.00 (m, 2H), 1.78–1.58 (m, 2 H), 1.55- 1.20 (m,
12H), 0.89 ppm (t, J =4.8 Hz, 6H); 13C NMR (75.4 MHz, CDCl3): d


=13.9, 22.4, 23.9, 31.2, 33.8, 82.7, 121.2, 155.5, 170.8 ppm; EIMS: m/z
(%): 306 (2.29) [M+], 43 (100); IR (KBr): ñ=2957, 2931, 2859,
1732 cm�1; elemental analysis calcd (%) for C18H26O4: C 70.56, H 8.55;
found: C 70.48, H 8.46.


R*,S* isomer (more polar): liquid; 1H NMR (300 MHz, CDCl3): d =6.22
(d, J =1.5 Hz, 2 H), 5.35–5.27 (m, 2 H), 2.09–1.92 (m, 2H), 1.65–1.50 (m,
2H), 1.50–1.18 (m, 12 H), 1.00–0.80 ppm (m, 6H); 13C NMR (75.4 MHz,
CDCl3): d=13.8, 22.4, 24.0, 31.2, 33.3, 82.2, 120.8, 156.0, 170.7 ppm;
EIMS: m/z (%): 306 (1.83) [M+], 43 (100); IR (neat): ñ=2956, 2930,
2860, 1744 cm�1; HRMS: m/z calcd for C18H27O4


+ [M++1]: 307.19039;
found: 307.1913.


5,5’-Diheptyl-5H,5’H-[4,4’]bifuranyl-2,2’-dione (3 k)


Method A : A solution of undeca-2,3-dienoic acid (1k ; 94 mg, 0.52 mmol),
2a (425 mg, 2.50 mmol), and PdCl2 (5 mg, 0.028 mmol) in DMA (2 mL)
was stirred at 80 8C for 6 h to afford 46 mg (49 %) of 3 k (R*,S*:R*,R*
=1:1).


Method C : A solution of 1 k (91 mg, 0.50 mmol), benzoquinone (32 mg,
0.15 mmol), and PdCl2 (4 mg, 0.023 mmol) in DMF (2 mL) was stirred at
80 8C for 2 h to afford 72 mg (80 %) of 3 k (R*,S*:R*,R*= 1.06:1).


Method D : A solution of 1k (47 mg, 0.26 mmol), benzoquinone (16 mg,
0.15 mmol), and PdCl2 (2 mg, 0.011 mmol) in DMA (2 mL) was stirred at
80 8C for 2 h to afford 39 mg (83 %) of 3 k (R*,S*:R*,R*= 1:1.05).


R*,R* isomer (less polar): solid, m.p. 146–147 8C (ethyl acetate);
1H NMR (300 MHz, CDCl3): d =6.26 (d, J =1.2 Hz, 2 H), 5.26 (dd, J=


1.2, 6.3 Hz, 2H), 2.15–1.98 (m, 2H), 1.74–1.54 (m, 2 H), 1.50–1.12 (m,
20H), 0.88 ppm (t, J =6.0 Hz, 6H); 13C NMR (75.4 MHz, CDCl3): d


=14.0, 22.5, 24.2, 29.0, 29.1, 31.6, 33.9, 82.7, 121.2, 155.5, 170.8 ppm;
EIMS: m/z (%): 362 (9.16) [M+], 57 (100); IR (KBr): ñ=2956, 2927,
2856, 1732 cm�1; HRMS: m/z calcd for C22H35O4


+ [M++1]: 363.25299;
found: 363.2557.


R*,S* isomer (more polar): solid, m.p. 63–64 8C (diethyl ether and petro-
leum ether); 1H NMR (300 MHz, CDCl3): d=6.21 (d, J =1.2 Hz, 2H),
5.30 (bd, J=6.0 Hz, 2H), 2.09–1.92 (m, 2H), 1.86–1.50 (m, 2 H), 1.50–1.18
(m, 20H), 0.88 ppm (t, J =6.6 Hz, 6H); 13C NMR (75.4 MHz, CDCl3): d


=14.0, 22.5, 24.3, 29.0, 29.1, 31.6, 33.3, 82.2, 120.8, 156.0, 170.7 ppm;
EIMS: m/z (%): 362 (8.23) [M+], 57 (100); IR (KBr): ñ=2955, 2926,
2856, 1748 cm�1; HRMS: m/z calcd for C22H35O4


+ [M++1]: 363.25299;
found: 363.2556.


5,5’-Dioctyl-5H,5’H-[4,4’]bifuranyl-2,2’-dione (3 l)


Method A : A solution of dodec-2,3-dienoic acid (1 l ; 97 mg, 0.50 mmol),
2a (425 mg, 2.50 mmol), and PdCl2 (4 mg, 0.023 mmol) in DMA (2 mL)
was stirred at 80 8C for 3 h to afford 52 mg (54 %) of 3 l (R*,S*:R*,R*
=1:1) and cycloisomeriztion product 5-octyl-5H-furan-2-one 5 mg (5 %).


Method B : A solution of 1 l (97 mg, 0.50 mmol), KI (44 mg, 0.27 mmol),
and PdCl2 (4 mg, 0.023 mmol) in DMA (2 mL) was stirred at 80 8C for
2 h to afford 31 mg (32 %) of 3 l (R*,S*:R*,R*=1:1.38).


Method C : A solution of 1 l (97 mg, 0.50 mmol), benzoquinone (32 mg,
0.30 mmol), and PdCl2 (4 mg, 0.023 mmol) in DMF (2 mL) was stirred at
80 8C for 2 h to afford 68 mg (71 %) of 3 l (R*,S*:R*,R* =1:1.06).


Method D : A solution of 1 l (96 mg, 0.49 mmol), benzoquinone (32 mg,
0.30 mmol), and PdCl2 (4 mg, 0.023 mmol) in DMA (2 mL) was stirred at
80 8C for 2 h to afford 70 mg (73 %) of 3 l (R*,S*:R*,R* =1:1.06).


R*,R* isomer (less polar): solid, m.p. 147–148 8C (ethyl acetate and petro-
leum ether); 1H NMR (300 MHz, CDCl3): d=6.19 (d, J =1.2 Hz, 2H),
5.19 (dd, J=1.2, 6.0 Hz, 2 H), 2.09–1.92 (m, 2H), 1.67–1.49 (m, 2H),
1.46–1.10 (m, 24H), 0.81 ppm (t, J=6.6 Hz, 6H); 13C NMR (75.4 MHz,
CDCl3): d=14.0, 22.6, 24.2, 29.07, 29.10, 29.2, 31.7, 33.9, 82.7, 121.2,
155.5, 170.7 ppm; EIMS: m/z (%): 390 (16.40) [M+], 43 (100); IR (KBr):
ñ= 2955, 2925, 2855, 1732 cm�1; elemental analysis calcd (%) for
C24H38O4: C 73.81, H 9.81; found: C 73.87, H 9.92.


R*,S* isomer (more polar): solid, m.p. 68–70 8C (diethyl ether); 1H NMR
(300 MHz, CDCl3): d=6.16 (s, 2H), 5.24 (d, J=6.9 Hz, 2H), 2.02–1.85
(m, 2H), 1.60–1.43 (m, 2H), 1.43–1.10 (m, 24H), 0.81 ppm (t, J =6.6 Hz,
6H); 13C NMR (75.4 MHz, CDCl3): d=14.0, 22.6, 24.3, 29.08, 29.10, 29.3,
31.7, 33.3, 82.2, 120.8, 156.0, 170.7 ppm; EIMS: m/z (%): 390 (13.21) [M+],
43 (100); IR (KBr): ñ= 2925, 2855, 1748 cm�1; HRMS: m/z calcd for
C24H38O4Na+ [M++Na]: 413.26623; found: 413.2627. The X-ray structure
of compound 3 l is shown in Figure 2.


(R,R)-(�)-3,3’-Dipropyl-5,5’-diphenyl-5H,5’H-[4,4’]bifuranyl-2,2’-dione
(3 a)


Method C : A solution of R-(�)-4-phenyl-2-propyl-2,3-butadienoic acid
(1a ; 50 mg, 0.248 mmol, 97% ee), benzoquinone (17 mg, 0.157 mmol),
and PdCl2 (2 mg, 0.011 mmol) in DMF (2 mL) was stirred at 80 8C for 2 h


Figure 2. ORTEP representation of the product (R*,R*)-3 l.
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to afford 44 mg (88 %, >99 % ee) of (R,R)-(�)-3 a. HPLC conditions:
AD column; rate: 0.7 mL min�1; eluent: hexane/iPrOH 90/10; [a]=�262
(c= 0.76 in CHCl3).


(R,R)-(�)-3,3’-Dimethyl-5,5’-diphenyl-5H,5’H-[4,4’]bifuranyl-2,2’-dione
(3 b)


Method C : A solution of R-(�)-2-methyl-4-phenyl-2,3-butadienoic acid
(1b ; 44 mg, 0.253 mmol, 99 % ee), benzoquinone (16 mg, 0.148 mmol),
and PdCl2 (2 mg, 0.011 mmol) in DMF (2 mL) was stirred at 80 8C for 2 h
to afford 44 mg (100 %, 99% ee) of (R,R)-(�)-3b. (R*,S*:R*,R*=1:25):
HPLC conditions: AD column; rate: 0.7 mL min�1; eluent: hexane/
iPrOH 70/30; [a]=�325 (c =1.055 in CHCl3).


(S,S)-(+)-3,3’-Dimethyl-5,5’-dinaphthy-5H,5’H-[4,4’]bifuranyl-2,2’-dione
(3 d)Method C : A solution of S-(+)-2-methyl-4-naphthyl-2,3-butadienoic
acid (1 d ; 56 mg, 0.25 mmol, 98% ee), benzoquinone (20 mg,
0.189 mmol), and PdCl2 (2 mg, 0.011 mmol) in DMF (2 mL) was stirred
at 80 8C for 2 h to afford 48 mg (86 %, >99 % ee) of (S,S)-(+)-3d.
(R*,S*:R*,R*= 1: 20); HPLC conditions: AD column; rate:
0.7 mL min�1; eluent: hexane/iPrOH 60/40; [a]=++210 (c =0.945 in
CHCl3).


(S,S)-(+)-3,3’-Dipropyl-5,5’-di(4’-bromophenyl)-5H,5’H-[4,4’]bifuranyl-
2,2’-dione (3 o)


Method C : A solution of S-(+)-4-(4’-bromophenyl)-2-propyl-2,3-butadie-
noic acid (1o ; 35 mg, 0.125 mmol, 99 % ee), benzoquinone (9 mg,
0.083 mmol), and PdCl2 (1 mg, 0.006 mmol) in DMF (1 mL) was stirred
at 80 8C for 2 h to afford 33 mg (94 %, 98% ee) of (S,S)-(+)-3o.
(R*,S*:R*,R*= 1: 24): HPLC conditions: AD column; rate: 0.7 mL min�1;
eluent: hexane/iPrOH 85/15; [a]=++ 194 (c =0.785 in CHCl3); m.p. 216–
218 8C; 1H NMR (300 MHz, CDCl3): d =7.38 (d, J =8.4 Hz, 2 H), 6.82 (d,
J =8.4 Hz, 2H), 5.81 (s, 1 H), 2.33–2.21 (m, 1 H), 2.14–2.00 (m, 1H), 1.59–
1.42 (m, 1 H), 1.31–1.14 (m, 1H), 0.85 ppm (t, J =7.5 Hz, 3H); 13C NMR
(CDCl3, 75.4 MHz): d =14.1, 20.8, 27.3, 81.8, 123.9, 127.6, 131.9, 132.3,
133.0, 150.0, 171.6 ppm; EIMS: m/z (%): 558 (22.12) [M+(79Br)], 560
(36.58) [M+(81Br)], 323 (100); IR(KBr): ñ =1745, 1645, 1489 cm�1; ele-
mental analysis calcd (%) for C26H24Br2O4: C 55.74, H 4.32, found C
55.69, H 4.28.
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Solid-State Molecular Organization and Solution Behavior of Methane-1,1-
Diphosphonic Acid Derivatives of Heterocyclic Amines: The Role of the
Topochemical Ring Modification and the Intramolecular Hydrogen Bonds in
Monosubstituted Piperid-1-ylmethane-1,1-diphosphonic Acids
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Introduction


Bisphosphonates constitute an interesting class of hydrolyti-
cally stable analogues of pyrophosphate, in which the
oxygen bridge between the phosphorus atoms is replaced by
a carbon atom, with the possibility to attach specific side
chains to it. For over two decades they have been employed
as therapeutic agents for treatment of bone disorders char-
acterized by an excessive bone turnover, such as Paget�s dis-
ease, hypercalcemia of malignancy, and osteoporosis.[1] De-
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Abstract: The crystal structures of 3-
methylpiperid-1-ylmethane-1,1-diphos-
phonic (2), 4-methylpiperid-1-ylmeth-
ane-1,1-diphosphonic (3), 2-ethylpi-
perid-1-ylmethane-1,1-diphosphonic (4),
and 2-methylpiperid-1-ylmethane-1,1-
diphosphonic (5) acids have been de-
termined and are discussed with re-
spect to their molecular organization
and crystal-packing preferences. The
chair conformation, predominant also
in solution, favors equatorial position-
ing of the bulky subsituents of the het-
erocyclic N and C atoms. The molecu-
lar geometry also provides access to in-
tramolecular hydrogen-bond formation
between the axial protons located on
the nitrogen atoms, as well as the
carbon atoms closest to it, and phos-
phonic/phosphonate oxygen atoms. The
molecules preferably arrange in mono-
layers, observed in all crystals with an
exception of 3. The layers are held in
place in the third direction through


van der Waals interactions. The analysis
of two-dimensional hydrogen-bonded
networks is concentrated on revealing
how the substituent�s topology of the
molecule affects the solid-state organi-
zation in well-defined structures and is
aimed at unraveling the consequences
and the possible conformational
changes by stepwise network disruption
upon crystal dissolution in water. The
solution NMR studies are focused on
revealing the role that the topochemis-
try of the substituent plays for the ste-
reodynamics in 2–5. It is demonstrated
that in constrast to piperid-1-yl-
methane-1,1-diphosphonic acid (1), in
which the ring inversion/rotation
around the C�N bond concerted with
the N�H···O hydrogen-bond breaking/


formation process leads to a mixture of
two interconverting conformers, the
concerted N�H···O breaking/rotation/
N�H···O formation process in 2 and 3
allows for a predominance of one con-
former in solution. However, place-
ment of a substituent at 2-position in
the ring hampers the rotation around
the C�N bond; this makes 4 and 5 sig-
nificantly less flexible relative to com-
pounds 1–3. In addition, both com-
pounds 4 and 5 are proved to exist as a
mixture of two conformers, the equi-
librium of which in acidic solution is
shifted towards the conformer found in
solid state. In alkaline solutions of 4
and 5, the equilibrium is shifted to-
wards the conformer that is forced by
the flipping of the heterocyclic ring.
These results correlate well with re-
cently documented differences in the
biological potency of this group of
compounds.


Keywords: bisphosphonates · con-
formation analysis · hydrogen-
bonds · NMR spectroscopy ·
self-assembly · X-ray diffraction
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spite the large amount experimental data referring their ac-
tivity, the molecular mode of their action still remains un-
clear. An important breakthrough in understanding the mo-
lecular mechanism by which bisphosphonates inhibit bone
resorption was the discovery that drugs possessing a nitro-
gen atom in their side chain may inhibit the intracellular
mevalonate pathway. In particular, the farnesyl pyrophos-
phate synthase (FPPS) was identified as their principal
target.[2] The reduction in the farnesyl pyrophosphate level
inhibits the prenylation of the intracellular signaling proteins
and thereby impairs many cellular functions, which in turn
leads to a programmed cell death.[2a,3]


Along with their well-documented treating properties for
bone disorders, bisphosphonates have also been identified as
potent antiparasitic agents.[4] They were shown to combat
parasitic protozoa, which are the causative agents of human
African trypanosomiasis (sleeping sickness), malaria, and
visceral leishmaniasis. The initial studies on nitrogen-con-
taining bisphosphonates were limited to compounds directly
used in bone resorption therapy.[4a] Structurally diverse com-
pounds, including the aminomethane-1,1-diphosphonic acids
(alternatively named aminomethylenebisphosphonic acids)
with nitrogen directly bonded to Ca


[4b–e] are of current inter-
est. The antiparasitic activity of all these compounds can
also be attributed to the inhibition of the farnesyl pyrophos-
phate synthase.[5]


Finally, the group of substituted aminomethane-1,1-di-
phosphonic acids constitute a new class of promising herbi-
cides with remarkable phytotoxic effects at both the whole
plant and cell culture level.[6] However, the attempts to
define mechanism of their action give quite contradictory
results, indicating that the mode of their herbicidal activity
is complex and presumably relies on the simultaneous
action on several plant enzymes, including the farnesyl pyro-
phosphate synthase.[7]


The studies on the structure–activity relationship[4c–e, 5a, 8]


show that the key feature for the FPPS inhibition is the
presence of the nitrogen atom. Its positive charge appears to
be very important, since it mimics reactive carbocation in-
termediates of the enzyme-catalyzed reaction. The spatial
accessibility of the positively charged nitrogen atom may
also play role. On the other hand, the nature and the size of
the substituent on N are crucial for the compound activity
as well. Sufficiently bulky substituents introduce a good
steric contact with the active site of the enzyme. Generally,
aromatic substituents, providing the system with hydropho-
bicity and charge delocalisation, are considered to be more
effective than non-aromatic ones. Despite the significant
progress made in understanding the inhibitory properties of
bisphosphonates, it is still less studied and it is not well un-
derstood why relatively small modifications in their struc-
ture may lead to significant changes in their biological po-
tency.


Previously, we demonstrated that the combination of X-
ray diffraction analysis and solution NMR studies gives a
powerful tool for revealing the inherent molecular proper-
ties of bisphosphonates.[9] The disentanglement of the crystal


networks based on the priorities of the hydrogen-bond for-
mations and the hierarchy in the molecular organization al-
lowed us to deduct the preferred association forms of these
compounds in solution. Although the used methodology
may be argued, considering the not exactly understood so-
lution/solid-state relationship, it appears to be very helpful
for uncovering the grounds of the chemical functionality
and, possibly, the biological activity. Such a strategy can be
considered as an inverse to the crystal engineering strategy.


Our present studies concern piperid-1-ylmethane-1,1-di-
phosphonic acid (1)[10] and a group of its derivatives (2–5)
with a topologically modified piperidine ring. In particular,
we are aim to reveal the structure-dependent relationships
of the inter- and intramolecular hydrogen bonds, which
appear to play an essential role for the solution behavior of
these compounds.


Very recently the compounds 1–5 have been shown to act
as immunomodulators that activate the gdT cell, playing an
important role in the immune system. Although the mecha-
nism of this activation is not clear yet, it appears again to be
highly correlated with the activity of bisphosphonates as
FPPS inhibitors.[11] The order of the decreasing activities for
1–5 expressed in IC50 values (IC50: concentration (mm) for
50 % stimulation) has been shown to be the following: 3>
1>2 @ 4 @5. The IC50 values are in the range from 24 for 3
to 1203 and 2741 for 4 and 5, respectively.


In view of this, it seems reasonable to look for the molec-
ular basis of the above reported results with respect to the
topochemical relations and the aggregational predisposition
of the compounds. Therefore, the present studies are target-
ed at discerning the stereodynamics in 1–5, taking their con-
formational similarities and dissimilarities into considera-
tion.


Results and Discussion


Solid-state molecular organization : The molecular struc-
tures, atomic numbering scheme and the intramolecular hy-
drogen-bond connectivity patterns for 2–5 are shown in
Figure 1. For comparison purposes the atom numbering of
the phosphonic and the phosphonate groups is consistent
with that of the formerly studied N-substituted amino-
methane-1,1-diphosphonic acids.[9] Compounds 2, 3, and 5,
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are crystallographically isostructural with the unsubstituted
piperid-1-ylmethane-1,1-diphosphonic acid[10] (1) and crys-
tallize in the monoclinic P21/n space group. Compound 4
crystallizes in the triclinic space group P1̄ (Table 1). Similar
to the N-substituted aminomethane-1,1-diphosphonic
acids,[9] all the studied compounds appear in a zwitterionic
form with a proton transferred from one of the phosphonic
groups towards the nitrogen atom (N1). The heterocyclic
ring in all compounds adopts a chair conformation with an
equatorial alkyl substituent on the ring C atom and an axial
hydrogen atom (H1N) on the nitrogen atom. The multiple
intramolecular hydrogen bonds, established between the
axial ring hydrogen atoms (located on N and the closest C


atoms) and one or both phosphonic/phosphonate groups,
generate rigid hydrogen-bonded motifs S(5) and S(6).


The most important structural parameters are presented
in Table 2. A careful analysis of these data reveals very
close similarities of the internal molecular parameters of 2
and 3 relative to those of 1. For the reasons of space we will
not discuss the intramolecular relations of these compounds
in detail and refer the readers to Table 2 and the supple-
mentary crystallographic data (see Experimental Section).
The main focus of the discussion considers the organization-
al features of the studied compounds in solid state with re-
spect to the most abundant molecular associations in so-
lution and their impact on the solution properties.


Figure 1. Molecular structure and crystallographic numbering scheme of compounds 2–5 : a) 3-methyl-piperid-1-ylmethane-1,1-diphosphonic acid; b) 4-
methyl-piperid-1-ylmethane-1,1-diphosphonic acid; c) 2-ethyl-piperid-1-ylmethane-1,1-diphosphonic acid; d) 2-methyl-piperid-1-ylmethane-1,1-diphos-
phonic acid. The displacement ellipsoids are at 40 % probability level. Water molecules are omitted for clarity.
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The crystal network of 2 : The substitution of one of the ring
C3 hydrogen atoms for the methyl group does not change
the molecular organization in the crystal significantly. The
three-dimensional hydrogen-bonded network of 2 is identi-
cal with that of 1[10] (see Tables 2 and 3). The molecules are


arranged in (001) molecular
monolayers with hydrophilic in-
terior and hydrophobic exteri-
or. The solid-state molecular
conformation is firmly fixed by
three rigid ring motifs (S(5) and
S(6)) formed by the intramolec-
ular hydrogen bonds N1�
H1N···O1, C6-H61···O6, and
C2�H21···O5 (assigned as 9, 10,
and 11) (see Figure 1a and
Table 3). This configuration sets
a predisposition for a mutual
recognition of the identical sites
(phosphonic–phosphonic or
phosphonate–phosphonate).
The molecular dimer formed by
O3�H3···O1 (assigned as 1)
with an eight-membered ring
motif R2,2(8) can be considered
as the smallest building block
of the crystal. Two different N–
phosphonate hydrogen-bond in-
teractions (2 and 3) are used to
extend the inversion-related di-
meric units into molecular rib-


bons along the a direction (Figure 2a). An additional four-
membered ring is generated along the ribbon from the com-
bination of the inter- and intramolecular N–phosphonate hy-
drogen bonds (3 and 9). The two phosphonic groups are al-
ternately arranged on both sides of the ribbons and provide


Table 1. Summary of crystal data, data collection, and refinement conditions for compounds 2–5.


2 3 4 5


formula C7H17NO6P2 C7H23NO9P2 C8H21NO7P2 C7H19.5 NO7.25P2


Mr 273.16 327.2 305.20 295.68
crystal system monoclinic monoclinic triclinic monoclinic
space group P21/n P21/n P1̄ P21/n
a [�] 6.444(2) 5.974(2) 7.001(3) 8.988(2)
b [�] 8.119(3) 14.398(4) 7.864(3) 14.703(3)
c [�] 20.401(5) 17.548(4) 12.035(4) 18.688(4)
a [8] 72.71(3)
b [8] 92.69(3) 92.11(3) 89.48(3) 96.44(3)
g [8] 83.73(3)
V [�3] 1066.2(6) 1508.3(7) 628.7(4) 2454.0(9)
T [K] 100(2) 100(2) 100(2) 100(2)
Z 4 4 2 8
1calcd [gcm�3] 1.702 1.441 1.612 1.601
m(MoKa) [mm�1] 0.422 0.325 0.373 0.381
q range [8] 3.91–35.69 3.65–35.18 3.55–35.60 3.29–35.27
reflections collected 15752 19210 12103 29308
independent reflections (Rint) 4581 (0.0894) 5996 (0.0819) 4939 (0.0319) 8824 (0.0836)
reflections observed [I>2s(I)] 2706 3480 3869 5140
refined parameters 212 264 247 395
R[a] 0.0693 0.0752 0.0378 0.0764
wR2[b] 0.0948 0.0825 0.0879 0.0779
all data R 0.1552 0.1638 0.0569 0.1660
wR2 0.1164 0.0998 0.0951 0.0950
D1min/D1max [e ��3] �0.51/0.52 �0.41/0.36 �0.48/0.55 �0.42/0.38


[a] R=�(Fo�Fc)/�Fo. [b] wR2 = [�w(F2
o�F2


c)
2/�w(F2


o)
2]1/2.


Table 2. Selected intramolecular bond lengths [�], angles [8] and torsion angles [8] for compounds 1–5.


1[10][a] 2 3 4 5
A-unit B-unit


P1�O1 1.511(3) 1.505(2) 1.515(2) 1.5076(12) 1.522(2) 1.511(2)
P1�O2 1.506(3) 1.501(2) 1.495(2) 1.5010(12) 1.484(2) 1.532(2)
P1�O3 1.572(3) 1.569(2) 1.571(2) 1.5757(12) 1.561(2) 1.522(2)
P1�C1 1.854(4) 1.853(3) 1.845(2) 1.866(2) 1.852(3) 1.846(3)
P2�O4 1.496(3) 1.488(2) 1.481(2) 1.4809(12) 1.501(2) 1.484(2)
P2�O5 1.549(3) 1.543(2) 1.531(2) 1.5496(12) 1.511(2) 1.539(2)
P2�O6 1.544(3) 1.548(2) 1.546(2) 1.5628(12) 1.568(2) 1.546(2)
P2�C1 1.830(3) 1.838(3) 1.852(2) 1.842(2) 1.846(3) 1.853(2)
N1�C1 1.514(5) 1.520(3) 1.519(3) 1.523(2) 1.530(3) 1.526(3)
N1�C2 1.509(5) 1.504(3) 1.514(3) 1.537(2) 1.533(3) 1.538(3)
N1�C6 1.505(5) 1.507(3) 1.514(3) 1.518(2) 1.517(3) 1.524(4)


P1-C1-P2 111.6(2) 111.73(12) 115.42(11) 114.31(7) 116.71(15) 113.89(12)
N1-C1-P1 111.6(2) 110.9(2) 111.49(14) 111.10(9) 108.3(2) 117.5(2)
N1-C1-P2 118.9(3) 118.6(2) 114.54(14) 114.98(8) 115.3(2) 109.41(15)
C1-N1-C2 111.7(3) 112.7(2) 115.0(2) 114.95(10) 114.3(2) 114.4(2)
C1-N1-C6 115.3(3) 115.2(2) 113.7(2) 112.10(10) 111.8(2) 111.8(2)
C2-N1-C6 110.8(3) 110.1(2) 109.7(2) 108.63(10) 110.6(2) 110.6(2)


O2-P1-C1-N1 136.3(2) 137.7(2) �147.6(2) 14.82(10) �29.0(2) 66.9(2)
O4-P2-C1-N1 176.8(3) 175.5(2) �45.9(2) 45.94(11) �51.7(2) �30.9(2)
C2-N1-C1-P1 �155.3(2) �160.2(2) �64.3(2) �171.77(9) 168.0(2) �58.0(3)
C2-N1-C1-P2 72.5(4) 68.5(2) 69.1(2) 56.42(13) �59.0(2) 170.1(2)
C6-N1-C1-P1 77.1(3) 72.3(2) 168.1(2) 63.53(12) �65.4(2) 68.8(2)
C6-N1-C1-P2 �55.1(4) �58.9(2) �58.5(2) �68.28(12) 67.5(2) �63.1(2)


[a] The original crystal numbering scheme has been changed in order to make it consistent with that of the studied compounds.
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Table 3. Hydrogen-bond geometries and hydrogen-bond patterns of compounds 1–5.


H-bond interactions H···A [�] D···A [�] aDHA [8] Symmetry code H-Bond motif


piperid-1-ylmethane-1,1-diphosphonic acid (1)[10][a]


acid–acid H-bonds
molecular ribbons along the a direction inversion and translation


1 O3�H3···O1 phosphonate–phosphonate 1.78 2.599(4) 163 2�x, 2�y, �z R2,2(8)
2 N1�H1N···O2 N–phosphonate 2.30 3.056(4) 151 2�x, 1�y, �z R2,2(10)


molecular monolayers (001) translation along the b axis
3 O6�H6···O4 phosphonic–phosphonic 1.67 2.502(4) 169 1�x, 2�y, �z R2,2(8)
4 O5�H5···O2 phosphonic–phosphonate 1.73 2.536(4) 159 1�x, 1�y, �z R2,2(12)


stabilizing interactions
5 C1�H1C····04 Ca–phosphonic 2.22 3.076(4) 143 1�x, 1�y, �z
6 C1�H1C····01 Ca–phosphonate 2.42 3.045(5) 120 2�x, 1�y, �z
7 C3�H31····02 Cring–phosphonate 2.51 3.301(5) 137 2�x, 1�y, �z


intramolecular H-bonds conformational stabilization
8 N1�H1N···O1 N–phosphonate 2.35 2.867(5) 121 x, y, z S(5)
9 C6�H61···01 Cring–phosphonic 2.40 2.988(4) 118 x, y, z S(6)
10 C2�H21···05 Cring–phosphonic 2.54 3.213(4) 125 x, y, z S(6)


3-methyl-piperid-1-ylmethane-1,1-diphosphonic acid (2)
acid–acid H-bonds
molecular ribbons along the a direction inversion and translation


1 O3�H3···O1 phosphonate–phosphonate 1.80(4) 2.623(2) 179(5) 1�x, 1�y, 1�z R2,2(8)
2 N1�H1N···O2 N–phosphonate 2.23(3) 3.111(3) 158(2) 2�x, 1�y, 1�z R2,2(10)
3 N1�H1N···O1 N–phosphonate 2.51(3) 3.113(3) 123(2) 2�x, 1�y, 1�z R2,2(10)


molecular monolayers (001) translation along the b axis
4 O6�H6···O4 phosphonic–phosphonic 1.69(4) 2.519(2) 163(4) 1�x, �y, 1�z R2,2(8)
5 O5�H5···O2 phosphonic–phosphonate 1.90(4) 2.552(2) 172(4) 2�x, �y, 1�z R2,2(12)


stabilizing interactions
6 C1�H1C···04 Ca–phosphonic 2.24(3) 3.084(3) 150(2) 2�x, �y, 1�z
7 C3�H31···O2 Cring–phosphonate 2.47(2) 3.332(3) 140(2) 2�x, 1�y, 1�z
8 C1�H1C···O1 Ca–phosphonate 2.53(3) 3.040(3) 115(2) 2�x, 1�y, 1�z


intramolecular H-bonds conformational stabilization
9 N1�H1N···O1 N–phosphonate 2.39(3) 2.862(3) 111(2) x, y, z S(5)
10 C6�H61···O6 Cring–phosphonic 2.40(2) 3.023(3) 119(2) x, y, z S(6)
11 C2�H21···O5 Cring–phosphonic 2.56(3) 3.184(3) 118(2) x, y, z S(6)


4-methyl-piperid-1-ylmethane-1,1-diphosphonic acid (3)
acid–acid H-bonds
molecular dimers inversion


1 O3�H3···O1 phosphonate–phosphonate 1.67(3) 2.570(2) 176(3) �x, 1�y, 1�z R2,2(8)
molecular ribbons along the a direction translation along the a axis


2 N1�H1N···O1 N–phosphonate 1.91(3) 2.790(2) 154(3) 1�x, 1�y, �z R2,2(10)
water H-bonds, 3D network


3 O5�H5···O3w phosphonic–water 1.37(4) 2.416(2) 171(4) x, y, z
4 O6�H6···O1w phosphonic–water 1.60(3) 2.529(3) 174(3) �0.5�x, �0.5 +y, 0.5�z
5 O3w�H6w···O2w water–water 1.73(4) 2.632(3) 173(3) 1+x, y, z
6 O2w�H3w···O4 water–phosphonic 1.78(3) 2.638(2) 172(3) x, y, z
7 O3w�H5w···O2 water–phosphonic 1.78(4) 2.603(3) 170(4) 0.5�x, 0.5+y, 0.5�z
8 O2w�H4w···O2 water–phosphonate 1.84(4) 2.719(2) 175(3) 0.5�x, 0.5+y, 0.5�z
9 O1w�H2w···O5 water–phosphonic 1.95(4) 2.801(3) 178(3) 0.5�x, 0.5+y, 0.5�z
10 O1w�H1w···O2w water–water 1.99(3) 2.771(3) 166(3) x, y, z


intramolecular H-bonds conformational stabilization
11 N1�H1N···O1 N–phosphonate 2.40(3) 2.900(2) 113(2) x, y, z S(5)
12 C2�H21···O4 Cring–phosphonic 2.40(2) 3.067(3) 128(2) x, y, z S(6)


2-ethyl-piperid-1-ylmethane-1,1-diphosphonic acid (4)
acid–acid interactions
molecular dimers inversion


1 O3�H3···O2 phosphonate–phosphonate 1.76(2) 2.579(2) 177(3) 2�x, 1�y, 1�z R2,2(8)
molecular ribbons along the a direction translation along the a axis


2 N1�H1N···O1 N–phosphonate 2.09(2) 2.924(2) 160.4(19) 1�x, 1�y, 1�z R2,2(10)
molecular layers (001) translation along the b axis


3 O5�H5···O1 phosphonic–phosphonate 1.69(3) 2.519(2) 169(3) 1�x, 2�y, 1�z R2,2(12)
acid–water interactions layer stabilization


4 O6�H6···O1w phosphonic–water 1.70(3) 2.532(2) 176(2) x, y, z
5 O1w�H1w···O4 water–phosphonic 1.93(3) 2.726(2) 178(2) �1 +x, y, z C(6)
6 O1w�H2w···O3 water–phosphonate 2.16(3) 2.950(2) 163(3) 1�x, 2�y, 1�z
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additional recognition sites accessible for inter-ribbon hy-
drogen-bond interactions with a resultant (001) monolayer
formation. Two hydrogen bonds O6�H6···O4 (4) and O5�
H5···O2 (5) connect the ribbons in the layer generating new
motifs R2,2(8) and R2,2(12) (see Table 3). Due to the inflex-
ibility of the methane-1,1-diphosphonic portion, the inter-
ribbon R2,2(8) motif is strongly distorted (Figure 2a). The
geometry of bonds 4 and 5 significantly deviates from linear-
ity in order to accommodate the two-dimensional network.
The heterocyclic rings in 2, alternately arranged on both
sides of the (001) molecular layers, protrude in a manner so
as to fit in the large meshes formed between the ribbons


(Figure 2b). The specific molecular conformation of 2 en-
ables a formation of three additional, relatively strong inter-
molecular hydrogen bonds C�H···O stabilizing the two-di-
mensional network. Two of them (6 and 8) are donated
from the hydrogen atom located on Ca towards both the
phosphonic and phosphonate groups, and the third one (7)
is established between the ring C3 atom and the phospho-
nate group. So, an optimal use of the hydrogen-bond donor–
acceptor capacity of molecule is executed in the formation
of invariable molecular layers in 2. The heterocyclic rings of
the monolayers are arranged in stacks and van der Waals in-
teractions (with mean H···H distance between the layers of


Table 3. (Continued)


H-bond interactions H···A [�] D···A [�] aDHA [8] Symmetry code H-Bond motif


7 C1�H1C···O2 Ca–phosphonate 2.41(2) 3.222(2) 144(2) 1�x, 1�y, 1�z
8 C7�H71···O1w Cring–water 2.530(2) 3.417(2) 150(2) x, y, z


intramolecular H-bonds conformational stabilization
9 N1�H1N···O2 N–phosphonate 2.509(19) 2.888(2) 107(2) x, y, z S(5)
10 C6�H61···O4 Cring–phosphonic 2.356(16) 3.063(2) 128(2) x, y, z S(6)
11 C6-H62···O2 Cring–phosphonate 2.434(17) 3.074(2) 125(1) x, y, z S(6)


2-methyl-piperid-1-ylmethane-1,1-diphosphonic acid (5)
acid–acid interactions
asymmetric unit A–B pseudo screw rotation 21(y)


1a O2B�H2B···O5A phosphonate–phosphonic 1.64(3) 2.479(3) 168(4) x, y, z D
1b O5A�H5A···O2B phosphonic–phosphonate 1.63(6) 2.479(3) 176(8) x, y, z D


molecular ribbons translation along the a axis
2 O3B�H3B···O1A phosphonate–phosphonate 1.55(3) 2.423(2) 171(3) 1+x, y, z C(10)[b]


3 O5B�H5B···O4A phosphonic–phosphonic 1.60(3) 2.467(2) 176(3) 1+x, y, z C(10)[b]


4 O6A�H6A···O1B phosphonic–phosphonate 1.75(3) 2.636(2) 170(3) �1 +x, y, z C(8)[b]


molecular layers (010) n-glide reflection
5 N1B�H1NB···O2A N–phosphonate 1.78(3) 2.719(3) 168(3) 0.5+x, 0.5�y, �0.5 +z C(11)
6 N1A�H1NA···O4B N–phosphonic 1.94(3) 2.861(3) 165(2) �0.5 +x, 0.5�y, 0.5 +z C(11)


3D crystal network inversion
7 O6B�H6B···O1B phosphonic–phosphonate 1.76(3) 2.581(3) 174(2) 2�x, �y, �z R2,2(8)


water H-bond interactions stabilizing the 3D network
8a O3A�H3A···O3wB phosphonate–water 1.66(3) 2.376(10) 171(4) 0.5�x, �0.5+y, 0.5�z
8b O3A�H3A···O3wA phosphonate–water 2.16(3) 2.877(9) 172(3) 0.5�x, �0.5+y, 0.5�z
9 O3wA�H5w···O1w water–water 1.88(3) 2.665(9) 151(3) 0.5�x, 0.5+y, 0.5�z
10 O3wB�H7w···O2w water–water 1.92(3) 2.743(9) 160(6) x, y, z
11 O2w�H4w···O4B water–phosphonic 1.93(3) 2.782(5) 171(5) �1 +x, y, z
12 O1w�H1w···O1A water–phosphonate 1.96(3) 2.830(3) 169(3) 0.5�x, �0.5+y, 0.5�z
13 O1w�H2w···O5A water–phosphonic 2.23(3) 2.970(3) 160(3) x, y, z
14 O3wA�H6w···O5B water–phosphonic 2.30(3) 3.055(9) 147(5) �1 +x, y, z


intramolecular interactions stabilizing the conformation of the asymmetric A unit
15 N1A�H1NA···O2A N–phosphonate 2.39(3) 2.846(3) 109(2) x, y, z S(5)
16 C6A�H61···O4A Cring–phosphonic 2.37 3.069(3) 127 x, y, z S(6)
17 C7A�H71A···O5A CMe–phosphonic 2.60(3) 3.226(4) 121(2) x, y, z S(7)


intramolecular interactions stabilizing the conformation of the asymmetric B unit
18 N1B�H1(NB)···O4B N–phosphonic 2.52(3) 2.908(3) 105(2) x, y, z S(5)
19 C2B�H21B···O2B Cring–phosphonate 2.54 3.094(3) 115 x, y, z S(6)
20 C6B�H62B···O5B Cring–phosphonic 2.56 3.293(3) 131 x, y, z S(6
21 C6B�H61B···O3B Cring–phosphonate 2.45 3.131(3) 126 x, y, z S(6)
22 C7B�H71B···O2B CMe–phosphonate 2.48(3) 3.171(4) 125 x, y, z S(7)


intramolecular interactions stabilizing the conformation of the asymmetric dimer unit A–B
23 C2A�H21A···O3B Cring–phosphonate 2.38 3.171(3) 135 x, y, z D
24 C2B�H21B···O4A Cring–phosphonic 2.47 3.286(3) 138 x, y, z D


intermolecular stabilizing interactions
25 C5A�H52A···O3A Cring–phosphonate 2.49 3.482(3) 176 0.5�x, 0.5+y, 0.5�z
26 C5A�H51A···O1B Cring–phosphonate 2.57 3.299(3) 130 1.5�x, 0.5+y, 0.5�z
27 C1A�H1CA···O3wB Ca–water 2.56 3.332(10) 134 0.5�x, �0.5+y, 0.5�z


[a] The original crystal numbering scheme has been changed in order to make it consistent with that of the studied compounds. [b] 2 and 3 generate
R2,2(12); 3 and 4 generate R2,2(10).
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2.34 �) hold adjacent screw-related monolayers in the third
dimension.


The crystal network of 3 : The movement of the methyl
group from 3- to the 4-position leads to substantially modi-
fied molecular organization. A consideration at molecular
level reveals that the strain between the methane-1,1-di-
phosphonic portion and the heterocyclic ring becomes some-
what relaxed, since only a single C2�H21···O4 bond (12) is
established between the ring and the phosphonic group in
addition to N1�H1N···O1 (11), common for all studied crys-
tals (Figure 1b). Similar to 1 and 2, the dimeric units are
formed through the strong phosphonate–phosphonate inter-
action (O3�H3···O1, assigned as 1). However, unlike 2, the
extension of the dimers into molecular ribbons along the a
direction is executed only by a single N1�phosphonate hy-
drogen bond (2). The one-dimensional network incorporates
three ring motifs: two of them, R2,2(8) and R2,2(10), are
generated by single hydrogen bonds (1 and 2, respectively),
whereas the third one R2,2(4) arises from a combination of
the intra- and intermolecular N1···O1 hydrogen bonds 2 and
11 (Figure 3a). Similar to 1 and 2, the phosphonic groups
are aligned on both sides of the ribbons and do not partici-
pate in the ribbon formations. However, the topology of the
substituent prevents a close approach between neighboring
ribbons and effectively disables any inter-ribbon hydrogen-
bond and layer formation. Three symmetry independent
water molecules serve as space fillers and hydrogen-bond
linkers between the ribbons. Two of them, W1 and W3, sta-
bilize and interweave the screw-related ribbons (through 3,
4, 7, 9). The third one, W2, also cross-links the molecular
ribbons (through 6 and 8) and additionally accepts two
more hydrogen bonds (5 and 10) from W3 and W1 in order
to establish water bridges between the ribbons completing
the three-dimensional network (Figure 3b). The heterocyclic
portions of the molecules are arranged in the large hydro-
phobic channels (along the a direction) encircled by pairs of
screw-related chains.


The crystal network of 4 : The substituent group placed at
the C2 atom in the ring is expected to interfere strongly
with the methane-1,1-diphosphonic portion of the molecule.
The three bulky groups, equidistantly positioned around N1,
tend to stay as far as possible away one from another. This
prevents the axial proton H21 at C2 to approach the phos-
phonate oxygen atoms, but enables the equatorial proton
H62 at C6 to establish a new Cring–phosphonate intramolecu-
lar hydrogen bond (11) in addition to the N–phosphonate
and Cring–phosphonic bonds (9 and 10, respectively) ob-
served in 1–3. The formation of C�H···O bonds to both P1
and P2 additionally stiffens the molecular conformation in 4
and 5. However, the ethyl group, in contrast to the methyl
one, is more apt to accommodate the requirements of the
extended network established between the methane-1,1-di-
phosphonic portions of the molecules. Therefore, the one-di-
mensional arrangement in 4 resembles that in 3. Phospho-
nate–phosphonate resonance-assisted and N–phosphonate


Figure 2. The hydrogen-bonded dimers of 2 (formed by 1 and stabilized
by intramolecular hydrogen bonds 9, 10, and 11) are organized into (001)
molecular monolayers with a hydrophilic interior and hydrophobic exteri-
or: a) a view of the two-dimensional hydrogen-bonded network formed
by multiple intermolecular hydrogen bonds 2, 3, 4, and 5. The heterocy-
clic rings and the stabilizing interactions 6, 7, and 8 are omitted from the
picture; b) a side view of the monolayers demonstrating the heterocyclic
ring arrangement (hydrogen atoms of the rings are omitted) and the in-
terlayer relations. For the numbering of the hydrogen bonds see Table 3
and the text.
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charge-assisted interactions (1 and 2) are used for ribbon
formation in the a direction (Figure 4a). The phosphonic–
phosphonate charge-assisted hydrogen bond O5�H5···O1 (3)
links the neighboring ribbons into molecular monolayers
(001). However, unlike 2, in which all available hydrogen-
bond donors and acceptors are used in hydrogen bonds
inside the monolayer, some of the oxygen sites in 4 are inac-
cessible for intralayer hydrogen-bond formation. This gener-
ates large empty chambers between the ribbons of the mo-
lecular layers in 4. For dense-packing reasons the crystal
network incorparates one water molecule, which serves as


Figure 3. The hydrogen-bonded ribbons in 3 are mediated by three water
molecules in order to form the three-dimensional hydrogen-bonded net-
work: a) a view of the molecular ribbons demonstrates that only the
phosphonate portions of the molecules 3 are used in the one-dimensional
hydrogen-bonded extensions. The phosphonic portions, arranged from
both sides of the ribbons are hydrogen bonded explicitly to the water
molecules, that prevent the formation of molecular monolayers; b) a
view along the ribbons envisaging the water bridges between the ribbons
and the arrangement of the heterocyclic rings in the hydrophobic chan-
nels.


Figure 4. The one-, two-, and three-dimensional molecular arrangement
in 4. a) The molecular ribbon. b) The molecular layer. The water mole-
cules in 4 are arranged inside the molecular layer traversing back and
forth the empty spaces between the ribbons and forming water paths
(tapes) parallel to the ribbons. The heterocyclic rings (omitted on the pic-
ture) are arranged in the exterior of the monolayer and fit in the pockets
close between the molecular and the water tapes. c) A side view of two
neighboring monolayers. The water molecules and the hydrogen atoms of
the rings are omitted.
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space filler and provides additional hydrogen-bond sites
inside the layers. Water–phosphonate interactions (5) tra-
verse the ribbons, whereas the phosphonic–water and
water–phosphonic interactions (4 and 6) contrive water
bridging tapes that are parallel to the molecular ribbons
(Figure 4b). The rings protrude out of the layers and are ar-
ranged between them with the ethyl groups maximally devi-
ated from the hydrophilic portion of the molecule (torsion
angle N1-C2-C7-C8 of �157.8(2)8) so as to embed in the hy-
drophobic exterior (Figure 4c).


The crystal network of 5 : The replacement of the ethyl
group with the rigid methyl group extremely complicates
the hydrogen-bonded network, and the comprehension of
the molecular organization in 5 has been a challenging task
for variety of reasons. The asymmetric unit of the crystal is
composed of two independent molecular entities (assigned
as A and B) (Figure 1d), which lead to an approximate
screw rotation. This pseudosymmetry[12] is rationalized as a
conflict between the hydrogen-bonding requirements and
the need for optimal packing. Unlike the ethyl moiety, the
methyl group is not able to align along the ring in order to
escape the close approach of the methane-1,1-diphosphonic
portion. The formal asymmetric dimeric unit A–B is formed
through a strong pseudosymmetrical hydrogen bond O2B�
H2B···O5A (1) by means of a D motif instead of the
common R2,2(8). The molecular subunits are stabilized
through eight hydrogen bonds: assigned as 15, 16, and 17 in
A and 18, 19, 20, 21, and 22 in B. Intramolecular contacts
are established between the methyl substituent and the
phosphonate groups in both independent molecular units.
Two more C�H···O bonds (23 and 24) traverse the inde-
pendent units and contribute to the A-B formation in addi-
tion to 1. Three different hydrogen bonds (2, 3, and 4)
extend the A–B entities into molecular ribbons along the a
axis (Figure 5a). Four R2,2(10) ring motifs are generated in
the ribbons by means of hydrogen-bond pairs 2–4, 3–4, 1–18,
and 1–20, and two more ring motifs R2,2(12) are formed
from a pair combination of 2–3 and 18–20. Two N�H···O
bonds (5 and 6) link neighboring glide-related ribbons in
order to form undulate molecular monolayers (001) with a
hydrophilic interior and a hydrophobic exterior (Figure 5b).
The heterocyclic rings, organized in the nanosized holes,
protrude from the layer. The methyl groups point towards
the interior rather than the exterior of the layer. This may
be attributed to the hydrogen bonds (17 and 22) established
between the methyl and the phosphonic/phosphonate


Figure 5. The one-, two-, and three-dimensional solid-state molecular or-
ganization of 5. a) A presentation of the formal molecular ribbons
formed by the independent dimeric units A–B (the heterocyclic rings of
the molecules are omitted). b) View of the formal molecular monolayers
(010). The rings are locked in the spaces between the ribbons. c) A side
view of four molecular monolayers revealing the interlayer hydrogen-
bond relations. The giant empty spaces generated between the layers are
filled by the water molecules (omitted on the picture) that serve as addi-
tional hydrogen-bond agents between the layers.
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groups. Markedly, the methyl hydrogen atoms H71A and
H71B approach exactly the oxygen sites (O5A and O2B) al-
ready engaged in the disordered hydrogen bond 1. There-
fore, the character of the proton disorder in 1 is presumed
to be dynamic, resulting from the movement of the methyl
group. Reasonably, the proton H2B(H5A) becomes disor-
dered between the oxygen sites of the asymmetric units A
and B (with an occupancy factor 63 % to O2B and 37 % to
O5A).


Another way to disentangle the two-dimensional network
in 5 is to consider the ribbon formations in the [101] direc-
tion (generated by phosphonate–phosphonate and N–phos-
phonate interactions as in crystals 1–4 ; see Figure 5b), that
are connected by the pseudosymmetrical hydrogen bond 1.
However, the fluctuant repulsion and attraction effects be-
tween the librating methyl group, the H2B(H5A) proton
sites, and the O2B and O5A oxygen sites prevent the close
inversion relation between the ribbons and the generation
of the R2,2(8) motif observed in 1–4. Instead of this, the
molecules use translation and glide-reflection relations be-
tween two independent molecular units A–B, which almost
have screw related symmetry. The water disorder observed
in 5 may also be explained by the dynamic behavior of the
system. Such a delineation of the molecular organization is
reasonable with respect to the similar solution behavior of 4
and 5. Indeed, there is no difference between A and B mol-
ecules in solution and the doubling of Z’ in the crystal is
only the way in which the molecules choose to accommo-
date spatial demands of the substituent with the directional
dictates of the intermolecular interactions. The heterocyclic
rings, arranged to form stacks along [101] direction, are em-
bedded in the hydrophobic channels generated between the
monolayers. The glide relationship inside the layers allow
for a connection only between B subunits in the interlayer
region. The R2,2(8) motifs generated between the neighbor-
ing monolayers through bond 7 are placed at a distance of
18.688 � along the c axis (Figure 5c). Three water molecules


fill in the large pockets of the interlayer region. Two of
them, W2 and W3, are disordered with an occupancy of less
than 50 %.


Spectroscopic characteristics : The complete assignments of
the room-temperature 1H and 13C NMR spectra of com-
pounds 1–5 are presented in Table 4. The positions of the
resonances of the piperidine ring have been determined
with the aid of the 1H-1H COSY, 13C–1H HMQC, and
DEPT 135 experiments, and verified by iteration of each
1H NMR spectrum. The number of resonances in the spectra
is in accordance with the symmetry considerations. The pres-
ence or absence of large vicinal proton–proton coupling con-
stants has been used as a diagnostic tool for distinguishing
the axial and the equatorial protons. The magnitudes of the
diaxial 3J(H,H) coupling constants ranging between 13.6–
11.5 Hz show that the piperidine ring in 1–5 predominantly
adopts a chair conformation in solution.


The characteristic feature of both the 1H and the
13C NMR spectra of compounds 1–5 is a triplet (doublet of
doublets) arising from the coupling of the CaH proton or
carbon atoms with the 31P nuclei of the phosphonate
groups.[9] The binding of the methane-1,1-diphosphonate
portion to the piperidine nitrogen atom shields the reso-
nances of the nearest C2 and C6 ring carbon atoms relative
to those of the parent piperidine.[13] Similarly, the signals of
H2 and H6 in the corresponding 1H NMR spectra are
strongly shielded and therefore easy to recognize.


The comparison of the 13C NMR spectra of 2–5 with that
of 1 shows that the replacement of the hydrogen atom with
an alkyl group in the piperidine ring exerts downfield shifts
(~6–8 ppm) on the resonances of the carbon atoms at a-
and b-positions with respect to the substituent. The most
pronounced shielding (11.73 ppm) is detected on the alkylat-
ed C2 carbon atom of 4, whereas the C3 carbon atom in the
b-position versus the 2-ethyl group is less affected (Dd=


4.48 ppm), when compared to 2, 3, and 4. A shielding due to


Table 4. 1H, 13C, and 31P NMR spectral data [ppm] for compounds 1–5 in D2O at 300 K.


CaH H2 H3 H4 H5 H6 CH2 CH3


ax eq ax eq ax eq ax eq ax eq


1 3.52 (19.2)[a] 3.59 3.52 1.70 1.89 1.38 1.71 1.70 1.89 3.59 3.52 – –
2 3.55 (19.6) 3.22 3.42 1.83 – 1.05 1.73 1.70 1.88 3.50 3.50 – 0.86
3 3.55 (19.2) 3.61 3.50 1.38 1.86 1.60 – 1.38 1.86 3.61 3.50 – 0.85
4 3.81 (20.8) 3.76 – 1.56 1.96 1.44 1.75 1.61 1.87 3.47 3.72 1.63; 1.83 0.86
5 3.84 (21.3) 3.86 – 1.65 1.90 1.46 1.72 1.62 1.89 3.47 3.78 – 1.33


13C 31P
CaH C2 C3 C4 C5 C6 CH2 CH3


piperidine[13] 47.5 27.2 25.2 27.2 47.5 – – –
1 62.84 (120.4) 54.41 (4.8) 24.03 20.93 24.03 54.41 (4.8)[a] – – 7.12
2 62.71 (122.1) 59.62 (4.1) 30.41 29.55 23.65 53.83 (4.1) – 17.93 7.16
3 62.41 (121.5) 54.08 (4.8) 31.94 27.90 31.94 54.08 (4.8) – 20.29 7.20
4 57.25 (126.8)


55.71 (126.4)
66.14 (5.5) 28.51 21.97 23.42 54.01 24.09 7.64 8.52; 6.17


5 57.89 (126.0)
56.33 (125.3)


61.76 (5.6) 32.27 22.09 24.02 53.52 – 17.73 8.60; 6.19


[a] J(P,H) and J(P,C) [Hz] experimental values in parentheses.
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the 2-alkyl substitution is also observed for the CaH proton
signals of 4 and 5, which demonstrate a downfield shift of
approximately 0.3 ppm relative to CaH of 1–3.


In order to comprehend the solution behavior of com-
pounds 1–5, their NMR spectra have been monitored over a
broad range of pH. The studied compounds represent a
family, in which each of the phosphonate (PO3


2�) groups is
capable of accepting two protons and the heterocyclic nitro-
gen atom one proton. Although in solid state all compounds
exist in the zwitterionic form [H4L] (Figure 1); the dominat-
ing form in solution is [H3L]� . This is due to the fact that
the PO3H2 group is strongly acidic and dissociates well
below pH 2. Therefore, as much as three protons (one
proton from each of the phosphonate groups and one from
the nitrogen atom) can potentially be released in the mea-
surable pH range. Figure 6 displays the 1H NMR titration


curves for CaH proton of compounds 1–5. The steep up-
field shifts of the resonances clearly demonstrate that only
two subsequent deprotonations take place from the two
PO3H


� groups. Similar to other aminomethane-1,1-diphos-
phonic acids, the release of the proton from the more acidic
PO3H


� group is separated by nearly four pK units from that
of the less acidic one.[14] The proton located on the piperi-
dine nitrogen atom is not removed even in very strong alka-
line solutions as evidenced from the spectra. Therefore, the
intramolecular N1�H1N···O (phosphonic or phosphonate)
hydrogen bond, observed in the crystals 1–5, is apparently
an inherent property of these compounds and is retained
also in solution. To confirm the conclusions drawn from the
1H NMR spectra, the corresponding 31P NMR titrations
were also performed (Figure 7). In the spectra of com-
pounds 1–3 (Figure 7a), both phosphonate moieties result in
a single peak, which is slightly sensitive (Dd~0.5 ppm) to
the variations in their protonation states. This additionally
proves that the heterocyclic nitrogen atom remains proton-
ated over the whole studied range of pH, since otherwise a
significant downfield shift of the 31P resonance should be ob-
served in alkaline solutions.[15]


As far as 4 and 5 are concerned their pH dependences of
the CaH proton chemical shifts versus pH are quite similar
to those of 1–3. However, their 31P NMR spectra are signifi-


cantly different (Figure 7b). There are two distinct pH areas,
(pH<6 and pH>8), in which the two independent resonan-
ces demonstrate exactly the opposite trend for the changes
of the chemical shift versus pH. On the other hand, in the
intermediate pH range 6!8 the signals thoroughly coales-
cence in 4 and are very close in 5. Taking into account that
the approximate pKa values for a dissociation of the proton
from the PO3H


� groups are 4.5 and 8.5 (Figure 6), the larg-
est differences in the 31P chemical shifts correspond to pH
ranges in which both phosphonate groups remain monopro-
tonated or in which both exist predominantly as diprotonat-
ed PO3


2� forms. The corresponding 13C NMR spectra of 4
and 5 display narrow lines in the acidic and alkaline solu-
tions, whereas in the pH range 6!8 the signals are signifi-
cantly broadened. In addition, only minor changes are de-
tected in the 31P spectra performed for acidic and alkaline
solutions with heating of the samples up to 350 K. On the
other hand, the single resonance detected in the 31P NMR
spectra of 4 in the pH range between 6!8 splits upon cool-
ing into two lines, which suggests a dynamic behavior of the
compound.


Solution properties of compounds 1–5 : The structural analy-
sis (Table 3) has revealed the strong inclination of the mole-
cules 1–5 for self-recognition and dimer formation through
phosphonate–phosphonate and/or phosphonic–phosphonic
interactions between alike sites. The entire crystal is built up
by dimer units that form according to the conventional
space group symmetry. However, the periodical distribution
of the noncovalent bonds between the dimers are different,
essentially depending upon the topology of the substituent.
Although the priority of hydrogen bonds with respect to


Figure 6. 1H NMR chemical shifts of the methine CaH proton as a func-
tion of pH for compounds 1–5.


Figure 7. 31P NMR chemical shifts as a function of pH: a) compounds 1–
3 ; b) compounds 4 and 5.
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their strength (provided that the contact distance is a
strength-reflecting factor) can be argued, it seems reason-
able to anticipate that the hydrogen bonding between the
monoprotonated sites initiates the molecular organization in
solution, gradually eliminating other less preferred forma-
tions. This is justified by the
fact that this binding, which
does not allow for multiple
choices, reduces the possible
combinations and minimizes
the wrong recognitions. Indeed,
in all crystals 1–5, the phospho-
nate–phosphonate P1O3H


�–
P1O3H


� interaction is used for
dimer formation. The phos-
phonic–phosphonic and the N–
phosphonate hydrogen bonds
obey the symmetry require-
ments for ribbon formation.
The phosphonic–phosphonate
interactions, used in the two-di-
mensional arrangement, inter-
mingle the P2O3H2 and the
P1O3H


� sites of the ribbons
and generate bigger hydrogen-
bond motifs.


Considering the crystal disin-
tegration upon dissolution as a
process opposite to crystal for-
mation, we may be able to anticipate some of the solution
aggregation forms. The stepwise disruption of the network
and the gradual reduction of the long-range symmetry lead
to smaller molecular assemblies, stable under certain condi-
tions in solution. The nondirectional packing forces and the
weak intermolecular C�H···O hydrogen bonds, stabilizing
the network, evidently are the first to be released. The mul-
tiple strong hydrogen bonds established between the
P2O3H2 and P1O3H


� sites break stepwise, and this process
essentially depends upon pH and other external conditions
in solution. The gradual release of protons upon increasing
pH leads to enhanced molecular motions and conformation-
al freedom. This correlates well with the NMR results.


Conformation dynamics : The whole set of intramolecular
motions in six-membered saturated azacycles includes three
different types of motions: ring inversion (RI), nitrogen in-
version (NI), and rotation around the C�N bond (R).[16]


However, the nitrogen inversion is not allowed when nitro-
gen is tetrasubstituted and only isolated RI and R processes
or a concerted RI/R process are in principle expected to de-
termine the stereodynamics in 1–5.


In 1–3 the only reliable constrain on the molecular confor-
mation in solution is the intramolecular N1�H1N···O1 hy-
drogen bond. Therefore, the molecules 1–3 may potentially
convert between two chair conformations A and B. Addi-
tionally, each of the conformational isomers A and B may
exist as a mixture of three different rotamers, provided that


some movement�s freedom around the exocyclic C1�N1
bond is allowed. This is demonstrated in Scheme 1 for 1, the
simplest compound of the studied set.


The ring inversion in 1 is clearly evidenced in the 1H 2D
exchange (EXSY) spectrum showing the correlation peaks


issued from the exchange phenomena between H4ax and
H4eq as well as H3,5ax and H3,5eq. The cross peaks correlat-
ing H2,6ax and H2,6eq are less visible due to their close posi-
tions. The nonequivalence of the ring geminal protons, de-
tected in the room-temperature 1H NMR spectrum, is most
likely connected with the steric impediment on N1. Al-
though the bulk effects of the methane-1,1-diphosphonate
moiety may also account for the increase of the rotational
barrier, the room-temperature 31P NMR spectrum of 1 dis-
plays only one resonance, which demonstrates that both
phosphonate groups are equivalent (Table 4) and that the
rotation is fast on the 31P NMR timescale.


This behavior can be explained if the possible populations
of the rotamers around the C1�N1 bond (Scheme 1,
bottom) are taken into consideration. The ring movement
around C1�N1 in r1 and r2 allows the protons on N and the
closest C atoms to approach the oxygen atoms of the phos-
phonate group (P1 or P2) in order to form “dynamic” hy-
drogen bonds. This allows us to presume that both r1 and r2


are nearly equally populated and therefore can be consid-
ered as predominant rotameric forms in solution. Although
the P1 and P2 oxygen sites in r3 are equally accessible for
the nitrogen proton, they are not accessible at all for the
carbon protons; this seemingly makes this form less stable
and less abundant in solution. Evidently, the rate of ex-
change between r1 and r2 is determined by the rate of rever-
sible formation and breaking of the N1�H1···O(phospho-
nate) hydrogen bonds.


Scheme 1. a) The A and B conformers of 1 issued from the ring inversion. A corresponds to the isomer, that
was experimentally found in solid state.[10] b) The Newman projections for the A conformer, with an assump-
tion of staggered rotamers around the C1�N1 bond. The numbering is consistent with that of the crystals. The
positions of P1 and P2 in r1 correspond to those found in solid state.
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Some structure-dependent differences become evident
when we compare the spectra of 2 and 3 with those of 1.
The most important one is the lack of chemical exchange
between the geminal ring protons in the EXSY spectra of 2
and 3, which shows that the inversion of piperidine ring is
locked upon substitution in 3- or 4-position and only one
conformer predominates in solution. The well-documented
tendency of the ring substituents to adopt, whenever possi-
ble, equatorial positions,[16f, 17] confirmed by the structures of
the studied compounds, allows us to assume that both 2 and
3 adopt the A conformation in solution. Therefore, the ste-
reodynamics of 2 and 3 is determined by the rotation
around the C1�N1 bond concerted with the N1�
H1···O(phosphonate) hydrogen-bond breaking/formation
process. The rotation is fast on the 31P NMR timescale, since
similar to 1, only one resonance is detected in the corre-
sponding spectra. The equal values for 3J(P,C2) and 3J(P,C6)
coupling constants found in all compounds 1–3 also confirm
this (Table 4).


Differences dependent on the substituent and its position
in the ring are reflected also in the 1H NMR spectra mea-
sured versus temperature and pH. Heating the sample of 1
(Table 4) up to 350 K leads to coalescing of the lines for
H2,6 and H3,5 and unusual broadening of the H4ax and H4eq


signals. These effects can be explained by the ring dynamics
concerted with the formation and breaking of inter- and in-
tramolecular hydrogen bonds. The temperature rise acceler-
ates the concerted ring inversion/rotation process (RI/R),
which in turn accelerates the formation/breaking processes
of the intramolecular N1�H1···O(phosphonate) and C�
H···O(phosphonate) hydrogen bonds. On the other hand,
the intermolecular hydrogen bonds also become more labile
and can break with increasing temperature. No molecular
aggregations are expected at high temperatures. The spectral
behavior versus pH is very similar. The increase of pH from
~1 to 13 leads to a stepwise coalescence of the signals for
the ring geminal protons in the order H2,6>H3,5>H4 with
a complete averaging to single broad lines achieved at pH>


12. This can be explained with the gradual deprotonation of
the phosphonate groups and the intermolecular hydrogen
bonds breaking, leading to complete disintegration of any
aggregation forms. Generally, the spectral changes with the
temperature and pH are better visible for the protons very
close to the N atom. This seems to correlate well with the
ascending order of Ddae values (Ddae: the chemical shifts dif-
ference between the geminal protons) for H2,6, H3,5, and
H4 protons, namely 0.07, 0.19, and 0.33 ppm, found from the
room-temperature spectrum (Table 4). The above experi-
ments show the significant contribution of the rotation to
the overall ring movement processes.


The 1H NMR changes with temperature and pH observed
for 2 and 3 are very conclusive for the gradual decrease of
the rotational contribution to the ring dynamics, which is
logical taking into account that the replacement of a ring
proton for the bulkier Me group makes the heterocycle less
flexible. The ring rigidity is essentially dependent upon the
substituent�s position and its possible interference with


other steric impediments. So, in 3 the effect of the substitu-
ent is expected to be significantly less important than in 2,
since the Me group in the 4-position is pretty far from the
methane-1,1-diphosphonate portion of the molecule. The ex-
perimental results are in excellent agreement with this rea-
soning. The Ddae values in the room-temperature 1H NMR
spectrum of 3 are 0.11 ppm (H2,6) and 0.48 ppm (H3,5). Ac-
cordingly, the heating of the sample up to 350 K causes only
the H(2,6) resonance to coalesce to a single line, whereas
the signals for H3,5ax and H4 markedly broaden and H3,5eq


remains unchanged. The increase of pH influences the spec-
tra in more complex way. In particular, the signals for H2,6
start to broaden at the beginning, then coalesce at pH6!8,
and finally reappear again as two resonances at pH>8. This
is accompanied by a gradual broadening of the H4 and
H3,5ax resonances upon pH increase up to ~8, but the sig-
nals invert their trend at pH higher than 8. However, the
1H NMR spectra of 2 display only narrowing of the signals
for the closest H2 and H6 protons, and the other ring
proton resonances remain almost unaffected by the pH or
temperature changes. This feature indicates that the rota-
tional movement around the C1�N1 bond, although being
still fast on the 31P NMR timescale, is significantly reduced
in 3 and especially in 2, relative to that in 1. So, in contrast
to 1, only hydrogen-bond breaking/rotation/hydrogen-bond
formation processes are responsible for the ring movement
in 2 and 3, and the rate of rotation in 2 is significantly re-
duced versus that in 3 and especially that in 1.


The situation is significantly more intricate in 4 and 5,
since even under basic conditions some molecular aggrega-
tions are retained. Essentially, the dissolution processes of 4
and especially of 5 are different from that of 1–3. For exam-
ple for compound 4, the release of the proton H6 upon dis-
solution leads to a destabilization of the layers, eventually to
a discontinuation of the long-range periodicity, but not to a
destruction of the two-dimensional molecular assemblies.
Only after the second proton (H5) is released (at slightly
acidic conditions) do the assemblies break into smaller mo-
lecular aggregations (organized around the primary dimers),
which eventually have short-range arrangements due to the
N–phosphonate interactions. The unrestrained P2O3


2� group
is free to rotate around the C1�P2 bond. The monopro-
tonated P1O3H


� group, constrained in the dimer ring motif,
can rotate around the C1�P1 bond only in a concerted way
embracing the whole dimer, which in turn harms the rota-
tion around the C1�N1 bond. The only possible conforma-
tional change in the dimer is a simultaneous flipping of both
heterocycles in two opposite directions. The dimers
(R2,2(8)) break after the release of H3. However, even at
very basic conditions, certain “dynamic” formations may
still exist in solution due to interchangeable N–phosphonate
interactions. The solution behavior of compound 5 is very
similar to that of 4.


The A conformer is considered to be the predominant
form upon dissolution also in 4 and 5. This is evidenced in
the lack of exchange peaks between the ring geminal pro-
tons in the EXSY spectra and in the narrowing of the
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1H NMR resonances upon temperature increase. The Ddae


values for H3, H4, H5, and H6 protons (0.40, 0.31, 0.26,
0.25 ppm in 4 and 0.20, 0.26, 0.27, 0.31 ppm in 5) are similar
and remain almost constant over the whole studied pH
range. This presumably reflects the lower flexibility of the
piperidine ring in 4 and 5 relative to 1–3.


In view of the above considerations it becomes clear that
the chemical environment of the two phosphonate groups in
4 and 5 is different even in solution. So, the different reso-
nances detected at low and high pH 31P NMR spectra (Fig-
ure 7b) are attributed to different phosphonate groups. The
high-field resonance (at pH<6) is assigned to the P2O3H


�


group, which is deprotonated first. The lower field signal is
assigned to the P1O3H


� group, which is constrained in the
hydrogen-bonded dimer. The nonequivalence of P1 and P2
is also reflected in the 13C NMR spectra (Table 4). The Ca


carbon atom displays two separate doublets (instead of an
averaged triplet) observed in the whole measurable pH
range, which is affected by the coupling to the nonequiva-
lent P1 and P2 atoms. Essentially, the 3J(P,C) coupling con-
stant of approximately 5.5 Hz is observed for only one
carbon atom, C2.


The very unusual 31P NMR spectral behavior can be ex-
plained with the steric effects of three equidistant bulky
groups around the heterocyclic N-atom (the alkyl and the
two phosphonate groups) and the consequences for the mo-
lecular motion. For example, in 5 the H1N proton preferably
forms intramolecular hydrogen bond with the less acidic
P1O3H


� , retaining the A conformer in acidic conditions.
However, both phosphonate groups tend to stay far away
from the alkyl substituent and the axial proton H21 (on C2)
cannot approach any of the oxygen atoms. Instead of this,
the equatorial proton H61 (on C6) binds internally to the
P1O3H


� group and the axial proton H61 to P2O3H
� . A cru-


cial moment is the increase of a negative charge on P2 after
a proton release upon rising pH, which makes the P2O3


2�


group more attractive for the nitrogen proton H1N. Howev-
er, the P2 oxygen atoms still remain inaccessible for the ni-
trogen proton, due to constrains imposed by the crossed hy-
drogen bonds donated from C6 towards both P1 and P2. So,
the only way for H1N to form a hydrogen bond towards P2
group is a conformational change through a flipping of the
ring (Scheme 2).


In the pH range 6!8 A and B are likely to occur in an
approximate 1:1 ratio. The contribution of both conformers


may explain the existence of one averaged 31P NMR signal
for the phosphonate groups in 4 and the appearance of two
very close resonances in the spectrum of 5. The dynamic
equilibrium in this range is confirmed by the separation of
the 31P NMR signal of 4 into two peaks on cooling to 283 K.
Accordingly, the room-temperature 13C NMR spectra in the
pH range 6–8 demonstrate a markedly broadened reso-
nances for all carbon atoms, including Ca, except for the
CH2 signal of the ethyl group. A noticeable broadening is
observed also in the 1H NMR spectra. No EXSY cross
peaks are detected in the pH range 6!8 under the condi-
tions of the experiment. All resonances in both 1H and
13C NMR spectra undergo further narrowing on going to
higher pH values. This presumably results from the confor-
mational switching from A into B form, with a consequent
predominance of the B conformer at the end of titration.


Conclusion


We have demonstrated that combination of solid-state struc-
tural and solution NMR methods is helpful for uncovering
structural and conformational problems in the studied com-
pounds. We have shown that nature and topology of the sub-
stituent significantly account for the recognition and aggre-
gation preferences and, therefore, for the solution behavior.
All compounds (except 3) form molecular layers; however,
the intra- and interlayer organization in 1,2 and 4,5 differs.
The existence of these different forms also predominates
upon dissolution. The crystal structure of 3 is intermediate
between 1,2 and 4,5. Additionally, we have revealed the sub-
stantial role of the intra- and intermolecular hydrogen
bonds, not only for the organizational processes in solution
and solid state, but also for the conformation dynamics in
solution.


We experimentally proved that ring-inversion/rotation
concerted with the N1�H1···O(phosphonate) hydrogen-bond
breaking/formation process leads to a mixture of intercon-
verting conformers (A and B) in solutions of 1. On the
other hand, placement of an alkyl group in the ring prevents
the inversion and leads to a predominance of the A con-
former in solutions of 2 and 3. The concerted N1�
H1···O(phosphonate) hydrogen-bond formation/rotation/
N1�H1···O(phosphonate) hydrogen-bond dissociation proc-
ess is significantly influenced by the substituent and its posi-
tion in the ring. The rate of rotation decreases in the follow-
ing order 1>3>2. The rotation process in 4 and 5 is dis-
abled, which makes them less flexible than 1–3. The influ-
ence of pH on the conformation dynamics in 4 and 5 is evi-
denced as well. Both compounds can exists as an AÐB
mixture with equilibrium shifted to the left in acidic solu-
tions and to the right in alkaline solutions.


If now we try to correlate the biological activities of 1–5
documented by Oldfield[11] with the results of our studies
they seem to be more comprehensive. Generally, com-
pounds existing as monomolecular forms, with a predomi-
nance of one conformer in solution, are considered to beScheme 2. The pH switched conformations of 4 and 5.
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more effectively bound by the receptor. The binding capaci-
ty and the resulting receptor response are significantly re-
duced if variable conformations and/or aggregational forms
are present. Evidently, external factors (like pH) can signifi-
cantly influence the existing equilibria and, therefore, play a
substantial role for the biological activity of the compound.
For example, compound 3, the most potent compound in the
series, is most labile among the studied substituted com-
pounds. Additionally, the monomolecular forms of only one
conformer predominate already at neutral pH conditions. In
contrast, the conformational equilibria for the most rigid
compounds 4 and 5 are pH dependent and certain small ag-
gregates are the prevailing formations even at basic condi-
tions. This might be one of the reasons for their significantly
lower potency relative to 1–3. The twofold higher potency
of 4 versus 5 may be explained with the relatively better
adaptability of the substituent group.


Experimental Section


Sample preparation : The piperid-1-ylmethane-1,1-diphosphonic acids
were synthesized according to a literature procedure[18] in the reaction of
appropriate amines with ethyl orthoformate and triethyl phosphite, fol-
lowed by acid hydrolysis of the obtained esters. This reaction afforded
the required compounds in satisfactory yields (37–64 %). The single crys-
tals of 2, 3, 4, and 5 were grown from water at room temperature by
using the slow evaporation method.


Crystal structure determination : The X-ray diffraction data collection
was performed at 100 K on a KUMA KM4 CCD four-circle diffractome-
ter[19] equipped with an Oxford Cryosystem Cooler by using graphite-
monochromated MoKa radiation, l =0.71073 �. The crystal structures
were solved by direct methods by using the SHELXS97 program[20] and
refined by full-matrix least-squares technique by using SHELXL97.[21]


All H atoms in the structures of 2–4 were found in the difference Fourier
maps and were refined isotropically except for H22 in 2, which was re-
fined with Uiso equal to Ueq of the parent C2 atom.


All nitrogen and oxygen H atoms in 5 were found in the difference Fouri-
er maps and refined with Uiso =1.2Ueq of the proper O or N atoms. The
hydroxyl O5A�H5A and O2B�H2B distances were constrained to
0.86 �. Additionally, the H3W···H4W, H5W···H6W, and H5W···H7W dis-
tances were constrained to 1.43 �. The site occupation factors for the
water molecules in 5 were 1 for W1 (O1W, H1W, H2W) and 0.5 for W2
(O2W, H3W, H4W). The oxygen and the hydrogen atoms of W3 were ob-
served at positions O3WA, O3WB, H6W, H7W (with s.o.f.=0.5) and
H5W (s.o.f.=1). All C-bonded H atoms, except those of the methyl
groups, were included from the geometry (using one of the AFIX instruc-
tions) and refined with Uiso =1.2 Ueq of the parent C atoms.


The XP package[22] was used to generate the molecular drawings. The
computer program Platon[23] was used for analysis and graphical presen-
tation of the hydrogen bonding patterns.


CCDC-235483 (2), CCDC-235484 (3), CCDC-235485 (4), and CCDC-
235 486 (5) 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.


NMR measurements : NMR spectra were recorded on a Bruker Avance
DRX-300 spectrometer operating at 300.13 MHz for 1H, 75.46 MHz for
13C and 124.50 MHz for 31P, and some 1D 1H NMR spectra on a Bruker
Avance DRX-500 spectrometer operating at 500.13 MHz; T =300 K,
unless otherwise noted. The chemical shifts are given relative to 85%
H3PO4 (31P) and SiMe4. All downfield shifts are denoted as positive. The
standard Bruker programs were used to perform 1D experiments.


The 2D experiments were carried out with the following parameters: 1)
[1H–1H] COSY spectral width 1800 Hz in both dimensions, 512 F1 incre-
ments, relaxation delay of 2 s, a 512 � 2048 data matrix, and 16–32 scans
for each FID; a sine weighting function was applied prior to Fourier
transformation; 2) [13C–1H] HMQC with 256 F1 increments, relaxation
delay 2 s and Bird delay 650 ms, a 256 � 1024 data matrix, and 24 scans
for each FID; a p/2 shifted sine-squared weighting function was applied
prior to Fourier transformation; 3) NOESY (EXSY) spectra were ac-
quired in the phase-sensitive mode by using time proportional phase in-
crementation (TPPI), mixing time tm =500 ms!1 s, relaxation delay 4 s,
spectral width 2400 Hz in both dimensions, 512 F1 increments, a 512 �
2048 data matrix, and 16 scans for each FID; a p/2 shifted sine-squared
weighting function was applied prior to Fourier transformation.


The variable-temperature measurements covered the temperature ranges
283–350 K (31P) for 4, 5 and 300–350 K (1H) for 1–5.


The samples for NMR studies were prepared in deuteriated water. The
concentration of the samples was 1 � 10�1 mol dm�3 for 13C and 2�
10�2 mol dm�3 for the 1H and 31P titration measurements. The pH was
measured using a Radiometer pHM 83 instrument equipped with a Met-
tler Toledo INLAB 422 combined electrode and is given as meter ridings
without correction for pD.
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Lanthanide(iii) Complexes of a Mono(methylphosphonate) Analogue of
H4dota: The Influence of Protonation of the Phosphonate Moiety on the
TSAP/SAP Isomer Ratio and the Water Exchange Rate**


Jakub Rudovský,[a] Petr C�gler,[a] Jan Kotek,[a] Petr Hermann,[a] Pavel Vojt�šek,[a]


Ivan Lukeš,*[a] Joop A. Peters,*[b] Luce Vander Elst,[c] and Robert N. Muller[c]


Introduction


Polyazamacrocycles with coordinating pendent arms form
very stable complexes with a wide range of metal ions.


These ligands encapsulate metal ions in the macrocyclic
cavity and the complexes often exhibit the high thermody-
namic and kinetic stabilities that are essential for in vivo ap-
plications.[1] The favorable properties of these complexes


Abstract: A monophosphonate ana-
logue of H4dota, 1,4,7,10-tetraazacyclo-
dodecane-4,7,10-tris(carboxymethyl)-1-
methylphosphonic acid (H5do3aP), and
its complexes with lanthanides were
synthesized. Multinuclear NMR studies
reveal that, in aqueous solution, lantha-
nide(iii) complexes of the ligand exhib-
it structures analogous to those of
H4dota complexes. Thus, the central
ion is nine-coordinate, surrounded by
four nitrogen atoms, three acetate and
one phosphonate oxygen atoms, and
one water molecule in an apical posi-
tion. For complexes of H5do3aP with
LnIII ions in the middle of the series,
the abundance of the desired twisted
square-antiprismatic (TSAP) isomer is
higher than for the corresponding
H4dota complexes. The TSAP/square-
antiprismatic (SAP) isomer ratio is
highly sensitive to protonation of the
phosphonate group: a higher abun-


dance of the TSAP isomer was found
in acidic solutions. The microscopic
protonation constants of the TSAP iso-
mers are higher than those of the SAP
isomers. The presence of one water
molecule in the first coordination
sphere of the complexes in the pH
region studied (pH 2.5–7.0) is con-
firmed by 17O NMR spectroscopy. The
results of a simultaneous fit of varia-
ble-temperature 17O NMR relaxation
data and 1H NMRD profiles show that
the residence time of water (tM) in the
Gdiii complex is much smaller than for
[Gd(dota)(H2O)]� . The exchange rate
appears to be dependent on the pH of
the solution. The values of tM are 37,


40, and 14 ns at pH 2.5, 4.7, and 7.0, re-
spectively. These observations can be
explained by an extensive second-
sphere hydrogen-bonding network that
varies with the state of protonation of
the phosphonate moiety. Upon proto-
nation of the complex, the second-
sphere hydration probably becomes
more ordered, which may result in a
decrease in penetrability and an in-
crease in tM. The relaxivity of the Gdiii


complex is almost independent of the
pH and is equal to 4.7 s�1 mm


�1


(20 MHz, pH 7 and 37 8C). The solid-
state structure was determined for the
Ndiii complex. It crystallizes as the
TSAP isomer and the unit cell contains
two independent molecules of the com-
plex with different Nd�O(water) bond
lengths of 2.499 and 2.591 �.
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have been exploited in several areas; for example, as con-
trast agents in magnetic resonance imaging (MRI)[2] or for
labeling of biomolecules using metal radioisotopes for both
diagnostic and therapeutic purposes.[3] The most widely stud-
ied ligand of this type, H4dota (1,4,7,10-tetraazacyclodode-
cane-1,4,7,10-tetraacetic acid, Scheme 1), is a prototype for
the above applications.


In this area of chemistry, the design of better MRI con-
trast agents is of great importance.[4] Most of the currently
approved MRI contrast agents are Gdiii complexes with li-
gands derived from acyclic H5dtpa (diethylenetriaminepen-
taacetic acid, Scheme 1) or macrocyclic H4dota. The effi-
ciency of such contrast agents is commonly expressed as the
relaxivity (r1; the enhancement of the longitudinal water
proton relaxation rate expressed in s�1 mm


�1). Relaxivity is
governed by several parameters:[4]


1) The electronic relaxation time, ts, which is conveniently
long for gadolinium(iii) because of its symmetrical 8S
spin state. This correlation time remains reasonably long
in complexes with a symmetric arrangement of the first
coordination sphere.


2) The rotational correlation time, tR, which is related to
the effective molecular volume of a complex (at least in
the case of low-molecular-weight complexes). A high tR


value can be achieved by covalent or noncovalent bind-
ing of the complex to (bio)macromolecules (e.g. human
serum albumin; HSA).


3) The residence time, tM, of water molecules in the first
coordination sphere of metal ions. To reach a high relax-
ivity, a contrast agent should exhibit a tM value in the
optimal range (20–30 ns as predicted by theory) and a
sufficiently long tR.[4]


All currently used MRI contrast agents have a low molec-
ular weight although their efficiency is far from optimal be-
cause they have a too-short tR and/or a too-long tM.


Most of the recently investigated contrast agents are de-
signed to target specific sites (e.g. cell receptors). Therefore,
very efficient contrast agents giving a high contrast, even at
low local concentrations, are desired. Targeting agents are
often conjugates of a large bioactive addressing component
and a small metal-binding moiety. Such conjugates usually
have a relatively high molecular weight and, therefore, a rel-
atively long tR. Hence, the relaxivity may be limited by a
long tM of the water molecule in the Gdiii complex attached
to the macromolecule.[4,5] Consequently, interest has been
focused on the design of complexes with a smaller tM.


In solution, lanthanide(iii) complexes of H4dota-like li-
gands are typically present as a mixture of two diastereo-
isomers (strictly speaking as two enantiomeric pairs of dia-
stereoisomers): the square-antiprismatic (SAP) and the
twisted square-antiprismatic (TSAP) isomer (an alternative
labeling with M for “major” and m for “minor” is commonly
used for [Ln(dota)(H2O)]� complexes), which are usually in
fast interconversion on the NMR time scale (Figure 1).[6] It


has been shown that these isomers display different tM


values.[7,8] The neighborhood of the water molecule in a
TSAP isomer is more sterically crowded, and therefore the
water molecule exchanges 10–100 times faster than in an
SAP isomer. The values of tM for the TSAP isomers of Gdiii


complexes of carboxylate-bearing ligands are close to the
optimal range predicted by theory.[7] Hence, Gdiii complexes
with a higher abundance of the desired TSAP isomer should
exhibit a higher relaxivity. It has also been shown that lan-
thanide(iii) complexes of an H4dota analogue with four
phosphonic acid pendent arms are present in solution as
well as in the solid state exclusively as TSAP isomers as a


Scheme 1. Structures of ligands discussed in this paper.


Figure 1. Summary of interconversion pathways taking place between iso-
mers of [Ln(dota)(H2O)]� in solution.
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consequence of the steric requirements of the phosphorus
atoms.[9–12] However, no water is coordinated directly to the
lanthanide(iii) ions in these complexes. If a water molecule
could be coordinated in similar complexes, the presence of
the coordinated bulky phosphorus moiety would lead to
faster water exchange. This effect has already been observed
in Gdiii complexes of pyridine-containing macrocycles with
phosphonic acid pendent arms[13] as well as upon coordina-
tion of an HPO4


2� anion to Gdiii complexes of H3do3a
amides (H3do3a=1,4,7,10-tetraazacyclododecane-1,4,7-tria-
cetic acid, Scheme 1).[14] Moreover, it is also known that the
phosphonate/phosphinate complexes have a highly abundant
and rather ordered second hydration sphere.[2a,10,15, 16] This
property has been exploited in the design of Gdiii complexes
of tetraphosphonate H4dota analogues, which are able to
bind noncovalently to HSA.[16] These conjugates display a
relatively high relaxivity because of the presence of several
water molecules in the second coordination sphere of the
complex moieties, with tM values in the nanosecond
range.[16]


The present work is aimed at combining the favorable
properties of complexes of H4dota (one coordinated water
molecule, high kinetic inertness, high thermodynamic stabili-
ty) with those of tetraphosphorus acid analogues of H4dota
(bulkiness of the phosphorus atom and presence of only the
TSAP isomer, ordering of the second hydration sphere).
Therefore, we synthesized a monophosphonate analogue of
H4dota (H5do3aP, Scheme 1) as a model compound for
other ligands derived from H4dota with one pendent arm
containing a phosphorus acid moiety. The lanthanide(iii)
complexes were investigated by means of several NMR
techniques to assess their relaxation-enhancing properties
and to gain insight into the parameters that govern these re-
laxation processes. A preliminary conference report of this
work has appeared[17] and we have recently published a
complementary study on lanthanide(iii) complexes of
H5dtpa analogues with a phosphonic/phosphinic acid pend-
ent arm at the central nitrogen atom of the diethylenetri-
amine backbone.[18]


Results and Discussion


Synthesis of ligand and complexes : The ligand H5do3aP was
synthesized by a Mannich reaction of H3do3a with an excess
of diethylphosphite and paraformaldehyde in azeotropic
aqueous HCl. The optimal temperature for the reaction is
between 80 and 100 8C. Surprisingly, use of phosphonic acid
instead of diethylphosphite yielded only intractable reaction
mixtures. The synthesis of similar monophosphonate ligands
has been mentioned briefly in a patent.[19]


Solutions of the complexes are readily obtained by mixing
lanthanide(iii) oxides or chlorides with solutions of a small
excess of the ligand (1.1 equiv) followed by alkalization. At-
tempts to use a small excess of lanthanide(iii) ions failed,
since the excess of metal ion did not precipitate from alka-
line solution and could not even be easily detected by a xy-


lenol orange test. These phenomena may be explained by a
partial formation of 2:1 Ln:L complexes, which have been
detected by potentiometry during the determination of sta-
bility constants.[20] A slight excess of lanthanide(iii) salts was
used for the preparation of the complexes in the solid state;
the excess of lanthanide ions was removed by chromatogra-
phy on a silica gel column. The complexes were isolated as
ammonium salts and were characterized by ESI mass spec-
tra (see Table S1 in the Supporting Information).


Structure of Li[Nd(Hdo3aP)(H2O)]·11.5 H2O : This com-
pound crystallizes in the space group P1̄ (no. 2) and the unit
cell contains two independent complex molecules, labeled A
and C. Selected bond lengths and angles for both fragments
of the structure are listed in Table 1. The structure of mole-
cule A, including the atom numbering scheme, is shown in
Figure 2. The (Hdo3aP)4� ligand is coordinated to Ndiii by


Table 1. Selected bond lengths, angles and other geometrical parameters
(in [�] and [8]) of Li[Nd(Hdo3aP)(H2O)]·11.5H2O (molecules A and C).


Parameter Molecule A Molecule C


Nd1�O1 2.499(4) 2.591(4)
Nd1�N1 2.699(5) 2.696(5)
Nd1�N4 2.736(5) 2.682(5)
Nd1�N7 2.750(5) 2.771(5)
Nd1�N10 2.676(5) 2.733(5)
Nd1�N[a] 2.715 2.720
Nd1�O11 2.431(4) 2.403(4)
Nd1�O51 2.457(4) 2.438(4)
Nd1�O71 2.435(4) 2.431(4)
Nd1�O91 2.449(4) 2.430(4)
Nd1�O[a] 2.443 2.426


Nd1�QN[b] 1.738(1) 1.746(1)
Nd1�QO[b] 0.783(1) 0.792(1)
QN�QO[b] 2.519(1) 2.535(1)
O11-Nd1-O71 142.2(1) 140.3(1)
O51-Nd1-O91 143.0(1) 143.4(1)
QN-Nd1-QO[b] 174.7(1) 174.3(1)
QN-Nd1-O1[b] 173.9(1) 171.3(1)
QO-Nd1-O1[b] 4.0(1) 4.3(1)
twist angle for pendent on N1 30.0(2) 28.9(2)
twist angle for pendent on N4 23.3(2) 23.3(2)
twist angle for pendent on N7 28.6(6) 28.1(2)
twist angle for pendent on N10 24.0(2) 23.5(2)
P1�C13 1.821(6) 1.851(6)
P1�O11 1.536(4) 1.535(4)
P1�O12 1.519(4) 1.529(4)
P1�O13 1.536(4) 1.525(4)
C15�O51 1.278(7) 1.280(7)
C15�-O52 1.235(8) 1.225(7)
O51-C15-O52 125.5(6) 125.8(6)
C17�O71 1.270(8) 1.267(8)
C17�O72 1.241(8) 1.244(7)
O71-C17-O72 125.1(6) 124.6(6)
C19�O91 1.270(7) 1.264(7)
C19�O92 1.243(7) 1.243(8)
O91-C19-O92 125.0(6) 125.5(6)
Li1�O2 1.935(12) 1.937(11)
Li1�O3 1.961(12) 1.968(12)
Li1�O13 1.905(13) 1.914(11)
Li1�O92(i) 1.926(12) 1.933(12)


[a] Mean values of Nd�N and Nd�O distances. [b] “Q” represents the
centroid of the coordinated nitrogen or oxygen atoms
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four nitrogen atoms and three carboxylate and one phos-
phonate oxygen atoms. The nitrogen atoms and the oxygen
atoms form N4 and O4 bases that are planar and virtually
parallel. The angle between the planes is less than 28 in both
molecules A and C. Consideration of only the carboxylate
O3 plane does not significantly change the position of the
oxygen plane relative to the nitrogen plane because the
mutual angle of the O3 and O4 planes is 0.38 for A and 1.48
for C, respectively. The coordinated phosphonate oxygen
atom lies 0.02 � and 0.11 � above the O3 plane in molecules
A and C, respectively. The lanthanide ion lies between these
planes, but is closer to the O4 base (see Table 1). The twist
angles of the bases around the local fourfold axis (as count-
ed for nonequivalent pendent arms and for both the inde-
pendent molecules) is between 23.38 and 30.08 (Table 1).
Thus, the arrangement should be termed a twisted-square
antiprism (ideal twist angle 22.58), that is, the complex is
present in the solid state as the TSAP isomer. The twist
angle is almost the ideal one for the mutually opposite ace-
tate pendent arms (on the N4 and N10 atoms) and is the
same for molecules A and C. The two other pendent arms
have a twist angle that is approximately 58 larger. A small
difference exists in the values for the pendent phosphonate
arm (30.08 for molecule A and 28.98 for molecule C). A
water molecule capping the O4 base completes the coordina-
tion sphere of Ndiii. The water oxygen to neodymium ion
bond length, Nd�O1, is different in the two molecules
(2.499(4) � and 2.591(4) � for molecules A and C, respec-
tively). The hydrogen atoms of the water of hydration were
not located; however, the positions found for the water
oxygen atoms imply the presence of hydrogen bonds. The
O1 water molecules in A and C differ in their hydrogen-
bond contacts. The atom O1 in molecule A has a hydrogen-
bond contact to phosphonate O13 (2.744(6) �) in molecule
C, and additional contacts to two water molecules of hydra-
tion O2w (2.809(7) �) and O16w (3.101(7) �). The O16w is
a molecule of water with hydrogen-bond contacts to O13a
of phosphonate (O13a�O16w 2.804(7) �) and to O92a of
the carboxylate (O92a�O16w 3.056(7) �), and thus lies


close to the oxygen rim of the complex (Figure 3). In so-
lution, the presence of contacts like these would significantly
influence the exchange rate of the coordinated water and
also the relaxivity. The O1 atom in molecule C shows an


analogous contact to the phosphonate oxygen atom O13
(2.739(6) �) in molecule A and a contact to a water mole-
cule of hydration O17w (3.128(7) �). Thus, molecule A,
with the shorter Nd�O1 bond length, has two hydrogen-
bond contacts to hydrate water molecules, whereas molecule
C has contact to only one hydrate water molecule. In mole-
cule C, with the longer O1�Nd distance, the bond length be-
tween the central ion and the phosphonate oxygen atom is
shorter than in molecule A (2.403(4) � versus 2.431(4) �,
respectively) and both the distances are significantly shorter
than the Nd�O(carboxylate) distances. In molecule A, the
Nd�O(carboxylate) distances are longer than in molecule C.
Accordingly, the O11-Nd-O71 angle is slightly more open in
molecule A. All comparisons suggest that more space is
available in/above the O4 plane of molecule A. Thus, the dif-
ferences in the Nd�O1 lengths can be ascribed to a slightly
different arrangement of the ligand around the central
atoms.


Comparison of our structure with that of the SAP isomer
of [Nd(dota)(H2O)]� in the solid state[21] shows that the
water-to-neodymium distance in that complex (2.508 �) is
closer to that found in molecule A. The carboxylate
oxygen–neodymium distances in the H4dota complex (2.41–
2.42 �) are shorter than the corresponding distances in the
H5do3aP complex. In the dimeric complex [Nd(L)]2 (H3L=


N-methylated H3do3PPh, Scheme 1),[22] all O(P)�Nd distan-
ces are shorter (2.34–2.40 �) than the Nd�O11 lengths ob-
served in the H5do3aP complex.


The lithium(i) ion is coordinated to the oxygen atom O13
of phosphonate, O92 of a carboxylate from a neighboring
molecule, and two water molecules (O2 and O3). Its coordi-
nation number is 4 and the lithium subunits connect neody-
mium polyhedrons A as well as polyhedrons C into separate


Figure 2. Molecular structure of the complex fragment in the structure of
Li[Nd(Hdo3aP)(H2O)]·11.5 H2O, with atom numbering scheme (molecule
A).


Figure 3. Hydration around the [Nd(Hdo3aP)(H2O)]� fragment (mole-
cule A).
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infinite chains. Coordination of such counterions to carboxy-
lates, phosphonates, or phosphinates is a common motif in
the structures of lanthanide complexes with dota and dota-
like ligands, and has been found in the structures of both
SA and TSA isomers.[19, 21]


Structure of lanthanide(iii) complexes in solution : The
chemical shifts of the NMR-active nuclei (even those which
are not directly coordinated) are affected by the paramag-
netic lanthanide(iii) ion present in the molecule.[23] As the
lanthanide-induced chemical shift (LIS) is highly directional,
the structure of lanthanide(iii) complexes can be partially
deduced on the basis of NMR spectra. Thus, to prove and
explore the ligation of lanthanide(iii) ions by H5do3aP also
in solution, a multinuclear (1H, 31P, 17O) NMR study was car-
ried out.


1H NMR spectra : The 1H NMR spectra of the [Nd(do3a-
P)(H2O)]2�, [Eu(do3aP)(H2O)]2�, and [Yb(do3aP)(H2O)]2�


complexes were measured at pH 7.0 and pH 2.5 (see Fig-
ure S1 in the Supporting Information). Since the lanthani-
de(iii) complexes of H5do3aP have C1 symmetry a total of
24 signals was expected to be present in the 1H NMR spec-
tra if coordination of all donor atoms was accomplished.
However, the complete set of signals was observed only in
the case of the Ybiii complex, where minimal accidental coa-
lescence occurred. A comparison of the number and the
chemical shifts of the resonances with complexes of the
more symmetrical lanthanide(iii) complexes of H4dota-like
ligands unambiguously confirmed that the coordination
mode of the ligand in the complexes is analogous to that ob-
served in complexes of H4dota and H8dotp (H8dotp =


1,4,7,10-tetraazacyclododecane-1,4,7,10-tetrakis(methylphos-
phonic acid); Scheme 1).[6,12] The observed NMR signals
were partially assigned by means of NOESY/EXSY experi-
ments,[24] although a complete assignment was not possible
as we were not able to obtain any 2D scalar-coupled NMR
spectra. Moreover, in the 1H NMR spectra of [Eu(do3a-
P)(H2O)]2� and [Yb(do3aP)(H2O)]2� complexes, the mixture
of TSAP and SAP isomers is clearly visible and interconver-
sion processes (TSAPÐSAP) similar to those reported for
H4dota complexes[6,24] were detected in an 1H EXSY spec-
trum of the Euiii and Ybiii complex (see Figure S1 in the
Supporting Information); in the 1H NMR spectrum of
[Nd(do3aP)(H2O)]2� there was only one isomer (TSAP),
that is, one set of signals was detected. The 31P NMR spectra
were also measured and found to be in agreement with the
1H spectra: one 31P NMR resonance was found for the Ndiii


complex, whereas two resonances were observed for both
the Euiii and Ybiii complexes.


17O LIS study : Having confirmed the octacoordination of
the ligand in the Ndiii, Euiii, and Ybiii complexes by 1H NMR
spectroscopy, it was necessary to inspect and to confirm the
same situation throughout the whole lanthanide series. Un-
fortunately, only the above three lanthanide(iii) ions allowed
us to obtain reasonable resolved 1H NMR spectra, thus an


analysis of the chemical shifts of the water 17O NMR signal
in the presence of the complexes was performed to obtain
information on the number of water molecules in the first
coordination sphere.[23] It has been shown that the lantha-
nide-induced shift of a nucleus of a ligand in a lanthani-
de(iii) complex can be given by Equation (1), where D is the
bound shift of the nucleus under study, and dd is the diamag-
netic contribution to its induced shift. The terms F and G
are independent of the lanthanide and dependent on the nu-
cleus in question, whereas <SZ> and CD are independent
of the ligand but dependent on the lanthanide—these values
are tabulated in the literature.[23]


ðD�ddÞ=CD ¼ D0=CD ¼ ð< SZ > =CDÞ � ðF þGÞ ð1Þ


The 17O NMR shifts of water in the presence of the lan-
thanide(iii) complexes of H5do3aP throughout the lantha-
nide series were measured. The exchange of water between
the complex and the bulk was found to be rapid on the
17O NMR time scale. The measured lanthanide(iii)-induced
shifts, when extrapolated to a molar ratio [LnIII]/[D2O] of
1:1, represent qD’/CD. A plot of these extrapolated shifts
versus <SZ> /CD gave a straight line with a slope �68
(Figure 4). From Equation (1) it can been seen that the


slope obtained equals qF. It has been shown previously that
the parameter F falls in the range �70�11 for an LnIII-coor-
dinated oxygen regardless of the nature of that oxygen.
Therefore, it can be concluded that q=1 for the present
system at pH 7, and that this value does not vary along the
lanthanide series.[23]


As a complementary test the dysprosium-induced 17O
chemical shift (DIS)[25] in the presence of [Dy(do3a-
P)(H2O)]2� was measured. This experiment verified that the
coordination manner of the ligand remained unchanged (in
the case of the Dyiii complex), even in acidic solutions, as
only one water molecule was found at pH values 2.5, 4.5,
and 7.0 at 25 8C in the first coordination sphere of the Dyiii


ion.


Figure 4. Linearization of 17O NMR lanthanide-induced shifts of water in
the presence of [Ln(do3aP)(H2O)]2� (pH 7, 25 8C).
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31P LIS study : The 31P NMR spectra of the Lniii complexes
of H5do3aP show a single resonance for Ceiii–Ndiii and two
resonances for Smiii–Ybiii (see Figure S2 and S3 in the Sup-
porting Information), which confirms that mixtures of TSAP
and SAP isomers are present. The exchange of the 31P
nuclei between the complex and the free ligand and among
the complex isomers is slow on the NMR time scale. There-
fore, the bound shifts could be measured directly from the
spectra. The 31P LIS values (for assignments of the 31P NMR
resonances, see below) for the SAP isomers of Smiii–Ybiii


gave a straight line when plotted according to Equation (1)
(D’/CD versus <SZ> /CD), thus indicating the similarity in
the coordination mode of the phosphonate moiety for this
series of lanthanide(iii) complexes. The value for Tmiii lies
outside the line, as is common for this ion.[23] However, a
different dependence was found for the TSAP isomer. Two
related data sets (Ceiii–Euiii) and (Euiii–Ybiii) were observed,
with the Euiii ion lying on the borderline. The same behavior
has been observed for lanthanide(iii) complexes of tetra-
phosphinate analogues of H4dota (Scheme 1), which are
present in aqueous solution exclusively as TSAP isom-
ers.[10a, 11] This was explained by a change in hydration of the
complexes,[10a] which, however, cannot be the case for the
H5do3aP complexes (see above). Such a discrepancy be-
tween 17O and 31P LIS data may arise from a change in the
crystal-field parameters on going from the light to the heavy
lanthanide(iii) ions, as was recently suggested for H4dota
and H4dotp complexes.[26]


Dependence of the TSAP/SAP ratio on pH : Because of the
presence of a readily protonatable phosphonate moiety in
the lanthanide(iii) complexes of our ligand, this system
seems to be ideal for assessment of the impact of protona-
tion on the properties of lanthanide(iii) complexes of
H4dota-like ligands. Protonation of the phosphonate group
in these complexes occurs at about pH 5.[20] However, the
protonated complexes are intact at pH 2.5; acid-assisted de-
complexation becomes significant only at pH<2, where ad-
ditional protonation of the carboxylate groups is expect-
ed.[20] Thus, the area we were mainly concerned about was
the pH range around the pKA value of the phosphonate
moiety (2.5–7), where we have a transition from the monop-
rotonated species to the nonprotonated species (see Fig-
ure S4 in the Supporting Information). The ratio of TSAP/
SAP isomers (and consequently the water exchange rate;
see below) was a primary parameter that was expected to
change upon variation of the pH. The most suitable techni-
que to explore this was 31P NMR spectroscopy, as there is a
separate signal for each isomer for the various lanthan-
ide(iii) complexes.


A comparison of the intensities of these two resonances
with those of TSAP and SAP in the 1H NMR spectra of the
Ndiii, Euiii, and Ybiii complexes (see above) enabled an un-
ambiguous assignment of the 31P resonances of these com-
plexes. However, the 1H NMR spectra of the other Lniii


complexes were too complex to allow a determination of
the TSAP/SAP ratio.


To assign the 31P resonances of the latter complexes, plots
of the 31P NMR chemical shifts as a function of pH were
made for all lanthanide complexes. In each of these 31P titra-
tion curves, there was only one way in which the data points
could be connected to smooth sigmoidal curves (Figure 5).
Fitting of these curves with the appropriate equations af-
forded the pKA values compiled in Table 2. The titration
curves of the well-assigned 31P spectra of the Ndiii, Euiii, and
Ybiii complexes showed that, for these complexes, the pKA


values of the SAP isomer are lower than those of the TSAP
isomer. This can be rationalized by the relatively short Lniii�
P distance in the former. On the basis of these observations,
the isomer with the lowest pKA for each of the other Lniii


complexes was assigned to be the SAP isomer.
To exclude the influence of salts on the population of the


two isomers, we compared the results obtained for samples
prepared from the solid complexes with those prepared by
mixing of solutions of LnCl3 with the ligand followed by ad-
justment of the pH with KOH. Furthermore, the pH of
some samples was randomly changed several times down
and up by addition of concentrated acid and base solutions
(see Figure 6 for the Ho complex). The same TSAP/SAP
ratio was always observed. Therefore, it can be concluded
that variation of the ionic strength during titrations did not
influence the isomer ratio under the experimental conditions
applied.


In Figure 7, the dependence of the TSAP isomer abun-
dances (commonly used for representing the TSAP/SAP
ratios) for lanthanide(iii) complexes of H3do3aP at pH 2.5,
4.8, and 7.0 are compared with that of H4dota at pH 7. The
general trend is that the TSAP abundance for the H3do3aP
complexes is significantly higher than for the corresponding
H4dota complexes, which may be ascribed to the bulkier
nature of the methylphosphonate pendent arms as com-
pared to the methylacetate arms. As a result of the in-
creased steric strain the more compact TSAP isomers may
be favored for the phosphonate compound. The relatively
high abundance of TSAP in [Gd(do3aP)(H2O)]2� is impor-
tant in relation to its relaxivity, since it is known that the
TSAP isomer usually has a tM value that is closer to the op-
timum for high relaxivity. It should be noted that the pH
profiles show a monotonous decrease of the TSAP abun-
dance upon increase of the pH for the H4do3aP and the
H4dota complexes at pH 7, whereas for the former com-
plexes the pH profile at pH 2.5 and 4.8 shows a local maxi-
mum at Dyiii.


The decrease of the TSAP/SAP ratio upon increase of the
pH may be rationalized by the increased electrostatic repul-
sion between the phosphonate and acetate pendent arms
upon ionization, which leads to a more open SAP structure
and/or by an additional effect due to a change in the struc-
ture of the second hydration sphere.


It is known that phosphonic acids are able to form strong
hydrogen bonds[27] and, thus, it is likely that their protona-
tion will lead to changes in the arrangement of the hydrogen
bonds between PO3


2�/PO3H
� groups and the surrounding


water molecules. The water molecules involved in such a hy-
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drogen-bonding system could be either water molecules co-
ordinated directly to the metal ion or molecules in the outer
sphere. The structure of Li[Nd(Hdo3aP)(H2O)]·11.5 H2O
presented in this paper (see above) shows both kinds of hy-
drogen-bond contacts. A similar situation occurs in lanthani-
de(iii) complexes of H8dotp, where the second hydration


Figure 5. Dependence of dP of some [Ln(H2O)(do3aP)]2� complexes on the pH (TSAP isomer: open circles and full line; SAP isomer: filled squares and
dotted line) for Euiii (a), Tbiii (b), Hoiii (c), and Eriii (d).


Table 2. Values of pKA of the phosphonate group in TSAP and SAP iso-
mers of some [Ln(do3aP)(H2O)]2� complexes.


Isomer Euiii Tbiii Hoiii Eriii


TSAP 6.0(2)[a] 5.18(1) 5.440(9) 5.16(4)
SAP 5.53(6) 4.81(1) 4.877(9) 4.60(3)


[a] The value for TSAP-[Eu(do3aP)(H2O)]2� is a rather rough estimate
due to a small difference in dP between the protonated and unprotonated
forms.


Figure 6. Dependence of molar fractions of TSAP (filled circles) and
SAP (open squares) isomers on the pH for [Ho(do3aP)(H2O)]2�.


Figure 7. Dependence of the molar fraction of the TSAP isomer for
Ln(iii) complexes of H5do3aP (pH 7.0: open circles; pH 4.8: filled
squares; pH 2.5: open triangles) and H4dota[6a] (pH �7: filled stars). The
values for Gdiii complexes were interpolated from the values of the
neighboring complexes.
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sphere is highly ordered, as was found experimentally[2a,12a, 16]


and suggested theoretically.[28] The hydrogen-bond network
in the protonated complexes of H5do3aP would lead to a
more compact arrangement of the oxygen atoms above the
metal ions (involving carboxylate, phosphonate, and water
oxygen atoms) and, in solution, this arrangement most likely
forces the equilibrium between the two isomers in the direc-
tion of the TSAP isomer.


The pH dependence of the TSAP abundance distinguishes
H5do3aP complexes from those of H4dota; it should be
noted that the TSAP/SAP ratio for [Eu(dota)(H2O)]� is
identical at pH 1 (�50 % of [Eu(Hdota)(H2O)]) and
pH 7.[29]


17O NMR and 1H NMRD studies on the gadolinium(iii)
complex : A variable-temperature 17O NMR study on the
Gdiii complex was also performed at different pH values: in
neutral (pH 7.0), slightly acidic (pH 4.7), and acidic (pH 2.5)
solutions. As discussed above, one water molecule is coordi-
nated at all pH values and, for Gdiii, the ratio of TSAP/SAP
isomers is the same over the pH range under study. The
TSAP/SAP ratio also appeared to be independent of the
temperature between 20 and 55 8C, as was the case for the
Euiii complex. If the water exchange rate is governed mainly
by the TSAP/SAP molar ratio, the 17O profiles should be in-
dependent of the pH. However, different temperature pro-
files were observed (Figure 8). To get more insight into the
reasons for this, 1H NMRD profiles were measured at the
same pH values (Figure 8). The corresponding 17O NMR
shift dependences and 1H NMRD profiles were fitted simul-
taneously using a set of equations (see Supporting Informa-
tion) based on the Solomon–Bloembergen–Morgan (SBM)
model of paramagnetic relaxation.[2,4] This set of equations
contains a huge number of parameters. Therefore, it was
necessary to fix several of them. The hyperfine coupling
constant of the Gd�O interaction, A/�h, was fixed at the
value calculated from that of the parameter F obtained from
the 17O LIS measurements discussed above. The diffusion
coefficient, DGdH, needed for the calculation of the outer-
sphere contribution to the relaxation was taken to be equal
to the self-diffusion constant of water, as calculated by
means of the semi-empirical relationship of Hindman.[30]


The distances of gadolinium to the water O atom and H
atom (RGdO and RGdH, respectively) were fixed at 2.5 and
3.1 �,[31] respectively, whereas the distance of closest ap-
proach of a bulk water molecule to gadolinium (a) was
taken as 3.65 �.


From the fitting of the data for the corresponding Gdiii


complexes of monophosphorus acid derivatives of H5dtpa it
was concluded that about two water molecules are present
in the second hydration sphere of that complex.[18] In the
light of the crystal structure of the Ndiii complex, and con-
sidering the smaller amount of space that is available above
the hydrophilic oxygen atoms in the macrocyclic complexes
as compared to acyclic ones, we fixed the number of second-
sphere water molecules of the Gdiii complex of H5do3aP, qss,
to one during the fitting procedure. The residence time of


this water molecule (at 298 K), tmss, was fixed, somewhat ar-
bitrarily, to 1 ns and its activation energy, DHmss, at 30 kJ.


Some other parameters defining the activation energies of
correlation times (see Table 3) were fixed to the values ob-
tained for [Gd(dota)(H2O)]� .[32] In this way, an excellent fit
of the experimental data was obtained, although clearly, by
fixing so many variables, only a local minimum could be
identified; for example, some other reasonable fits were
found when setting the first-sphere water distance longer
than “usual” and the second-sphere distance shorter than
“usual”. The calculated curves are given in Figure 8 and the
best-fit parameters are compiled in Table 3.


The obtained best-fit parameters for [Gd(do3aP)(H2O)]2�


at pH 7 differ from those reported for [Gd(dota)(H2O)]� in
several aspects. As we anticipated, the water residence time,


Figure 8. Temperature dependence of water 17O reduced transversal re-
laxation time, T2r, in the presence of [Gd(do3aP)(H2O)]2� (A) and
1H NMRD profile (B) at pH 7.0 (open triangles, dotted line), pH 4.7 (full
squares, dashed line), and pH 2.5 (open circles, full line). The lines are
the best fit from simultaneous fitting of 17O NMR T2r and 1H NMRD pro-
file.
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tM, for [Gd(do3aP)(H2O)]2� is significantly lower (t298
m


=


14 ns) than for [Gd(dota)(H2O)]� (t298
m


=244 ns)[32] and even
slightly below the optimal theoretical value. At pH 4.7 and
2.5 an increase of the water residence time was observed
(40 ns and 37 ns, respectively). A similar increase in tM


(about one order of magnitude) was also observed for
[Gd(Hdota)(H2O)] upon decrease of the pH to 0–0.7, that
is, after partial protonation of the coordinated carboxy-
lates.[29] This effect was explained by a decrease of the over-
all negative charge of the complex.[29] Nevertheless, based
on chemical reasons and the hydrogen-bond contacts found
in the solid-state structure of Li[Nd(Hdo3aP)(H2O)]·11.5 -
H2O (see above), we want to offer an alternative explana-
tion. We suggest that these observations may be explained
by a different arrangement of the second hydration sphere
of the nonprotonated and protonated species, respectively.
The second hydration sphere is present in the commonly
adopted model with three distinct kinds of water (i.e. one
inner-sphere water molecule, some amount of the second-
sphere water molecules, and the bulk water), as proposed by
Merbach et al.[33] Accepting this model, two residence times
representing the inner-sphere tM and the second-sphere tmss


water exchange are commonly used and they are treated in-
dependently. The usually published water residence time tM


corresponds to the inner-sphere water exchange. The
second-sphere contribution is often neglected since, for com-
plexes of non-phosphorus ligands, the second hydration
sphere is not extensive and, moreover, tmss is considered to
be much smaller (on the order of picoseconds for
[Gd(dtpa)(H2O)]2�[34]). As for other phosphorus-containing
ligands (e.g. [Gd(Hdotp)]4�[2a]), both residence times were
involved in treatment of our data.


Assuming a dissociative mechanism for the exchange of
water from the first coordination sphere, an increase of the
organization in the second hydration sphere will lead to an


increase of the activation energy, for entropy reasons. Con-
sequently, the residence time of water in the first coordina-
tion sphere will increase.


Support for the above-mentioned considerations comes
from some examples dealing with phosphonic acid and
amide derivatives of H4dota reported in the literature. The
influence of the phosphorus acid groups on the organization
of the hydration is well-known in the solid state[12a,27] as well
as in solution. A high hydration in solution has been ob-
served for lanthanide(iii) complexes of tetrakis(methylphos-
phonic/phosphinic acid) derivatives of cyclen.[2a, 10,12a, 16,35] As
was mentioned above, the complex [Gd(Hdotp)]4� (the
major species at neutral pH) does not contain any Gdiii-co-
ordinated water; nevertheless, its second-sphere hydration
gives rise to a relaxivity that is the same as for [Gd(do-
ta)(H2O)]� .[36] The solid-state structures of lanthanide(iii)
complexes with H4dota-tetraamides show a highly organized
hydrogen-bond network involving the coordination of a
water molecule above the O4 plane.[8,37] The tM


298 in such
Gdiii complexes is in the microsecond to millisecond
range.[8,38] The dependence of the water residence time on
the nature of the hydrogen-bond network has also been de-
scribed for Euiii–H4dota-tetraamide complexes.[39] The most
interesting contribution to the discussion seems to be Gdiii


complexes with H4dota monoamide derivatives bearing one
or two methylphosphonates and acetate bonded to the
amide nitrogen atom.[40] The charge of the complexes should
be 2� or 3� depending on the protonation state of the
phosphonates. The t298


m
values estimated for all three com-


plexes lie between 1.5 and 2.0 ms and are similar to the
values of the amide complexes mentioned above. Therefore,
an explanation of the increase of tM due only to the charge
changes doesn�t seem to be plausible.


Additional parameters such as the mean-square zero-field
splitting energy (D2) and the correlation time for the modu-
lation of the zero-field splitting (ZFS) interaction (t298


v )
differ slightly from those reported for [Gd(dota)(H2O)]� .
These parameters change on going from pH 4.7 to 7
(Table 3). This may be due to the decrease of the symmetry
upon replacement of one of the pendent acetate arms in
[Gd(dota)(H2O)]� by a methylphosphonate and its protona-
tion/deprotonation. The other parameters of the inner
sphere—the activation energy DH¼6 and rotation correlation
time t298


R —are similar to those determined for [Gd(do-
ta)(H2O)]� . The nearly optimal t298


m
values found for


[Gd(do3aP)(H2O)]2� have a very limited effect on the relax-
ivity because of the low molecular weight of the complex.
According to the simulation using the model utilized for
data treatment, the values of the ZFS energy (D2) and the
correlation time (t298


v ) are also slightly different from the op-
timal values and may reduce the overall relaxivity.


Conclusion


We have prepared a new H4dota-like ligand with one phos-
phonic acid moiety. The lanthanide(iii) complexes of this


Table 3. Results from simultaneous fitting of 1H NMRD and temperature
dependence of 17O NMR T2r data in the presence of [Gd(Hxdo3a-
P)(H2O)](2�x)� (x=0,1); NMRD profiles were obtained at 37 8C.


Parameter[a] pH H4dota[33]


2.5 4.7 7.0


r1
310 [mmol�1 s�1][b] 4.32 4.11 4.57 3.83


D2[1020 s�2] 0.91�0.01 0.78�0.02 2.07�0.01 0.16
t298
m


[ns] 37.0�0.6 40.3�0.8 14.0�1 244
DH¼6 [kJ mol�1] 55.8�0.8 56.9�0.9 76�9 49.8
t298


R [ps] 70�9 70�9 83�8 77
t298


v [ps][a] 4.6�0.6 3.3�0.8 3.9�0.4 11
A/�h [106 rad s�1] �3.28[d] �3.28 �3.28 �3.7
RGdO [�] 2.5 2.5 2.5 2.38
RGdH [�] 3.1 3.1 3.1 –
a [�] 3.65 3.65 3.65 –
DH 6¼


ss [kJ] 30 30 30 –
t298


rss [ps] 36�4 12�3 62�4 –
Rss [�] 3.6 �0.1 3.6�0.1 3.5�0.1 –
t298


mss [ns] 1 1 1 –
q 1 1 1 1
qss 1 1 1 –


[a] Values for Er (16.1 kJ) and Ev (1 kJ) were adjusted and fixed at
H4dota values.[32] [b] Millimolar relaxivity was measured at 37 8C and
20 MHz. [c] Italicized values were fixed during the fitting.
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ligand exhibit a similar structure to those of H4dota (nine-
coordinate, with one water in an apical position). In so-
lution, the ratio of TSAP and SAP isomers is strongly influ-
enced by the protonation of the phosphonate pendent arm:
the desired TSAP isomer becomes more abundant in acidic
solutions where the protonated form of the complexes is
present. However, the TSAP/SAP isomer ratio is coinciden-
tally independent of the pH for the Gdiii complex. The
TSAP and SAP isomers exhibit different values of the pro-
tonation constants, with higher values for the TSAP isomer,
which may be ascribed to a greater distance between the
central ion and the phosphonate group. On the basis of
17O NMR LIS data, we can conclude that the complexes are
isostructural in solution and contain one water molecule
bound directly to the central ion. From a simultaneous fit-
ting of 1H NMRD and 17O NMR spectroscopic data, the
water residence time, t298


m
, in the Gdiii complex was found to


be very close to the optimal value for maximal relaxivity, as
predicted by theory. Such a short residence time is caused
mainly by steric strain around the coordinated water mole-
cule (induced by bulky phosphorus atom), as observed in
Gdiii complexes of ligands where the ethylene chain is re-
placed by a propylene chain.[41] The relaxivity of the
[Gd(do3aP)(H2O)]2� complex is similar to that of [Gd(do-
ta)(H2O)]� . The water residence time appears to be pH-de-
pendent; upon acidifying the solution it becomes almost
three times longer. This phenomenon may be rationalized
by a decrease of the penetrability of the second hydration
sphere due to a stabilization of the hydrogen-bond network
in acidic solution. If this explanation of the change of t298


m


with protonation is valid, the influence of the second hydra-
tion sphere on the water exchange rate should be considered
when designing new high-molecular-weight contrast agents
for MRI. Moreover, as there is still high demand for para-
magnetic chelates with a high water exchange rate and en-
dowed with kinetic and thermodynamic stability, the investi-
gated ligand may become an effective contrast agent,
especially upon loading to a proper high-molecular-weight
carrier.


Experimental Section


H3do3a·H2SO4 was a kind donation from Bracco SpA (Milano). Diethyl
phosphite and H3PO3 were obtained from Fluka, and lanthanide(iii)
oxides and chlorides from Aldrich, Strem, or Alfa. Paraformaldehyde
was filtered from an aged aqueous formaldehyde solution and dried in a
desiccator over P2O5. D2O (99.98 % D) was purchased from Chemtrade
(Germany). All other chemicals used were from commercial sources and
were at least of analytical grade. TLC was performed on silica-coated
aluminum sheets (Merck (with UV indicator) or Silufol (Kavalier, Czech
Republic)) in propan-2-ol/aqueous ammonia mixtures with detection by
spraying with ninhydrin or Draggendorff�s reagent, or exposure to iodine
vapors or UV irradiation. Elemental analyses were performed at the In-
stitute of Macromolecular Sciences of Czech Academy of Science
(Prague). ES mass spectra were recorded with a Bruker ESQUIRE 3000
with ion-trap detection in positive or negative modes.


Standard NMR measurements : Analytical and multinuclear 1H, 31P, 13C
and 17O NMR studies were performed with a Varian UNITYINOVA 400


NMR spectrometer; (399.9 MHz (1H): internal reference tBuOH at d=


1.25 ppm; 161.9 MHz (31P): external reference 85% H3PO4 in D2O at d=


0 ppm; 100.6 MHz (13C): internal reference tBuOH at d=32.7 ppm;
54.2 MHz (17O): external reference 99.98 % D2O at d= 0 ppm). Unless
otherwise stated, experiments were performed at 25 8C. The temperature
was stabilized by a Highland Technology L900 TC unit and was calibrat-
ed by using MeOH and ethylene glycol. The 2D EXSY/NOESY NMR
spectra were performed on a 0.1m sample of the Ybiii complex (25 8C;
tnnoesy pulse sequence: transmitter presaturated variation; mix=5 ms;
32 scans; 256 increments; spectral width in both dimensions= 150 000;
sampling 2048 � 2048).


Sample preparation : NMR measurements on the lanthanide(iii) com-
plexes were performed on ~0.1m solutions in D2O for 31P or in H2O with
~0.2 % 17O enrichment for 17O experiments. The pH of the samples was
adjusted by addition of 1.5m aqueous KOH or 35% HCl (Fluka, puriss.)
solutions in the presence of a microscopic grain of bromocresol green in-
dicator. For LIS measurements, the molar ratio of water per lanthani-
de(iii) was calculated from the difference of the weights at the beginning
and the end of sample preparation. The solutions were mostly prepared
from the solid complexes and, in some cases (see Results and Discus-
sion), by reaction of lanthanide(iii) oxides or chlorides with 1.1equiva-
lents of the ligand. pH Values were determined with pHM 210 or pIO-
Neer 10 pH-meters (both Radiometer) and combined glass microelectro-
des (Radiometer or Mettler) calibrated by using commercial buffers (Ra-
diometer). No correction was made for the deuterium isotope effect. The
ionic strength of the solutions was not controlled.


Relaxometric 17O and 1H NMR measurements : The temperature depen-
dence of the transversal relaxation times, T2, of 17O was measured by the
Carr–Purcell–Meiboom–Gill pulse sequence; 8–10 increments on d2 ex-
ponentially sampled; at =0.2; d1=0.2 (“d2” is the delay time correspond-
ing to the echo time; “at” is acquisition time; “d1” is repetition time).
These NMR spectra were recorded without frequency lock. The longitu-
dinal relaxation times, T1, for 1H were measured by the inversion recov-
ery pulse sequence; 12 increments on d2 exponentially sampled; at =0.2;
d1=0.5.


NMRD profiles : Solid samples of the ammonium salt of [Gd(do3a-
P)(H2O)]2� were dissolved in the appropriate amount of water. The pH
values were adjusted with known amounts of 10% aqueous solutions of
HCl or KOH. The concentration of Gdiii was determined from a meas-
urement of the bulk magnetic susceptibility.[42] NMRD profiles were mea-
sured at 37 8C at magnetic-field strengths between 4.7� 10�4 and 0.35 T
(Stelar SpinMaster FFC-2000). Additional measurements were done at
0.47 T and 1.42 T (Bruker Minispec PC 20 and mq-60, respectively) and
were included in the profiles.


Data evaluation : Relaxation times T1 and T2 were obtained from mea-
sured data with software included in the Varian VNMR 6.1b package.
Fitting of all relaxation data was done with Micromath Scientist fitting
routines based on SBM equations (equations are given in the Supporting
Information).[4]


Synthesis of 1,4,7,10-tetraazacyclododecane-4,7,10-tris(carboxymethyl)-1-
methylphosphonic acid (H5do3aP): H3do3a·H2SO4 (5.0 g, 11.4 mmol) and
HP(O)(OEt)2 (5.9 mL, 45.7 mmol, 4 equiv.) were dissolved in aqueous
HCl (50 mL, 1:1 v/v) and heated at a bath temperature of 85 8C. Solid
(CH2O)n (5.5 g, 183 mmol, 16 equiv) was added in small portions over 6 h
and heating was continued for another 40 h. The dark brown solution ob-
tained was filtered and the filtrate was evaporated to dryness in vacuo.
The excess of HCl was removed by co-distillation with water (50 mL,
three times). The residue was dissolved in water (20 mL) and the solution
was poured onto a Dowex 50 column (H+-form, 100 mL). The column
was washed with water (500 mL) and the amines were eluted out with
5% aqueous ammonia (150 mL). The solvent was removed in vacuo and
the residue was chromatographed on an Amberlite 50CG carboxylic
resin (column bed 6 � 20 cm, H+-form) with water elution. Fractions con-
taining mainly the desired product (TLC (iPrOH/conc. NH3/water 10/3/3)
followed by 31P NMR check) were combined, evaporated to dryness, and
re-chromatographed on the same column under the same conditions.
Fractions containing pure ligand (13C and 31P NMR check) were com-
bined and evaporated to dryness. The residue was dissolved in water and
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any colloids from the ion-exchange resins were removed with charcoal.
The filtrate was evaporated to dryness and the residue was dissolved in a
minimum amount of water (2 mL). The viscous solution obtained was
slowly dropped into stirred absolute EtOH (500 mL). The resulting sus-
pension was left standing overnight and the solid was filtered, washed
with absolute EtOH (30 mL) and Et2O (30 mL), and dried over P2O5. To
remove occluded EtOH, the solid was further dried at 50 8C in vacuo
(133 kPa) over P2O5 overnight. Finally, the solid was equilibrated in air
for three days. Yield 3.0 g (55 %) of H5do3aP·3H2O.


Rf = 0.5 (iPrOH/aq. NH3/H2O 10/3/3), Merck sheet); ES/MS (negative
mode): m/z : 439.4 [M�H+]; (positive mode) m/z : 441.2 [M+H+] (calcd.
for C15H29N4O9P 440.4); 1H NMR (1 m KOD, 90 8C, tBuOH): d=3.12 (d,
2J(P,H)=10.1 Hz, 2 H, CH2P), 3.27 (br. m, 4H), 3.32 (br. m, 4 H), 3.36
(br. m, 8H, NCH2CH2N), 3.52 (s, 2 H, CH2COOH), 3.68 ppm (s, 4H,
CH2COOH); 13C NMR (1 m KOD, 90 8C): d=51.6 (2 C, NCH2CH2N),
52.3 (1 C, NCH2CH2N), 52.5 (1 C, NCH2CH2N), 52.3 (d, 1J(P,C)=


134.7 Hz, CH2P), 57.8 (2 C, CH2COOH), 58.8 (1 C, CH2COOH), 175.4
(1 C, COOH), 176.9 ppm (2 C, COOH); 31P NMR (1 m KOH, 90 8C): d=


20.0 ppm (t, 2J(P,H)=10.1 Hz); elemental analysis calcd (%) for
C15H29N4O9P·3 H2O (494.44): C 36.44, H 7.13, N 11.33; found: C 36.20,
H 6.80, N 11.48.


Synthesis of lanthanide(iii) complexes of H5do3aP: general procedure :
H5do3aP·3H2O (0.1 g, 0.2 mmol) was dissolved in water (2 mL) and
0.22 mmol (1.1 equiv) of the appropriate lanthanide(iii) compound
(oxide, chloride hydrate) was added. The suspension and/or solution was
slowly neutralized by addition of an aqueous KOH solution (1.5 m) and
then heated at 70 8C for at least 20 h with occasional addition of KOH so-
lution to a final pH of about 7. The reaction mixture was filtered through
a fine frit and the solvents were evaporated in vacuo. The residue was
dissolved in a minimum amount of water and chromatographed on a
silica column (2 � 10 cm) eluting with a mixture of iPrOH, concentrated
aqueous NH3, and H2O (10/3/3). Fractions containing pure complex were
collected and evaporated to dryness in vacuo. The residue was dissolved
in water (0.5 mL) and any SiO2 particles were removed by centrifugation
at 4000 rpm for 10 min. The supernatant was evaporated in vacuo and
the residue was dried overnight (room temperature, 133 kPa) to give the
desired complexes as ammonium salts. The complexes gave correct nega-
tive ES mass spectra (Supporting Information). TLC (Merck sheets,
iPrOH/conc. NH3/H2O 10/3/3): Rf of complexes �0.3; Rf of NH4Cl �0.8;
Rf of any other inorganic compound, including free lanthanide(iii) salts,
�0.0 (lanthanide(iii)-containing species, complexes, and inorganic salt
quench the luminescence of the sheets).


Partial assignment of the 1H NMR spectrum of [Yb(do3aP)(H2O)]� com-
plex (see Figure S1 in the Supporting Information): TSAP isomer: d=


�39.5 (H1a), �11.9 (H1b), �3.5 (H1c), �54 (H1d), �16.1 (H2a), �2.3
(H2b), 8.5 (H2c), 40.9 (H2d), 43.8 (H3a), 20.9 (H3b), 27.8 (H3c), 6.4
(H3d), 42.2 (H4a), 61.4 (H4b), 93.7 (H4c), 115.4 (s, N-CH2-CH2-N, H4d),
�36.0 (H5a), �27.9 (H5b), �25.7 (H5c), �13.0 (H5d), �59.0 (H6a),
�50.6 (H6b), �56.5 (H6c), �56.9 ppm (s, N-CH2-CO2H and N-CH2-P,
H6d); SAP isomer (incomplete due to low intensity of signals): d=125.5
(H4), 156.4, 162.3, 176.3 ppm.


X-ray study : Diffraction-quality crystals of Li[Nd(Hdo3aP)(H2O)]·11.5 -
H2O were obtained by slow vapor diffusion of iPrOH into an aqueous so-
lution of the complexes of which the pH was adjusted to about 6 using di-
luted aqueous LiOH solution. The selected crystal was transferred to
Nujol and mounted on a glass fiber in a random orientation by means of
silicon grease. Data were collected at 150(1) K (Cryostream Cooler
(Oxford Cryosystem)) using a Nonius KappaCCD diffractometer and an-
alyzed with the HKL program package.[43] The structures were solved by
direct methods and refined by full-matrix least-squares techniques
(SIR92[44] and SHELXL97[45]). Final geometric calculations were carried
out with a recent version of the PLATON program.[46] Scattering factors
for neutral atoms were included in the program SHELXL97. The hydro-
gens bound to carbon atoms were kept in their theoretical positions
(SHELXL97); the hydrogen atoms of water molecules were not found
and could not be included in the calculations. A rather high remaining
peak (7.52 e��3) was observed in the final Fourier difference map, prob-
ably due to the presence of a small crystallite on the surface of the stud-


ied crystal. This peak was not identified with any atom; no reasonable
connectivity was found and thus it was suggested to be an image of the
neodymium ion localized in the mentioned crystallite. Table 4 gives the
pertinent crystallographic data. CCDC-227578 contains the supplementa-
ry crystallographic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Large pKa Shifts of a-Carbon Acids Induced by Copper(ii) Complexes


Zhenlin Zhong, Brenda J. Postnikova, Robert E. Hanes, Vincent M. Lynch, and
Eric V. Anslyn*[a]


Introduction


The catalytic function of enzymes relies on the preferential
stabilization of a transition state compared to a substrate.[1]


Preferential stabilization of an enolate intermediate results
in the depression of the pKa of a carbon acid substrate, al-
lowing deprotonation by a relatively weak base in an
enzyme active site. For example, yeast enolase utilizes an
active site lysine (pKa ~10) to catalyze the dehydration of 2-
phospho-d-glycerate (PGA) to produce phosphoenolpyru-
vate by the abstraction of a proton a to a carboxylic acid
(pKa ~32) in PGA.[2] Several enzymatic studies have fo-
cused on determining the mechanism through which enolate
stabilization is achieved in enolases,[2] racemases,[3] and aldo-
lases.[4] These enzymes share a common feature: the use of a
transition-metal ion in the active site. It has been proposed
for each of these classes of enzymes that the metal ion plays
a pivotal role in stabilizing the negative charge on the transi-
tion state and intermediate enolate during substrate depro-
tonation.


The use of hydrogen bonds to stabilize enolate intermedi-
ates has been proposed, but to date, organic models have


not been able to account for the 10-unit or more pKa shifts
often observed in enzyme catalysis. For example, polyaza
cleft 1 was designed to form hydrogen bonds directed
toward the oxygen lone pairs of carbon acids (Scheme 1).[5]


Hydrogen bonding was proposed to reduce the pKa of active
methylene compounds by withdrawing electron density
away from the enolate intermediate. A modest reduction of
1.0 unit in the pKa of 1,3-cyclohexanedione was obtained
with receptor 1. Subsequently, it was proposed that hydro-
gen bond geometry is crucial to achieving a larger reduction
in the pKa of carbon acids, as supported by studies of 4-
chlorobenzoyl-Co-A-dehalogenase. A crystal structure of
this enzyme revealed hydrogen bonds oriented towards the
p system of a thioester carbonyl enolate.[6] Host 2 was de-
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Abstract: A series of synthetic recep-
tors (4–6) incorporating metal ions,
specifically copper(ii), were examined
for their ability to enhance the acidity
of active methylene compounds. The
copper(ii) complexes were observed to
reduce the pKa of 1,3-diketone carbon
acids in acetonitrile by as much as 12
pKa units. The relatively large pKa re-


duction achieved by the complex is at-
tributed to the electrostatic interaction
between the anionic p system of the
enolate and the copper(ii) ions. The


cage structure and hydrogen bonding
sites in receptors 4 and 5 lead to a very
modest further enhancement of the
acidity relative to that with 6. This
study provides insight into the way in
which metalloenzymes stabilize an eno-
late intermediate.


Keywords: acidity · copper com-
plexes · enzyme models · N ligands ·
receptors


Scheme 1. Synthetic receptors 1 and 2 and their idealized binding modes
for 1,3-cyclohexanedione and 2-acetylcyclopentanone, respectively.
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signed to bind the enolate of 2-
acetylcyclopentanone with
amide hydrogen bonds directed
towards the p system of the
enolate because this is where
the negative charge resides in
the enolate.[7] A pKa shift of 2.9
units was obtained with recep-
tor 2 and 2-acetylcyclopenta-
none. These results suggest that
hydrogen bond geometry plays
a significant role in enolate sta-
bilization. However, traditional
hydrogen bonds alone are insuf-
ficient to decrease the pKa of
carbon acids in enzyme active sites. The possibility of stabili-
zation by low barrier hydrogen bonds[8] or cooperative ef-
fects between hydrogen bonds and electrostatic effects with
metal ions cannot be ruled out.[3a]


Synthetic models have been designed to explain the pKa


reduction in enzymatic systems based on the use of metal
coordination. It has been established that aldol condensa-
tions are in part catalyzed in the active site of class II aldo-
lases by a zinc ion ligated by the imidazole groups of three
histidines.[9] In these enzymes, zinc functions as a Lewis acid,
activating methylene groups a to a carbonyl towards depro-
tonation by withdrawing negative charge from the carbonyl
oxygen in the transition state. Kimura et al. proposed a
model system for class II aldolases to study how much the
acidity of a hydrogen a to a carbonyl may be increased
through coordination of the zinc(ii) center.[10] The model
system, 4-bromophenacyl-pendant zinc cyclen (3), specifical-


ly sought to determine how the formation of the enediolate
by a relatively weak base (glutamic carboxylate) at physio-
logical pH is possible in the active site of class II aldolases.
A reduction in the pKa of the methylene hydrogen of 10
pKa units was found. The large pKa shift is explained by the
coordination of the carbonyl to the dicationic zinc center, as
3 a was isolated from solution. Such large enhancement in
the pKa of a carbon acid suggests that metal binding may be
much more influential in reducing the pKa of carbon acids
in enzyme active sites than hydrogen bonding.


We have designed a series of synthetic receptors (4–6)
(Scheme 2) and examined the carbon acidity of active meth-


ylene compounds in the presence of copper(ii) complexes of
these receptors. The enolates of active methylene com-
pounds were used in our studies in order to compare our re-
sults with those obtained using receptors 1 and 2. Upon
comparison of the pKa values of 2-acetylcyclopentanone in
the presence of receptors 4 and 5 and with our results with
receptors 1 and 2, it was concluded that the use of metal
ions greatly enhances the acidity of carbon acids, and that
the additional hydrogen bonding sites only lead to a modest
further enhancement.


Results and Discussion


Design criteria : Our receptor design is a bicyclic host that
may bind an anionic guest through charge-pairing with one
or two bound divalent metal centers and hydrogen bonding,
with the two binding interactions behaving cooperatively to
induce pKa shifts. As illustrated in Scheme 2, receptors 4
and 5 incorporate amide hydrogen bond donors, as modeled
from receptor 2. Whereas receptor 2 utilizes three pyridine-
2,6-dicarboxylic acid diamide moieties, receptor 4 utilizes
two pyridine-2,6-dicarboxylic acid diamide moieties for hy-
drogen bond formation and one 2,6-bis(aminomethyl)pyri-
dine moiety for binding a metal ion inside the macrocycle.
Receptor 5 utilizes one pyridine-2,6-dicarboxylic acid di-
amide moiety for hydrogen bond formation and two 2,6-bis-
(aminomethyl)pyridine moieties for binding metal ions. The
similar macrocyclic scaffolds of our receptors allow a direct
comparison with carbon acid pKa shift results obtained by
using receptor 2. Receptor 6 was designed to bind enolates
exclusively through metal coordination to examine the
effect of the cage structure in inducing pKa shifts in active
methylene enolates, and may also allow an evaluation of co-
operative effects of metal interactions and hydrogen bond-
ing in hosts 4 and 5.


The 2,6-bis(aminomethyl)pyridine or similar triaza moiet-
ies are known to bind metal ions, such as copper(i), cop-
per(ii), and zinc(ii).[11] Copper(ii) was used in our host design
because it can adopt a trigonal-bipyramidal or octahedral
geometry with triaza ligands geometrically similar to those
used in receptors 4 and 5.[12,13] This kind of CuII complexes is


Scheme 2. Copper (ii) complexes of synthetic receptors (4–7) used to study the effects of metal coordination
on the pKa of active methylene compounds.
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known to form chelates with oxygen-containing ligands such
as (benzyloxy)acetaldehyde.[13] Therefore, an enolate will be
bound in the equatorial position on the metal and hence lie
parallel to the host aromatic rings (Scheme 3). This orienta-


tion may position an enolate bound within the macrocycle
for simultaneous hydrogen bonding and additional metal co-
ordination.


Synthesis : The syntheses of receptors 4 and 5 may be ac-
complished by joining two hexasubstituted benzene rings,
1,3,5-tris(aminomethyl)-2,4,6-triethylbenzene with 2,6-disub-
stituted pyridine linkers (Scheme 4). A hexasubstituted ben-
zene ring is used to arrange the functional groups on the 1,
3, and 5 positions to one face of the benzene ring.[14]


Mono-tBoc-protected 1,3,5-tris(aminomethyl)-2,4,6-tri-
ethylbenzene (8) was allowed to react with 1,6-pyridinedi-
carbonyl dichloride giving a double linked cleft 9. Removal
of the tBoc protecting groups in 9 with trifluoroacetic acid
in dichloromethane afforded 10. The two free amino groups


in 10 were coupled by reductive amination with 2,6-pyridi-
nedicarboxaldehyde giving the final cagelike receptor 4 in
80 % yield.


Similarly, two equivalents of di-tBoc-protected 1,3,5-tris-
(aminomethyl)-2,4,6-triethylbenzene (11) were coupled by
reaction with 2,6-pyridine dicarbonyl dichloride. Removal of
the tBoc protecting groups with trifluoroacetic acid followed
by ion exchange chromatography yields cleft 12. The synthe-
sis of cagelike receptor 5 is completed by nucleophilic sub-
stitution of the primary amines of the cleft to two equiva-
lents of 2,6-pyridinedicarboxaldehyde followed by reductive
amination in which the imine groups are converted to secon-
dary amines. The reaction is carried out in toluene at high
dilution.


The acyclic ligands 2,6-bis(n-butylaminomethyl)pyridine
(6) and 2,6-bis(benzylaminomethyl)pyridine (7) were syn-
thesized by the reductive amination of 2,6-pyridinedicarbox-
aldehyde with n-butylamine or benzylamine.


Binding studies : To initiate our studies with receptors 4–6, it
was necessary to determine the binding stoichiometry be-
tween the receptors and metal ions. Copper(ii) has been
used in similar macrocyclic receptors and the binding stoi-
chiometry determined by spectroscopic methods.[11] The
binding stoichiometry of receptors 4–6 with copper(ii) salts
was determined by the mole ratio method,[15] by monitoring
the absorbance increase of the ligand–copper(ii) complexes
by spectrophotometric titrations (Figure 1). The titration
curves clearly reveal that receptors 4 and 6 form 1:1 com-
plexes with Cu(OTf)2, whereas receptor 5 forms a 1:2 com-
plex with CuCl2. The binding stoichiometry is in accordance
with the number of 2,6-bis(aminomethyl)pyridine chelating
moieties in the receptors. The sharp turning points on the ti-


Scheme 3. Schematic representation of the (A) trigonal bipyramidal or
(B) octahedral CuII center in the possible structures of the receptor–eno-
late complexes.


Scheme 4. Synthesis of receptors 4 and 5.
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tration curves suggest high association constants of the re-
ceptors with copper(ii) salts. Limited by the sensitivity of ab-
sorbance spectral method and the formation of two-ligand–
one-copper complexes when less than one equivalent of cop-
per(ii) was presented, no binding constant was obtained
from the titration curves. Based on these stoichiometry stud-
ies, the copper(ii) complexes of 4–6 were made in situ by
mixing a receptor solution with one or two equivalents of a
copper(ii) salt.


The enolates of active methylene compounds 2-acetyl-
cyclopentanone (13) and 1,3-cyclopentane dione (14) were
selected for binding studies with receptors 4, 5, and 6 in
order to make a direct comparison with our previous results
for receptors 1 and 2.[5,7] In our previous studies, the active
methylene compounds were selected due to their increased
functionality, and therefore an increased number of poten-
tial binding sites, compared with monocarbonyl compounds.
Additionally, active methylene compounds have lower pKa


values than monocarbonyl compounds.
The binding mode of enolates with the copper complexes


of receptors 4, 5, and 6 was studied with UV/Vis spectro-
scopic titrations (Figure 2, Figure 3, Figure 4). Although an
aqueous medium is optimal for the titrations, acetonitrile is
also an acceptable solvent because its dielectric constant
(37.5) is proposed to mimic the interior of an enzyme active
site.[5] Additionally, a direct comparison may be made with
the results of pKa shift experiments with receptors 1 and 2,
also performed in acetonitrile. UV/Vis spectral change in
the titrations of copper(ii) complexes of 4 and 6 with sodium
enolate 13 are shown in Figure 2 and Figure 3. The titration
curves in Figure 3 reveal that the copper(ii) centers in the
complexes can bind one or two molecules of 13 dependent
on the amount of the enolate added. The receptor ligands 4
or 6 did not dissociate from the copper(ii) center by addition
of the enolate, revealed by a control titration of Cu(OTf)2


with the enolate in the absence of the receptors that showed
completely different absorbance spectra from those titra-
tions in the presence of the receptors. The clear isosbestic
points in Figure 2 and sharp turning points at one equivalent
in Figure 3 suggest that the first binding constant (K1) is


much greater than the second binding constant (K2). There-
fore, when only one equivalent or less of the enolate is pres-
ent, the systems can be treated simply as 1:1 complexes. The
binding mode of the enolate of 1,3-cyclopentane dione (14)
with the copper complexes of 4 and 6 are very similar to
that of 13.


A 2:1 binding stoichiometry was found from a decrease in
absorbance of the binuclear copper(ii) complex of receptor
5 at 460 nm upon titration of sodium enolate 13 in aceto-
nitrile, as shown in Figure 4.


Figure 1. Titrations of free hosts with Cu(OTf)2 in acetonitrile: (� ) ab-
sorbance at 640 nm of 1.5 mm 5 ; (*) absorbance at 570 nm of 2.0 mm 4 ;
(+ ) absorbance at 620 nm of 3.0 mm 6.


Figure 2. Absorption spectral change of a 2.0 mm solution of 4-Cu(OTf)2


(a) or 6-Cu(OTf)2 (b) in acetonitrile upon addition of up to one equiva-
lent of 13-Na+ ·[15]crown-5. For clarity, spectra of adding more than one
equivalent of enolate 13 were not shown because of the formation of a
1:2 complex.


Figure 3. Absorbance at 760 nm of a 2.0 mm solution of 4-Cu(OTf)2


(open circle) or 6-Cu(OTf)2 (closed circle) in acetonitrile upon addition
of 13-Na+ ·[15]crown-5.
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Crystal structure : Extensive efforts were made trying to pre-
pare crystals of the copper(ii) complexes of 4–6 by slow
evaporation of their methanol, water, or dichloromethane
solutions. However, only extremely small needles that were
not suitable for X-ray analysis were obtained. To solve this
problem, 2,6-bis(benzylaminomethyl)pyridine (7) was syn-
thesized, because it is structurally more rigid than its butyl
analogue 6. Slow evaporation of a dichloromethane solution
of 7 and Cu(OTf)2 in 1:1 molar ratio gave the complex as
blue needles. X-ray analysis showed that the complex is 7-
Cu(OTf)2-H2O (Figure 5). The geometry of the copper(ii)


center is octahedral. The three nitrogen atoms of 7 and an
oxygen atom of water coordinate to copper are in an ap-
proximate plain. The two triflate anions make the other two
coordination bonds sitting on the axe. Each triflate forms a
hydrogen-bond with the NH group with N�H···O distance
of 3.00 to 3.07 �.


Efforts to make crystals of receptor–copper(ii)–enolate
complexes were not successful.


Deprotonation studies : A key step in enzyme catalysis with
an enolate intermediate is the deprotonation of carbon acid
substrates using peptide bases with much lower conjugate
acid pKa values than the substrate. It was shown in experi-
ments with receptors 1 and 2 that bases with lower conju-
gate acid pKa values than the active methylene compounds
1,3-cyclohexanedione and 2-acetylcyclopentanone, respec-
tively, could be used to deprotonate the carbon acids in the
presence of the receptors and induce complex formation.[5,7]


The stabilization of the enolate of the carbon acids results in
the observed pKa shifts in acetonitrile.


UV spectroscopy was used with receptors 4, 5, and 6 to
determine the extent of deprotonation of 2-acetylcyclopen-
tanone and 1,3-cyclopentanedione in the presence of system-
atically selected bases. The strategy for selective deprotona-
tion of the parent active methylene compound in the pres-
ence of the receptor is to optimize the base such that the
pKa of the conjugate acid of the base is lower than that of
the carbon acid, but close to the pKa of the carbon acid re-
ceptor complex. Sterically hindered amine or pyridine bases,
whose conjugate acid pKa values in acetonitrile have been
previously reported, were used in our studies to induce com-
plex formation between our receptors and the enolates 13
and 14. Table 1 lists the enolates and organic bases (15–18)


used in the titrations with their conjugate acid pKa values in
both water and acetonitrile.


Figure 6 illustrates a UV/Vis titration study of 2-acetyl-
cyclopentanone with organic bases in the presence of recep-
tor 6-Cu(OTf)2. Titration of a 1:1 mixture of 6-Cu(OTf)2


and 2-acetylcyclopentanone with 1,2,2,5,5-pentamethylpiper-
idine (15) resulted in a spectral change (Figure 6a) almost
identical to that of the titration of 6-Cu(OTf)2 with enolate


Figure 4. Titration curve for the 5-CuCl2 (2.09 mm) and 13- Na+


·[2.2.1]cryptand in acetonitrile.


Figure 5. Molecular structure of 7-Cu(OTf)2-H2O (ORTEP plot; 50 %
probability ). Most hydrogen atoms have been removed for clarity.
Dashed lines are indicative of H-bonding interactions. Selected inter-
atomic distances [�]: Cu1�N1 1.927(3), Cu1�N8 2.062(4), Cu1�N17
2.062(4), Cu1�O1 A 2.479(4), Cu1�O1B 2.352(4), Cu1�O1W 1.945(3),
N8�O2 A 3.065(6), N17�O3B 2.996(5).


Table 1. pKa values of the conjugate acids of enolates and organic bases.


Compound Number pKa in CH3CN pKa in H2O


13 25.4[7] 7.8[17]


14 19.2[5] 4.5[18]


15 18.2[5] 11.25[19]


16 14.2[20] 6.81[21]


17 13.4[5] 7.03[22]


18 – 4.95[23]


Chem. Eur. J. 2005, 11, 2385 – 2394 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2389


FULL PAPERReceptor Complexes



www.chemeurj.org





13 (Figure 3), revealing that one equivalent of 15 can nearly
quantitatively deprotonate 2-acetylcyclopentanone in the
presence of the receptor complex. Titrations with weaker
bases 2-dimethylaminopyridine (17) (Figure 6b) and 2,6-di-
tert-butylpyridine (18) (Figure 6c) also caused similar but
smaller spectral changes.


Figure 6d further illustrates that one equivalent of 2-di-
methylaminopyridine (17) with a conjugate acid pKa of 13.4
in acetonitrile is capable of deprotonating 61 % of 2-acetyl-
cyclopentanone (pKa of 25.4 in acetonitrile) to form an eno-
late complex with receptor 6-Cu(OTf)2 under the titration
conditions. The observed pKa of the substrate carbon acid
(SH) was calculated from the deprotonation ratio and the
pKa


BH of the base (BH+) to be 13.0 using Equation (1) (for
details, see Experimental Section).


pKa ¼ pKa
BH�logfð½S��½BHþ�Þ=ð½SH�½B�Þg ð1Þ


The pKa of 2-acetylcyclopentanone is therefore shifted by
12.4 by the presence of 6-Cu(OTf)2, as its normal pKa is 25.4
in acetonitrile.


Similarly, the deprotonation studies of 2-acetylcyclopenta-
none and 1,3-cyclopentanedione in the presence of our
other copper(ii) complexes of 4 and 5 were performed and
the results are listed in Table 2. The pKa shifts induced by
the complex receptors are related to the counterions and
the structures of the ligands and carbon acids. The Cu(OTf)2


complexes of 4 and 6 induce a pKa shift of about 12.4–


12.7 units on 2-acetylcyclopen-
tanone, whereas the CuCl2 com-
plexes induce 7.0–7.6 unit shifts
on the same acid. The pKa shift
of 1,3-cyclopentanedione
(5.7 units) induced by the
Cu(OTf)2 complexes of 4 and 6
is about 7 units smaller than
that of 2-acetylcyclopentanone.
Comparable or slightly larger
pKa shifts were found for the
copper(ii) complexes of the
cagelike molecule 4 relative to
the acyclic simple molecule 6.
Binuclear complex 5–2(CuCl2)
induces a significantly bigger
pKa shift than mononuclear
complex 4-CuCl2 (10.6 versus
7.6) on 2-acetylcyclopentanone.
Hence, the two metals in 5 are
cooperative. The shifts of 5.7–
12.7 units listed in Table 2 are
comparable with the 10 unit
pKa shift found by Kimura
et al. with receptor 3, which
similarly utilizes a metal cation
to activate a carbonyl and sub-
sequently reduce the pKa of the
a methylene proton.[10]


The above trends shown in Table 2 can be explained
based on the thermodynamic cycle of receptor(R)-substra-
te(SH) binding illustrated in Figure 7 in which two routes to
the bound substrate anion are shown. The first path, K1–K2,
represents deprotonation of the substrate before binding to
the host. In the second path, K4–K3, host–substrate binding
occurs prior to deprotonation. Equilibrium constant K1 de-
notes the acid dissociation constant of the free carbon acid,
whereas K3 signifies that of the substrate bound by the re-
ceptor. The ratio of the acid dissociation constants, K3/K1, is
equal to the ratio of the binding constants of the substrate


Figure 6. UV/Vis spectra of 2.0 mm 6-Cu(OTf)2 in the presence of one equivalent of 2-acetylcyclopentanone in
acetonitrile upon titration of (a) 15, (b) 17, and (c) 18. Plot d shows the absorbance changes at 760 nm of the
titrations by 15 (*), 17 (*), and 18 (~).


Table 2. pKa shifts of 2-acetylcyclopentone (ACP) and 1,3-cyclopentane-
dione (CP) induced by CuII complex receptors in acetonitrile at 25 8C.


Carbon acid Receptor Base Deprotonation pKa pKa shift[b]


(2.0 mm) (2.0 mm) (2.0 mm) ratio[a] [%]


ACP 4-Cu(OTf)2 17 68 12.7 12.7
ACP 6-Cu(OTf)2 17 61 13.0 12.4
ACP 4-CuCl2 15 61 17.8 7.6
ACP[c] 5-CuCl2


[d] 16[e] 39 14.8 10.6
ACP 6-CuCl2 15 45 18.4 7.0
CP 4-Cu(OTf)2 17 47 13.5 5.7
CP 6-Cu(OTf)2 17 48 13.5 5.7


[a] The ratio of enolate complex concentration related to the initial con-
centration of the ketone ACP or CP. [b] The pKa difference of the carbon
acid in the absence or presence of the CuII receptor. [c] 2.14 mm.
[d] 0.97 mm. [e] 2.91 mm.
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and enolate with the receptor, K2/K4. The binding constants
(K4) of 2-acetylcyclopentanone with receptors in acetonitrile
were measured by UV/Vis titrations to be 87(�23) m


�1 with
4-Cu(OTf)2, 19(�9)m


�1 with 6-Cu(OTf)2, 36(�12) m
�1 with


4-CuCl2, and <10 m
�1 with 6-CuCl2. The relatively narrow


range of K4 values suggests that the pKa shifts are mainly
determined by the K2 values which are the binding constants
of the enolates with the receptors. Therefore, the large shift
in the pKa of the carbon acids in the presence of our cop-
per(ii) host complexes is attributed to strong charge-pairing
or coordination interaction between the enolate anion and
metal center. The enolate–metal interaction is in competi-
tion with the association of the counterion with the metal
complex. Because chloride has a much stronger interaction
with copper(ii) than triflate, the pKa shifts induced by the
CuCl2 complexes of 4 and 6 are around five units lower than
those induced by the Cu(OTf)2 complexes (Table 2).


The very similar pKa shifts induced by the copper(ii) com-
plexes of the cagelike molecule 4 and the acyclic simple
molecule 6 suggest that O�Cu coordination bonds are domi-
nant binding forces between the diketone enolates and the
receptors. No significant cooperative hydrogen-bonding or
solvophobic interaction attributed to the amide linkages and
cagelike cavity in 4 were observed under the experimental
conditions in acetonitrile. Enolates of 1,3-diketones are
well-known ligands for copper(ii). Enolate of 2-acetylcyclo-
pentanone can form a six-membered chelating ring with a
metal center leading to strong binding. The binding of the
enolate of 1,3-cyclopentanedione, however, is much weaker
because the orientation of the two oxygen atoms fixed on
the ring is not favorable for chelation. Therefore, the pKa


shifts of 1,3-cyclopentanedione induced by the copper(ii)
complex receptors are much smaller than that of 2-acetylcy-
clopentanone (Table 2). Because the binding of enolates
with receptors is in competition with the counterions of cop-
per(ii), the receptors with noncoordinating counterions such
as triflate can bind an enolate stronger and therefore induce
a bigger pKa shift than those with coordinating counterions
such as chloride.


Conclusion


The use of receptors 4, 5, and 6 incorporating metal ions,
specifically copper(ii), has been shown to reduce the pKa


value of 1,3-diketone carbon acids in acetonitrile by as
much as 12 pKa units. The relatively large reduction in pKa


value achieved by the complex is attributed to the electro-
static or coordination interaction between the anionic p


system of the enolate and the copper(ii) center. As in the
active site of class II aldolases, electrostatic induction is
more effective in stabilizing highly reactive intermediates
and inducing pKa shifts of carbon acids than traditional hy-
drogen bonds.


Experimental Section


General considerations : 1H and 13C NMR spectra were recorded on a
Varian Mercury 400 or Varian Unity Plus 300 spectrometer. UV/Vis
measurements were performed on a Beckman DU-70 UV/Vis spectrome-
ter. Low-resolution and high-resolution mass spectra were measured with
Finnigan TSQ70 and VG Analytical ZAB2-E instruments, respectively.
1-{[(1,1-Dimethylethoxy)carbonyl]aminomethyl}-3,5-bis(aminomethyl)-
2,4,6-triethylbenzene (8) and 1,3-bis{[(1,1-Dimethylethoxy)carbonyl]ami-
nomethyl}-5-aminomethyl-2,4,6-triethylbenzene (11) were synthesized ac-
cording to reference [16]. All other chemicals were purchased from Al-
drich or Acros and used without further purification.


1,6-Bis(n-butylaminomethyl)pyridine (6): A mixture of 2,6-pyridinedicar-
boxaldehyde (117 mg, 0.867 mmol), n-butylamine (0.188 mL, 1.91 mmol),
and 3 � molecular sieves (ca. 20 beads) in anhydrous methanol (4 mL)
was stirred at room temperature for 3 h under argon. NaBH4 (150 mg,
4.0 mmol) was added. The reaction mixture was stirred for 4 h and fil-
tered through celite. The filtrate was concentrated by evaporation and
acidified by adding 1n HCl to decompose the excess borohydride. The
mixture was adjusted to strongly basic by adding 10% aqueous NaOH
solution (ca. 5 mL), and then extracted with dichloromethane (3 �
10 mL). The organic layers were combined, washed once with water
(5 mL), dried over MgSO4, evaporated under reduced pressure, and dried
in vacuum to give a pale yellow oil (0.210 g) in 97% yield. 1H NMR
(400 MHz, CDCl3, TMS): d=7.58 (t, 3J(H,H) =7.6 Hz, 1H), 7.16 (d,
3J(H,H) =7.6 Hz, 2H), 3.88 (s, 4H), 2.65 (t, 3J(H,H) =7.2 Hz, 4H), 1.93
(br s, 2H), 1.56–1.48 (m, 4 H), 1.36 (p, 3J(H,H) =7.3 Hz, 4 H), 0.92 ppm
(t, 3J(H,H) =7.4 Hz, 6 H); 13C NMR (100 MHz, CDCl3): d=155.38,
132.67, 116.26, 51.24, 45.34, 28.26, 16.43, 9.96 ppm; HRMS (CI): m/z :
250.22807 (calcd for C15H28N3 ([M+H+]): 250.22832).


1,6-Bis(benzylaminomethyl)pyridine (7): Compound 7 was synthesized by
using the same procedure as for 6 from 2,6-pyridinedicarboxaldehyde
(126 mg, 0.93 mmol) and benzylamine (200 mg, 1.87 mmol) as a pale
yellow oil (288 mg) in 98% yield. 1H NMR (250 MHz, CDCl3, TMS): d=


7.57 (t, 3J(H,H) = 7.6 Hz, 1 H), 7.36–7.23 (m, 10H), 7.16 (d, 3J(H,H) =


7.6 Hz, 2H), 3.90 (s, 4H), 3.83 (s, 4 H), 2.21 ppm (br s, 2H); 13C NMR
(62.5 MHz, CDCl3): d =159.12, 140.10, 136.65, 128.26, 128.11, 126.82,
120.33, 54.36, 53.42 ppm; HRMS (CI): m/z : 318.19699 (Calcd for
C21H24N3 ([M+H+]): 318.19702).


7,23-Bis(N’-tBoc-aminomethyl)-6,8,22,24,34,36-hexaethyl-
3,11,19,27,33,35-hexaazopentacyclyo[27.3.1.15,9.113,17.121,25]hexatriaconta-
1(33),5,7,9(36),13,15,17(35),21,23,25(34),29,31-dodecaene-2,12,18,28-te-
trone (9): A solution of 1-{[(1,1-dimethylethoxy)carbonyl]aminomethyl}-
3,5-bis(aminomethyl)-2,4,6-triethylbenzene (8) (0.647 g, 1.85 mmol) and
triethylamine (2.6 mL, 19 mmol) in dry dichloromethane (150 mL) was
cooled with an ice-water bath under argon. With stirring, 1,6-pyridinedi-
carbonyl dichloride (0.378 g, 1.85 mmol) was added in one portion as a
solid. The reaction solution was stirred at 0 8C for 30 min and then at
room temperature for 2 h. The reaction mixture was concentrated by
evaporation under reduced pressure to about 5 mL. Ethyl acetate
(10 mL) was added to facilitate the precipitation of triethylamine hydro-
gen chloride. The precipitate was removed by filtration. The filtrate was
concentrated by evaporation and subjected to column chromatography
(silica gel, CH2Cl2/acetone 100:5 to 100:30 v/v) to give an off-white solid
in 46% yield (0.410 g). Rf =0.6 (silica gel, CH2Cl2/acetone 4:1 v/v);
1H NMR (400 MHz, CDCl3, TMS): d =8.45 (d, 3J(H,H) =8.0 Hz, 4H),
8.07 (t, 3J(H,H) =7.6 Hz, 2H), 7.22 (br s, 4H), 4.68 (d, 3J(H,H) =4.4 Hz,


Figure 7. Thermodynamic cycle for substrate (SH) association and sub-
strate deprotonation in the presence of a receptor (R).
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8H), 4.42 (br s, 6H), 2.75 (q, 3J(H,H) =7.5 Hz, 8 H), 2.66 (q, 3J(H,H) =


7.5 Hz, 4H), 1.44 (s, 18H), 1.24–1.16 ppm (m, 18 H); 13C NMR (100 MHz,
CDCl3): d= 163.41, 155.25, 148.66, 144.84, 144.57, 138.98, 131.18, 125.77,
79.79, 38.39, 28.37, 23.47,22.94, 16.75, 16.05 ppm; HRMS (CI): m/z :
961.55559 (calcd for C54H73N8O8 ([M+H+]): 961.55514).


7,23-Bis(aminomethyl)-6,8,22,24,34,36-hexaethyl-3,11,19,27,33,35-hexa-
azopentacyclyo[27.3.1.15,9.113,17.121,25]hexatriaconta-
1(33),5,7,9(36),13,15,17(35),21,23,25(34),29,31-dodecaene-2,12,18,28-te-
trone (10): A solution of 9 (385 mg, 0.401 mmol) in dichloromethane–tri-
flouroacetic acid (1:1 (v/v); 5 mL) was stirred at room temperature for
4 h and then concentrated by evaporation under reduced pressure to
remove most of the acid. The resulting oil was redissolved in dichlorome-
thane (10 mL) and washed with 20% K2CO3 aqueous solution. The aque-
ous phase was separated and extracted with dichloromethane (2 �
10 mL). The organic layers were combined, dried over Na2SO4, evaporat-
ed to dryness, and dried in vacuum to give a pale pink solid (290 mg) in
95% yield. 1H NMR (400 MHz, CDCl3, TMS): d=8.44 (d, 3J(H,H) =


7.6 Hz, 4H), 8.04 (t, 3J(H,H) =7.8 Hz, 2 H), 7.85 (br s, 4 H), 4.65 (br s,
8H), 3.89 (s, 4H), 2.75 (q, 3J(H,H) =7.3 Hz, 8H), 2.59 (q, 3J(H,H) =


7.3 Hz, 4 H), 1.80 (br s, 2 NH2 and H2O), 1.23–1.13 ppm (m, 18H);
13C NMR (62.5 MHz, CDCl3): d =163.73, 148.85, 143.84, 143.38, 138.65,
131.15, 125.59, 39.01, 38.54, 22.90, 16.56, 15.96 ppm; HRMS (CI): m/z :
761.45092 (calcd for C44H57N8O ([M+H+]): 761.45028).


2,16,18,32,45,47-Hexaethyl-5,13,21,29,34,42,44,46,48-nonaazaheptacy-
clo[15.15.11.13,31.17,11.115,19.123,27.136,40]octatetraconta-
1,3(45),7,9,11(48),15,17,19(47),23,25,27(46),31,36,38,40(44)-pentadecaene-
6,12,22,28-tetrone (4): In a 250-mL flask equipped with a Dean–Stark
trap, a solution of 2,6-pyridinedicarboxaldehyde (51 mg, 0.38 mmol) and
10 (288 mg, 0.38 mmol) in benzene (150 mL) and methanol (5 mL) was
refluxed for 1 h under argon. The reaction mixture was concentrated to
about 50 mL by distillation off the solvents and then cooled to room tem-
perature. Anhydrous methanol (39 mL) and NaBH4 (140 mg, 3.7 mmol)
were added sequentially. The reaction mixture was stirred at room tem-
perature for 4 h and evaporated to dryness. The residue was partitioned
into dichloromethane (15 mL) and 1n NaOH aqueous solution (10 mL).
The aqueous phase was extracted with dichloromethane (2 � 10 mL). The
organic layers were combined, dried over MgSO4, evaporated to dryness.
The residue was separated by column chromatography on silica gel (di-
chloromethane/acetonitrile/methanol 100:30:(0–10) v/v) to give a while
solid (260 mg) in 80 % yield. 1H NMR (400 MHz, CDCl3, TMS): d =8.49
(d, 3J(H,H) =7.8 Hz, 4H), 8.04 (t, 3J(H,H) =7.8 Hz, 2H), 7.72 (br s, 4H),
7.59 (t, 3J(H,H) =7.6 Hz, 1H), 7.08 (d, 3J(H,H) =7.6 Hz, 2 H), 4.75 (dd,
2J(H,H) =15.0, 3J(H,H) =4.7 Hz, 4H), 4.65 (dd, 2J(H,H) =15.0, 3J(H,H) =


4.0 Hz, 4H), 4.08 (s, 4H), 3.84 (s, 4H), 2.94–2.82 (m, 4H), 2.68–2.60 (m,
8H), 2.61 (br s, 2H), 1.25–1.15 ppm (m, 18 H); 13C NMR (100 MHz,
CDCl3): d= 163.97, 158.01, 149.00, 144.77, 144.45, 138.48, 136.50, 134.30,
130.71, 125.99, 120.26, 55.72, 47.90, 38.65, 23.04, 16.18, 15.81 pm; HRMS
(CI): m/z : 864.49280 (calcd for C51H62N9O4 ([M+H+]): 864.49248).


Pyridine-2,6-dicarboxylic acid bis[3,5-bis(aminomethyl)-2,4,6-triethylben-
zylamide] (12): To a round-bottomed flask equipped with an addition
funnel, condenser and a Dean–Stark trap, was added 11 (3.04 g,
6.76 mmol) in benzene. The solution was refluxed and the water re-
moved. The benzene was then removed in vacuo and the residue dis-
solved in anhydrous THF (50 mL; previously distilled over sodium and
benzophenone ketyl) and triethylamine (3.42 g, 33.8 mmol, previously
distilled from calcium hydride). Anhydrous potassium carbonate was
then added. 2,6-Pyridine dicarbonyl dichloride (0.69 g, 3.38 mmol) was
added dropwise in anhydrous THF (25 mL). The reaction was monitored
by thin layer chromatography. The solution was vacuum filtered and the
solvent was removed under vacuum. The residue was purified by column
chromatography (silica, ethyl acetate). The Boc protecting groups were
removed in an aqueous solution of trifluoroacetic acid (100 mL; 1:1 v/v)
and dichloromethane (20 mL). The reaction mixture was stirred at room
temperature for 2 h. The solvent was removed under vacuum and the res-
idue was dissolved in a minimum amount of water. Chloride anion ex-
change was accomplished by using Amberlite IRA-400 (Cl) to yield a
white solid. Continuous extraction for the resulting solid from a 5 n so-
lution of sodium hydroxide using dichloromethane gave 12 as a foamy


solid (3.9 g, 92%). 1H NMR (300 MHz, CDCl3, TMS): d=8.35 (d, 2H,
7.9 Hz), 7.99 (t, 1 H, 7.9 Hz), 7.54 (bs, 2 H), 4.63 (d, 3J(H,H) =4.9 Hz,
4H), 3.83 (s, 8H), 2.82 (q, 3J(H,H) =7.6 Hz, 4H), 2.7 (q, 3J(H,H) =


7.4 Hz, 8H), 1.86 (bs, 8 H), 1.2 ppm (t, 3J(H,H) =7.4 Hz, 12 H); 13C NMR
(75 MHz, CDCl3): d =163.56, 149.33, 142.22, 139.08, 131.52, 125.58, 39.61,
38.44, 23.12, 17.06, 16.85 ppm; IR (deposit from CDCl3 on NaCl): ñ=


3294 cm�1 (NH) and 1659 cm�1 (C=O); HRMS (CI+): m/z : 630.449
(calcd for C37H56N7O2 ([M+H+]): 630.449).


2,16,18,32,45,47-Hexaethyl-5,13,21,29,34,42,44,46,48-nonaazaheptacy-
clo[15.15.11.13,31.17,11.115,19.123,27.136,40]octatetraconta-
1,3(45),7,9,11(48),15,17,19(47),23,25,27(46),31,36,38,40(44)-pentadecaene-
6,12-dione (5): To a 500-mL round-bottomed flask equipped with an ad-
dition funnel, a condenser and a Dean–Stark, trap was added 12 (0.500 g,
0.794 mmol) followed by toluene (550 mL). The solution was heated to
reflux and the azeotrope of water was received over 4 � molecular sieves
in the Dean–Stark trap. To the solution was then added a solution of 2,6-
pyridine dicarboxaldehyde (0.214 g, 1.59 mmol) in toluene (275 mL) over
6 h at room temperature. The reaction mixture was then heated to reflux
for 18 h. The remaining dialdehyde was then added over 6 h and the so-
lution again heated to reflux for 18 h. The solution was then cooled to
room temperature and the toluene removed in vacuo. To residue was dis-
solved in anhydrous methanol (100 mL) under argon. To the solution was
then added NaBH4 (365 mg, 9.65 mmol). The solution was then stirred
for three hours under argon. The reaction was quenched with water and
the methanol removed in vacuo. The residue was dissolved in 1 n NaOH
(100 mL) and extracted with dichloromethane (3 � 100 mL). The com-
bined organic layers were washed with saturated brine, dried over
MgSO4, filtered, and the solvent was removed under vacuum. The result-
ing solid was purified by column chromatography (silica, 1% ammonia-
saturated methanol in dichloromethane) to yield 5 as a yellow solid
(496 mg, 75%). 1H NMR (300 MHz, CDCl3, TMS): d=8.35 (d, 3J(H,H) =


7.4 Hz, 2 H), 8.16 (bs, 2H), 8.06 (t, 3J(H,H) =7.4 Hz, 1 H), 7.59 (t,
3J(H,H) =7.4 Hz, 2 H), 7.08 (d, 3J(H,H) = 7.4 Hz, 2H), 4.64 (d, 3J(H,H) =


4.6 Hz, 4H), 3.93 (s, 8H), 3.78–3.77 (m, 8H), 2.88–2.74 (m, 8H), 2.62–
2.55 (m, 4 H), 1.82 (s, 4 H), 1.17–1.08 ppm (m, 18H); 13C NMR (75 MHz,
CDCl3): d=164.4, 159.8, 150.3, 144.3, 138.8, 137.5, 135.22, 132.0, 129.3,
126.3, 120.9, 118.3, 56.2, 48.6, 38.7, 23.3, 23.2, 16.9, 16.6 ppm; HRMS
(CI+): m/z : 836.534 (calcd for C51H66N9O2: 836.533).


Titration Studies


Stock solutions of 4–6 and their copper(ii) complexes: 10.0 mm solutions
of 4–6, and 50.0 mm solutions of CuCl2 and Cu(OTf)2 in acetonitrile were
made separately in 10-mL flasks by weighing calculated amounts of the
anhydrous compounds and adding HPLC grade acetonitrile to scale.
5.0 mm stock solutions of 4-CuCl2, 4-Cu(OTf)2, 5–2(CuCl2), 6-CuCl2, and
6-Cu(OTf)2 were made in 10-mL flasks by adding 5.00 mL of the 10.0 mm


4–6 solutions, calculated amounts (1.00 or 2.00 mL) of the 50.0 mm cop-
per(ii) salt solutions, and diluted with acetonitrile to scale.


Sodium enolate solutions of 13 and 14 : The sodium enolate solutions
were made freshly before each titration by mixing the ketones with one
equivalent of sodium methoxide, because they are not stable, as revealed
by development of yellow color and changes on 1H NMR spectra upon
standing. Then [15]crown-5 or [2.2.1]cryptand were added to complex the
sodium cation and increase solubility. A 0.94 m sodium methoxide so-
lution was made directly from 216 mg of sodium metal and anhydrous
methanol in a 10-mL flask. The methoxide solution was transferred into
a polyethylene bottle and kept under argon. The 200 mm solutions of
Na+-13 or Na+-14 were made by mixing 0.667 mL of 300 mm 2-acetylcy-
clopentanone or 1,3-cyclopentanedione and [15]crown-5 (1:1 mol/mol) in
acetonitrile with the 0.94 m NaOMe solution (0.213 mL) and diluted with
acetonitrile to 1.00 mL.


General procedure for titrations : All the UV/Vis titrations were per-
formed in a 1-cm quartz cell equipped with a silicon septum. The solu-
tions to be titrated (1.00 mL) were made directly in the cell by adding
calculated amounts of stock solutions and acetonitrile solvent using Ham-
ilton gas-tight syringes. The solutions were mixed by shaking with hand.
Absorbance spectrum of the titrand was recorded. Aliquots (usually
0.1 equivalents) of titrant were added, and spectra were recorded after
each addition of the titrant. In the cases of titrations of copper(ii) com-
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plexes with the neutral ketones (2-acetylcyclopentanone or 1,3-cyclopen-
tanedione) or their sodium enolates (13 or 14), the titrant solutions con-
tained the copper(ii) complexes at the same concentrations as the titrand
solutions, so that the copper(ii) complex concentrations kept constant
during the titrations. In the cases of the copper(ii) complexes and the ke-
tones being titrated with the organic bases (15–18), no copper(ii) com-
plexes were presented in the titrant solutions. Instead, high concentration
titrants (150 times of the titrand concentration) were used, and the ab-
sorbance spectra were corrected for the dilution caused by the addition
of titrants that was usually less than 3 % of the volume.


Calculation of the pKa shifts : For the acid–base equilibrium between a
carbon acid (the substrate SH) and a base (B), the pKa of the carbon
acid can be calculated from the deprotonation ratio (R) and the pKa of
the conjugate acid of the base (pKa


BH) according to Equations (2) and
(3). ,


SH þ BÐ S� þ BHþ ð2Þ


pKa ¼ pKa
BH�logfð½S��½BHþ�Þ=ð½SH�½B�Þg ð3Þ


Since R = [S�]/[SH]i, we have [BH+]= [S�] =R[SH]i, [SH]= (1�R)[SH]i,
and [B]= [B]i�R[SH]i, where [SH]i and [B]i are the initial total concen-
trations of the acid and base, Equation (3) becomes Equation (4).


pKa ¼ pKa
BH�logfðR½SH�iÞ2=ðð1�RÞ½SH�ið½B�i�R½SH�iÞÞg ð4Þ


The deprotonation ratio (R) was obtained from two titrations. First, a so-
lution of receptor-copper(ii) complex was titrated with sodium enolate
(13 or 14) to get the absorbance change caused by binding of one equiva-
lent of the enolate (Figure 2 and Figure 3, for example). Second, in the
presence of the receptor-copper(ii) complex, the carbon acid was titrated
with an organic base (Figure 6, for example) to determine the absorbance
change caused by the formation of enolate complex in the presence of
the base. Comparison of the absorbance changes in these two titrations
gave the deprotonation ratio. For example, addition of one equivalent of
enolate 13 into 2.0 mm 6-Cu(OTf)2 solution caused an absorbance change
of 0.23 at 760 nm (Figure 3), and addition of one equivalent of organic
base 17 into 2.0 mm 2-acetylcyclopentanone, which is the carbon acid of
enolate 13, and 2.0 mm 6-Cu(OTf)2 solution caused an absorbance
change of 0.14 at the same wavelength (Figure 6d). Thus, the deprotona-
tion ratio was 0.14/0.23= 0.61. The pKa of 17 (pKa


BH) is 13.4 in acetoni-
trile, and the initial concentrations of the carbon acid ([SH]i) and base
([B]i) were both 0.002 m. Therefore, the observed pKa of 2-acetylcyclopen-
tanone was calculated according to Equation (5).


pKa ¼ 13:4�logfð0:61� 0:002Þ2=½ð1�0:61Þ � 0:002


�ð0:002�0:61� 0:002Þ� ¼ 13:0
ð5Þ


X-ray structure analysis : Crystals of 7-Cu(OTf)2-H2O were prepared as
blue needles by slow evaporation of a solution of 7 (22 mg, 0.070 mmol)
and Cu(OTf)2 (25 mg, 0.070 mmol) in dichloromethane (0.5 mL). The
data crystal was cut from a long needle and had approximate dimensions
of 0.36 � 0.11 � 0.09 mm. The data were collected on a Nonius Kappa
CCD diffractometer using a graphite monochromator with MoKa radia-
tion (l =0.71073 �). A total of 309 frames of data were collected using w


scans with a scan range of 1.18 and a counting time of 181 s per frame.
The data were collected at 153 K using an Oxford Cryostream low tem-
perature device. Details of crystal data, data collection and structure re-
finement are listed in Table 3. Data reduction was performed by using
DENZO-SMN.[24] The structure was solved by direct methods using
SIR97[25] and refined by full-matrix least-squares on F2 with anisotropic
displacement parameters for the non-H atoms using SHELXL-97.[26] The
hydrogen atoms on carbon were calculated in ideal positions with iso-
tropic displacement parameters set to 1.2 � Ueq of the attached atom
(1.5 � Ueq for methyl hydrogen atoms). The hydrogen atoms on the water
molecule and on the nitrogen atoms were observed in a DF map and re-
fined with isotropic displacement parameters. One hydrogen atom on
O1W did not refine well, H1wb. The O�H bond length refined to below


0.6 � and its Uiso went negative. As a result, the O�H bond lengths were
idealized at 0.8 � by moving the H atom along its O�H bond vector. The
subsequent H atom positions were refined riding on the oxygen atom po-
sition with Uiso set to 1.5� Ueq for the oxygen atom. The absolute struc-
ture was determined by the method of Flack.[27] The Flack � parameter
refined to 0.01(2) for the configuration given. The function, �w(jFo j 2�j
Fc j 2)2, was minimized, where w=1/[(s(Fo))2 + (0.0372 P)2 + (0.387 P)]
and P= (jFo j 2 + 2 jFc j 2)/3. Rw(F2) refined to 0.111, with R(F) equal to
0.0491 and a goodness of fit, S =1.00. Definitions used for calculating
R(F), Rw(F2) and the goodness of fit, S, are given below.[28] The data were
checked for secondary extinction but no correction was necessary. Neu-
tral atom scattering factors and values used to calculate the linear ab-
sorption coefficient are from the International Tables for X-ray Crystal-
lography (1992).[29] Figure 5 was generated by using SHELXTL/PC.[30]


CCDC-247492 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.a-
c.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-
033; or e-mail : deposit@ccdc.cam.ac.uk).
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N-Fused Pentaphyrins and Their Rhodium Complexes: Oxidation-Induced
Rhodium Rearrangement


Shigeki Mori,[a] Ji-Young Shin,[a] Soji Shimizu,[a] Fumiaki Ishikawa,[a]


Hiroyuki Furuta,[b] and Atsuhiro Osuka*[a]


Introduction


Expanded porphyrins with more than four pyrrolic units
have emerged as a new class of functional macrocycles in
light of their unique and interesting optical, electrochemical,
and coordination properties.[1,2] As a result, a variety of ex-
panded porphyrins have been prepared differing in ring size,
ring connectivity, and hetero-atom replacement. However,
the synthesis of meso-aryl-substituted expanded porphyrins,
which can be regarded as real homologues of meso-aryl-sub-
stituted porphyrins in terms of the regular alternate arrange-
ment of a pyrrole group and a meso-methine carbon atom,
has still remained rather limited.[3] Recently we found that a
series of meso-aryl-substituted expanded porphyrins were
formed in the reaction of 2,6-disubstituted aryl aldehyde


and pyrrole under the modified Rothemund–Lindsey condi-
tions.[4,5]


Although there are extensive studies on pentapyrrolic
macrocycles such as sapphyrins,[1b, 6] core-modified sapphyr-
ins,[7] and N-confused sapphyrins,[8] only little attention has
been paid to pentaphyrins that have a regular alternate ar-
rangement of five pyrrole groups and five methine carbon
atoms. In 1983, Gossauer et al. first reported the synthesis of
a b-alkyl-substituted pentaphyrin through an acid-catalyzed
[2+3]MacDonald condensation.[9] The pentaphyrin was char-
acterized as a 22-p electronic system on the basis of its
1H NMR, 13C NMR, and absorption spectra. Similar b-alkyl-
substituted pentaphyrins were prepared in a better yield by
Sessler et al. and a uranium complex was characterized by
X-ray diffraction analysis.[10] meso-Diphenyltetra-b-alkyl-
substituted pentaphyrin was prepared by Dolphin et al. in
1997.[3b] In contrast, meso-aryl-substituted pentaphyrin had
not been prepared, to the best of our knowledge, before the
synthesis based on the modified Rothemund–Lindsey proto-
col,[5] despite its unique position bridging meso-aryl-substi-
tuted expanded porphyrins and meso-aryl-substituted por-
phyrins.[11] In our synthesis of meso-aryl-substituted expand-
ed porphyrins, meso-pentaaryl-substituted pentaphyrins
were isolated, not in their intact form, but in an N-fused
form containing a tripentacyclic ring. It has been shown that
the N-fused pentaphyrin (which we have given the trivial
name NFP5


[5]) can exist in two stable oxidation states with
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sis as a 22-p-electron N-fused penta-
phyrin ([22]NFP5) and a 24-p-electron
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means of two-electron reduction with
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dichlorodicyanobenzoquinone (DDQ).
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22-p and 24-p electronic systems (Scheme 1), [22]NFP5 and
[24]NFP5, respectively.[5] These reversible two redox states
also stand in contrast to other nonfused pentaphyrins that
all exhibit a distinct diatropic ring current arising from the
22-p electronic system.[3b,9, 10]


In this paper, we report the detailed chemistry of both
[22]NFP5 and [24]NFP5, including their crystal structures,
with a particular attention to the aromatic nature of these
conjugated macrocycles. We also report the rhodium(i) met-
alation of [22]NFP5 that provides two rhodium complexes 9
and 10, which have been characterized by X-ray diffraction
analysis. In the course of these studies, we found an unpre-
cedented pivotlike rhodium rearrangement during the oxi-
dation of 9 with dichlorodicyanobenzoquinone (DDQ).


Results and Discussion


Synthesis of N-fused pentaphyrins : meso-Pentafluorophenyl-
substituted N-fused pentaphyrins 1 and 2 were prepared
from the reaction of pentafluorobenzaldehyde and pyrrole
under the modified Rothemund–Lindsey conditions. Com-
bined yield of 1 and 2 varied upon the concentration of the
substrates; less than 1 % at <20 mm, 2 % at 25 mm, 10 % at
50 mm, 18 % at 67 mm, 11 % at 100 mm. Yields of other meso-
aryl expanded porphyrins were roughly parallel with the
yields of 1 and 2. Relative amounts of 1 and 2 depended on


the amount of DDQ used in the oxidation step. Thus, the
oxidation with an excess amount of DDQ for a long reac-
tion time (>15 h) provided 1 as a sole product in 18 % iso-
lated yield. Upon treatment with NaBH4, 1 was quantitative-


ly reduced to 2 (Scheme 1). In solution, the colors of 1 and
2 were red and yellowish red, respectively, but both were
green in the solid states. In a similar manner, meso-2,6-di-
chlorophenyl-substituted N-fused pentaphyrin ([22]NFP5 3)
was prepared in 10% yield from the reaction of 2,6-dichloro-
benzaldhyde and pyrrole and was converted to its reduced
form [24]NFP5 4 by NaBH4 reduction. Both 2 and 4 were
quantitatively oxidized back to 1 and 3, respectively, by
DDQ oxidation. Alternatively, 1 was prepared in 28 % yield
by the acid-catalyzed [3+2] condensation of tripyrrane 5
and dipyrromethane dicarbinol 6 followed by oxidation with
DDQ (Scheme 2).[11a] In this case, separation of 1 was much
easier due to a smaller number of byproducts.


Figure 1 shows the absorption spectra of 3 and 4, which
are similar to those of 1 and 2.[5] The aromatic [22]NFP5�s 1
and 3 exhibit absorption spectra with three peaks at 349.5,


460.5, and 553.5 nm and 348, 450, and 548 nm, respectively,
while the anti-aromatic [24]NFP5�s 2 and 4 exhibit absorp-
tion spectra with single peaks at 499 and 486 nm, respective-
ly. Interestingly, the absorption tails of 1–4 all extend over
1000 nm, indicating substantial lowering of the singlet excit-
ed state energy in comparison to porphyrins.


1H NMR spectra of N-fused pentaphyrins : The 1H NMR
spectrum indicates that 1 possesses a distinct ring current, in
that the inner protons appear at high field; the C(12) and
C(13) protons at 2.19 and 1.70 ppm, the inner N(30) proton
at 1.26 ppm, and the C(2) proton at �2.26 ppm, and the


Scheme 1. Redox reaction between [22]NFP5 and [24]NFP5.


Scheme 2. Synthesis of 1 through [3 +2] cyclization route from 5 and 6.


Figure 1. Absorption spectra of 3 (c) and 4 (a) in CH2Cl2.
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outer protons appear at low field in the range of 8.31–
9.11 ppm (Figure 2). Lowering the temperature to 200 K led
to enhancement of ring current, probably through rigidifica-
tion of its conformation, indicated by the observed changes


in the chemical shifts; the peak due to the inner proton at
C(2) moved to �2.95 ppm, and the singlet resonance of the
b-protons at 9.11 ppm shifted to two doublets at 9.36 and
9.40 ppm. These 1H NMR data are consistent with its 22-p
aromatic electron network. In contrast, the 1H NMR spec-
trum of 2 exhibits chemical shifts that are entirely different
from those of 1. Namely, the C(2) proton appears at
7.84 ppm, the C(12) and C(13) protons appear as two
doublets at 8.18 and 8.10 ppm with J=3.7 Hz, and the
N(29) proton appears at 13.73 ppm, all being considerably
downfield shifted. The extremely low-field-shifted N(29)H
signal could be partly attributed to possible strong N�H···N
hydrogen bonding. However it is remarkable that the inner
protons of the macrocycle appear in positions significantly
shifted downfield and that the outer b-positions are all sub-
stantially upfield shifted in the range of 6.19–5.58 ppm.
These chemical shifts could be much better interpreted as
an indication of partial anti-aromatic character for 2. Finally,
it is worth noting that differences in the chemical shifts
of the inner protons between 1 and 2 are as much as
10~12 ppm.


Similarly, the 1H NMR spectrum of the meso-2,6-dichloro-
phenyl-substituted [22]NFP5 3 indicates a diatropic ring cur-
rent, while that of the meso-2,6-dichlorophenyl-substituted
[24]NFP5 4 indicates anti-aromatic character. Characteristi-
cally, in the 1H NMR spectrum of 3, the C(2) proton appears
at �1.78 ppm, the C(12) and C(13) protons appear at 1.88
and 2.30 ppm as a pair of doublets (J= 4.6 Hz), the inner
N(30)H proton appears at 1.27 ppm, and the outer b-protons
appear in the range of 8.05–8.83 ppm. In contrast, the
1H NMR spectrum of 4 displays the inner N(29) proton at
16.98 ppm, the inner b-proton at C(2) at 12.01 ppm, and the
inner b-protons at C(12) and C(13) at 9.69 and 9.62 ppm,
but the outer NH protons at N(26) and N(28) at 5.43 and


7.01 ppm, and the outer b-protons in the range of 5.18–
4.59 ppm. To support the above discussion on aromaticity
and anti-aromaticity of NFP5, we calculated nucleus-inde-
pendent chemical shift (NICS) values of these compounds,
which will be discussed in a later section.


X-ray structural characterization of N-fused pentaphyrins :
Extensive efforts to obtain crystals of 1 suitable for X-ray
analysis have been unsuccessful. Slow vapor diffusion of
water into an acetonitrile solution of 1 gave crystals, which
provided a preliminary structure (Supporting Information)
in line with its 1H NMR data.[12] The X-ray structure of 2
was reported previously,[5] and the important features are
outlined here. The fused tripentacyclic ring with the inward-
and outward-pointing nitrogen atoms is found in the penta-
pyrrolic core. The macrocycle consists of three planar parts,
the fused tripentapyrrolic core (pyrroles A and B), the di-
pyrromethene unit (pyrroles D and E), and the pyrrole C.
With respect to the most planar fused tripentacyclic moiety,
the dipyrromethene unit is tilted at 44.28 and the pyrrole C
is tilted at 79.58, and accordingly the macrocycle is consider-
ably distorted with the mean plane deviation of 4.27 �. In
addition, there are distinct bond-length alternations for the
pyrrole bridging carbon–carbon bonds.


The solid-state structural information was fortunately ob-
tained for both 3 and 4. Diffraction grade crystals of 3 were
grown by vapor diffusion of hexane into a solution of 3 in
CHCl3, and those of 4 were obtained by slow addition of
water into a solution of 4 in methanol. Both solid-state
structures contain a fused tripentacyclic ring and an inverted
pyrrole in the core (Figure 3). The NH groups are posi-
tioned at N(30) in 3, and at N(26), N(28), and N(29) in 4.


Figure 2. 1H NMR spectra of 1 (top) and 2 (bottom) in CDCl3. * indicates
solvent and impurity.


Figure 3. X-ray structure of a) 3 and b) 4 ; top views (left) and side views
(right). meso-Aryl substitutents for side views are omitted for clarity.
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With respect to the planar tripentacyclic ring (pyrroles A
and B), the dipyrromethene unit (pyrroles D and E) is tilted
at 4.28 and the pyrrole C is tilted at 41.48 in 3, and the dipyr-
romethene unit (pyrroles D and E) is tilted at 11.68 and the
pyrrole C is tilted at 54.08 in 4. The overall mean plane devi-
ations are 1.85 � and 2.53 � for 3 and 4, respectively
(Figure 4). The pentapyrrolic skeleton of 3 is mostly flat


except for the pyrrole C, probably reflecting its strong aro-
maticity, while 4 shows a more nonplanar macrocyclic struc-
ture. The bond-length alternation of the conjugated system
is evident for 4, whereas that for 3 is rather small (Figure 5).


We calculated nucleus-independent chemical shift (NICS)
values[13] for parent [22]NFP5 7 and [24]NFP5 8, in which all
meso-aryl groups were replaced by protons. The optimiza-
tion was carried out at the B3 LYP/6–311+ G** level.[14, 15]


Figure 6 depicts the optimized structures of 7 and 8, both of
which adopt rather flat conformations. The bond-length al-
ternation for both optimized structures is in fair agreement
with those for both crystal structures. The NICS values were
similarly calculated at the B3 LYP/6–311+G** level with
GIAO method at the ring centers (nonweighted means of
the carbon and nitrogen coordinates on the conjugate path-
ways). The large negative NICS of [22]NFP5 (d=�29.3)
confirms its strong aromatic character, whereas the anti-aro-
matic nature of [24]NFP5 is predicted by a positive NICS
value (d=++7.2).


Rhodium(i) complexation of N-fused pentaphyrin 1: To ex-
plore a potential use of NFP5 as a metal-coordinating
ligand, we have attempted RhI complexation, since h2-type
coordination of RhI ion is known for porphyrins and ex-
panded porphyrins that bear a dipyrromethene unit.[16, 17]


Here we report the metalation behavior of 1 with
[RhCl(CO)2]2.


The [22]NFP5 1 was treated with [RhCl(CO)2]2 in CH2Cl2


in the presence of sodium acetate. Two rhodium complexes


9 and 10 were isolated as bluish violet and reddish purple
stable solids, respectively, with yields that depended on the
reaction time and temperature (Table 1). The metalation did
not proceed at 0 8C, but proceeded slowly at 20 8C. Product
ratio of 9 to 10 increased for longer reaction time and under
refluxing conditions the yield of 10 (42 %) was distinctly
higher than that of 9 (18 %). These results indicated the con-
version of 9 to 10 at high reaction temperature. From the re-
action of 2 with [RhCl(CO)2]2, the complex 9 was better


Figure 4. Views of the skeletal deviations of the macrocycle atoms from
the 30 atoms plane for 3 and 4.


Figure 5. Bond lengths [�] of 3 and 4.
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prepared in 60 % yield at room temperature for 1 h, in
which the formation of 10 was not detected even under re-
fluxing conditions.


Structural characterizations of 9 and 10 : The parent ion
peaks of 9 and 10 were measured by high resolution FAB
mass spectroscopy, which gave m/z= 1374.9541 for 9 (calcd
for C57H11F25N5O2Rh: 1374.9569) and m/z= 1373.9213 for 10
[M+H+] (calcd for C57H9F25N5O2Rh: 1373.9410). Single
crystals suitable for an X-ray study for 9 were grown from
vapor diffusion of hexane into a solution of 9 in CHCl3. X-
ray diffraction analysis revealed that the complex 9 pre-


serves a basic NFP5 structure with a tripentacyclic fused ring
system. The rhodium atom in 9 is bound to the N(28) and
N(29) atoms of the pyrroles C and D with N(28)�Rh
=2.083(5) � and N(29)�Rh =2.112(4) � in a h2 fashion as
shown in Figure 7a. Curiously, the pyrrole C is inverted,


from the nitrogen-pointing-outward conformation in the
free base [22]NFP5 into the nitrogen-pointing-inward confor-
mation so as to participate in the coordination to the rhodi-
um atom. Despite the fully conjugated electronic system,
the complex 9 exhibits a largely distorted bent conformation
(Figure 8). In particular, the pyrrole C is canted almost per-
pendicularly toward the tripentacyclic ring (pyrroles A and
B) with a dihedral angle of 80.98. The dipyrromethene unit
consisting of pyrroles D and E is relatively planar and is
canted with respect to the tripentacyclic ring with an angle
of 37.88. The 1H NMR spectrum of 9 displays resonances
due to the outer NH and inner NH protons at 9.44 and
0.68 ppm, a resonance due to the inner b-CH proton at
0.10 ppm, and four pairs of mutually coupled resonances
due to the outer b-CH protons at 8.33 and 7.36, 7.96 and
7.88, 7.86 and 7.74, and 6.66 and 5.05 ppm. The doublet of
doublets at 7.96 and 7.88 ppm were changed to simple dou-
blets upon treatment with D2O, thus indicating that these
signals are due to the outer b-CH protons on the pyrrole E.
The doublets at 6.66 and 5.05 ppm have been assigned to
the outer b-CH protons on the pyrrole B, while the remain-
ing double doublets have been assigned to the outer b-CH
protons on the pyrroles C and D, because of the coupling


Figure 6. Optimized structures of [22]NFP5 7 (NICS=�29.3) and
[24]NFP5 8 (NICS =++7.2).


Table 1. Reaction of 1 with [RhCl(CO)2]2.


Run [RhCl(CO)2]2
[a] T [8C] t [h] 9 [%] 10 [%]


1 2 20 1 4 0
2 2 20 2 19 1.8
3 2 20 4 23 2.4
4 2 20 12 26 7.6
5 2 55 1 18 42


[a] Number of equivalents with respect to compound 1.


Figure 7. X-ray structure of a) 9 and b) 10 ; top views (left) and side
views (right). meso-Aryl substitutents for side views are omitted for
clarity.
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with the rhodium atom. These 1H NMR data indicate a sub-
stantial diatropic ring current for 9, despite its 24-p electrons
along the conjugated network. The IR spectrum indicates
the C�O stretching vibrations at 2078 and 2008 cm�1.


Diffraction-grade crystals of 10 were obtained from vapor
diffusion of heptane into a solution of 10 in CH2Cl2. Its X-
ray structure indicated the preservation of a basic [22]NFP5


framework with a planar tripentacyclic unit and the rhodium


atom coordinated in a h2-fashion by N(29) and N(30) atoms
in the pyrroles D and E, respectively (Figure 7b). The struc-
ture of 10 reveals a conjugated 22-p-electron network
spread over a relatively planar macrocycle, which stands in
marked contrast to that of 9. In accord with this, the
1H NMR spectrum of 10 reveals a stronger ring current, ex-
hibiting the inner C(2) proton as a singlet at 0.05 ppm, the
inner b-pyrrolic protons as a pair of doublets at 1.62 and
1.16 ppm with J=4.5 Hz, the outer b-pyrrolic protons as
three pairs of mutually coupled doublets at 9.23 and
9.21 ppm with J=4.6 Hz, at 8.61 and 8.29 ppm with J
=4.6 Hz, and at 8.21 and 8.13 ppm with J=4.2 Hz, which
are assigned to the outer b-CH protons at the pyrroles B, D,
and E, respectively. The IR spectrum indicates the C�O
stretching vibrations at 2081 and 2020 cm�1.


Since the complex 10 became the major product at high
temperature, we examined the heating of 9 in CH2Cl2, which
did not cause the conversion of 9 to 10. The number of p


electrons along the conjugated network is 24 for 9 and 22
for 10, which suggests a possible interconversion between
these complexes upon two-electron oxidation or reduction.
With this in mind, the oxidation of 9 with DDQ was exam-
ined. Upon treatment with DDQ even at room temperature,
complex 9 was rapidly and quantitatively changed to 10 with
a pivot rearrangement of the rhodium atom from the coordi-
nation by the pyrroles C and D to that by the pyrroles D
and E. This oxidation process from 9 to 10 with DDQ was
monitored by 1H NMR spectroscopy (Figure 9), in which an


Figure 8. Views of the skeletal deviations of the macrocycle atoms from
the 30 atoms plane for 9 and 10.


Figure 9. 1H NMR spectral changes during the conversion of 9 to 10 at room temperature in CDCl3.
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intermediate was clearly detected before the final formation
of 10. Typically, the 1H NMR spectrum at 1 h indicated the
formation of an intermediate, whose 1H NMR spectrum is
different from both 9 and 10. This intermediate could not be


isolated at this stage, but was ten-
tatively assigned as 11, an oxidized
form of 9. The structure of 11 pre-
dicts a 22-p electronic conjugated
macrocycle, which should exhibit
a diatropic ring current. The sin-
glet peak at �3.47 ppm could be
assigned to the C(2) proton and
two mutually coupled doublets
peaks at 1.90 and 2.43 ppm are as-


signed to C(22) and C(23) protons at the pyrrole E that may
be inverted in 11. Intermediate 11 smoothly converts into 10
following the migration of the Rh atom. Severe distortion of
9 may drive this rhodium rearrangement. In contrast, the re-
duction of 10 with NaBH4 afforded 2 without production of
9.


In summary, meso-pentaaryl-substituted pentaphyrins
were isolated as [22]NFP5 and [24]NFP5 forms, both of
which were interconvertible through two-electron oxidation
with DDQ and two-electron reduction with NaBH4.
[22]NFP5 possesses a diatropic ring current, while [24]NFP5


shows a 1H NMR spectrum that suggests anti-aromatic char-
acter. Two RhI complexes 9 and 10 were obtained from the
reaction of 1 with [RhCl(CO)2]2. The oxidation of 9 with
DDQ proceeded smoothly to give 10 with a pivotlike rhodi-
um rearrangement, via an intermediate.


Experimental Section


General : All reagents and solvents were of the commercial reagent grade
and were used without further purification except where noted. Dry
CH2Cl2 was obtained by distilling over CaH2.


1H NMR and 13C NMR
spectra were recorded on a JEOL ECA-600 spectrometer, and chemical
shifts were reported as the delta scale in ppm relative to CHCl3


(1H NMR: d=7.260, 13C NMR: d =77.0). The spectroscopic grade
CH2Cl2 was used as solvent for all spectroscopic studies. UV-visible ab-
sorption spectra were recorded on a Shimadzu UV-3100 spectrometer.
Mass spectra were recorded on a JEOL HX-110 spectrometer, using pos-
itive-FAB ionization method with accelerating voltage 10 kV and a 3-ni-
trobenzylalcohol matrix, or on a Shimadzu/KRATOS KOMPACT
MALDI 4 spectrometer, using positive-MALDI ionization method with/
without CA matrix. 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).


meso-Pentafluorophenyl-substituted N-fused pentaphyrins 1 and 2 : Pen-
taphyrin 1 was obtained from the reaction of 2,3,4,5,6-pentafluorobenzal-
dehyde with pyrrole under the modified Rothemund–Lindsey conditions.
A solution of BF3·OEt2 in CH2Cl2 (2.5 m, 100 ml) was added to a solution
of pentafluorobenzaldehyde (494 ml, 4 mmol) and pyrrole (278 ml,
4 mmol) in CH2Cl2 (60 mL), and the resulting mixture was stirred for 2 h
under nitrogen. After adding DDQ (2.27 g, 10 mmol), the solution was
stirred for 10 h, then passed through a short alumina column to remove
the tar. The reaction mixture was then separated by column chromatog-
raphy on silica gel with a 1:4 mixture of CH2Cl2 and hexane. A red frac-
tion containing 1 that eluted after a purple fraction of meso-pentafluoro-
phenyl-substituted [26]hexaphyrin was collected. After the solvent was


evaporated, the residue was recrystallized from hexane to give pure 1
(146 mg, 15%). NaBH4 (22.7 mg, 0.6 mmol) was added to a solution of 1
(50 mg, 0.04 mmol) in CH3OH (10 mL) and the resulting solution was
stirred for 10 min under nitrogen. After removing the solvent, the resi-
dues were dissolved in CH2Cl2, and filtered through a short alumina
column. After evaporation, the residue was recrystallized from hexane to
give 2 (50 mg, quant.).


Data for compound 1: M.p. >300 8C (decomp); 1H NMR (600 MHz,
CDCl3): d =9.14 (m, 2H), 8.60 (d, J =4.0 Hz, 1H), 8.40 (d, J =5.0 Hz,
1H), 8.38 (d, J =4.5 Hz, 1 H), 8.34 (d, J =4.5 Hz, 1 H), 2.20 (d, J =5.0 Hz,
1H), 1.71 (d, J =4.0 Hz, 1 H), 1.24 (br s, 1 H; NH), �2.25 ppm (s, 1 H;
C(2)H); 13C NMR (150 MHz, CDCl3): d=161.0, 160.9, 160.4, 159.7,
153.4, 152.2, 150.9, 148.1, 146.9, 136.6, 133.8, 133.3, 132.8, 132.4, 132.3,
131.5, 131.3, 129.3, 123.2, 122.4, 120.5, 112.7, 109.6, 100.7, 99.1 (C(2)),
99.0 ppm. It should be noted that pentafluorophenyl signals could not be
assigned because of the multiple coupling of 13C–19F; UV/Vis (CH2Cl2):
lmax (e)=349.5 (40 600), 460.5 (59 500), 553.5 (62 600), 991.5 nm
(2100 m


�1 cm�1); FAB-MS: m/z calcd for C55H10F25N5 [M+]: 1215.0537;
found: 1215.0522 (100 %).


Data for compound 2 : M.p. >300 8C (decomp); 1H NMR (600 MHz,
CDCl3): d=13.73 (br s, 1 H; N(29)H), 8.18 (dd, J=3.7 Hz, J =2.3 Hz,
1H), 8.10 (d, J=3.7 Hz, J =2.3 Hz, 1 H), 7.84 (d, J =1.9 Hz, 1 H; C(2)H),
6.69 (br s, 1H; N(28)H), 6.59 (br s, 1H; N(26)H), 6.19 (d, J =5.5 Hz, 1 H),
6.16 (d, J =5.5 Hz, 1 H), 6.03 (d, J=5.5 Hz, 1H), 6.00 (d, J=5.0 Hz, 1H),
5.85 (d, J =4.5 Hz, 1H), 5.58 ppm (d, J= 5.5 Hz, 1 H); 13C NMR
(150 MHz, CDCl3): d=165.1, 154.3, 150.8, 150.6, 150.2, 142.3, 136.9,
136.3, 133.7, 133.4, 133.3, 132.1, 129.5, 128.4, 126.9, 125.9, 125.0, 112.8,
110.6, 108.5, 106.9, 104.9 (C(2)), 102.0, 101.5, 93.9, 90.3 ppm. It should be
noted that pentafluorophenyl signals could not be assigned because of
the multiple coupling of 13C–19F.; UV/Vis (CH2Cl2): lmax (e)=443.0
(51 100), 499.0 (63 100), 771.0 nm (7200 m


�1 cm�1); FAB-MS: m/z calcd for
C55H12F25N5 [M+]: 1217.0693; found: 1217.0652 (100 %).


meso-2,6-Dichlorophenyl-substituted N-fused pentaphyrins 3 and 4 : Pen-
taphyrins 3 and 4 were prepared from the reaction of 2,6-dichlorobenzal-
dehyde and pyrrole. A solution of BF3·OEt2 in CH2Cl2 (2.5 m, 250 ml) was
added to a solution of 2,6-dichlorobenzaldehyde (1.75 g, 10 mmol) and
pyrrole (750 ml, 10 mmol) in CH2Cl2 (150 mL). The resulting solution was
stirred for 2 h under nitrogen. After DDQ (6.81 g, 30 mmol) was added
to the reaction mixture, the solution was stirred for 10 h, then passed
through a short alumina column to remove the tar. The reaction mixture
was then separated by column chromatography on silica gel with a 98:2
mixture of CH2Cl2/EtOAc. A red fraction containing 3 eluted after a
purple fraction of meso-2,6-dichlorophenyl-substituted [26]hexaphyrin.
After the solvent was evaporated, the residue was recrystallized from
CH2Cl2/hexane to give pure 3 (218 mg, 9.8 %). NaBH4 (22.7 mg,
15 equiv) was added to a solution of 3 (44 mg, 0.04 mmol) in CH3OH
(10 mL), and the resulting solution was stirred for 10 min under nitrogen.
After the solvent was evaporated, the residues were dissolved in CH2Cl2.
This solution was passed through a short alumina column. After the sol-
vent was evaporated, the residue was recrystallized from CH2Cl2/hexane
to give 4 (44 mg, quant.).


Data for compound 3 : M.p. >300 8C (decomp); 1H NMR (600 MHz,
CDCl3): d=8.84 (d, J =5.2 Hz 1 H), 8.71 (d, J =4.6 Hz, 1H), 8.26 (d, J
=4.0 Hz, 1 H), 8.13 (d, J=4.6 Hz, 1 H), 8.06 (d, J=4.6 Hz, 1 H), 8.03 (d, J
=4.6 Hz, 1 H), 7.83–7.28 (m, 15 H; Ar-H), 2.30 (d, J=4.6 Hz, 1 H), 1.88
(d, J =4.6 Hz, 1 H), 1.27 (br s, 1H; N(30)H), �1.78 ppm (s, 1H; C(2)H);
UV/Vis (CH2Cl2): lmax (e) =348 (27 100), 450 (51 900), 548 (59 400),
993 nm (1900 m


�1 cm�1); FAB-MS: m/z calcd for C55H25Cl10N5 [M++H]:
1105.9073; found: 1105.9017 (100 %).


Data for compound 4 : M.p. >300 8C (decomp); 1H NMR (600 MHz,
CDCl3) d=16.98 (br, 1 H; N(29)H), 12.01 (br, 1H; C(2)H), 9.69 (br, 1H),
9.62 (br, 1H), 7.37–6.96 (m, 15H; Ar-H), 7.02 (br, 1H; N(28)H), 5.43 (br,
1H; N(26)H), 5.18 (br, 1 H), 5.13 (br, 2H), 5.06 (d, J=5.5 Hz, 1 H), 4.93
(br, 1H), and 4.59 ppm (br, 1 H); UV/Vis (CH2Cl2): lmax (e) =363 (sh,
27000), 434 (sh, 53000), 486 (69 200), 848 nm (3700 m


�1 cm�1); FAB-MS
m/z calcd for C55H25Cl10N5 [M++H]: 1107.9230; found: 1107.9243 (100%).


Preparation of 1 through [3+2] cyclization : Trifluoroacetic acid (1 m,
30 ml, 0.15 equiv) was added under N2 atmosphere to a solution of tripyr-
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rane 5 (110 mg, 200 mmol) and dipyrromethane dicarbinol 6[11b] (140 mg,
200 mmol) in CH2Cl2 (20 mL) at 0 8C, and the resulting solution was stir-
red for 2 h in the dark. DDQ (136 mg, 3 equiv) was then added, after
which the solution was stirred at room temperature for 10 h. After re-
moval of the solvent, the residue was passed through a short basic alumi-
na column and separated by silica gel column chromatography with a 1:1
mixture of CH2Cl2/hexane as an eluent. Light green first fraction was
meso-pentafluorophenyl decaphyrin (7 mg, 3%, dark green solids) as
judged from its MALDI-TOF mass spectrum (m/z= 2441.1), and red
second fraction was 1 (68 mg, 28 %).


Rhodium(i) complexes of N-fused pentaphyrin 9 and 10 : In a 100 mL
round-bottomed flask, 1 (96.4 mg, 79 mmol) was dissolved in distilled
CH2Cl2 (20 mL) under a nitrogen atmosphere. NaOAc (32 mg, 400 mmol)
and then [RhCl(CO)2]2 (32.3 mg, 83 mmol) were added to this solution.
The resulting mixture was refluxed for 1 h, and the solvent was removed
under reduced pressure. After evaporation of the solvent, the residue
was separated by silica gel column chromatography with a mixture of di-
chloromethane/hexane (1:4). The first bluish violet fraction was 9
(20.1 mg, 18 % yield) and the second reddish purple fraction was 10
(45.6 mg, 42% yield). Diffraction-grade crystals of 9 were grown by the
vapor diffusion of hexane into a so-
lution of 9 in CHCl3, and those of 10
were grown by the vapor diffusion of
heptane into a solution of 10 in
CH2Cl2.


Oxidative conversion of 9 to 10 :
DDQ (114 mg, 5 equiv) was added to
a solution of 9 (137 mg, 100 mmol) in
CH2Cl2, and the resulting solution
was stirred for 15 min at room tem-
perature. The reaction mixture was
passed through a short basic alumina
column and then was purified by a
short silica gel column to give 10
(127 mg, 93%).


Data for complex 9 : 1H NMR
(600 MHz, CDCl3): d= 9.44 (s, 1 H;
N-H), 8.33 (t, J = Hz, 1 H), 7.96 (dd, J
=4.8 Hz, JN-H = 1.5 Hz, 1H), 7.88 (d,
J =4.6 Hz, 1 H), 7.86 (dd, J =4.6 Hz, J
=2.3 Hz, 1H), 7.74 (dd, J =4.8 Hz, J
=2.5 Hz, 1H), 7.36 (dd, J =4.8 Hz, J
=3.4 Hz, 1H), 6.66 (d, J =4.1 Hz,
1H), 5.05 (d, J= 4.6 Hz, 1H), 0.68 (s,
1H; N-H), 0.10 ppm (d, JN-H =1.4 Hz,
1H; inner b-H); 13C NMR (150 MHz,
CDCl3): d =179.3 (d, JRh-C =65.5 Hz,
CO), 177.5 (d, JRh-C =69.8 Hz, CO),
165.1, 149.4, 147.1, 146.5, 146.0, 138.9,
138.7, 133.0, 132.5, 131.8, 131.7 (b-
carbon), 130.5 (b-carbon), 130.4 (b-
carbon), 127.3 (b-carbon), 127.0 (b-
carbon), 124.0 (b-carbon), 123.3 (b-carbon), 123.1 (b-carbon), 114.9, 112.5
(b-carbon), 108.2, 97.1 (inner b-carbon), 96.6, 93.1, 87.4 ppm; UV/Vis
(CH2Cl2): lmax (e)=410 (37 800), 572 (83 700), 626 (42 900), 847 (12 000),
922 nm (10 100 m


�1 cm�1); FT-IR (KBr): ñ=2920, 2852, 2078, 2008, 1520,
1497, 990, 668 cm�1; FAB-MS: m/z calcd for C57H11F25N5O2Rh [M+]:
1374.9569; found: 1374.9541 (35 %); m/z calcd for [M+�2CO]:
1318.9670; found: 1318.9823 (100 %)


Data for compound 10 : 1H NMR (600 MHz, CDCl3): d=9.22 (m, 2H),
8.61 (d, J =4.6 Hz, 1 H), 8.29 (d, J=4.1 Hz, 1H), 8.21 (d, J=4.6 Hz, 1H),
8.13 (d, J= 4.6 Hz, 1H), 1.62 (d, J =4.1 Hz, 1H; inverted b-H), 1.16 (d, J
=4.6 Hz, 1H inverted b-H), 0.05 ppm (s, 1H; inner C-H); 13C NMR
(150 MHz, CDCl3): d =178.5 (d, JRh-C =69.7 Hz, CO), 178.1 (d, JRh-C


=68.5 Hz, CO), 163.9, 163.7, 161.0, 159.7, 158.5, 154.7, 147.8, 146.1, 144.3,
136.4, 136.0 (invert b-carbon), 134.7 (b-carbon), 133.7 (invert b-carbon),
130.4, 129.9 (b-carbon), 129.2 (b-carbon), 128.4 (b-carbon), 128.4 (b-
carbon), 124.8, 124.6, 123.5 (b-carbon), 119.3, 109.9, 101.8 (inner b-


carbon), 100.4 ppm; UV/Vis (CH2Cl2): lmax (e)= 360 (35 300), 435
(36 500), 501 (51 400), 579 (60 800), 792 nm (5100 m


�1 cm�1); FT-IR (KBr):
ñ= 3445, 3071, 2920, 2856, 2081, 2020, 1651, 1520, 1498, 992, 752 cm�1;
FAB-MS: m/z calcd for C57H9F25N5O2Rh [M++H]: calcd: 1373.9410;
found: 1373.9213 (5 %); m/z calcd for [M+�2 CO]: 1316.9514; found:
1316.9502 (100 %).


Computational methods : All calculations were carried out with the Gaus-
sian 03 program.[14] All structures were optimized with Becke�s three-pa-
rameter hybrid exchange functional and the Lee–Yang–Parr correlation
functional (B3 LYP),[15] employing the 6–311 +G** basis set for all atoms.
The NICS values were obtained with the GIAO method at the B3 LYP/
6–311+G** level. The ring centers were designated at the nonweighted
means of the carbon and nitrogen coordinates on the conjugate path-
ways.


X-ray crystallography : Details of the X-ray meansurements are given in
Table 2. CCDC-255770 (3), CCDC-255771 (4), CCDC-255772 (9), and
CCDC-255773 (10) 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.
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Structural Rationalisation of Co-crystals Formed between Trithiocyanuric
Acid and Molecules Containing Hydrogen Bonding Functionality
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Introduction


There is currently considerable interest in the design and
preparation of crystalline molecular solids with specific tar-
geted structures. Within this field of “crystal engineering”,[1]


the aim is often to target a structure that will give rise to a
specific desired solid-state property, such as chemical reac-
tivity, electrical, optical or magnetic properties. In this
regard, the study of hydrogen-bonded materials[2] has been


widely exploited, based on the fact that the hydrogen bond
is generally stronger and more directional than the other
types of intermolecular force that are typically present in or-
ganic molecular crystals; as a consequence, rationalisation
and/or prediction of the structural properties of such materi-
als can often be achieved straightforwardly on the basis of
understanding the preferential formation of specific types of
hydrogen-bonded array. In many cases in which the desired
material contains two or more molecular components (i.e.
co-crystals), the target structures can be prepared by co-
crystallisation of the constituent molecules from a suitable
solvent. Solvent interference in such co-crystallisation proc-
esses is often negligible, although in some cases the solvent
can play a critical role in directing the crystallisation process
towards a particular crystal structure. As an illustration,[3] a
complex of 3,5-dinitrobenzoic acid and anthracene is formed
only when crystallisation is carried out in the presence of
benzene—the benzene molecules join adjacent dimers of
3,5-dinitrobenzoic acid through C�H···O hydrogen bonds to
yield a hexagonal architecture with cavities that are filled by
the anthracene molecules. In other cases, different solvents
can actively direct the formation of different types of crystal
structures (i.e. polymorphs[4]), without actually being incor-
porated into the crystal structure. Examples include the for-
mation[5] of different polymorphic forms of trans-cinnamic
acid and several of its derivatives by crystallisation from dif-


Abstract: Crystallisation of trithiocya-
nuric acid (TTCA) from various organ-
ic solvents that have hydrogen bonding
capability (acetone, 2-butanone, dime-
thylformamide, dimethyl sulfoxide,
methanol and acetonitrile) leads to the
formation of co-crystals in which the
solvent molecules are incorporated to-
gether with TTCA in the crystal struc-
ture. Structure determination by single-
crystal X-ray diffraction reveals that


these co-crystals can be classified into
different groups depending upon the
topological arrangement of the TTCA
molecules in the crystal structure. Thus,
three different types of single-tape ar-
rangements of TTCA molecules and


one type of double-tape arrangement
of TTCA molecules are identified. In
all co-crystals, hydrogen-bonding inter-
actions are formed through the in-
volvement of N�H bonds of TTCA
molecules in these tapes and the other
molecule in the co-crystal. Detailed ra-
tionalisation of the structural proper-
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ferent solvents, the isolation and characterisation[6] of three
polymorphic forms of 2-amino-5-nitropyrimidine during at-
tempts to co-crystallise this molecule with 2-amino-5-nitro-
pyridine, and the formation[7] of two polymorphic forms of
thiodiglycolamide during attempts to co-crystallise this mol-
ecule with 4,4’-bipyridyl.


Among the wide range of molecular co-crystals that have
been studied within the context of crystal engineering
design strategies, there have been several studies[8] of co-
crystals containing cyanuric acid as one of the components,
based upon exploitation of the fact that this molecule
should form hydrogen bonded arrays with well-defined and
predictable structural properties (at least in two-dimen-
sions). To date, substantially less attention[9] has been devot-
ed to studies of the sulfur analogue of cyanuric acid—tri-
thiocyanuric acid (TTCA). Nevertheless, rationalisation of
the structure of the co-crystal formed between TTCA and
acetone,[9a] suggests that it might be possible to prepare
other co-crystals of TTCA by crystallisation of this molecule
from solvents that are capable of forming hydrogen bonds
with TTCA. With this motivation, we have found that crys-
tallisation of TTCA from a variety of different hydrogen-
bonding solvents (acetone, 2-butanone, dimethylformamide,
dimethyl sulfoxide, methanol and acetonitrile) leads to a
range of solvate crystal structures. In this paper, we present
a rationalisation of structural features in co-crystals formed
between TTCA and molecules that possess hydrogen bond-
ing functionality, with the expectation that many of these
features may be generally applicable in the design and ra-
tionalisation of a wider range of co-crystal structures than
those studied in the present work.


Results and Discussion


Identification of characteristic packing modes for TTCA
molecules


Structural rationalisation of the materials studied in this
work reveals two structural classes—infinite single-tape
structures (Scheme 1a–c) and infinite double-tape structures
(Scheme 1d). For the single-tape structures, there are three
different types of tape, labelled types 1, 2 and 3 (Scheme 1a,
b and c respectively).


First, we highlight features of the different types of single-
tape structure. In all three types of single-tape, each TTCA
molecule interacts with two neighbours. Each of these inter-
actions involves a pair of N�H···S hydrogen bonds in a
cyclic R2


2(8) arrangement. In tapes of types 1 and 2, these in-
teractions involve two N�H bonds and two C=S bonds of
the TTCA molecule, and thus one N�H bond and one C=S
bond in each molecule are not involved in these interactions
(these “free” groups are thus available to participate in hy-
drogen bonds external to the tape). In type 1, the “free” N�
H bond and C=S bond are at opposite corners of the mole-
cule, whereas in type 2, the “free” N�H bond and C=S bond
are at adjacent corners of the molecule. In type 3, the R2


2(8)


hydrogen-bonding arrangement between adjacent molecules
involves two N�H bonds but only one C=S bond of each
TTCA molecule, and thus one N�H bond and two C=S
bonds of each molecule are not involved in these interac-
tions. Thus, in all types of single-tape, there is one “free”
N�H bond per molecule. The significance of this fact is dis-
cussed later. In all types of single-tape, the direction of the
“free” N�H bond alternates between opposite sides of the
tape on moving from one molecule to its neighbour along
the tape. In tapes of types 1 and 3, the “free” N�H bond
points perpendicular to the direction of the tape, whereas in


Scheme 1.
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tapes of type 2, the “free” N�H bond forms an angle of
about 608 with the direction of the tape. In all types of
single-tape, the periodic repeat unit of the tape comprises
two TTCA molecules, but because the packing of TTCA
molecules is different in each case, the periodic repeat dis-
tance along the direction of the tape is different for each
type of tape (in Scheme 1a–c, the periodicity can be viewed
in terms of the periodicity of “free” N�H bonds). Thus, the
periodic repeat distance is about 12.8 � for tapes of type 1,
about 11.3 � for tapes of type 2 and about 8.8 � for tapes
of type 3. Corresponding to the trend of decreasing perio-
dicity from type 1 to type 3, the width of the tapes becomes
greater on moving from type 1 to type 3.


The double-tape structure consists of two single-tapes of
type 2 that are cross-linked to each other through pairs of
N�H···S hydrogen bonds in cyclic R2


2(8) arrangements.
Within each of the individual single-tapes, every second
molecule is linked to a molecule of the other single-tape by
such cross-linking interactions. For the molecules (denoted
type B molecules) involved in cross-linking between the two
individual single-tapes, all N�H bonds and all C=S bonds
are engaged in N�H···S hydrogen bonds to other TTCA
molecules. The other molecules (denoted type A molecules),
on the other hand, have the same hydrogen bonding topolo-
gy as the molecules in the type 2 single-tape discussed
above, and therefore have one “free” N�H bond and one
“free” C=S bonds that are not involved in hydrogen bonding
to other TTCA molecules. These “free” N�H and C=S
bonds are at adjacent corners of the TTCA molecule and
point outwards from the double-tape (the “free” N�H bond
forms an angle of about 608 with the direction of the
double-tape). Clearly half of the TTCA molecules in the
double-tape are of type A and the other half are of type B.
Within the double-tape, groups of six TTCA molecules
forming a cyclic hydrogen-bonded arrangement (involving
two cross-links) may be identified; the region at the centre
of this cyclic arrangement represents a “van der Waals hole”
within the double-tape.


Discussion of specific structures


Structures of TTCA/acetone and TTCA/2-butanone : The
co-crystals TTCA/acetone (structure reported previously[9a])
and TTCA/2-butanone both have a 2:1 ratio of TTCA to
acetone or 2-butanone, and both structures adopt essentially
the same packing arrangement (Figure 1a,b). The TTCA
molecules are arranged in the double-tape structure, and
each “free” N�H bond on the TTCA double-tape forms an
N�H···O=C hydrogen bond to the oxygen atom of an ace-
tone or 2-butanone molecule. All TTCA molecules of type
A are linked to an acetone or 2-butanone molecule in this
way, corresponding to the 2:1 molar ratio discussed above.
On either side of a given tape, there are two other tapes in
the same plane, with the directions of these tapes running
parallel to each other. The pendant acetone or 2-butanone
molecules of adjacent tapes alternate with one another, and
in the region between adjacent tapes, the repeat unit along


the direction of the tape comprises a pendant acetone or 2-
butanone molecule from one tape, a pendant acetone or 2-
butanone molecule from the other tape, and the sulfur
atoms of a “free” C=S bond from each tape (S···S distance
4.31 � for TTCA/acetone and 5.13 � for TTCA/2-butan-


Figure 1. a) A single sheet in the crystal structure of the TTCA/acetone
co-crystal, viewed perpendicular to the sheet, showing the double-tapes
of TTCA molecules. Dashed lines indicate hydrogen bonding inter-
actions. b) A single sheet in the crystal structure of the TTCA/2-buta-
none co-crystal, viewed perpendicular to the sheet, showing the double-
tapes of TTCA molecules. Dashed lines indicate hydrogen bonding inter-
actions. c) Figure showing the methyl groups of acetone molecules in the
TTCA/acetone co-crystal pointing towards the “van der Waals hole” in
an adjacent sheet. The acetone molecule at the upper right lies in the
sheet above the one shown, and the other acetone molecule lies in the
sheet below the one shown.
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one). In both structures, the plane of the acetone or 2-butan-
one molecule (defined by the plane of the O=C(C)2 unit) is
approximately perpendicular to the plane of the TTCA
tape. In the TTCA/acetone structure, one C�CH3 bond lies
approximately in the plane of the TTCA tape, and the other
C�CH3 bond projects outwards from this plane. In the
TTCA/2-butanone structure, the C�CH2CH3 bond lies ap-
proximately in the plane of the TTCA tape, and the C�CH3


bond projects outwards from this plane.
We now discuss the relative packing of the two-dimen-


sional sheets discussed above. In both structures, adjacent
sheets are displaced parallel to the plane of the sheets, and
the perpendicular distance between adjacent sheets is about
3.5 � for TTCA/acetone and about 3.6 � for TTCA/2-
butanone. In both cases, the relative positions of the TTCA
molecules in adjacent sheets is such that S atoms of one
sheet lie almost directly above N atoms of the adjacent
sheet, and vice versa. Importantly, the relative displacement
of adjacent sheets is such that the C�CH3 bonds of the ace-
tone or 2-butanone molecules that project out of the plane
of a given sheet (see above) point towards the centre of the
cyclic arrangements within the TTCA double-tape of an ad-
jacent sheet, such that the methyl group effectively nestles
into the “van der Waals hole” at the centre of the cyclic ar-
rangement (Figure 1c). This feature allows adjacent sheets
to pack together efficiently, and may indeed be one factor
responsible for the formation of double-tapes of TTCA mol-
ecules in these structures. We note that the single-tapes of
TTCA molecules do not contain “van der Waals holes” of
this type. Furthermore, the molecules (dimethyl sulfoxide,
dimethylformamide and acetonitrile; see below) that form
sheet-like structures containing single-tape arrangements of
TTCA molecules do not have groups that project out from
the plane of the sheets (such as the methyl groups in the
TTCA/acetone and TTCA/2-butanone structures).


Structures of TTCA/dimethyl sulfoxide and TTCA/di-
methylformamide : The co-crystals TTCA/dimethyl sulfoxide
and TTCA/dimethylformamide each have a 1:1 ratio of the
two components. Although the crystal symmetry of these
structures is different, the basic two-dimensional packing ar-
rangements are very similar (Figure 2), and both structures
comprise single-tapes of TTCA molecules of type 1. The
“free” N�H bond of each TTCA molecule in the tape forms
an N�H···O hydrogen bond to the oxygen atom of a dimeth-
yl sulfoxide (DMSO) or dimethylformamide (DMF) mole-
cule. On each side of a given tape there is another tape in
the same plane, giving rise to a two-dimensional sheet.
Within this plane, all tapes run parallel to each other. In the
region between adjacent tapes, the pendant DMF or DMSO
molecules of adjacent tapes alternate with one another and
interact through van der Waals interactions (in contrast, in
the co-crystals of cyanuric acid with DMSO and DMF, these
molecules exist as dimer pairs linked to each other by C�
H···O interactions). In the TTCA/DMF structure, the non-
hydrogen atoms of the DMF molecule lie in the plane of the
TTCA tape, and in the TTCA/DMSO structure, the non-hy-


drogen atoms of the DMSO molecule lie approximately in
this plane (recalling that the DMSO molecule is itself non-
planar).


The two-dimensional sheets discussed above are stacked
parallel to each other; the perpendicular distance between
adjacent sheets is about 3.4 � for TTCA/DMF and about
3.6 � for TTCA/DMSO. In the TTCA/DMSO structure, the
relative positions of the TTCA molecules in adjacent sheets
are such that S atoms of one sheet lie almost directly above
N atoms of the adjacent sheet, and vice versa. In the TTCA/
DMF structure, on the other hand, each TTCA molecule
has an S atom of a TTCA molecule in one adjacent sheet
lying almost directly above the centre of its ring.


Structure of TTCA/acetonitrile : The co-crystal of TTCA/
acetonitrile has a 1:1 ratio of the two components, and com-


Figure 2. a) A single sheet in the crystal structure of the TTCA/dimethyl
sulfoxide co-crystal, viewed perpendicular to the sheet, showing the
single-tapes of TTCA molecules of type 1. Dashed lines indicate hydro-
gen bonding interactions. b) A single sheet in the crystal structure of the
TTCA/dimethylformamide co-crystal, viewed perpendicular to the sheet,
showing the single-tapes of TTCA molecules of type 1. Dashed lines indi-
cate hydrogen bonding interactions.
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prises single-tapes of TTCA molecules of type 3 (Figure 3).
The “free” N�H bond of each TTCA molecule forms an N�
H···N hydrogen bond to the nitrogen atom of the acetoni-
trile molecule. On each side of a given tape there is another
tape in the same plane, giving rise to a two-dimensional
sheet. The pendant acetonitrile molecules of adjacent tapes
alternate with one another in the region between the tapes.
The relative packing of the two-dimensional sheets reflects
many of the features discussed above for other co-crystals of
TTCA. Thus, the relative positions of the TTCA molecules
in adjacent sheets is such that S atoms of one sheet lie
almost directly above N atoms of the adjacent sheet, and
vice versa. The perpendicular distance between adjacent
sheets is about 3.4 �.


It is interesting to speculate on the formation of single-
tapes of type 1 for the TTCA/DMSO and TTCA/DMF co-
crystals and single-tapes of type 3 for the TTCA/acetonitrile
co-crystal. As discussed above, the periodicity along the di-
rection of the tape (and hence the periodicity of “free” N�
H bonds) is larger for a single-tape of type 1 than a single-
tape of type 3. Thus, for hydrogen bond acceptor molecules
(such as DMSO and DMF) that are sufficiently bulky, it
may be impossible to accommodate these molecules pend-
ant to a tape of type 3 due to the close spacing of hydrogen
bond donor N�H bonds along the periphery of the tape.
However, a less bulky molecule (such as acetonitrile) can be
accommodated pendant to this type of tape. For single-tapes
of type 1, on the other hand, the greater spacing of N�H
bonds along the direction of the tape is sufficient to accom-
modate the bulkier DMSO and DMF molecules pendant to
the tape.


Structure of TTCA/methanol : For all of the co-crystals dis-
cussed above, the “other” molecule (acetone, 2-butanone,
DMSO, DMF and acetonitrile) contains a good hydrogen
bond acceptor but does not contain a good hydrogen bond


donor. It is not surprising that, in all of these structures,
each of these molecules engages as a hydrogen bond accept-
or in a hydrogen bond with a “free” N�H bond of a TTCA
molecule. The co-crystal formed between TTCA and metha-
nol presents additional possibilities, as methanol can behave
both as a hydrogen bond donor and as a hydrogen bond ac-
ceptor.


The co-crystal of TTCA and methanol has a 1:1 ratio of
the two components. In this structure (Figure 4), the TTCA
molecules are arranged in single-tapes of type 2 (Figure 4a),
and the “free” N�H bond of each TTCA molecule forms an
N�H···O hydrogen bond to the oxygen atom of a methanol
molecule. The methyl group of the methanol molecule lies
approximately in the plane of the tape. While the existence
of a TTCA tape with pendant “solvent” molecules hydrogen
bonded through the “free” N�H bonds on the tape is a
common feature of all the co-crystal structures reported in
this paper, the arrangement of tapes relative to each other
differs significantly between the TTCA/methanol co-crystal


Figure 3. A single sheet in the crystal structure of the TTCA/acetonitrile
co-crystal, viewed perpendicular to the sheet, showing the single-tapes of
TTCA molecules of type 3. Dashed lines indicate hydrogen bonding in-
teractions.


Figure 4. a) Part of the structure of the TTCA/methanol co-crystal,
viewed along the b axis, showing three single-tapes of TTCA molecules
of type 2. The single-tapes do not lie in the ac plane, but run alternately
out of the page (bottom and top tapes shown) and into the page (middle
tape shown) on moving from left to right along the tape. A methanol
molecule is linked to each TTCA molecule by an N�H···O hydrogen
bond (dashed line). The three single-tapes shown are present in different
slabs (see text), and the methanol molecules occupy the region between
adjacent slabs. b) Crystal structure of the TTCA/methanol co-crystal,
viewed perpendicular to the slabs. In the projection shown, the structure
resembles an approximately square grid-like arrangement, as discussed in
the text.
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and the other co-crystals. In particular, the TTCA/methanol
co-crystal does not contain two-dimensional sheets in which
adjacent tapes lie in the same plane as each other. Instead,
we can consider that the tapes are stacked on top of each
other to form a two-dimensional slab, in which the planes of
the individual tapes are essentially perpendicular to the
plane of the slab. The stacking of tapes to form these slabs
is somewhat analogous to the stacking of the two-dimen-
sional sheets in the other co-crystals. However, for TTCA/
methanol, the relative positions of the TTCA molecules in
adjacent tapes within the slab is such that some S atoms of
one tape lie almost directly above an N atom of the adjacent
tape and some S atoms of one tape lie almost directly above
the centre of the ring of a TTCA molecule in the adjacent
tape. The perpendicular distance between adjacent tapes
within the slab is about 3.5 �.


As now discussed, the methanol molecules that are pend-
ant to a given slab play an important role at the interface
between adjacent slabs. Thus, adjacent slabs are stacked on
top of each other such that, as shown in Figure 4b, the direc-
tions of the TTCA tapes in adjacent slabs are essentially
perpendicular to each other. When viewed in projection per-
pendicular to the slabs (Figure 4b), this gives the appearance
of an approximately square grid-like arrangement of the
TTCA tapes (the angle formed, in projection, between the
tapes in adjacent slabs is about 808, rather than 908 for a
strictly square grid). Importantly, the pendant methanol
molecules at the interface between adjacent slabs are engag-
ed in a zig-zag ···O�H···O�H···O�H··· hydrogen bonded
chain.[10] Thus, each methanol oxygen atoms acts as a hydro-
gen bond acceptor to both the N�H bond of a TTCA mole-
cule and the O�H bond of another methanol molecule. Al-
ternate methanol molecules along the zig-zag chain receive
their N�H···O hydrogen bond from an N�H bond in the
TTCA slab above and from an N�H bond in the TTCA slab
below.


Concluding Remarks


We have reported the structural properties of six co-crystals
of TTCA, obtained by crystallisation of TTCA from differ-
ent solvents with hydrogen bonding functionality. The co-
crystals are conveniently classified according to the structur-
al arrangement of the TTCA molecules, which comprises
either double-tapes or single-tapes (of which there are three
distinct types) of TTCA molecules. In all structures, the
“other” molecule engages in hydrogen bonding interactions
involving “free” N�H bonds on the TTCA tapes as the hy-
drogen bond donor. In all co-crystals except TTCA/metha-
nol, the “other” molecule behaves only as a hydrogen bond
acceptor, and the crystal structures in these cases can be ra-
tionalized on the basis of the packing of the TTCA tapes
with pendant hydrogen bonded solvent molecules. Thus, the
formation of single-tapes of type 3 in TTCA/acetonitrile in
comparison to the formation of single-tapes of type 1 in
TTCA/DMF and TTCA/DMSO can be rationalised on the


basis of matching the periodicity of these tapes with the size
of the pendant solvent molecule, and the formation of
double-tapes in the TTCA/acetone and TTCA/2-butanone
structures can be rationalized on the basis that the double
tape structure allows efficient packing of adjacent two-di-
mensional sheets on top of each other. The co-crystal
formed between TTCA and methanol introduces additional
structural features, arising from the fact that each methanol
molecule can participate in hydrogen bonding both as a
donor and as an acceptor.


Clearly the rationalisation of the structural features of
TTCA co-crystals established from the present study will
serve as a systematic basis for predicting and rationalising
the structures of co-crystals formed between TTCA and
other molecules containing hydrogen bonding functionality.


Experimental Section


Preparation of co-crystals : The co-crystals were prepared by dissolving
TTCA (Aldrich) in acetone, 2-butanone, dimethyl sulfoxide (DMSO) (or
2:1 DMSO/water), dimethylformamide (DMF) (or 2:1 DMF/water),
methanol and acetonitrile (or 2:1 DMF/acetonitrile), and subsequently
allowing slow evaporation of solvent from these solutions. The TTCA/
acetone and TTCA/methanol systems yielded single crystals within 24 h,
whereas the other systems gave single crystals over a longer time (typi-
cally one week). In all cases, good quality crystals suitable for single-crys-
tal X-ray diffraction studies were obtained, but tended to be unstable
under ambient conditions, leading to loss of crystal quality over time
(with the different co-crystals having different relative stability in this
regard).


Structure determination : The structure determination was carried out by
using single-crystal X-ray diffraction techniques. Single crystals were
glued to the tip of a glass fibre using araldite or a superglue adhesive and
mounted on a goniometer head. Because of the susceptibility of the crys-
tals to degradation, the crystals were smeared in araldite to protect them
from direct exposure to the atmosphere. Thus, the crystals did not deteri-
orate during data collection. The intensity data were collected on a Sie-
mens SMART diffractometer[11] equipped with a CCD detector (for the
co-crystals with acetone, DMF, 2-butanone and methanol), an Enraf-
Nonius CAD4 diffractometer (for the co-crystal with DMSO) and on a
Rigaku R-axis IIc diffractometer equipped with an image plate detector
system and Mo rotating anode source (for the co-crystals with acetone,
DMSO, DMF, 2-butanone and acetonitrile). For those materials studied
on more than one instrument, the structure determination results were in
good agreement, and in such cases the structural data considered to be of
higher quality are presented. All data collections used MoKa radiation (l


=0.71073 �) and were carried out at ambient temperature (293 K). No
absorption corrections were applied. Structure solution and refinement
were carried out using the SHELXTL-PLUS suite of programs,[12] with
refinement carried out by full-matrix least-squares on F2. In all cases, the
structure determination calculations were straightforward. Crystallo-
graphic details for all co-crystals are summarized in Table 1. All non-hy-
drogen atoms were refined using anisotropic displacement parameters.
Hydrogen atoms were refined using isotropic displacement parameters
(starting from peak positions established from difference Fourier maps)
for all co-crystals except TTCA/methanol and TTCA/acetonitrile (for
which the hydrogen atoms were placed in calculated positions). All hy-
drogen bond lengths were determined using the program PLATON.[13]


Selected details of the hydrogen bond geometries are given in the Crys-
tallographic data.


CCDC-234879–CCDC-234883 contain the supplementary crystallograph-
ic data for this paper. These data can be obtained free of charge from
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The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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Table 1. Relevant crystallographic data for the TTCA co-crystals discussed in the text.


TTCA/acetone TTCA/dimethyl
sulfoxide


TTCA/dimethyl-
formamide


TTCA/2-butanone TTCA/methanol TTCA/aceto-
nitrile


formula 2(C3H3N3S3)·C3H6O C3H3N3S3·C2H6OS C3H3N3S3·C3H7ON 2(C3H3N3S3)·C4H8O C3H3N3S3:CH4O C3H3N3S3:C2H3N
molar mass [g mol�1] 412.61 255.39 250.36 426.64 209.31 218.32
crystal system triclinic triclinic monoclinic triclinic monoclinic monoclinic
space group P1̄ P1̄ P21/c C2/c P21/m
a [�] 8.945(1) 4.666(1) 9.789(1) 10.130(2) 17.472(3) 5.266(2)
b [�] 9.999(1) 10.423(1) 12.763(1) 10.358(2) 4.611(1) 8.814(1)
c [�] 10.464(1) 11.777(2) 9.285(1) 9.606(1) 22.593(4) 10.525(3)
a [8] 95.14(1) 85.39(1) 90 99.33(1) 90 90
b [8] 96.78(1) 87.73(1) 91.19(1) 110.53(1) 94.96(1) 102.70(1)
g [8] 107.29(1) 78.58(1) 90 90.57(2) 90 90
Z 2 2 4 2 8 2
V [�3] 879.7(2) 559.4(2) 1159.8(2) 929.0(2) 1813.4(6) 476.5(2)
1calcd [Mg m�3] 1.558 1.516 1.434 1.525 1.533 1.521
no. of reflections 3422 2190 4389 5701 3247 2330
no. of unique data 2441 1555 1663 3010 1294 317
data with I>2s 2433 1351 1069 2884 835 313
R1 0.035 0.033 0.053 0.038 0.054 0.075
wR2 0.090 0.084 0.119 0.093 0.089 0.198
Goof 1.02 1.04 1.19 1.11 1.22 1.18
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Towards a Better Understanding of Magnetic Interactions within
m-Phenylene a-Nitronyl Nitroxide and Imino Nitroxide Based Radicals,
Part III: Magnetic Exchange in a Series of Triradicals and Tetraradicals
Based on the Phenyl Acetylene and Biphenyl Coupling Units


Laure Catala,[b] Jacques Le Moigne,[c] Nathalie Gruber,[a] Juan J. Novoa,[d] Pierre Rabu,[c]


Elie Belorizky,[e] and Philippe Turek*[a]


Introduction


Molecular-based magnetism is an active research area with
respect to the promising new materials that might be pre-
pared in the near future, whether at the macroscopic scale
or at the so-called nanoscale.[3] Purely organic magnets are
of special interest as they combine properties of organic ma-
terials, such as solubility and transparency, and offer the
possibility of combining magnetic, optical, mechanical prop-
erties by the fine-tuning of organic synthesis.[4] Apart from
the purely organic approach, such paramagnetic molecules
are also good candidates for generating original networks by
coordination with transition metal ions and reinforcing the
magnetic interactions between them.[5] Two different strat-
egies can be distinguished, namely the intramolecular
(“through-bond”) and the intermolecular (“through-space”).
The intermolecular approach consists in using supramolec-
ular engineering tools, for example, hydrogen bonds[6] to
provide a better control of the packing of radical moieties,
aiming at the generation of a 3D magnetic network to get
magnetic order. However, there is still much to do to predict
a priori the magnetic behaviour exhibited by a compound
just looking at the molecular packing.[7] The intramolecular


Abstract: The present work completes
and extends our previous reports[1,2] on
the determination of the magnetic
ground state and on the strength of the
through bond exchange coupling within
series of biradicals. This knowledge
was subsequently exploited for the
analysis of the magnetic interactions in
their crystals. We report here the stud-
ies of series of triradicals incorporating
a-nitronyl nitroxides (NN) or a-imino
nitroxides (IN) as terminal radical frag-
ments connected through a m-phenyl-
ene coupling unit in one case and a
phenyl acetylene unit in other case.


Tetraradical derivatives have also been
studied. The studies of isolated mole-
cules (EPR in solution and DFT calcu-
lations) allow the assessment of the
magnetic interactions through the mag-
netic coupling unit. All triradical deriv-
atives are found to exhibit a quartet
ground state, whereas a singlet ground
state is determined for the tetraradical.


This last result reinforces previous find-
ings that the singlet ground state is fav-
oured in related biradicals involving
similar m-phenylene couplers. More-
over, the through bond magnetic ex-
change coupling for the ortho–meta
connectivity could be demonstrated as
being ferromagnetic, thus ascertaining
our previous hypotheses.[1] The magnet-
ic properties of the triradicals and tet-
raradicals in their solid state have been
rationalized by using a previously pro-
posed methodology,[2] allowing to iden-
tify the most relevant magnetic path-
ways.
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approach is based on the connection of radical fragments
via a conjugated coupler, so as to provide high spin mole-
cules by controlling the nature of the magnetic interactions
of the spins.[8] Exploiting this way may result in the obtain-
ing of magnetic organic polymers.[9] However, understanding
intramolecular interactions in polymers is complicated by
the presence of defects, and requires model compounds to
assess precisely the strength and nature of the magnetic in-
teractions through the conjugated coupler. To do so, it is of
utmost importance to study oligoradicals based on various
coupling units.


Following such guiding principles, some of our previous
work (Part I)[1] considered biradical derivatives consisting of
two imino-nitroxides (IN) radicals connected in a meta con-
figuration through a phenyl acetylene coupler. A singlet
magnetic ground state was found for the meta derivatives,[1]


whereas the widely used “topological rules”[10] predicted a
triplet ground state[11] as long as the torsion angle between
the phenyl and the radicals remains small.[12] Since little was
known for the m-phenylene bridging unit when connected
to nitronyl nitroxides (NN) and imino nitroxides IN, we first
investigated model biradicals and an extensive study has
been previously reported (Part II).[2]


In the present work, we extend the previous results by de-
signing triradicals and tetraradicals (Scheme 1). The work
on triradicals is a direct extension of our previous work,
both for the phenyl acetylene magnetic coupling unit
(Part I) and for the m-phenylene bridging unit (Part II). The
biphenyl bridge[13] has also been studied in order to investi-
gate the effects on the intramolecular exchange coupling of
a more distorted but shorter coupling unit. Furthermore,
some hetero-triradicals were synthesized in order to assess
the influence of the nature of the connected radicals, that is,
NN versus IN. Not only such compounds permitted to study
the variation of the strength of intramolecular magnetic in-
teractions, but they also provided a nice way to understand
the solid state magnetic behaviour within isostructural
series. Following the procedure depicted in Part II, slight
modifications of the geometry at the intermolecular contacts
(structural motives) could be related to the variation of the
magnetic behaviour. Indeed, statistical studies have shown


Abstract in French: Le pr�sent travail compl�te et �tend nos
travaux pr�c�dents portant sur la d�termination des couplages
d��change magn�tique intramol�culaires de s�ries de biradi-
caux,[1,2] et partant de cette connaissance, de l�analyse des cor-
r�lations magn�tostructurales dans l��tat cristallin. Nous pr�-
sentons ici l��tude de s�ries de triradicaux comprenant des ra-
dicaux a-nitronyl nitroxydes (NN) ou a-imino nitroxydes
(IN) substitu�s en m�ta d�un groupement ph�nyl�ne d�une
part, et en para d�un groupement ph�nyl�ne �thynyl�ne
d�autre part. Des d�riv�s t�traradicalaires ont aussi �t� synth�-
tis�s et �tudi�s. Les interactions d��change magn�tique � tra-
vers les liaisons sont estim�es d�apr�s l��tude de ces mol�cules
isol�es par RPE en solution ainsi que par des calculs effec-
tu�s dans l�approximation de la fonctionnelle densit� (DFT).
Alors que l�ensemble des d�riv�s triradicalaires pr�sente un
�tat fondamental magn�tique quartet de spin, un �tat singulet
est propos� pour les t�traradicaux. Ce dernier r�sultat confir-
me nos travaux pr�c�dents[1] ayant conclu � un �tat fonda-
mental singulet pour des biradicaux bas�s sur le mÞme cou-
pleur. De plus, le couplage d��change magn�tique au travers
du coupleur ph�nyl�ne �thynyl�ne pour des biradicaux substi-
tu�s dans une topologie ortho–m�ta est ferromagn�tique,
confirmant ainsi les hypoth�ses ant�rieures.[1] Suivant une m�-
thodologie pr�c�demment d�crite,[2] les propri�t�s magn�ti-
ques des triradicaux � l��tat cristallin ont pu Þtre analys�es
dans le d�tail et permettent de proposer des chemins d�inte-
raction magn�tique et des g�om�tries de contacts intermol�cu-
laires pr�cises pour l��tablissement d�interactions magn�tiques
bien identifi�es.


Abstract in Spanish: El presente trabajo completa y extiende
nuestras anteriores estudios[1,2] sobre la determinacion del
estado fundamental magn�tico y la fuerza del intercambio
magnetico a trav�s del enlace en una serie de biradicales.
Esta informaci�n es luego usada en el an�lisis de las interac-
ciones magneticas dentro de sus cristales. En este trabajo pre-
sentamos los estudios sobre una serie de triradicales que con-
tienen a-nitroxidos nitron�licos (NN) o a-imino nitr�xidos
(IN) como fragmentos radicalarios terminales conectados a
trav�s de unidades acopladoras del tipo m-phenil�nicas, en
un caso, y fenil acetil�nicas, en el otro. Se han estudiado tam-
bi�n tetraradicales. Los estudios con moleculas aisladas
(EPR en disoluci�n y DFT) permiten evaluar las interaccio-
nes magneticas a trav�s de las unidades acopladoras. Todos
los triradicales se ve que presentan un estado fundamental
del tipo cuadruplete, mientras que el cuadruplete se cree que
tienen un estado fundamental singlete. Este fflltimo resultado
refuerza las conclusiones de un estudio previo en el que se
vi� que el singlete es el estado fundamental en biradicales si-
milares conectados por una unidad m-fenil�nica. Adem�s, el
intercambio magn�tico a trav�s del enlace para la conectivi-
dad orto y meta se demuestra que es ferromagnetica, confir-
mando hip�tesis anteriores.[1] Las propiedades magn�ticas de
los triradicales y tetraradicales en su estado s�lido se han ra-
cionalizado empleando una matodolog�a propuesta anterior-
mente,[2] identificando los caminos magn�ticos relevantes.


Scheme 1. Target radicals and some intermediates.
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that considering the shortest contacts in the structure and
applying McConnell�s first principle failed to predict the
predominant magnetism, and that comparing similar pat-
terns could ensure reliable magneto-structural correlations.[7]


The overall ideas for the synthesis and for the study of
the tetraradical derivatives was to investigate the possible
effects of the change in the spin configuration in the m-
phenylene based phenyl acetylene magnetic coupling unit
reported in Part I. This is achieved by substitution of the IN
terminal radical fragment studied in Part I with the triplet
ground state m-phenylene based biradicals studied in
Part II. We here report the synthesis of such oligoradicals,
the assessment of their magnetic ground state by EPR study
in dilute solution and by DFT calculations, as well as the
magneto-structural correlations in the solid state.


Results and Discussion


Synthesis : The target compounds are presented on
Scheme 1. The palladium-based synthesis of the phenyl acet-
ylene based oligoradicals was complicated by side reactions
such as dehydration from NN precursors to IN ones as well
as homocoupling. Various synthetic routes (illustrated in
Scheme 2 for a phenyl acetylene triradical) were explored
for the triradical series to prevent such side reactions and
have been shortly reported elsewhere.[14] Coupling the imi-
dazolidine precursors (NNH) through route A ended up
with side products, even if direct introduction of
[PdCl2(PPh3)2] instead of in situ generation reduced the de-
hydration processes. However, this procedure leads to the
isolation of the hetero-triradicals INNNpNN and diINpNN.
The route consisting in coupling the paramagnetic building
blocks (B), which was nicely used in some related pyridine
compounds,[15] did not give any of the target compounds
even when performed with other amines than triethylamine
to fasten the reaction[16] (diisopropylamine, pyrrolidine), due
to the fast decomposition of the radical fragments. Coupling
the formyl precursors (C) followed by condensation of the
bishydroxylamine with the formylated derivatives and final
oxidation[17] was the best way to obtain compounds bearing
NN fragments. Hence, the four phenyl acetylene based tri-
radicals were obtained with the following yields: 49 % for
diNNpNN (overall yield through route C), 15 % of
INNNpNN (through via A), 22 % for diINpNN triradical


(selectively through route A) and 54 % of diINpIN from re-
duction of diNNpNN by NaNO2 in acidic media. The pre-
cursor of the biphenyl derivative diNNbpNN was obtained
in high yield by using route C by Suzuki coupling[18] of the
5-bromoisophtalaldehyde to the p-formyl boronic acid in the
presence of catalytic amount of tetrakistriphenyl phosphine
palladium catalyst, followed by triscondensation with bishy-
droxylamine. Oxidation of the compound by sodium period-
ate in dichloromethane/water mixture afforded the desired
triradical. Attempts to do the cross-coupling of the NN de-
rivatives instead of the formylated ones did not succeed,
since deboronation of the boronic acid occurred, as reported
in other cases.[19] To obtain the tetraradicals, coupling 1,3-
bis(1,3-hydroxy-4,4,5,5-tetramethylimidazolin-2-yl)-5-ethy-
nylbenzene (Part II) to either dibromobenzene or diioben-
zene in the presence of diisopropylamine and tetrakistri-
phenyl phosphine palladium was performed. The compound
was precipitated and directly oxidised to give the tetraradi-
cal tetraNN with an overall yield of 9 % when dibromoben-
zene was used and 17 % with diiodobenzene. When the pre-
cipitated compound was dehydrated with 15 % SeO2 prior to
MnO2 oxidation,[20] tetraIN could be isolated in a 31 %
yield. The other pathway, using 1,3-diethynylbenzene and
the brominated biradical precursor did not lead to the target
tetraradicals, since degradation by homocoupling or poly-
merization side reactions of the 1,3-diethynylbenzene occur-
red. All compounds were characterized by elemental analy-
sis and FAB spectrometry.


Intramolecular magnetic exchange coupling : The EPR spec-
tra of the oligoradicals were recorded in dilute (ca. 10�3–
10�4 mol) dichloromethane/acetone (1:1) solutions.


Triradicals : The NN substituted triradicals diNNpNN
(Figure 1) and diNNbpNN showed the expected thirteen
line spectrum corresponding to the strong exchange limit,
that is, the exchange interaction between radical fragments J
is much larger than the hyperfine coupling constant
(hfcc).[21] The EPR spectra in fluid solution are well repro-
duced[22] with the parameters reported in Table 1. The spec-
trum of diINpNN could not be properly simulated. An
asymmetry is observed, which is attributed to the superposi-
tion of conformations in strong and weak exchange, result-


Scheme 2. Synthetic routes A, B, C for obtaining diNNpNN.


Figure 1. Room temperature EPR spectrum of triradical diNNbpNN in
solution (CH2Cl2/acetone). The simulated spectrum matches perfectly the
experimental spectrum.
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ing in the triradical signal (strong exchange) superimposed
with the biradical and monoradical species (weak exchange).
These different species have slightly different g values, thus
explaining the asymmetry of the spectrum. The superposi-
tion of contributions from monoradical and biradical is also
required to improve the simulation of the EPR spectrum of
diINpIN. Notably the overall appearance of the spectrum of
for example diINpNN strongly depends on the used solvent,
that is, aromaticity, polarity, bulkiness. This stresses the ef-
fects of molecular conformation on the exchange coupling,
as recently evidenced in trimethylenemethane-based diradi-
cals.[23] Actually, if the rotation barrier of the radical frag-
ments with respect to the magnetic coupler is low enough in
energy, the molecular conformation strongly depends on the
molecular environment. In turn, the exchange coupling de-
pends on the molecular conformation. Therefore, dynamical
effects are expected in fluid solution, and the determination
of the exchange coupling in a frozen solution should better
be considered as a conformational average. It turns out that
in Part II, we could estimate such average values in frozen
solution as being close to the corresponding values in the
crystalline state, that is, for one dominant conformation.
This is also verified in the present work.


In frozen solutions, the characteristic spectrum of a quar-
tet state exhibits five transitions, with a distance of 2D’Q4


(zero field splitting, ZFS parameter) between the two inter-
nal lines and 4D’Q4 between the two external ones.[24] The
value of the D’Q4 can be related to the triplet ZFS parame-
ter D’T by the relation D’Q4 =D’T/3, provided that the dipo-
lar interaction between the biradical part and the monoradi-
cal can be neglected. Since the distance between those is
quite long, this relation can be used for the present triradi-
cals. We could thus compare the conformation of the biradi-
cal part to the biradicals previously studied in frozen solu-
tions (Part II), so as to know whether we could expect the
same magnetic exchange interaction through the m-phenyl-
ene fragment of these triradicals.


The frozen solutions were studied in a dichloromethane/
acetone 1:1 mixture at a concentration of 10�3


m. The central
line present on all spectra is due to the population of the
doublet (Figure 2). A half-field “forbidden” DMS =�2 tran-
sition is observed for all compounds. However, no DMS =


�3 transition could be observed. The experimental ZFS pa-
rameters are reported in Table 2 in magnetic field units
(D’,E’= 0). As shown in Table 2, the conformation of the m-
phenylene biradical fragment (diNN moiety) within


diNNpNN and diNNbpNN is quite close to the related iso-
lated biradicals; the D’T value has been taken from Part II.[2]


The other derivatives exhibit lower D’T values as compared
with the related isolated biradicals. This modification of the
torsion of the radicals with respect to one another should
thus affect the magnetic interactions through the m-phenyl-
ene magnetic coupling unit.


In the present work, the intramolecular exchange interac-
tion has been assessed within some triradicals from the care-
ful recording of the temperature dependence of the EPR
susceptibility, that is, the doubly integrated EPR signal
cEPR.[1,2,8e, 25] The usual Curie plot (cEPR vs 1/T) is linear for
all compounds. It is well known[26] that the observation of
the DMS =�2 peak does not allow to conclude definitely to
the quartet ground state against a triplet spin species. The
forthcoming assessment of the quartet ground state is sup-
ported by i) the fit of the temperature dependence of the
EPR susceptibility, which relevance is strengthened by the
previous knowledge of the exchange coupling of the m-
phenylene based biradical moiety (Part II), and ii) the re-
sults of computations performed at the DFT level for the
molecular conformation found in the crystalline state. A
consistency check is further given by the present studies of
the magnetic properties of these triradicals in the solid state.
In most cases, the temperature dependence of the peak-to-
peak amplitude, App, of the half-field signal is representative
of the evolution of cEPR versus temperature, since no signal
distortion is observed throughout the studied temperature
range. A similar behaviour has been observed in the study


Table 1. EPR parameters (14N hfcc values for non-equivalent nuclei, g
factor, line width, Gaussian/Lorentzian line shape ratio) used to simulate
the EPR spectra of the various triradical derivatives in solution at room
temperature.


Compound aN1 [G] aN2 [G] aN3 [G] g DB/G Gauss/Lorentz


diNNpNN 2.50 – – 2.0067 1.8 100
diNNbpNN 2.50 – – 2.0066 1.4 100
INNNpNN 2.50 3.10 1.42 2.0063 1.1 100
diINpIN 3.05 1.45 – 2.0059 1.4 50
diINbpIN 3.02 1.51 – 2.0060 1.4 80


Figure 2. EPR spectrum of triradical diINpNN recorded in frozen so-
lution (CH2Cl2/acetone) at T =12 K. In the inset is shown the half-field
line (DMS =�2) recorded with different spectrometer settings.


Table 2. Experimental ZFS splittings (D’Q4) estimated in Gauss from the
quartet lines of the EPR spectra of the triradical derivatives in frozen so-
lution. The second column refers to the relation: D’Q4 =D’T/3, and the
last column (D*T) is given for the sake of comparison with the previous
results obtained for the isolated m-phenylene based biradical fragments
(Part II).[2]


D’Q4 [G] D’T [G] D*T [G][3]


diNNpNN 32�4 96�12 100–115
INNNpNN 18�1 54�3 67
diINpNN 26�2 78�4 90
diINpIN 26�2 78�4 90
diINbpIN 23� 2 69�6 90
diNNbpNN 39�4 117�12 100–115
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of the integrated EPR susceptibility for both the DMS =�2
and the DMS =�1 absorption lines, as shown on Figure 3.
The cEPRT curves were normalised at high temperature to
1.125 emu K mol�1, which is the value expected for three non
interacting spins S= 1=2.


The data are fitted to the model depicted in Scheme 3.
Three interacting S= 1=2 spins are distributed at the apexes
of an isosceles triangle (Scheme 4) with two different inter-
actions J1 and J2 assuming that the g factor of each spin is
equal to the free electron value, this model yields the fol-
lowing temperature dependence of the cT product
[Eq. (1)]:[27]


cT ¼ 0:375
�


10 þ expð�D1=kTÞ þ expð�D2=kTÞ
2 þ expð�D1=kTÞ þ expð�D2=kTÞ


�


with D1 ¼ 3J1=2 and D2 ¼ ðJ1 þ 2J2Þ=2:


ð1Þ


The homo-triradical diINbpIN could not be studied be-
cause of the weakness of the half-field transition. The results
of the fits to Equation (1) for the EPR data of all com-
pounds are summarized in Table 3. First of all, the quartet is
found being the ground state for all studied triradicals.
Hence, a ferromagnetic exchange interaction is effective
through the m-phenylene unit and the phenyl acetylene or
biphenyl unit between the present IN/NN radical fragments.
It has to be pointed out that the magnitude found within the
biradical part is in full agreement with those found in the
biradical series (Part II), thus showing that EPR is a power-
ful experimental tool as long as careful studies are per-
formed on dedicated series of compounds. Within the
phenyl acetylene derivatives, the nature of the radical (NN
or IN) on the biradical fragment has a direct influence on
the magnitude of the exchange, as previously demonstrated
in the biradical series. It is worth noting that a similar rule is
found for triradicals, that is, a NN fragment connected para
to the biradical part leads to a better delocalisation of the
spin density on the phenyl acetylene coupler (cf. J1/k) com-
pared with an IN fragment. Moreover, the idea that con-
necting a triplet entity may modify the magnetic interaction
through the phenyl acetylene coupler is demonstrated here,
since the magnetic exchange is greater through the phenyl
acetylene for the diNNpNN triradical than for the reported
biradical NNpNN (Part I).[1] The modification is quite small,
but still corroborates some results found on more robust
triplet entities. Moreover, the ferromagnetic coupling is defi-
nitely proven experimentally for NN or IN radical fragments
substituted in the 1,3- or 1,5-positions, that is, in the para–
meta position, on a phenylene–ethynylene magnetic cou-
pling unit. This could not be assessed experimentally in
Part I.[1]


To have an independent indication that the quadruplet is
the ground state in all these triradicals we carried out
B3LYP/3-21G(d) calculations at their crystal geometry de-
picted in the section devoted to the solid-state properties.
Some of the methyl groups are disordered in these crystals.
In this case, we took for our calculations the option in which
the methyl groups are closer to an alternated arrangement,
with the C–C distance equal to the average one for the
other methyl groups and the C–H distance equal to 1.1 �.
At this geometry, we computed the energy for the quadru-
plet and doublet states, imposing tight accuracy in the com-
putation of the integrals and in the convergence of the self-
consistent process. The results for all radicals show that the
quadruplet is the ground state in all cases. The experimental
and the calculated quadruplet-doublet splitting (D2) are
given in Table 4. The given results are for the doublet spin
being localized in the radical fragment being connected to
the singly substituted phenyl ring. Although two more dou-
blet spin configurations may be considered, this spin distri-
bution yields the lowest energy. A good agreement is found


Figure 3. Temperature dependence of the cT product of the DMS =1 (*)
and DMS = 2 (!) EPR lines together with the product of the peak-to-
peak amplitude by temperature of the DMS =2 (&) for the triradical
diNNpNN. The full line is the fit of the data to Equation (1).


Scheme 3. Isosceles triangle model with the corresponding Hamiltonian
used to model the magnetic behaviour of the studied triradicals.


Scheme 4. Symmetrical four-spins system modelling the magnetic interac-
tions within the studied tetraradicals.
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between theory and experiment when the m-phenylene bi-
radical moiety of the triradicals is diIN, as previously ob-
served for the singlet-triplet splitting of the isolated biradi-
cal (Part II). When dealing with diNN as the m-phenylene
biradical moiety of the triradicals, the theoretical values are
quite overestimated as already found in the corresponding
isolated biradical (Part II). It has to be noticed the largest
quadruplet–doublet found theoretically for the biphenyl
magneto-coupler in diNNbpNN, whereas the experimental
results point to a similar efficiency than the phenylene–ethy-
nylene magnetic coupling unit. Indeed, the synthesis and the
study of diNNbpNN were motivated by the idea that the bi-
phenyl magnetic coupling unit may be more efficient than
the phenylene–ethynylene one. However, neither the
“thought experiment” nor the theoretical predictions could
lead to the proper conclusion. Both the diNNpNN and
diNNbpNN radicals present values well above the other tri-
radicals (46.7 and 96.7 cm�1 vs. 5.7, 27.6 and 11.17 cm�1). It
is possible that the density functional methodology comput-
ed doublet–quadruplet energy differences are not complete-
ly reproduced, though previous estimates with other com-
pounds indicate that these differences are within 10 % of the
experimental result. We expect that in this family of com-
pound, whose structure is quite similar, the errors to be also
constant. Thus, even if some error could exist, the trends be-
tween compounds are expected to remain. Therefore, these
results suggest new molecular designs to induce stronger fer-
romagnetic interactions (the use of the diNNpNN and
diNNbpNN radicals). We have not analyzed yet the reasons
behind their stronger ferromagnetic interactions, but a first
look indicates that are complex.


According to previous studies on nitronyl nitroxides and
imino nitroxides, the quadruplet presents an electronic
structure where the spin is located essentially over the
ONCNO and ONCN atoms of the five-membered ring,
being negative in the central C(sp2) atoms and negative over
the remaining atoms (see Figure 4). The six-membered ring


presents sign alternation in all
centers, being the largest
atomic spin population (com-
puted using the Mulliken analy-
sis) 0.06 atomic units (au). The
central C�C bond connecting
the two six-membered rings in
the XpX’ radicals preserve the


sign alternation (one has a spin population of 0.03 au and
the other �0.03 au). It is also worth noting that the spin al-
ternation is preserved in these radicals despite the lack of
planarity between the two six-membered rings, and also be-
tween the five- and six-membered rings.


The influence of the conformation of the coupling unit
may be considered by comparing the through magnetic cou-
pling unit intramolecular interactions in the diNNpNN and
the diNNbpNN triradicals. The phenyl rings in the phenyl–
acetylene magnetic coupling unit in diNNpNN are twisted
by 138, whereas the biphenyl magnetic coupling unit in
diNNbpNN is quite distorted with a dihedral angle of 368
between the phenyl rings. However, the exchange coupling
J2 is not much weakened through the biphenyl magnetic
coupling unit compared with the phenyl acetylene one. De-
spite the longest through bond exchange pathway, the rigid
and conjugated phenyl–acetylene bridge could be expected
as being more efficient than a shorter but distorted one as is
the biphenyl unit. Related to Part I of our work, this again
points to the role of the sp hybridization through the acety-
lenic bond as a softener of the magnetic transmission.


Tetraradicals : In dilute solution, the EPR spectrum of tet-
raNN is expected to give 17 lines due to the hyperfine inter-
action of the unpaired electron with eight equivalent 14N,
whereas tetraIN should give 25 lines. However, the through-
space dipolar interactions between the biradical fragments
broaden the individual components of the hyperfine struc-
ture to result in a large envelope. Within such tetraradicals,
we assume that the magnetic interactions are symmetrical
with respect to the central phenyl ring (Scheme 4). Having
noticed that the triplet species are not robust enough to con-
sider that the triplet state is fully populated over the studied


Table 3. Values of the exchange coupling (expressed in K) through the m-phenylene magnetic coupling unit
(J2/k), and through the phenyl acetylene or the biphenyl magnetic coupling unit (J1/k) deduced from the fits of
the EPR data to Equation (1). The last row gives previous data (Part II) obtained for the isolated m-phenylene
based biradicals, to be compared with J2.


Exchange coupling diNNpNN diNNbpNN INNNpNN diINpIN diINpNN


J1/k [K] 7�2 7�2 +7�2 0.7�0.1 1.0�0.5
J2/k [K] 23�4 10�7 15�1 6.5�1 +6.5�4
Jbiradical/k [K][2] 20–40 20–40 13–25 5–15 5–15


Table 4. Experimental and calculated quadruplet–doublet splitting (in K)
for the studied triradicals.


Q–D split-
ting; D2/K


diNNpNN diNNbpNN diINpIN diINpNN INNNpNN


experiment 27 14 7 7 19
theory 67 139 16[a] 8 40


[a] the unknown geometry has been chosen similar to the geometry of
diINpIN, as suggested by the EPR results in frozen solution.


Figure 4. Spin density computed for some of the indicated triradicals at
the UB3LYP/3-21G(d) level. The surfaces plotted are those of 0.002
atomic units of electronic density (positive in white, negative in black).
The maximum of spin density is, in all cases, located in the NCNO or
ONCNO five-membered ring group of atoms.
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temperature range, the following Hamiltonian yields the ei-
genstates of the four-spins system [Eq. (2)] depicted in
Scheme 4:[27]


Ĥ ¼ �J1ðŜ1 � Ŝ2 þ Ŝ3 � Ŝ4Þ


� J2ðŜ1 � Ŝ4 þ Ŝ1 � Ŝ3 þ Ŝ2 � Ŝ3 þ Ŝ2 � Ŝ4Þ
ð2Þ


The spin multiplicities are given as one quintet, Q5, three
triplets, Ti, and two singlets, Si. In frozen solution and for
weakly coupled biradical fragments as it is the case here, the
ZFS parameter for the quintet state, D’Q5, can be related to
each radical by the relation D’Q5 = (D’T1 +D’T2)/6.[8a] Both
biradicals are equivalent, so that D’Q5 =D’T/3 allows us to
compare the conformations of the biradical fragments in the
tetraradicals to the isolated biradicals as previously done for
the triradical derivatives. The EPR spectra due to the
DMS =�1 transition in frozen solutions can be due to the
thermal population of the quintet and the triplets. The exter-
nal lines from these states coincide so that the quintet state
can be followed by its more internal lines. For the tetraradi-
cal tetraNN, the broadening prevents assignation of the
lines, whereas some shoulders appear more distinctly in the
tetraIN spectrum (Figure 5). The internal lines are separated


by 180 G which gives D’Q5 =30�1 G and D’T = 90�3 G.
This value is found to be the same as for the corresponding
m-phenylene based biradicals (see Table 2). Therefore, the
strength of the exchange coupling is expected to be between
5 and 15 K as in the latter compounds. A peak correspond-
ing to the DMS =�2 transition is detected for both tetraradi-
cals, whereas the DMS =�3 and DMS =�4 lines could not
be detected. As for the triradical derivatives, the knowledge
of the S–T splitting of the biradical fragments together with
the studies in the solid state will allow defining properly the
magnetic ground state. However, two outer extra features
with a lower intensity are observed on the side of the half-
field line (Figure 5). This specific pattern has been observed
for other species and can be considered to be characteristic
of S�2.[28] The presence of this signal on the whole range of
temperature ascertains the population of the quintet. The
DMS =�1 and DMS =�2 transitions have been recorded in


the 4–100 K range, but the DMS =�1 signal saturates over
the whole range of temperature at all incident microwave
power. Since the line shape does not change with tempera-
ture within this temperature range, the thermal behaviour of
the EPR spin population involved in the half-field line is
plotted as AppT versus T on Figure 6. The decrease of AppT


with the temperature means the depopulation of a high spin
state to a lower spin state. The fitting by a four spin model
is not relevant given the required large number of parame-
ters for such a smooth variation. Numerous couples of (J1,
J2) values yield a satisfactory correlation for the least
squares fitting procedure. With respect to the previous re-
sults, modelling with a biradical interaction of +25 K and
an antiferromagnetic interaction of �5 K through the phenyl
acetylene coupler could reproduce the behaviour of tetraNN.


It can be qualitatively deduced from this study that the
singlet is the ground state for both tetraradicals. This will be
further discussed when considering the magnetic properties
in the solid state. It is worth reminding that the singlet
ground state has been found in related m-phenylene based
phenyl acetylene biradicals (Part I). The present results con-
firm that the phenyl–acetylene magnetic coupling unit with
this connectivity to IN or NN radicals does not obey the
topological rules. It has to be pointed out that for stronger
triplet species such as nitrenes, the same coupler gave ferro-
magnetic coupling.[29]


Solid-state properties : A convenient and widely used way to
relate the magnetic properties to the molecular packing is to
consider the signs of the spin densities involved in the short-
est intermolecular contacts. The sign of the intermolecular
exchange coupling is then attributed according to McCon-
nell�s first proposal.[30] The same sign of the spin densities at
contact yields an antiferromagnetic coupling, whereas oppo-
site signs would result in a ferromagnetic coupling. Howev-
er, careful analysis have pointed out that the successful ap-
plications result from errors that compensate.[7] Neverthe-
less, we have reported in Part II that the study of a series of
isostructural biradicals leads to a good analysis of the mag-


Figure 5. EPR spectrum of tetraradical tetraIN recorded at 4 K in frozen
solution (CH2Cl2/acetone). In inset is shown the half-field line (DMS =


�2) recorded with different spectrometer settings.


Figure 6. Temperature dependence of the product of the peak-to-peak
amplitude of the EPR half-field line by the temperature for the tetraradi-
cals tetraIN (&) and tetraNN (&) in frozen solution.
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neto-structural properties. Indeed, the substitution of the IN
radical by the NN radical slightly modifies a few contacts
upon suppressing one oxygen atom. A way to simplify the
analysis of a molecular packing within a crystal structure
consists in determining the primary, secondary and tertiary
patterns related to the strength of the hydrogen bonds in
the structure. At intermolecular distances shorter than 5 �,
the contacts are considered between the molecular frag-
ments known to bear the spin density, for example, between
NO and any other atom. These are reviewed within each
structure, considering the geometry of the contacts by using
the QUEST program of the Cambridge Data Base for crys-
tallographic data.[31] In the present study, such an analysis
suggests a pathway for the intermolecular magnetic ex-
change. It results in a model for the description of the exper-
imentally determined magnetic properties.


Phenyl–acetylene based triradical : The compounds
diNNpNN, INNNpNN and diINpNN crystallised in the
same space group P21/n with very similar cell parameters
(Table 5), as briefly reported in a previous communica-
tion.[14] A dichloromethane molecule is included in the unit
cell, and the crystals remain solvated at room temperature.
Compound diINpIN crystallises in the same space group but
with different cell parameters, since there is no solvent mol-
ecule. In the case of INNNpNN, disorder is present on the
internal oxygen atoms O4 and O6 (Figure 7). The three ter-
minal radical fragments, that is, the five-membered rings,
are numbered as cycle 1, 2, 3. The oxygen atoms O3 and O5


(external positions) have a probability of presence of 90 %,
which is coherent with the external position solely observed
in diINpNN. The internal oxygen atoms have a probability
of presence of 60 %. Hence, cycle 1 has an equal probability
to be either a NN or IN fragment. Moreover, the IN cycle
has only 10 % probability to have the oxygen in an internal
position. The dihedral angle between the phenyl rings and
the planes of the ONCNO frag-
ments is reported for the differ-
ent compounds in Table 6.


In the following, we will
focus on the series of isostruc-
tural compounds, hence discard-
ing the diINpIN compound.
Weak hydrogen bonds (C(sp3)-
H···O) and p–p stacking at
3.6 � between the aromatic
cycles generates head-to-tail
dimers of triradicals related by
an inversion centre. Two types
of short contacts between the
ONCNO fragments are found
within these dimers (Table 7).
The proximity of oxygen O4


(cycle 1 of molecule 1) and
cycle 3 of molecule 2 generates
contacts gathered in group 1.
Three contacts are gathered in


group 2, which involves short contacts between NO frag-
ments terminated by O1 and O5 and belonging to neighbour-
ing molecules. As there is no occupied O4 position in
diINpNN, only contacts of group 2 are found for this com-
pound. For diNNpNN and INNNpNN, the shortest contact
in group 1 is found at 3.16 � between the central carbon C8


from cycle 3 (monoradical fragment) and the oxygen O4 of
cycle 1. For INNNpNN, this short contact is present in only
55 % of the cases, since O4 site is not always occupied. No
contact at a distance shorter than 4.5 � is observed between
the described dimers of triradicals, so that they can be con-
sidered as almost isolated with respect to magnetic path-
ways. The interatomic distances measured for the various
contacts within different groups are reported in Table 7. The
magnetic behaviour of the four synthesized derivatives is re-
ported in Figure 8. As expected for such triradicals, the cT


Table 5. X-ray crystal structure and lattice parameters of the phenyl acet-
ylene based triradical derivatives.


diINpNN INNNpNN diNNpNN diNNbpNN


formula C35H43N6O4·
CH2Cl2


C35H43N6O5·
CH2Cl2


C35H43N6O6·
CH2Cl2


C33H43N6O6


Fw 696.70 712.70 728.70 619.75
crystal system monoclinic monoclinic monoclinic triclinic
space group P21/n P21/n P21/n P1̄
a [�] 12.414(2) 12.297(1) 12.2541(7) 9.7410(2)
b [�] 18.2021(9) 18.283(2) 18.293(2) 12.3790(5)
c [�] 16.643(1) 16.796(2) 16.892(2) 15.3730(7)
b [8] 93.712(8) 93.88(2) 93.877(7) 104.567(1)
V [�3] 3752.8(9) 3767(1) 3777.9(1) 2635.1(3)
Z 4 4 4 2
1 [gcm�3] 1.23 1.26 1.28 1.27
data collected 5505 5794 6945 9119
data used for
refinement
I>3


2935 2370 2451 4701


s(I)
R(I) 0.084 0.058 0.061 0.046
Rw(I) 0.094 0.083 0.083 0.066


Figure 7. The four possible representations of the INNNpNN molecule with respect to the disorder: A, B, C,
D give the corresponding probability as deduced from the XRD analysis.
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product is close to 1.125 emuK mol�1 at room temperature.
For diINpIN and diINpNN, the cT product remains un-
changed as the temperature is lowered down to 10 K, where-
as for diNNpNN and INNNpNN, a slight increase is ob-
served to reach a maximum at 14.5 K of 1.39 and
1.28 emu K mol�1 respectively. This behaviour points out the
presence of a ferromagnetic interaction within these molecu-
lar crystals. However, the further decrease at lower tempera-
ture indicates for all compounds that a neat antiferromag-
netic intermolecular interaction dominates the magnetic
properties in the low temperature regime.


The overall magnetic behaviour of diINpIN and diINpNN
underlines weak magnetic interactions, as revealed by the
flat Curie-like behaviour above 10 K. This is well under-
stood when considering the intramolecular ferromagnetic
couplings J1 and J2 for the isolated triradicals. A comparable
or lower intermolecular antiferromagnetic interaction domi-


nates the magnetic behaviour of these compounds at lower
temperature.


Within the series of isostructural derivatives, the observed
distinct behaviours may have two origins. The first modifica-
tion of the magnetic exchange could be explained by the dif-
ferent contacts within the dimer of triradicals. Indeed, the
presence of the ferromagnetic component in INNNpNN and
diNNpNN can be related to group 2 of contacts, which is
not involved in the structures of diINpNN. It has to be no-
ticed that the short contact between a central carbon (C8)
bearing negative spin density and a nitroxide bearing posi-
tive spin density should result in a ferromagnetic interaction
according to McConnell rules. However, in order to assign a
given magnetic pathway, the detailed geometry of the con-
tacts has to be considered and it should be compared with
other similar compounds as previously discussed[7] and as
demonstrated in Part II. To achieve this, we have chosen the
biradical diNNtmsa (Scheme 5); its structure and magnetic


properties have already been reported in Part II.[2] This
compound exhibits a similar pattern, which was found to
generate unambiguously a ferromagnetic intermolecular in-
teraction. The geometries are reported in Table 8 according
to the definitions given in Scheme 5 b. It appears that the ge-
ometries at these contacts are very similar, so that we can
infer the existence of a ferromagnetic intermolecular path-
way through these contacts observed within the dimers of
triradicals in compounds diNNpNN and INNNpNN. More-
over, its magnitude could be close to 10 K as found in
diNNtmsa. In a first approach, this may explain why the fer-
romagnetic trend is weaker in INNNpNN than in
diNNpNN, since these contacts are altered by disorder in
the former.


Not only the possible intermolecular magnetic interac-
tions but also the intramolecular ones are different for the
three compounds, as it has been demonstrated from the
EPR studies of the triradicals in frozen solution (Table 3). It
has been considered that the dihedral angle of the biradical
fragment with respect to the phenylene ring is close to 308.


Table 6. Dihedral angles formed by the radical cycles (numbering
scheme defined in Figure 7) and the nearest phenyl ring within the four
different triradical derivatives.


Compound Cycle 1 [8] Cycle 2 [8] Cycle 3 [8]


diNNpNN 46 26 18
INNNpNN 43 25 17
diINpNN 37 22 15
diINpIN 21 3 17


Table 7. Summary of the shortest interatomic distances (intermolecular
contacts, in �) found between the ONCNO fragments within dimers of
triradicals. Bold figures point to the shortest contacts.


Contacts Group diNNpNN INNNpNN diINpNN


O5···O1 2 3.68 3.69 3.84
O5···N2 2 3.47 3.53 3.53
O5···N1 2 3.80 3.83 3.69
N1···O4 1 3.30 3.29 –
N2···O4 1 3.46 3.42 –
O4···O1 1 3.77 3.68 –
O4···C8 1 3.16 3.16 –


Scheme 5. a) Molecular scheme of the diNNtmsa biradical derivative.
b) Definition of the geometrical parameters (distances, angles and tor-
sions) for the description of the intermolecular contacts within dimers of
diNNpNN and diNNbpNN compounds.


Figure 8. Temperature dependence of the static susceptibility (SQUID
magnetometer measurements; applied magnetic field=0.5 T) represented
as the cT product for triradical derivatives: * diINpNN ; * diNNpNN ; ^


INNNpNN ; ~ diINpIN. For the sake of clarity only 33% of the experi-
mental data points have been plotted. Full lines represent the fits to the
six-spins model depicted in Scheme 6.
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Dihedral angles of 42 and 218 are found within the biradical
fragment of diNNpNN. Therefore, a similar value of J1 is ex-
pected for diNNpNN in frozen solution and in the solid
state. The moderate torsion of cycle 3 (178) should as well
give a comparable value of J2 in frozen solution and in the
solid state. The simplest way to consider both intramolecular
and intermolecular effects within the dimers of triradicals is
given in Scheme 6 with a six-spins cluster with the parame-


ters J1 and J2 as the intramolecular coupling constant, and
J3, J4 as the intermolecular coupling constant related to
group 1 and group 2, respectively, previously defined types
of contacts (see Table 7). Based on the previous results,
some conditions may be fixed so as to reduce the number of
parameters, hence improving the relevance of the fitting pa-
rameters. It is first noted that the previous measurements in
the isolated state yield estimations of J1 and J2. Therefore, J1


has been fixed between 0 and 40 K allowing the experimen-
tal data to be well adjusted for the diINpNN and diNNpNN
(continuous lines in Figure 8) with the following sets of
values in temperature units for diNNpNN (J1,J2)= (+30.5�
3.1 K,+12.3�0.6 K); (J3,J4)= (+15.1�0.9 K,�17.7�1.2 K);
and for diINpNN (J1,J2)= (+2.0�0.1 K,+0.0�0.02 K);
(J3,J4)= (0 K,�6.36�0.03 K). For these simulations, the g
factor has been set to the free electron value. The set of
values refined for the intramolecular exchange coupling is in
good agreement with that found in the isolated state. For
INNNpNN, a rough agreement is found upon setting (J1,J2)
to the values found in the isolated state, that is, (J1,J2)=


(+15 K,+7 K). This procedure yields (J3,J4)=(+12 K,�14 K),
thus ascertaining the observed behaviour of diNNpNN and
of diINpNN. It is worth noticing that the present set of
(J3,J4) for INNNpNN does represent an average value for
two sets, with and without J3, with respective weight 55 and
45 % as deduced from the analysis of the molecular packing.
Along this line, and although being quite fortuitous, it may
be noted the almost perfect overlap of the weighted sum


(45/55) of the experimental susceptibility data of diINpNN
and diINpNN with the data of INNNpNN. As concluded in
the analysis of the crystal structure, the group 1 contacts re-
sults in a ferromagnetic interaction depicted by J3 in
diNNpNN and in INNNpNN. Its magnitude is in agreement
with the value found for similar contacts in diNNtmsa
(~10 K). As expected, J4 is antiferromagnetic for all com-
pounds. However, a value of 17 K is probably too high to be
solely ascribed to the small difference of geometry between
diINpNN and diNNpNN. This approach is certainly still
oversimplified, but is interestingly consistent with both pre-
vious magneto-structural correlations and the intramolecular
exchange coupling found through studies in the isolated
state.


Triradicals based on the biphenyl coupling unit : Single crys-
tals were obtained only for diNNbpNN and the crystal struc-
ture could be refined, leading to the following parameters:
triclinic space group P1̄; with lattice parameters: a= 9.741,
b= 12.379, c=15.373 �, a =104.567, b= 98.477, g=110.6908,
Z=2. No disorder is observed for the asymmetric unit (see
Supporting Information), and the torsion angles between
the imidazolidine and the phenyl rings range between 10
and 228. Short contacts C(sp3)-H···O and C(sp3)···N lead to a
primary structure, which is made of dimers (molecules A
and A’ in Figures S16 and S17) further connected to build
up chains. Within the dimers, some short contacts are pres-
ent between ONCNO fragments, due to the proximity of
N3O3 groups: two contacts O3···O5 at 3.75 � and O3···O6 at
4.02 �, two contacts at 3.30 � (O3···N5) and 3.50 � (O3···N6)
and the shortest contact O3···Ca at 3.03 �. Along the a axis,
the proximity of N4O4 groups of two molecules belonging to
two different dimers leads to a short contact of O4···O4 at
3.85 � between the dimers: this extends the primary struc-
ture into the chains (see Supporting Information). Further
short contacts are not observed between these chains. As for
the diNNpNN derivative, a comparison of the geometry of
the dimer within the two derivatives diNNtmsa and
diNNbpNN shows that these molecular packings have simi-
lar geometries at contacts except for the O···O contact
(Table 8).


The cT product reaches 1.11 and 1.03 emu K mol�1 at
room temperature for diNNbpNN and diINbpIN, respective-
ly (Figure 9). For diINbpIN, antiferromagnetic interactions
dominate the overall behaviour down to 2 K. For


Scheme 6. The six-spins system and its model Hamiltonian used for the
simulation of the behaviour of the head-to-tail stacked dimers of triradi-
cals formed in the solid state of diINpNN and diNNpNN.


Table 8. Comparsion of the detailed geometries as depicted in Scheme 5
for two similar intermolecular contacts within diNNpNN, diNNtmsa[2]


and diNNbpNN. Ca reads for CA or CB in the ONCaNO ring of
Scheme 5.


diNNpNN diNNtmsa[2] diNNbpNN
Contact d [�] d [�] d [�]


(A1,A2,T1,T2,T3) [8] (A1,A2,T1,T2,T3) [8] (A1,A2,T1,T2,T3) [8]


Ca···O 3.16 3.03 3.03
(123, 94, 84, 83, 85) (138, 98, 89, 85, 73) (125, 96, 83, 85, 75)


O···O 3.77 3.70 3.75
(140, 62, 82, 88, 62) (156, 62, 78, 77, 55) (100, 60, 41, 65, 57)
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diNNbpNN, a maximum is observed by about 14 K with a
value of 1.37 emu K mol�1. Such a ferromagnetic interaction
is attributed to the intramolecular magnetic exchange as ex-
pected from the results on the isolated triradicals. The de-
crease of cT at lower temperature indicates the competition
with intermolecular antiferromagnetic interactions. The tor-
sion angle between both rings of the biphenyl unit is quite
large in the crystalline state, and we assume a J2 coupling
lower than 7 K as assessed in frozen solution. From an inter-
molecular point of view, the presence of a short contact be-
tween the central carbon and a nitroxide could again be re-
sponsible for some ferromagnetic interactions. The ferro-
magnetic component can thus be attributed to both intramo-
lecular and intermolecular magnetic exchange. However,
the six-spins cluster previously considered for almost isolat-
ed dimers of triradicals within diNNpNN and diINpNN does
not yield a satisfactory fit of the data in the case of
diNNbpNN. The interdimer interactions have to be consid-
ered, since short NO–NO contacts are observed between
the biradical fragments of the triradicals as described
before. Therefore, a proper but quite complicated model
may be a chain of dimers of triradicals, which is not availa-
ble to us. Moreover, the expected close values of the various
acting interactions would strongly limit the relevance of
such a complicated model, whenever available.


The magnetic behaviour of diINbpIN is not further con-
sidered, due to the lack of knowledge of both, the set of in-
tramolecular exchange couplings (J1,J2) and the crystal struc-
ture determination. Nevertheless, there must be obviously a
strong intermolecular antiferromagnetic interaction.


Tetraradicals : None of the attempts to obtain single crystals
of the synthesized tetraradicals was successful. Therefore,
the previous strategy for the analysis of the magneto-struc-
tural correlations is not applicable. The measurements of
the magnetic properties performed in the solid state
(Figure 10) will be used as a complementary analysis of the
behaviour of the isolated molecule.


For both compounds, the value of cT is close to
1.5 emu K�1 mol�1 as expected with four independent S= 1=2
spins. Antiferromagnetic correlations are observed for both
derivatives at low temperature. Whereas a continuous de-


crease is observed throughout the whole temperature range
for tetraIN, a plateau with a slight increase is observed by
about 20 K for tetraNN. Let us assume that such bulky mol-
ecules do pack without exhibiting short contacts so that the
tetraradicals are quite isolated in the solid state. Then, the
previously described four-spin model (Scheme 4) may be
considered for the data fitting. Performing such a fit for tet-
raNN shows that neglecting the intermolecular interactions
prevents a proper adjustment to the experimental data. The
results of the fit give complementary indication of the intra-
molecular exchange couplings giving J1 =++ 12�1 K, J2 =


�2.5�0.1 K. Similar results were obtained with the same
model for the temperature dependence of the EPR signal of
a small amount of polycrystalline powder of tetraNN lead-
ing to J1 =++14.1�0.3 K, J2 =�2.0�0.1 K. The best fit rep-
resented in Figure 10 is obtained with simple singlet–triplet
equilibrium, that is, J2 = 0 K, with a mean-field correction
(Curie-Weiss temperature, q) where J1 =++ 14 K, and q=


�2 K, but with a quite irrelevant Curie constant, C=


2.1 emu K mol�1. It turns out that, although being not opti-
mized, both of these approaches yield the proper range for
the interaction J1 within each biradical fragment, whereas
the exchange coupling J2 through the phenyl–acetylene mag-
netic coupling unit is suggested either vanishing or antiferro-
magnetic. However, the EPR studies in fluid solution have
shown that the tetraradical does not consist in isolated bi-
radical moieties. Moreover, it may be assumed a negative J2,
when referring to our previous report on J2 being of the
order �4 to �6 K (Part I).[1] Therefore, the present estima-
tion of an antiferromagnetic J2 corroborates the antiferro-
magnetic interaction through the meta-substituted phenyl–
acetylene bridge, hence yielding the singlet ground state.
This is unexpected, if one refers to the commonly accepted
topological rules.[10] Furthermore, substituting a biradical
fragment instead of a monoradical does not significantly
change the through-bond exchange coupling. Worst-case,
the qualitative trend is a weakening of J2. The singlet
ground state in these m-phenylene based di- and tetra-radi-
cal derivatives is not yet understood. Among possible ways,
we may consider the non-robustness of the triplet state here


Figure 9. Temperature dependence of the static susceptibility (SQUID
magnetometer measurements; applied magnetic field=0.5 T) represented
as the cT product for triradical derivatives: * diNNbpNN ; * diINbpIN.


Figure 10. Temperature dependence of the static susceptibility (SQUID
magnetometer measurements; applied magnetic field=0.5 T) represented
as the cT product for tetraradical derivatives: * tetraNN ; * tetraIN. The
full line is the best fit to singlet-triplet equilibrium with a mean-field cor-
rection.
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considered as compared to for example, nitrenes or car-
benes. Another possible origin may be the spin polarization
combined with the sp hybridization as mentioned when
comparing the biphenyl magnetic coupling unit with the
phenyl–acetylene.


Conclusion


The intramolecular exchange coupling between IN and/or
NN radical substituents within triradical and tetraradical de-
rivatives based on the m-phenylene moiety and linked by
either a phenyl–acetylene or a biphenyl unit, has been prop-
erly assessed in the isolated state with the help of the EPR
technique. The magnetic ground state of the triradicals has
also been determined by DFT calculations. The main con-
clusions are: i) the quartet is the magnetic ground state for
all triradicals and ii) the singlet state is very probably the
ground state for all tetraradicals. Although being not yet
fully understood, this violation of the so-called topological
rules supports our previous findings (Part I)[1] that the
phenyl–acetylene magnetic coupling unit in the meta-con-
nectivity does not yield the high spin ground state. As dis-
cussed in Part II for the related biradical derivatives, the
spin polarisation mechanism is presumably at the origin of
the difference of magnetic coupling between IN or NN radi-
cal substituents. This tends to increase the spin density dis-
tribution over the coupling unit, hence increasing the
through-bond magnetic exchange as exemplified for the
ortho–meta connectivity (J~0 K in NNpNN compared with
J=7 K in diNNpNN). The synthesis of isostructural com-
pounds for series of triradicals afforded the possibility of a
careful study based on a previously developed strategy
(Part II). According to theoretical studies and statistical
analyses, the relation between structure and magnetism re-
quires considering the relative disposition of the whole mol-
ecules in the crystal.[7] This paper shows that the comparison
of peculiar patterns is one objective way to deduce magnetic
interaction pathways. The power and the relevance of this
strategy are corroborated in the present work dealing with
larger molecules bearing more magnetically active sites. In
particular, the magnitude and the sign of most interactions
were found similar in the solid state and in dilute solution,
thus strengthening the validity of the various assessments
performed by using either EPR in frozen solution or
SQUID magnetometry. Comparing the peculiar patterns
found in the contact geometries of basic building blocks,
which individual magnetic properties have been properly as-
sessed, is relevant for the comprehensive use of such com-
plex molecules in a bottom-up approach of molecular mag-
netism.


Experimental Section


Materials and methods : Solvents were distilled under argon before use.
In particular, THF was dried over sodium/benzophenone, triethylamine


over KOH. All the reagents were used as received and purchased from
ALDRICH. 4-bromoisophtaladehyde,[32] 5-ethynylbenzaldehyde, 1,3-bis-
formyl-5-ethynylbenzene[2] and 1,3-bis(1,3-hydroxy-4,4,5,5-tetramethyl-
imidazolin-2-yl)-5-ethynylbenzene[2] were synthesised as reported else-
where. 2,3-Bis(hydroxyamino)-2,3-dimethylbutane (bishydroxylamine)
was synthesised using the procedure described in the literature.[33] Thin-
layer chromatography (TLC) was performed on aluminium plates coated
with Merck silica gel 60 F254. Microanalyses were performed in the
common facilities of the Institute Charles Sadron. Fast atom bombard-
ment (FAB, positive mode) were recorded on a ZAG-HF-VG-Analytical
apparatus in an m-nitrobenbyl alcohol (mNBA) matrix. 1H and 13C NMR
spectra were recorded on a Bruker ARX 300 spectrometer. The EPR
spectra have been recorded on X-band Bruker spectrometer (ESP-300-
E) equipped with a rectangular TE 102 cavity. The static field was mea-
sured with an NMR Gaussmeter (Bruker ER 035) while the microwave
frequency was simultaneously recorded with a frequency counter (HP-
5350 B). Solutions were degassed by bubbling Argon directly in the EPR
tube prior to measurements. The spin concentration has been estimated
for all powder compounds by comparison with a standard sample (Varian
pitch). It is reported hereafter as NS (spin per molecule). Temperature
was measured with a thermocouple (AuFe/Chromel) introduced inside
the tube, at 1.5 cm from the bottom. As described in Part I[1] and
Part II,[1] much care was devoted to the effects of microwave power satu-
ration effects. At each temperature, the signal has been recorded at vari-
ous power settings for the DMS =2 line and for the DMS = 1 line. The var-
ious power levels were selected within different temperature range, de-
pending on the limits for the observation of saturation effects. Magnetic
susceptibility measurements were obtained with a Quantum Design
MPMS/XL SQUID magnetometer.


CCDC-229 617 (diINpNN), -229 618 (INNNpNN), -229 619 (diNNpNN)
and -229 727 (diNNbpNN) 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


Theoretical calculations : All calculations presented in this work were
done with the B3LYP[34] non-local exchange-correlation density function-
al,[35] using the 3-21G(d) basis Gaussian basis set,[36] as implemented in
the Gaussian 98 suite of programs.[37] The tight option was used to obtain
enough accuracy in computing the integrals and energy.


m,m’-Bisformylbenzene 4-ethynyl benzaldehyde (1): 4-Ethynylbenzalde-
hyde (501 mg, 1.1 equiv) and [Pd(PPh3)4] (292 mg, 8 %mol) were added
under argon to 5-bromoisophtaldehyde (532 mg, 2.86 mmol). Benzene
(25 mL) and diisopropylamine (8 mL) were added and the mixture was
kept at 80 8C during 15 h. After the solution was cooled down, the ammo-
nium salt was filtered, the filtrate was evaporated and the residue puri-
fied through chromatography on silica gel (CH2Cl2), to give a light
yellow solid (556 mg, 74%). M.p. 168 8C; 1H NMR ([D6]acetone): d=


10.20 (s, 2 H, CHO), 10.09 (s, 1H, CHO), 8.47 (t, 1 H, Ph), 8.38 (d, 2 H,
Ph), 7.99 (d, 2H, Ph), 7.85 ppm (d, 2 H, Ph); 13C NMR ([D6]acetone): d=


192.3 (CHO),191.8 (CHO), 137.1, 135.9, 132.2, 129.6, 127.3, 123.5 (C-Ph),
90.6 (-C�C-), 90.2 ppm (-C�C-); IR (KBr): ñ=1693 cm�1 (C=O); elemen-
tal analysis calcd (%) for C17H10O3: C 77.86, H 3.84, N 18.30; found C
77.60, H 3.75, N 18.62.


m,m’-Bis(1,3-hydroxy-4,4,5,5-tetramethylimidazolin-2-yl)-4-ethynyl-1-
(1,3-hydroxy-4,4,5,5-tetramethylimidazolin-2-yl)benzene (2): 2,3-Bis(hy-
droxyamino)-2,3-dimethyl butane (186 mg, 3.2 equiv) was added to a so-
lution of trisaldehyde 1 (103 mg, 0.39 mmol) in MeOH (50 mL). A weak
flow of argon was maintained during 3 d until the mixture was nearly dry.
The white paste was filtered, washed with MeOH and dried to give a
white solid (230 mg, 90%). Elemental analysis calcd (%) for C35H52O6N6:
C 64.39, H 8.03, N 12.87; found C 64.71, H 7.98, N 12.50; 1H NMR
([D6]acetone): d =7.67 (m, 1 H, Ph), 7.60 (m, 2 H, Ph), 7.54 (d, J =9 Hz,
2H, Ph), 7.46 (d, J=9 Hz, 2H, Ph), 7.14 (s, 6 H, OH), 4.71 (s, 3 H, -HC
imid.), 1.18 (s, 18H, CH3), 1.10 ppm (s, 18 H, CH3); 13C NMR
([D6]DMSO): d=142.6, 141.9, 130.9, 130.6, 129.9, 129.6, 128.7 (Ph), 92.1
(HC imid.), 89.9, 89.8 (C�C), 66.2 (Cquat imid.), 24.4, 17.1 ppm (CH3).


diNNpNN : Compound 2 (100 mg, 0.15 mmol) and MnO2 (198 mg,
2.28 mmol, 5 equiv per radical) were added to a solution of CH2Cl2
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(30 mL). The mixture turned dark blue and was stirred during 5 h, fil-
tered and the solvent was evaporated. The residue was purified through
chromatography (silica gel, AcOEt/CH2Cl2 1:9) to give diNNpNN
(71 mg, 74 %). Dark blue crystals containing one CH2Cl2 molecule per
diNNpNN molecule could be grown by slow evaporation of a CH2Cl2/
hexane mixture. M.p. 242 8C (decomp); IR (KBr): ñ =1363 cm�1 (N�O);
UV/Vis: lmax(e)=319 (53 605), 371 (24 680), 592 nm (1130 m


�1 cm�1); ele-
mental analysis calcd (%) for C35H19O6N6·CH2Cl2: C 59.34, H 6.22, N
11.53; found C 59.11, H 6.20, N 11.28; MS FAB+ (mNBA): m/z : 645.1
[M+H]+ , 629.1, 613.1, 597.1, 581.1, 565.1, 549.3, 533.1 (successive loss of
6 O), 514.0, 384.0 (successive loss of 2 fragments of 130 mass units); NS =


3.1 spins per molecule.


1,3-Bis(1,3-hydroxy-4,4,5,5-tetramethylimidazolin-2-yl)-5-bromobenzene
(3): 5-Bromoisophtaladehyde (1.51 g, 7.05 mmol) and 2,3-bis(hydroxy-
amino)-2,3-dimethylbutane (2.42 g, 2.3 equiv) were added to MeOH
(30 mL). The mixture was concentrated to almost dryness during 3 d. The
white solid was washed with MeOH and dried, and a white powder was
isolated (3.15 g, 94%). M.p. 175 8C (decomp); IR (KBr): ñ=3455 cm�1


(OH); elemental analysis calcd (%) for C20H33O4N4Br: C 51.40, H 5.82,
N 11.99; found C 51.27, H, 5.87, N 11.76; 1H NMR ([D6]DMSO): d=7.81
(s, 4H, -OH), 7.55 (s, 2 H,Ph), 7.51 (s, 1H, Ph), 4.50 (s, 2H, -CH imid.),
1.07 (s, 12H, -CH3), 1.03 ppm (s, 12H, -CH3); 13C NMR ([D6]DMSO):
d=144, 129, 128, 120 (C-Ph), 90 (CH imid.), 66 (Cquat imid.), 24 (CH3),
17 ppm (CH3).


1,3-Bis(1-oxyl-3-oxo-4,4,5,5-tetramethylimidazolin-2-yl)-5-bromobenzene
(4): In a round-bottom flask containing a suspension of 3 (2.1 g,
4.44 mmol) in MeOH (100 mL), SeO2 (74 mg, 6.65 mmol, 15 % mol) was
added.[20] After 2 d at room temperature, the yellow solution was evapo-
rated and purified by chromatography (silica gel, CH2Cl2/EtOH 8:2) to
give a yellow powder (1.65 g, 85%). 1H NMR ([D6]DMSO): d=8.90 (s,
1H, Ph), 8.30 (s, 2 H, Ph), 1.36 (s, 12 H, -CH3), 1.30 ppm (s, 12H, -CH3);
13C NMR ([D6]DMSO): d =141, 131, 129, 127 (Ph), 76 (CH imid.), 61.5
(Cquat imid.), 24 (CH3), 19 (CH3).


INNNpNN : In a round-bottom flask under argon, equipped with a
funnel containing triethylamine (12 mL) distilled under argon, 3 (492 mg,
1.06 mmol), [PdCl2(PPh3)2] (37 mg, 5 %mol) and CuI (10 mg) were
added. Triethylamine (7 mL) was added dropwise under stirring. 4-Ethyn-
yl-(1,3-hydroxy-4,4,5,5-tetramethylimidazolin-2-yl)benzene (366 mg,
1.3 equiv) was dissolved in the remaining triethylamine (5 mL). This so-
lution was added in five parts to the reaction mixture during 48 h, and
heated to 80 8C. After 12 h reaction time, partial dehydratation could be
observed by TLC (silica gel, AcOEt/CH2Cl2 1:9). The mixture was cooled
down, the amine salt filtered and the filtrate precipitated in hexane
(200 mL). The precipitate (560 mg) was dried. Oxidation of this solid
(270 mg) was performed by introducing MnO2 (1.049 g, ~5 equiv per rad-
ical) in CH2Cl2 (25 mL). The suspension was stirred during 6 h at room
temperature and turned to dark blue-green. The solution was evaporated
and the remaining solid was purified by chromatography (silica gel,
AcOEt/CH2Cl2 5:95) to isolate diNNpNN (37 mg) and INNNpNN
(48 mg, 15 %). Slow evaporation of a CH2Cl2/hexane mixture gave black
needles of INNNpNN·CH2Cl2. M.p. 240 8C (decomp); IR (KBr): ñ =1365
(N�O), 1549 cm�1 (C=N); UV/Vis: lmax(e)=320 (45 250), 371 (16 570),
450 (712), 595 nm (700 m


�1 cm�1); elemental analysis calcd (%) for
C35H19O5N6·CH2Cl2: C 60.67, H 6.36, N 11.79; found C 60.55, H 6.39, N
11.65; MS FAB+ (mNBA): m/z : 629.4 [M+H]+ , 613.4, 597.4, 581.4,
565.4, 549.3 (successive loss of 5 O), 514.4, 498.2, 384.1, 368.1; NS =2.8
spins per molecule.


diINpNN : Compound 4 (400 mg, 0.91 mmol), [PdCl2(PPh3)2] (30 mg, 5 %
mol) and CuI (5 mg, 3 %) were dissolved in a solution of triethylamine
(5 mL). A solution of 4-ethynyl-(1,3-hydroxy-4,4,5,5-tetramethylimidazo-
lin-2-yl)benzene (277 mg, 1.2 equiv) in triethylamine (5 mL) was added
to the funnel. This solution was added in portions of 1 mL during 48 h.
The mixture was cooled down, the amine salt filtered and the filtrate pre-
cipitated in hexane. A yellow powder (220 mg) was isolated. 1H NMR
([D6]DMSO): d= 8.94 (s, 1 H, Ph), 7.93 (s, 2H, Ph), 7.83 (s, 2H, OH),
7.54 (m, 4 H, Ph), 4.53 (s, 1H, -HC imid.), 1.11 (s,18 H, CH3), 1.04 ppm
(s,18H, CH3).
In a flask containing MeOH (30 mL), the yellow powder (105 mg) pre-


pared above and MnO2 (225 mg, ~5 equiv per radical) were introduced.
After 5 h under stirring at room temperature and evaporation of the sol-
vent, the residue was purified by chromatography (silica gel, AcOEt/
CH2Cl2 5:95) and gave diINpNN (60 mg, 22% overall yield). Slow evapo-
ration of a CH2Cl2/hexane mixture gave dark green crystals of
diINpNN·CH2Cl2. M.p. 236 8C (decomp); IR (KBr): ñ= 1363 (N�O),
1544 cm�1 (C=N); UV/Vis: lmax(e)= 316 (16 370), 385 (62 450), 445
(1380), 602 nm (560 m


�1 cm�1); elemental analysis calcd (%) for
C35H19O4N6·CH2Cl2: C 62.06, H 6.51, N 12.06, O 9.18; found C 62.14, H
6.52, N 11.99, O 9.30; MS FAB+ (mNBA): m/z : 613.2 [M+H]+ , 597.2,
580.2, 564.2, 548.2, (successive loss of 4 O), 498.1, 483.1, 384.0, 369.1,
353.1; NS =2.75 spins per molecule.


diINpIN : Compound diNNpNN (45 mg, 0.069 mmol) and NaNO2


(71 mg) were added to water/CH2Cl2 (1:1, 50 mL) acidified at pH 6.
After 20 min, the bright red solution extracted with CH2Cl2, dried on
Na2SO4 and evaporated. The red solid was purified by chromatography
(silica gel, AcOEt/CH2Cl2 5:95) to give a red solid (25 mg, 59 %). Crys-
tals were grown by slow evaporation of a CH2Cl2/hexane mixture. M.p.
205 8C (decomp); IR (KBr): ñ=2208 (C�C), 1371 (N�O), 1543 cm�1 (C=


N); UV/Vis: lmax(e)= 273 (34 450), 449 nm (1441 m
�1 cm�1); elemental


analysis calcd (%) for C 70.56, H 7.27, N 14.11; found C 70.32, H 7.26, N
14.04; MS FAB+ (mNBA): m/z : 597.2 [M+H]+ , 581.1, 565.2, 549.2, (suc-
cessive loss of 3 O), 483.2, 369.1 459.3, 345.1; NS =2.75 spins per mole-
cule.


m,m’-Bisformylphenyl-4-benzaldehyde (5): In a three-neck round-bottom
flask containing triethylamine (50 mL), 5-bromoisophtalaldehyde
(191 mg, 0.90 mmol) and 4-formylboronic acid (150 mg, 1.1 equiv) was
added. A degassed aqueous solution (1.5 mL) containing Na2CO3


(212 mg, 2.2 equiv) was added with a syringe. Dimethoxyethane (5 mL)
freshly distilled under argon were then added and the mixture was
heated at 85 8C. After 5 h of reaction, the reaction mixture was filtered
and the filtrate was evaporated under vacuum. The residue was purified
by chromatography (silica gel, AcOEt/CH2Cl2 1:99) to give a white solid
(144 mg, 61 %). M.p. 160 8C (decomp); IR (KBr): ñ =1691 cm�1 (CHO);
elemental analysis calcd (%) for C15H10O3: C 75.62, H 4.23, N 20.15;
found C 75.35, H 4.15, N 20.40; 1H NMR (CDCl3): d= 10.21 (s, 2 H,
CHO), 10.12 (s, 1 H, CHO), 8.42 (m, 3H, Ph), 8.05 (d, J= 8.5 Hz, 2 H,
Ph), 7.86 ppm (d, J=8.5 Hz, 2 H, Ph); 13C NMR (CDCl3): d=191.5
(CHO), 190.6 (CHO), 144.0, 136.3, 133.9, 131.7, 131.5, 127.9, 124.0 ppm
(Ph).


m,m’-Bis(1,3-hydroxy-4,4,5,5-tetramethylimidazolin-2-yl)4-(1,3-hydroxy-
4,4,5,5-tetramethylimidazolin-2-yl)benzene (6): The procedure was simi-
lar to the synthesis of 2, using 5 (132 mg, 0.5 mmol) and 2,3-bis(hydroxya-
mino)-2,3-dimethyl butane (262 mg, 3.3 equiv) in distilled MeOH
(30 mL) and CH2Cl2 (4 mL). After the usual workup, a white powder
(294 mg, 85%) was isolated. M.p. 175 8C (decomp); IR (KBr): n=


3597 cm�1 (OH); 1H NMR ([D6]acetone): d =7.72 (s, 6H, OH), 7.63–7.55
(m, 7H, Ph), 4.59 (s, 3H, -HC5), 1.09 (s,18H, CH3), 1.06 ppm (s,18 H,
CH3); 13C NMR ([D6]DMSO): d=152.1, 141.8, 140.8, 140.3, 139.2, 131.6,
128.9, 126.0 (Ph), 90.0 (HC imid.), 66.2 (Cquat. imid.), 24.0, 16.9 ppm
(CH3).


diNNbpNN : The procedure used for obtaining diNNpNN was employed
starting from 6 (103 mg, 0.16 mmol) and MnO2 (198 mg, 2.28 mmol,
5 equiv per radical). The residue was purified by chromatography (silica
gel, AcOEt/CH2Cl2 1:99) to give diNNbpNN (65 mg, 66%). M.p. 228 8C
(decomp); IR (KBr): ñ=1360 cm�1 (N�O); UV/Vis (CH2Cl2): lmax(e)=


294 (43 230), 371 (26 420), 589 nm (1380 m
�1 cm�1); elemental analysis


calcd (%) for C33H19O6N6: C 63.95, H 6.99, N 13.57; found C 63.70, H
7.16, N 13.85; MS FAB+ (mNBA): m/z : 621.2 [M+H]+ , 605.2, 589.2,
573.2, 557.2, 541.2, 525.2 (successive loss of 6 O), 490.1, 360.2; NS =3.2
spins per molecule.


diINbpIN : Compound diNNbpNN (50 mg, 0.081 mmol) and NaNO2


(168 mg, 10 equiv per radical) were added to a water/CH2Cl2 mixture
(1:1, 50 mL) acidified at pH 6. After 20 min, the bright red solution ex-
tracted with CH2Cl2, dried on Na2SO4 and evaporated. The red solid was
purified by chromatography (silica gel, AcOEt/CH2Cl2 5:95) to give a red
solid (31 mg, 54 %). Crystals were grown by slow evaporation of a
CH2Cl2/hexane mixture. M.p. 245 8C (decomp); IR (KBr): ñ= 1375 cm�1
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(N�O); UV/Vis (CH2Cl2): lmax(e) =273 (34 450), 449 nm (1441 m
�1 cm�1);


elemental analysis calcd (%) for C 69.32, H 7.58, N 14.70; found C 69.43,
H 7.54, N 14.39; MS FAB+ (mNBA): m/z : 573.3 [M+H]+ , 557.3, 541.3,
525.3 (successive loss of 3 O), 459.3, 345.1; NS =3.3 spins per molecule.


tetraNN : In a round-bottom flask, 1,3-diiodobenzene (150 mg,
0.45 mmol) and 1,3-bis(1,3-hydroxy-4,4,5,5-tetramethylimidazolin-2-yl)-5-
ethynylbenzene (410 mg, 2.1 equiv), [Pd(PPh3)4] (66 mg, 12 mol %) and
freshly distilled diisopropylamine (10 mL) were added. The reaction mix-
ture was heated at 80 8C during 6 h. After filtration, evaporation of the
filtrate, the concentrated solution was precipitated with pentane
(100 mL). The beige powder was filtered and dried under vacuum (70 %
of estimated coupling).


The oxidation was performed on this powder dispersed in CH2Cl2


(100 mL). MnO2 (382 mg, ~20 equiv) was added and the suspension was
stirred at room temperature during 3 h. The mixture was worked up as
usual and the residue purified by chromatography on a column and a
second time on a preparative TLC support (silica gel, AcOEt/CH2Cl2/
MeOH 19:80:1) to give a blue powder with an overall yield of 7 % using
the dibromobenzene, and 17% using diiodobenzene. IR (KBr): ñ=


1361 cm�1 (N�O); elemental analysis calcd (%) for C 66.80, H 6.50, N
12.46; found C 66.56, H 6.76, N 12.50; UV/Vis (CH2Cl2): lmax(e) =288
(101 210), 371 (63 350), 585 nm (2725 m


�1 cm�1); MS FAB+ (mNBA): m/z :
899.3 [M]+ , 884.3, 868.3, 852.4, 836.4, 820.4, 804.3, 786.2, 770.2 (successive
loss of 8 O), 769.2, 639.1, 509.3; NS =4.0 spins per molecule.


tetraIN : The cross-coupling was performed as described for tetraNN, but
after the reaction mixture was evaporated, the solid obtained (450 mg,
0.5 mmol) was treated with SeO2 (10 mg, 15% mol) during 2 d in MeOH
(200 mL). The suspension disappeared and the solution turned to yellow;
the solvent was evaporated and the compound purified by chromatogra-
phy (silica gel, CH2Cl2/EtOH 9:1 then gradually 6:4) to yield a yellow-
brown powder (255 mg, 59%). 1H NMR ([D6]DMSO): d= 8.44 (s, 2 H,
Ph), 8.22 (s, 4 H, Ph), 7.80 (s, 1 H, Ph), 7.66–7.63 (m, 3 H, Ph), 1.16
(s,24H, CH3), 1.14 ppm (s, 24H, CH3).


To a suspension of this solid (200 mg, 0.22 mmol) in CH2Cl2 (30 mL),
MnO2 (380 mg, 4.4 mmol, 20 equiv) was added and the mixture stirred
during 3 h. After filtration and evaporation of the filtrate the red com-
pound was chromatographed (silica gel, AcOEt/CH2Cl2 15:85) to give
tetraIN (110 mg, 31 % overall yield) which gave solvated red needles un-
suitable for structural determination by slow evaporation in a CH2Cl2/
hexane mixture. M.p. 249 8C (decomp); IR (KBr): ñ=2216 (C=C), 1371
(N�O), 1549 cm�1 (C=N); UV/Vis (CH2Cl2): lmax(e) =288 (73 390), 302
(62 940), 447 nm (1667 m


�1 cm�1); elemental analysis calcd (%) for tet-
raIN·3CH2Cl2: C 69.12, H 6.78, N 12.77, O 7.29; found C 68.91, H 6.82,
N 12.56, O 7.84; MS FAB+ : m/z : 836.3 [M+H]+ , 821.3, 805.3, 789.3,
773.3 (successive loss of 4 O), 722.2, 608.1, 494.1; NS =4.1 spins per mole-
cule.
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Alkylchlorotins Grafted to Cross-Linked Polystyrene Beads by a �(CH2)n�
Spacer (n=4, 6, 11): Selective, Clean and Recyclable Catalysts for
Transesterification Reactions


Carlos Camacho-Camacho,[a, b] Monique Biesemans,*[a] Manu Van Poeck,[a]


Fr�d�ric A. G. Mercier,[a] Rudolph Willem,[a] Karine Darriet-Jambert,[c]


Bernard Jousseaume,[c] Thierry Toupance,[c] Uwe Schneider,[d] and Ursula Gerigk[d]


Introduction


Mineral acids or alkalis used as catalysts for transesterifica-
tion reactions in numerous applications are not always suit-


able for industrial purposes. As an alternative, the use of or-
ganotin compounds as catalysts allows the transesterification
reaction to take place in almost neutral conditions, thus in-
creasing the synthetic potential of these reactions. As early
as 1969, Pereyre and co-workers reported that tri-n-butyltin
methoxide and ethoxide act as transesterification catalysts.[1]


In 1979, Poller et al.[2] investigated the relative catalytic ac-
tivity of 18 organotin compounds in the transesterification
reaction of propyl acetate with methanol. Otera and co-
workers reported several studies on transesterifications with
various organotin compounds, among which distannoxane
compounds play an important role.[3–8] It was also recently
disclosed that these compounds can act as pure Lewis acids
and be recovered unchanged after completion of the reac-
tion.[9,10] All these transesterifications proceed in homogene-
ous medium, in which the toxicity of tin remains a serious
drawback for the industrial use of molecular organotin com-
pounds, since removing traces of tin can be very tedious.
The latter issue may be alleviated by grafting the organotin
moieties to an insoluble macromolecular support, allowing
removal of the undesired metal moiety from the desired
substances by simple filtration of the grafting support. Mac-
indoe et al. prepared a polystyrene supported butyltin(iv) di-


Abstract: Insoluble polystyrene grafted
compounds of the type (P�H)(1�t){P�
(CH2)nSnBupCl3�p}t, (P�H)(1�t){P�
(CH2)nSnBuO}t and (P�H)(1�t)[{P�
(CH2)nSnBuCl}2O]t/2, in which (P�H) is
a cross-linked polystyrene; n=4, 6, and
11; p= 0 and 1; and t the degree of
functionalisation, were synthesised
from Amberlite XE-305, a polystyrene
cross-linked with divinylbenzene. The
compounds were characterised by
using elemental analysis, and IR,


Raman, solid-state 117Sn NMR, and 1H
and 119Sn high-resolution MAS NMR
spectroscopy. The influence of the
spacer length and the tin functionality
on the catalytic activity of these com-
pounds, as well as their recycling abili-
ty, was assessed in the transesterifica-


tion reaction of ethyl acetate with vari-
ous alcohols. These studies showed sig-
nificant differences in the activity of
the catalysts interpreted in terms of
changes in the mobility of the catalytic
centres. Some of the supported cata-
lysts could be recycled at least seven
times without noticeable loss of activi-
ty. The residual tin content in the reac-
tion products was found to be as low as
3 ppm.


Keywords: NMR spectroscopy ·
supported catalysts · tin leaching ·
tin · transesterification
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chloride that was successfully used as a catalyst in the acety-
lation reaction of sucrose.[11] Benzoylation of a glucopyrano-
side was performed by Whitfield with a distannoxane sup-
ported on a 5 % cross-linked
resin as a catalyst.[12] Copoly-
mer-bound organotin oxides,
prepared by Hunter as a mix-
ture of stannol and distannox-
ane, have been shown to cata-
lyse the lactonisation of hy-
droxycarboxylic acids.[13] The
use of biphasic fluorous trans-
esterification, in which the di-
stannoxanes containing poly-
fluorinated alkyl chains can be
recovered by decantation after
reaction, is an alternative way
to get rid of undesirable tin
residues in the products.[14–16]


The synthesis, characterisation and catalytic activity of
various compounds obeying the formula (P�H)(1�t){P�
(CH2)nSnBuX2}t, in which (P�H) a cross-linked polystyrene,
n= 4 and 6, X=Ph and Cl (1 and 2), and t is a variable
degree of functionalisation, have been reported.[17–19] The
present paper reports on the synthesis and characterisation
of an additional compound in this series (n= 11, X=Cl: 3)
and of grafted organotin compounds of the type (P�
H)(1�t)[{P�(CH2)nSnBuCl}2O]t/2 (n= 4: 4 ; n= 6: 5 ; n=11: 6),
(P�H)(1�t){P�(CH2)nSnBuO}t (n= 4: 7; n= 11: 8), in partially
hydrated or hydroxylated form, and (P�H)(1�t){P�
(CH2)nSnCl3}t (n=4: 9), as well as on their catalytic activity.
The compounds under investigation offer potential applica-
tions in catalysis of transesterifications under environment
friendly as well as favourable recycling ability conditions.
Important issues in this context are 1) whether and to what
extent grafting affects the catalytic activity of the deriva-
tives, the macromolecular support being potentially a steri-
cally demanding factor; 2) the residual amount of tin deriva-
tives in the reaction products, which was not reported, to
the best of our knowledge, for other supported or fluo-
rous[14–16] organotin catalysts and 3) the recycling ability of
the supported catalysts, which is important to reduce the
process cost, especially for industrial applications. A compa-
rative study of the activity and recycling ability of various
catalytically active moieties, grafted onto the solid support
by spacers differing in their number of methylene groups,
and an assessment of tin contamination of the reaction
media are presented. The potential of these supported cata-
lysts was investigated in the acetylation of various alcohols
with ethyl acetate.


Results and Discussion


Synthesis and characterisation : The general reaction scheme
for the synthesis of polystyrene-grafted dialkyldichlorotin
compounds and the corresponding distannoxanes and oxides


starting from the cross-linked polystyrene beads, as de-
scribed in detail elsewhere, is given in Scheme 1.[17–19]


Complete characterisation of compounds 1–3 and their


precursors was accomplished by elemental analysis, and IR
and high-resolution MAS (HR-MAS) NMR spectroscopy.[18]


The last technique especially proved extremely useful, al-
lowing a control of the absence of the �CH2Cl functionality
in the 1H HR-MAS NMR spectra, and assessing the tin
functionality in the 119Sn HR-MAS spectra (see Figure 1).


The conversion to the desired chlorodistannoxanes 4–6, is
obtained by reaction of 1–3 with water in gently refluxing
methanol. The presence of the O-Sn-O functionality cannot
be demonstrated by the HR-MAS technique, since local ro-
tational mobility of the graft, a condition necessary for the
graft to be observable, was prevented by the additional
cross-linking induced by the distannoxane O-Sn-O bridges.
117Sn CP-MAS spectra were used instead together with ele-
mental analysis data, and IR and Raman spectroscopy, to
characterise the grafted chlorodistannoxanes. As an alterna-


Scheme 1.


Figure 1. 119Sn HR-MAS spectra of (P�H)(1�t)[P�(CH2)6SnBuPh2]t and
(P�H)(1�t)[P�(CH2)6SnBuCl2]t. The two small signals, flanking the major
resonance, in the spectrum of the�SnCl2 compound are residual spinning
side bands.
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tive, treatment of 1 with one
equivalent of 4 n NaOH in
THF for six hours led to 4
with a chlorine/tin ratio of
0.97, in good agreement with
the functionality formula of
the target chlorodistannoxane.


It is known that molecular,
nongrafted dialkyltindichlo-
rides, R2SnCl2, can be convert-
ed into polymeric, insoluble di-
alkyltin oxides, obeying for-
mally the formula R2SnO, by
reaction with a large excess of
concentrated aqueous sodium
or potassium hydroxide. To
assess to which extent both
chlorine atoms of a grafted an-
alogue of the type
P(CH2)nBuSnCl2 can also be
removed toward grafted dial-
kyltin oxide analogues, we performed the reaction on 1 and
3 with ten equivalents of 4n NaOH under reflux for 24 h
with the goal to obtain the corresponding P(CH2)nBuSnO
oxides 7 and 8 (Scheme 1).


In the case of compound 7, by using the functionalisation
degree t=0.246 experimentally found for its precursor
P(CH2)4BuSnCl2, the elemental data reveal a composition
which reflects satisfactorily the desired target formula
P(CH2)4BuSnO (see Table 1), with a basically negligible
amount of residual chlorine remaining being left (0.1 %).
However, alternative formulae, reflecting either hydration
of the grafted oxide, such as P(CH2)4BuSnO·H2O, which can
be viewed formally as P(CH2)4BuSn(OH)2, or formation of
the grafted dihydroxy distannoxane, P[(CH2)4SnBu(OH)]2O,
reasonably match the elemental analysis as well, and display
slightly better agreement between experimental and calcu-
lated mass fractions and/or functionalisation degrees. For
similar reasons as for the grafted chlorodistannoxanes
P[(CH2)4SnBuCl]2O 4–6, no direct evidence can be provided
to either proposal by HR-MAS 119Sn NMR. It is therefore
more reasonable to view the compound eventually obtained
as a mixture in unknown ratios of the target compound 7,
and its hydrated P(CH2)4BuSn(OH)2 and/or hydroxylated
dihydroxy distannoxane P[(CH2)4SnBu(OH)]2O adducts.
Even though characteristic OH bands are observed around
3500 cm�1, the IR spectrum fails to identify formally Sn�OH
type moieties. Similar conclusions hold for target compound
8, even though more residual chlorine was observed, typical-
ly 3 %, reflecting the presence of unconverted grafted tin di-
chloride, intermediate dichlorodistannoxane, and/or mixed
hydroxychlorodistannoxane,
which resulted in poorer agree-
ments between experimental
and calculated mass fractions
for C and Sn, mainly. The rea-
sons for this difference in be-


haviour between target systems 7 and 8, which differ only in
the length of their polymethylene spacer (n=4 for 7, n= 11
for 8) remains unclear at the moment, but could be due to
spacer intermingling being more likely with n=11 than with
n= 4. Nevertheless, the data remain in fair agreement with
the grafted P(CH2)nBuSnO compound, or its hydrated
P(CH2)nBuSn(OH)2 and P[(CH2)nSnBu(OH)]2O dihydroxy
distannoxane variants. Indeed, considering that theoretically,
upon ideal reaction course without any undesired grafted
side-functionality formation, the functionalisation degrees of
the target compound and its precursor should be strictly
identical (this is of course experimentally unrealistic), the
agreement between the experimental and calculated mass
fractions are more than fair, especially for the case n=4.
Therefore, one should keep in mind that ideal agreement
for all mass fractions and the functionalisation degree t
would imply a 100 % clean conversion from the grafted pre-
cursor to only a single-grafted target functionality, which, in
practice, can at most only be approached. Moreover, once
generated, grafted side-functionalities cannot be removed.
Finally for both n=4 and 11, the best agreement for the
mass fractions of oxygen between experimental and calculat-
ed figures is obtained for the dihydroxy distannoxane
P[(CH2)nSnBu(OH)]2O adducts.


The supported tin trichloride was prepared according to
Scheme 2. Tricyclohexylstannyllithium,[20] prepared from a
stoichiometric amount of tricyclohexyltin hydride and lithi-
um diisopropylamide (LDA), was treated with the grafted
alkyl chloride in order to introduce the tricyclohexyltin
group at the end of the tetramethylene chain. Subsequently,


Table 1. Comparison of the experimental elemental analysis data for the grafted dialkyltin oxides 7 and 8 and
the resulting functionalisation degree t. The elemental analysis data was calculated on the basis of the func-
tionalisation degree of its immediate precursor for different possible target compounds.


Compound t % C %H %Sn % Cl %O found or calcd


7 70.59 7.36 16.00 0.12 3.31 found
P(CH2)4BuSnO 0.274[a]


P(CH2)4BuSn(OH)2 0.243[a]


P[(CH2)4BuSn(OH)]2O 0.258[a]


P(CH2)4BuSnO 0.246[b] 72.59 7.30 17.72 0 2.39 calcd
P(CH2)4BuSn(OH)2 0.246[b] 70.69 7.40 17.26 0 4.65 calcd
P[(CH2)4BuSn(OH)]2O 0.246[b] 71.63 7.35 17.49 0 3.54 calcd
8 71.59 8.46 11.35 3.41 2.76 found
P(CH2)11BuSnO 0.287[a]


P(CH2)11BuSn(OH)2 0.250[a]


P[(CH2)11BuSn(OH)]2O 0.268[a]


P(CH2)11BuSnO 0.230[b] 74.94 8.18 14.87 0 2.01 calcd
P(CH2)11BuSn(OH)2 0.230[b] 73.28 8.25 14.55 0 3.92 calcd
P[(CH2)11BuSn(OH)]2O 0.230[b] 74.10 8.22 14.71 0 2.97 calcd


[a] The value of t refers to the functionalisation degree calculated from the experimental mass fractions of the
target compound; the functionalisation degrees t were calculated by using homemade software based on the
mathematical MATLAB package, as explained elsewhere.[17] [b] The value of t refers to the functionalisation
degree expected on the basis of the t value of the precursor.


Scheme 2.
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treatment of the tricyclohexyltin functionalised polystyrene
with one equivalent of tin tetrachloride for 48 h in the dark
afforded the corresponding target compound meant to be
the grafted tin trichloride 9. Table 2 gives the elemental
analysis data for compound 9, as well as calculated data for
different possible target compounds.


The agreement between calculated and experimental
data, especially at the level of the functionalisation degree is
poorest for the grafted SnCl2OH compound; this allows us
to exclude safely any extended hydrolysis of the grafted tin
trichloride. However, the data are in better agreement with
the grafted tin trichloride moiety being coordinated by one
or two additional water molecules. In particular for the com-
position P(CH2)4SnCl3·2 H2O, the calculated mass fractions
match the experimental ones very satisfactorily. This propos-
al is in good agreement with the high Lewis acid character
of tin in monoorganotin trichlorides, with the tin atom tend-
ing to expand its coordination sphere.


Catalytic activity : The acetylation of various alcohols by
ethyl acetate [Eq. (1)] was investigated. Reactions were per-
formed with a sevenfold excess of ethyl acetate at reflux for
24 and 48 h, with catalysts 5 and 6, and, for comparison, a
few experiments with 2 and 3. During the reaction, about
20 % of solvent together with the formed ethanol was distil-
led off as an azeotropic mixture in order to drive the reac-
tion to completion. The reaction mixtures were analysed by
1H NMR spectroscopy after distillation of the excess of
ethyl acetate.


CH3COOCH2CH3 þROH! CH3COOR þ CH3CH2OH


ð1Þ


The results are summarised in Table 3, from which it can
be concluded that the catalyst with the undecamethylene
spacer, (P�H)(1�t)[{P�(CH2)11SnBuCl}2O]t/2 (6), is generally
slightly more active than its hexamethylene analogue 5,
demonstrating that the spacer length influences the conver-
sion degree in the transesterification reactions under study
(see entries 1 and 4). The selectivity of both catalysts is,


however, comparable; competition between a primary alco-
hol and phenol or tertiary alcohol results in the exclusive
acetylation of the primary alcohol (entries 7–12), implying
that both catalysts are totally inefficient toward tertiary al-
cohols and phenols. Furthermore, reactivity is influenced by
steric factors, since the primary alcohol in 2-phenyl-1,2-pro-


panediol is less reactive than
the less hindered phenethyl al-
cohol (entries 9–12, to be com-
pared with 1, 2, 4, and 5).
Also, though not inactive, the
catalysts are significantly less
active toward the secondary al-
cohols cyclohexanol (en-
tries 13–14) and 4-methyl-2-
pentanol (entries 18–19), when
compared to phenethyl alcohol
(entries 1–2 and 4–5) and n-oc-
tanol (entries 15–17). These
facts illustrate that the ap-
proach of bulky reagents to
the grafted distannoxanes is
hampered by steric factors, as


was also demonstrated by Otera,[4] who stated that especial-
ly the bulkiness of the ester has an effect on the transesteri-
fication catalysed by distannoxanes. The grafting itself has
also an influence, since we observed previously that grafted
catalysts (with n= 4 and 6) have lower activity than the cor-
responding soluble homogeneous catalyst.[17] This problem
seems to be alleviated to some extent by introducing a
longer spacer, since in most cases slightly higher conversions


Table 2. Comparison of the experimental elemental analysis data and the resulting functionalisation degree t
for 9. The elemental analysis data was calculated for different possible target compounds, on the basis of the
functionalisation degree of its immediate precursor.


Compound t % C % H %Sn %Cl found or calcd


9 58.86 5.97 16.15 14.85 found
P(CH2)4BuSnCl3 0.288[a]


P(CH2)4BuSnCl2OH 0.321[a]


P(CH2)4BuSnCl3.H2O 0.269[a]


P(CH2)4BuSnCl3.2H2O 0.252[a]


P(CH2)4BuSnCl3 0.235[b] 63.20 5.72 16.39 14.69 calcd
P(CH2)4BuSnCl2OH 0.235[b] 64.82 8.01 16.84 10.06 calcd
P(CH2)4BuSnCl3.H2O 0.235[b] 61.67 5.85 15.99 14.33 calcd
P(CH2)4BuSnCl3.2H2O 0.235[b] 60.17 5.98 15.63 14.01 calcd


[a] See footnote [a] in Table 1. [b] Functionalisation degree found experimentally for the precursor
P(CH2)4SnCy3 and henceforth expected for the target 9 (see Experimental Section).


Table 3. Assessment of the catalytic activity of grafted organotins in
transesterification reactions with various alcohols and ethyl acetate in
sevenfold excess.


Entry Alcohol[a] Catalyst[b] Time
[h]


Ester
[mol %]


1 Ph(CH2)2OH 5 24 78
2 5 48 100
3 2 24 98
4 6 24 94
5 6 48 100
6 3 24 92
7 3-OH-Ph(CH2)2OH 5 48[c] 100
8 5 24[c] 93
9 PhC(CH3)(OH)CH2OH 5 24[c] 35
10 5 48[c] 49
11 6 24[c] 53
12 6 48[c] 67
13 C6H11OH 5 48 41
14 6 48 66
15 CH3(CH2)7OH 5 24 96
16 5 48 99
17 6 24 98
18 CH3CH(OH)CH2CH(CH3)2 5 48 59
19 6 48 62


[a] Molar ratio alcohol/ethyl acetate = 1:7. [b] Catalyst 5= (P�H)(1�t)[{P�
(CH2)6SnBuCl}2O]t/2 ; 6= (P�H)(1�t)[{P�(CH2)11SnBuCl}2O]t/2 ; 2= (P�
H)(1�t)[P�(CH2)6SnBuCl2]t ; 3 = (P�H)(1�t)[P�(CH2)11SnBuCl2]t ; 2 mol % of
Sn. [c] Primary alcohol is exclusively acetylated.
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are obtained with the C11 spacer than with the C6 spacer.
Taking into consideration that in grafted distannoxanes the
reagents must enter the pores of the catalyst in order to
reach the active sites and that the products must leave the
catalyst after reaction, the bulkiness of reaction products
might hinder to some extent this diffusion process. Addi-
tionally, in order to avoid damaging of the catalyst, all reac-
tions were carried out without stirring, a factor that also can
decrease the reaction velocity to some extent.


The precursor (P�H)(1�t)[P�(CH2)6SnBuCl2]t (2) showed,
under the same reaction conditions, somewhat higher activi-
ty than the distannoxane (P�H)(1�t)[(P�(CH2)6SnBuCl)2O]t/2


(5). The conversion to phenethyl acetate was 98 and 78 %,
respectively (entries 3 and 1). By contrast, both C11 cata-
lysts (P�H)(1�t)[P�(CH2)11SnBuCl2]t (3) and (P�H)(1�t)[(P�
(CH2)11SnBuCl)2O]t/2 (6) have comparable conversion de-
grees of 92 and 94 %, respectively (entries 6 and 4). Beads
of 2 and 3, isolated after reaction with phenethyl alcohol,
were investigated by 1H and 119Sn HR-MAS NMR and IR
spectroscopy. Although the HR-MAS NMR spectra were
identical, within experimental error, before and after cataly-
sis, the IR spectra showed a new absorption at 605–
610 cm�1, which indicates the presence of an Sn-O-Sn func-
tionality. Beads of 5, isolated after reaction with phenethyl
alcohol, lack the absorption at 345 cm�1 of the Sn�Cl vibra-
tion in the Raman spectrum. Despite these indications that
the catalyst undergoes some changes, maybe induced by the
presence of some amounts of residual water in the reagents,
the catalytic activity remains unaltered in further runs, as
was demonstrated in earlier work.[17]


Subsequently, the conditions of the transesterification
were slightly modified in order to investigate in more detail
the activity of catalysts 4, 6, 7, 8 and 1. A 1 % amount of the
catalyst was used to slow down the reaction and to enhance
the differences between the catalysts, while n-octanol was
chosen as the starting alcohol and the distillation of 20 % of
the solvent was omitted. The results are given in Table 4.


As already evidenced in the case of the transesterification
reaction with phenylethanol (entries 1, 3, in Table 3), the
supported chlorodistannoxanes (entries 20 and 21 in
Table 4) and oxides (entries 22 and 23) gave lower yields
than the corresponding dichloride (entry 24) with the short-
er (n=4) spacer. In homogeneous reactions chlorodistan-
noxanes and diorganotin oxides are more efficient than the
corresponding dichlorides. The reverse effect recorded in
this series of grafted organotins shows that the mobility of
the catalytic group is a key factor to explain the differences
in activity of the polymer-supported organotin catalysts.


This can be explained by the distannoxane bridge between
neighbouring tin atoms that restricts their mobility by intro-
ducing additional cross-linking at the surface of the polystyr-
ene, which could lower the accessibility of the reagents. This
restricted local molecular mobility is supported by the ab-
sence of any distannoxane 119Sn resonance in the 119Sn HR-
MAS spectrum. The higher yields obtained within the same
type of catalyst (entries 20 and 21/22 and 23) in the case of
the polymer-supported tin with the longer chain strengthens
this proposal, as longer and more flexible chains should in-
crease the mobility and formation ability of coordination
bonds between the tin atoms and transesterification reaction
components.


A third set of experiments was finally performed in order
to assess the recycling ability of the better catalysts in the
series and to quantify the residual tin content in the esters
generated. The same transesterification conditions were ap-
plied except that a 0.1 % amount of catalyst was used for
8 h. Grafted catalyst performances were also compared to
those of some homogeneous transesterification catalysts
(see Table 5).


As underlined above, the supported catalyst with the
longer spacer 3 gave higher yields than the supported organ-
otin compound with the shorter one 1 (entries 25–26), con-
firming the importance of the mobility of the catalytic
centre for the efficiency of the transesterification reaction.
When compared to soluble dibutyltin dichloride (entry 27),
the activity of 3 (entry 26) was not negligible, as it was only
40 % lower than the soluble one. However, the best result
was obtained with 9 with a conversion degree as high as
70 % (entry 28), being only 30 % lower than the yield ob-
tained with the structurally closer, industrially used catalyst,
chlorobutyltin dihydroxide (entry 31). In order to demon-
strate its ability to be recycled, the same beads of 9 were
used in several successive transesterifications, the catalyst
being recovered by filtration after each run, without any
washing between the runs. A 64 % yield of the transesterifi-
cation was measured after seven runs (entry 29), with an
average value over the seven runs of 64 % (entry 30). These
results thus demonstrate the high recycling ability of 9.


Table 4. Catalytic activity under modified conditions, as applied to the
transesterification of n-octanol by an excess of ethyl acetate.


Entry Catalyst Ester [mol %]


20 4 14
21 6 22
22 7 23
23 8 27
24 1 41


Table 5. Recycling ability and tin leaching assessment of selected
catalysts.


Entry Catalyst Ester [mol %] Tin content
of ester [ppm]


25 1 6 3
26 3 15 3
27 Bu2SnCl2 26 700[d]


28 9 70[a]


29 9 64[b]


30 9 64[c] 4[c]


31 BuSn(OH)2Cl 92 700[d]


[a] Yield of the first run. [b] Yield of the seventh run. [c] Average value
of seven runs with the same catalyst. [d] Value calculated on the basis of
homogeneous catalyst used in the experiment, and not removed from the
reaction product.
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The residual tin contents in the esters recovered from the
transesterifications catalysed with 1, 3 and 9 were measured
by ICP/MS. They were very low, the values ranging from 3
to 4 ppm. This amount corresponds to a tin content of about
0.5 mg of tin per mole of octyl acetate, the tin content with
a homogeneous catalyst left completely in the reaction prod-
ucts being 120 mg. This clearly shows a dramatic decrease
by a factor of approximately 200 in the residual amount of
tin found in the reaction product upon switching from a ho-
mogeneous catalyst to a grafted counterpart, unambiguously
demonstrating the benefits of grafting organotin catalysts. In
the latter case, residual tin in the reaction product is indeed
only induced by the loss from the beads of 0.4 % of grafted
tin per run. The use of supported organotin catalysts is thus
a pertinent solution to reduce the amount of organotins in
esters obtained by catalytic transesterifications, without low-
ering to a dramatic extent the transesterification rate.


Conclusion


All catalysts screened are reasonably active in the reactions
under investigation. They are more active toward primary
rather than secondary or bulky primary alcohols and not re-
active toward tertiary alcohols or phenols, indicating that
steric factors play an important role in the reaction mecha-
nism. The length of the spacer also plays a significant role;
whereas no significant difference in activity was found be-
tween spacer lengths 4 and 6,[17] elongation of the spacer to
11 methylene groups has a beneficial effect whatever the
nature of the substituents on the tin atom. Among all cata-
lysts tested, trichlorotin-substituted target polymers led to
the best yields of ester, in the same range as the more effi-
cient soluble ones. They could be recycled at least seven
times without loss of activity. The residual amount of organ-
otin in the prepared esters, expressed in tin mass, was as low
as 3 ppm.


Experimental Section


Synthesis : The syntheses of 1, 2, 4 and 5 have already been reported.[17–19]


The syntheses of 3 and 6 were performed according to the same proce-
dure with Br(CH2)11Cl being used in the first reaction step instead of
Br(CH2)6Cl. Br(CH2)11Cl was prepared from Br(CH2)11OH (Aldrich) by
reaction with SOCl2, following an established literature procedure.[21] The
ensuing reaction steps were completely analogous to those used for 4.


(P�H)(1�t)[P�(CH2)11Cl]t : Elemental analysis calcd (%) for t=0.29: H
8.96, C 84.47, Cl 6.57; found: H 8.93, C 84.34, Cl 5.97; IR: ñ=651 cm�1


(w; CCl); 1H HR-MAS NMR: d =3.49 ppm (�CH2Cl)


(P�H)(1�t)[P�(CH2)11SnBuPh2]t : Elemental analysis calcd (%) for t=


0.26: H 8.07, C 78.48, Sn 13.45; found: H 7.87, C 78.27, Sn 12.61, Cl
<0.2; IR: ñ=1074 (m, Sn�Ph), 727 (w, C�Cmono), 656 (w, Sn�Crock), 594
(w, Sn�Buasym), 510 cm�1 (w, Sn�Busym); 119Sn HR-MAS NMR: d=


�71 ppm.


(P�H)(1�t)[P�(CH2)11SnBuCl2]t (3): Elemental analysis calcd (%) for t=


0.26: H 7.65, C 68.64, Sn 14.84, Cl 8.87; found: H 7.71, C 68.49, Sn 13.77,
Cl 8.72; Raman: ñ=596 (w, Sn�Buasym), 520 (w, Sn�Busym), 347 cm�1 (m,
Sn�Cl); 119Sn HR-MAS NMR: d=126 ppm.


(P�H)(1�t)[{P�(CH2)11SnBuCl}2O]t/2 (6): Elemental analysis calcd (%) for
t=0.26: H 7.92, C 71.11, Sn 15.35, Cl 4.59; found: H 7.90, C 70.82, Sn
14.59, Cl 6.23; Raman: ñ= 597 (w, Sn�Buasym), 517 (w, Sn�Busym),
345 cm�1 (m, Sn�Cl); IR: ñ =603 cm�1 (m, Sn-O-Sn).


(P�H)(1�t)[P�(CH2)4SnBuO]t (7): An aqueous solution of sodium hy-
droxide (0.1 mL, 4m) was added to a suspension of 1 (400 mg) in dry
THF (20 mL) at 65 8C. After 6 h, polymer 7 was filtered off and washed
successively with a mixture THF/H2O (50/50), THF and then ethanol. El-
emental analysis (%) found: H 7.36, C 70.59, Sn 16.00, O 3.10, Cl 0.12;
see Table 1.


(P�H)(1�t)[P�(CH2)11SnBuO]t (8): This compound was prepared by a
similar procedure to that for 7. Elemental analysis (%) found: H 8.46, C
71.59, Sn 11.35, O 2.76, Cl 3.41; see Table 1.


(P�H)(1�t)[P�(CH2)4SnCl3]t (9): Diisopropylamine (1.39 g, 13.6 mmol)
and nBuLi (13.6 mmol) were successively added to dry THF (10 mL) at
0 8C. After 15 min, Cy3SnH (5 g, 13.6 mmol) was added slowly and the
mixture was stirred for 30 min. This solution of Cy3SnLi was slowly
added to (P�H)(1�t)[P�(CH2)4Cl]t (3 g) suspended in dry THF (20 mL).
The mixture was stirred for 15 h at room temperature. After filtration,
(P�H)(1�t)[P�(CH2)4SnCy3]t was washed with THF/H2O (50/50; 40 mL),
THF (6 � 40 mL) and ethanol (2 � 20 mL). Elemental analysis calcd (%)
for t=0.23: H 8.60, C 77.85, Sn 13.55; found: H 8.65, C 77.57, Sn 13.11.


A solution of tin tetrachloride (0.57 g, 2.2 mmol) in dry toluene (10 mL)
was slowly added to a suspension of (P�H)(1�t)[P�(CH2)4SnCy3] (2 g) in
dry toluene (10 mL) at room temperature. After 48 h in the dark, the
polymer was filtered and washed eight times with pentane and twice with
ethanol. Elemental analysis (%) found: H 5.97, C 58.86, Sn 14.85, Cl
16.15; see Table 2.


Catalysis experiments on transesterification reactions of ethyl acetate :
Ethyl acetate, used both as reactant ester and solvent, and the appropri-
ate alcohol were engaged in a molar ratio 7/1. The mixture of ethyl ace-
tate, the alcohol and the insoluble Amberlite-supported catalyst was re-
fluxed for 8, 24 or 48 h. The catalyst was filtered off and washed with
CHCl3, THF and ethanol. Ethyl acetate was distilled off from the reac-
tion mixture. The ratio initial alcohol/obtained ester was determined by
integration (�1%) of the respective CH2O


1H resonances or by GC.


IR and Raman spectroscopy : IR spectra were recorded on a Bruker
Equinox 55 FT-IR spectrometer, equipped with an MIR source, KBr
beam splitter and a DGTS detector, from dry KBr pellets (200 mg) with
about 5 mg of substance. The Raman spectra were recorded on a Perkin–
Elmer 2000 NIR FT-Raman spectrometer by using a Raman_dpy2 beam
with 310 mW power.


NMR spectroscopy: Samples used for the determination of the ratio ini-
tial alcohol/obtained ester were prepared by dissolving about 10 mg of
mixture in CDCl3 (0.5 mL). Quantitative 1H spectra were recorded on a
Bruker AMX500 instrument. The 119Sn HR-MAS spectra were recorded
on the same instrument (186.50 MHz) with a specially dedicated Bruker
1H/13C/119Sn HR-MAS probe equipped with gradient coils, by using full
rotors containing approximately 20 mg of resin beads, swollen in approxi-
mately 100 ml of CDCl3 and magic angle spinning at 4000 Hz. (CH3)4Sn
was used as internal reference. CP-MAS spectra were recorded on a
Bruker Avance 250 spectrometer, equipped with a 4 or 7 mm MAS
broad-band probe, operating at 89.15 MHz for 117Sn. The magic angle
was set by using a KBr sample. The chemical shift reference for the 117Sn
nucleus was set with (cyclo-C6H11)4Sn (�97.35 ppm relative to (CH3)4Sn).
The 117Sn CP-MAS spectra were acquired with 4 K data points over a
spectral width of 107 kHz, a relaxation delay of 2 s and 10000 to 40 000
scans.
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Tris(trimethylsilyl)germanides
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Dedicated to Professor Ulrich M�ller on the occasion of his 65th birthday


Introduction


The chemistry of alkaline-earth-metal derivatives bearing
heavy Group 14 ligands has attracted attention[1–13] due to
applications in synthetic and polymer chemistry.[9,14] While
alkali- and alkaline-earth-metal silanides have been studied
in some detail,[1,2,4,7,9,15–25] little is known for the closely re-
lated, but more reactive germanides.[8,12, 26–28] Specifically, dif-
ficulties in the preparation of the alkali-metal germanides
needed to access the alkaline-earth-metal analogues by
metathesis are responsible for this slow development. As
such, a convenient access route to stable alkali-metal germa-
nides is warranted.


Alkali-metal derivatives involving heavy Group 14 ligands
are mainly limited to silanides. Amongst those, [Si(SiMe3)3]


�


(hypersilanide) has been widely used to prepare a host of
transition-metal and main-group silanides.[29] The advantages
of this ligand system are its ease of preparation, high solu-
bility in a variety of solvent systems, and large steric
demand allowing effective kinetic stabilization. Examples in-
clude the lithium silanides [LiSi(SiMe3)3],[15] [Li(thf)3Si-
(SiMe3)3],[16,17] [Li(thf)3Si(SiMe3)3][Si(SiMe3)4],[16] and [Li-
(dme)1.5Si(SiMe3)3] (DME=1,2-dimethyloxyethane).[18] Other
silanides include an etherate of KSiPh3, initially prepared by
Gilman and Wu in 1951 by cleaving the silicon–silicon bond
in hexaphenyldisilane with an Na–K alloy, followed by anal-
ogous chemistry for rubidium and cesium.[19] Later work by
Wiberg et al. focused on the treatment of alkali-metal hal-
ides dissolved in ammonia with hexaphenyldisilanes.[20]


Other examples include the [MSi(tBu)3] series (M =Na, K,
Rb, Cs),[21] prepared by treating silylhalides with the appro-
priate alkali metals. A family of dimeric hypersilanides


Abstract: The first heavy-alkali-metal
tris(trimethylsilyl)germanides were ob-
tained in high yield and purity by a
simple one-pot reaction involving the
treatment of tetrakis(trimethylsilyl)ger-
mane, Ge(SiMe3)4, with various alkali
metal tert-butoxides. The addition of
different sizes of crown ethers or the
bidentate TMEDA (TMEDA=


N,N,N’,N’-tetramethylethylenediamine)
provided either contact or separated
species in the solid state, whereas in ar-
omatic solvents the germanides dissoci-
ate into separated ions, as shown by
29Si NMR spectroscopic studies. Here
we report on two series of germanides,
one displaying M�Ge bonds in the
solid state with the general formula


[M(donor)nGe(SiMe3)3] (M=K,
donor= [18]crown-6, n=1, 1; Rb,
donor= [18]crown-6, n= 1, 4 ; and M=


K, donor =TMEDA, n=2, 6). The sili-
con analogue of 6, [K(tmeda)2-
Si(SiMe3)3] (7) is also included to pro-
vide a point of reference. The second
group of compounds consists of sepa-
rated ions with the general formula
[M(donor)2][Ge(SiMe3)3] (M=K,
donor= [15]crown-5, 2 ; M=K, donor=


[12]crown-4, 3 ; and M=Cs, donor=


[18]crown-6, 5). While all target com-


pounds are highly sensitive towards hy-
drolysis, use of the tridentate nitrogen
donor PMDTA (PMDTA =


N,N,N’,N’’,N’’-pentamethyldiethylene-
triamine) afforded even more reactive
species of the composition [K(pmdta)2-
Ge(SiMe3)3] (8). We also include the si-
lanide analogue [K(pmdta)2Si(SiMe3)3]
(9) for sake of comparison. The com-
pounds were typically characterized by
X-ray crystallography, and 1H, 13C, and
29Si NMR and IR spectroscopy, unless
extremely high reactivity, as observed
for the PMDTA adducts 8 and 9, pre-
vented a more detailed characteriza-
tion.
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[{MSi(SiMe3)3}2], (M= Li, Na, K, Rb, Cs) was obtained by
treatment of zinc, cadmium, or mercury silanides with the
respective alkali metals.[22] An alternative synthetic route to-
wards [KSi(SiMe3)3] relies on the treatment of Si(SiMe3)4


with KOtBu in either THF or DME.[23] While this route gen-
erally proceeds well, it critically depends on a supply of
good quality potassium tert-butoxide. Experiments in our
laboratory relying on commercial potassium tert-butoxide
frequently yielded incomplete reactions under precipitation
of the cluster species, [{K(thf)Si(SiMe3)3}{KOtBu}3], prompt-
ing us to develop an alternative synthetic route based on the
treatment of lithium tris(trimethylsilyl)silanide with heavy-
alkali-metal tert-butoxides.[25]


Replacement of the central silicon atom in [Si(SiMe3)3]
�


with germanium affords the closely related [Ge(SiMe3)3]
�


ligand. While the parent compound Ge(SiMe3)4 was report-
ed decades ago,[30] metal derivatives are scarce and examples
are mainly limited to a few lithium derivatives, including
[Li(thf)3Ge(SiMe3)3],[26] [Li(pmdta)Ge(SiMe3)3]


[26]


(PMDTA =N,N,N’,N’’,N’’-pentamethyldiethylenetriamine)
and [Li([12]crown-4)2][Ge(SiMe3)3].[27] Amongst these,
[Li(thf)3Ge(SiMe3)3] has been used in the preparation of a
small group of main-group[31] and transition-metal germa-
nides.[32] Germanides involving the heavier alkali metals are
limited to [{CsGe(SiMe3)3}2].[28] The scarcity of heavy-alkali-
metal germanide derivatives may be due to the high reactiv-
ity of the compounds caused by the increased weakness of
the alkali-metal–germanium and the germanium–silicon
bonds.


Since we were interested in using heavy-alkali-metal hy-
pergermanides in metathesis chemistry, a facile synthetic
route towards the target compounds, preferably without the
use of toxic reagents, such as mercury and its derivatives,
was needed. Relying on chemistry developed for the sila-
nides, we here report on the first family of heavy-alkali-
metal hypergermanides. Depending on the donor utilized,
two groups of compounds displaying different ion associa-
tion modes in the solid state were obtained, including the
contact molecules [K([18]crown-6)Ge(SiMe3)3] (1),
[Rb([18]crown-6)Ge(SiMe3)3] (4), and [K(tmeda)2-
Ge(SiMe3)3] (6 ; TMEDA= N,N,N’,N’-tetramethylethylenedi-
amine). To add a point of reference, the silanide analogue of
6 [K(tmeda)2Si(SiMe3)3] (7), has also been incorporated.
The second group of compounds consists of separated ions
including [K([15]crown-5)2][Ge(SiMe3)3] (2), [K([12]crown-
4)2][Ge(SiMe3)3] (3), and [Cs([18]crown-6)2][Ge(SiMe3)3]
(5). Difficulties mounting the highly reactive 3 on the dif-
fractometer and problems with disorder prevented a satis-
factory structure refinement, but pertinent structure param-
eters are clearly visible. However, the identity of compound
3 has also been confirmed by 1H, 13C, and 29Si NMR and IR
spectroscopic data.


Use of the tridentate nitrogen donor PMDTA afforded
[K(pmdta)2Ge(SiMe3)3] (8) and its silicon analogue
[K(pmdta)2Si(SiMe3)3] (9), whose high reactivity prevented
extensive characterization, since rapid decomposition under
brown coloration was observed.


The purity of all germanides with the exception of 8 was
confirmed by 1H and 13C NMR, and IR spectroscopy, while
compounds 1, 2, and 4–7 were also characterized by single-
crystal X-ray crystallography. Extensive 29Si NMR studies
were conducted on compounds 1–5 to investigate the ion as-
sociation of the target compounds in solution.


Results and Discussion


The formation of alkali-metal derivatives by reaction of tri-
methylsilyl-substituted silanes (Si(SiMe3)4 [Eq. (1)]) or phos-
phanes (P(SiMe3)3) with alkali-metal tert-butoxides under
formation of silylether has been well established.[23,24]


SiðSiMe3Þ4 þKOtBu! KSiðSiMe3Þ3 þMe3SiOtBu ð1Þ


Made attractive by its simplicity and the easy availability
of starting materials, the method appeared a desirable
choice for the preparation of potassium germanides [KGe-
(SiMe3)3] by treatment of Ge(SiMe3)4 with KOtBu.[12]


Indeed, the reaction proceeds well, affording colorless crys-
tals of the parent compound [K(thf)nGe(SiMe3)3]. However,
the germanide is considerably more reactive than the corre-
sponding silanide, and rapid desolvation upon removal of
mother liquor and decomposition under production of
flames is observed upon contact to trace amounts of air. As
such, spectroscopic data are very challenging to obtain, and
it is impossible to collect crystallographic data even under
most careful handling conditions. It was not until the intro-
duction of crown ethers and the nitrogen-based bidentate
donor TMEDA that germanides were obtained that could
be characterized in detail. Still, the target compounds
remain extremely reactive making their characterization
nontrivial.


As such, heavy-alkali-metal germanides may be obtained
in a similar fashion to the silanides in a facile one-pot proce-
dure by silylether elimination if differently sized crown
ethers or the nitrogen-based donor TMEDA are utilized
[Eq. (2)].


EðSiMe3Þ4 þMOtBuþ nDonor THF
��!½MðdonorÞnEðSiMe3Þ3�


þMe3SiOtBu


ð2Þ


When considering the reactivity of the target molecules it
is important to differentiate between reactivity in solution
and the solid state. As discussed in detail in the next section,
the germanides exist as separated ions in solution, and as
such the cation environment has little influence on the reac-
tivity of the anion, resulting in comparable trends towards
hydrolysis for all germanides reported here. In contrast, in
the solid state contact molecules and separated ions are ob-
served depending on the steric saturation of the metal envi-
ronment by donor molecules and ligands (see below). Gen-
erally, compounds displaying sterically well-saturated metal
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environments, as observed for the contact molecule
[K([18]crown-6)Ge(SiMe3)3] (1) or the separated cesium de-
rivative [Cs([18]crown-6)2][Ge(SiMe3)3] (5) are less reactive
than sterically less-saturated compounds, such as the contact
molecules [Rb([18]crown-6)Ge(SiMe3)3] (4), [K(tmeda)2-
Ge(SiMe3)3] (6) or the separated ion [K([12]crown-4)2]
[Ge(SiMe3)3] (3). These data indicate that it is not the ion
association that is the determining factor in regards to reac-
tivity, but rather the steric saturation of the metal center, re-
gardless of ligand or donor coordination. Based on these
trends, the high reactivity of the nitrogen-donated germa-
nides 6 and 8 can be rationalized: bi- and tridentate donors
are less effective than crown ether macrocycles to sterically
saturate the metal centers. While the TMEDA adduct 6 dis-
plays the low metal coordination number of five, and the
bulky nature of the donor does not allow for the coordina-
tion of a third TMEDA ligand, the bis-PMDTA adduct 8 is
expected to display a coordination number of seven; howev-
er, the six coordination sites provided by the two bulky
PMDTA donors require significantly more space than those
of one [18]crown-6 macrocycle, leading to significant steric
repulsion between the donors and the ligand and thus desta-
bilization of the compound. On the other hand, two
PMDTA molecules are not capable of sterically saturating a
separated potassium cation, while potassium is too small to
accommodate three PMDTA donors.


Using similar arguments the variation of reactivity in the
crown ether derivatives may be rationalized: the high reac-
tivity of compound 4 relative to 1 is due to the less effective
steric saturation of the large rubidium center by one
[18]crown-6 donor and a germanide ligand. On the other
hand, rubidium is not large enough to accommodate two
[18]crown-6 macrocycles under formation of a sandwich
complex, as observed for the larger cesium ion under forma-
tion of compound 5. Analogous trends can be seen for com-
pound 3, whose extremely high reactivity may be explained
by the insufficient steric shielding of the metal provided by
the two small crown ethers, making 3 the most reactive
among the alkali-metal germanide series.


The germanides are highly sensitive towards hydrolysis,
and trace amounts of water afforded a series of alkali-metal
germanium hydrides,[33] a group of compounds previously
only reported in the form of solid-state materials consisting
of alkali-metal cations and GeH3


� ions.[34] Interestingly, the
germanides are significantly more sensitive towards hydroly-
sis than the silanides, for which the presence of an acid
stronger than water appears to be necessary to affect the
protonation of the silanides. This is indicated by Gilman
et al. and Marschner who reported on the treatment of [Li-
Si(SiMe3)3] and [K(thf)nSi(SiMe3)3] with acid to afford HSi-
(SiMe3)3.


[15b, 23] An explanation for this significant difference
in reactivity may be the increased polarity in the Ge�Si
bond relative to the less polar Si�Si bond in the hypersila-
nide.


Spectroscopic studies : Compounds 1–7 were studied by 1H
and 13C NMR spectroscopy, and the respective data are


listed in the experimental section. A comparison of the 29Si
NMR chemical shifts for the SiMe3 groups in 1–5 indicates
that the clear distinction between contact and separated
molecules, as observed in the solid state, is not maintained
in solution. In fact, all SiMe3 chemical shifts are observed in
a small range, suggesting the formation of separated ions
upon dissolution in [D6]benzene. An analogous observation
was made for the closely related hypersilanides, for which
the formation of separated ions in an aromatic solvent was
suggested.[25] The similarity of chemical shifts for the germa-
nides and silanides suggests a close chemical relationship, an
assumption also supported by the closely related values for
atomic size and electronegativity.[35,36]


The high reactivity of compound 8 did not allow its char-
acterization by 13C and 29Si NMR spectroscopy, since the
sample decomposed rapidly even when handled in the fresh-
ly regenerated glove box. However, 1H NMR data indicate a
2:1 ratio of donor and ligands, suggesting the molecular
composition of [K(pmdta)2Ge(SiMe3)3]. 1H NMR studies
also suggest an analogous composition for the silanide ana-
logue 9.


Structural aspects : Crystallographic information and data
collection parameters for compounds 1, 2, 4–7 are summar-
ized in Table 1, while a summary of structural parameters is
given in Table 2. The high reactivity of compounds 8 and 9
prevented their crystallographic characterization. Among
the hypergermanides, compounds 1, 4, and 6 display an
alkali metal germanium bond in the solid state, while 2, 3,
and 5 display separated ions. Compounds 6 and 7 display
very similar metal coordination environments, and will be
described together.


[K([18]crown-6)Ge(SiMe3)3] (1) is shown in Figure 1. No
crystallographically imposed symmetry is observed. The
compound displays contact molecules with the central metal
connected to an [18]crown-6 macrocycle and a hypergerma-
nide anion, resulting in a metal coordination number of
seven. Potassium–oxygen distances are between 2.768(2)
and 2.910(2) �. The potassium–germanium distance is
3.399(8) � and Ge�Si distances range from 2.381(1) to
2.388(9) �. The Si-Ge-Si angle sum is 302.648.


[K([15]crown-5)2][Ge(SiMe3)3] (2), illustrated in Figure 2,
displays separated cations and anions. The central potassium
atom is coordinated to two [15]crown-5 macrocycles result-
ing in a metal coordination number of ten and potassium–
oxygen distances between 2.88(2) and 2.90(1) �. The germa-
nide anion is formally separated from the cation by more
than 9.50 �. The Ge�Si distances in the anion range from
2.380(2) to 2.386(2) �, with an angle sum at the central ger-
manium atom of 302.888.


[Rb([18]crown-6)Ge(SiMe3)3] (4), illustrated in Figure 3,
displays two independent molecules in each asymmetric
unit. The compound exhibits contact molecules with the
central metal connected to an [18]crown-6 macrocycle and a
hypergermanide anion. The coordination environment about
the Rb2 center is completed by an agostic interaction
(3.097 �) from the hydrogen atom of one of the SiMe3
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groups. The second rubidium center (Rb1) also displays a
weak agostic interaction, but here a hydrogen atom from
the ligand of the second independent molecule binds to the
rubidium in a trans position to the ligand (3.005 �). These


Table 1. Crystallographic data for heavy alkali metal hypergermanides and potassium TMEDA hypersilanide.


1 2 4 5 6 7


formula C21H51GeKO6Si3 C29H67GeKO10Si3 C21H51GeRbO6Si3 C33H75CsGeO12Si3 C21H59GeKN4Si3 C21H59KN4Si4


Mr 595.58 771.79 641.95 953.70 563.68 519.18
a [�] 9.6694(2) 15.4387(2) 10.141(2) 57.0263(2) 12.2695(7) 12.2604(7)
b [�] 19.8644(3) 28.4014(3) 17.165(3) 12.9491(10) 14.7767(8) 14.7058(9)
c [�] 17.4298(4) 9.461 19.032(4) 27.6038(4) 19.4081(11) 19.4619(11)
a [8] 85.69(3)
b [8] 90.91 82.99(3) 107.2450(10) 93.4330(10) 93.3720(10)8
g [8] 89.58(3)
V [�3] 3347.43(12) 4148.60(7) 3278.9(11) 19467.4(3) 3512.4(3) 3502.9(4)
Z 4 4 4 16 4 4
space group P21/n Ama2 P1̄ C2/c P21/n P21/n
1calcd [gcm�3] 1.182 1.236 1.300 1.302 1.066 0.984
m [mm�1] 1.174 0.970 2.547 1.488 1.107 0.302
T [K] 93 91 96 95 91 87
2q range [8] 4.68–50.00 3.90–50.00 4.04–50.00 3.48–50.00 3.46–56.00 3.48–50.00
independent reflns 5852 3706 13725 17016 8482 6154
parameters 289 212 578 898 271 290
R1/wR2 (all data) 0.0736/0.0861 0.0579/0.1374 0.0987/0.0752 0.0594/0.1248 0.0597/0.1058 0.0822/0.1295
R1/wR2 [I>2s(I)] 0.0456/0.0786 0.0553/0.1353 0.0455/0.0661 0.0506/0.1191 0.0397/0.0950 0.0499/0.1142


Radiation: MoKa (l =0.71073 �). R1 =� j jFo j� jFc j j /� jFo j ; wR2= [�w(F2
o�F2


c)
2/�w(F2


o)
2]1/2.


Table 2. Selected bond lengths [�] and angles [8] for heavy-alkali-metal hypergermanides and -silanides (NA=not applicable).


Compound M�Ge/M�Si M�donor Ge�Si/Si�Si Si-Ge-Si/Si-Si-Si Ref.


[K([18]crown-6)Ge(SiMe3)3] (1) 3.399(8) 2.768–2.910 2.383[a] 100.9[a] this work
[K([18]crown-6)Si(SiMe3)3] 3.447(8) 2.787–2.926 2.348[a] 102.0[a] [10]


[K([15]crown-5)2][Ge(SiMe3)3] (2) NA 2.88–2.902 2.384[a] 101.0[a] this work
[Rb([18]crown-6)Ge(SiMe3)3] (4) 3.480(2), 3.539(2) 2.842–3.025 2.365[a] 102.2[a] this work
[Rb([18]crown-6)Si(SiMe3)3]2·
[Rb([18]crown-6)2][Si(SiMe3)3]


[b]
3.436(8)[c] , 3.452(7)[c]


NA[d]
2.826–2.984[c]


3.119–3.431[d]
2.326[a,c]


2.327[a,d]
102.8[a,c]


99.4[a,d]


[10]


[Cs([18]crown-6)2][Ge(SiMe3)3]
[e] (5) NA 3.153–3.574 2.396[a] 98.2[a] this work


[Cs([18]crown-6)2][Si(SiMe3)3]
[e] NA 3.141–3.560 2.336[a] 99.5[a] [10]


[K(tmeda)2Ge(SiMe3)3] (6) 3.373(5) 2.807–2.933 2.373 100.81 this work
[K(tmeda)2Si(SiMe3)3] (7) 3.390(1) 2.808–2.935 2.329 101.92 this work


[a] Average. [b] Contact and separated ion-pair in one crystal. [c] Contact ion-pair. [d] Separated ion-pair. [e] Two independent molecules.


Figure 1. Graphical representation of compound 1. Ellipsoids show 30 %
occupancy, hydrogen atoms have been removed for clarity.


Figure 2. Graphical representation of compound 2. Ellipsoids show 30 %
occupancy, hydrogen atoms have been removed for clarity.


Figure 3. Graphical representation of compound 4. Ellipsoids show 30 %
occupancy, hydrogen atoms have been removed for clarity.
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interactions increase the metal coordination numbers in
both molecules to eight. Rubidium–oxygen distances are be-
tween 2.842(4) and 3.025(4) �, while rubidium–germanium
distances are between 3.480(2) and 3.539(2) �. The Ge�Si
bonds range from 2.346(2) to 2.375(2) �, with a Si-Ge-Si
angle sum of 306.468 (av).


[Cs([18]crown-6)2][Ge(SiMe3)3] (5), shown on the Table of
Contents page, displays two independent molecules in each
asymmetric unit, of which only one is shown. The compound
consists of cations and anions separated by more than 10.16
and 10.27 �. The cesium cation is surrounded by two
[18]crown-6 macrocycles, resulting in a metal coordination
number of twelve. Cesium–oxygen distances are observed
between 3.156(3) and 3.571(4) �. The germanide anion dis-
plays average Ge�Si distances of 2.397(8). The angle sums
at the central germanium atoms for the two independent
anions are rather narrow with 293.118 and 296.388.


[K(tmeda)2Ge(SiMe3)3] (6) (Figure 4) and [K(tmeda)2-
Si(SiMe3)3] (7) are isostructural and will be described to-


gether. Both molecules crystallize with one independent
molecule per asymmetric unit with no crystallographically
imposed symmetry. The compounds exhibit contact mole-
cules with the central metal connected to two TMEDA
donors and a hypergermanide/-silanide anion, resulting in a
metal coordination number of five, which can be described
as a significantly distorted trigonal bipyramid. The potassi-
um–germanium distance is 3.373(5) �, while the potassium–
silicon distance is slightly longer with 3.390(1). Potassium–
nitrogen distances are between 2.807(2) and 2.933(2) � for 6
and 2.808(3) to 2.935(3) � for 7, respectively. Ge�Si distan-
ces in 6 range from 2.368(7) to 2.379(7) �, while the Si�Si
distances in 7 are between 2.324(1) and 2.335(1) �. The Si-
Ge-Si angle sum in 6 is 302.448, while the Si-Si-Si angle sum
in 7 is 305.768.


The two main structural motifs in the target compounds,
the presence of contact molecules and separated ions can be
rationalized by the nature of the donor molecules. The ion


association in the solid state strongly depends on the cation
size and crown ether diameter, the denticity of the donor,
and the strength of the metal–ligand bond.


Only two crown ether-containing contact molecules,
[K([18]crown-6)Ge(SiMe3)3] (1) and [Rb([18]crown-
6)Ge(SiMe3)3] (4), are observed due to the good size match
between the cation and the macrocycle. If, however, a crown
ether with cavity size that is too small to fully encapsulate
the metal center is used, the metal coordination sphere will
be typically saturated by the coordination of a second mac-
rocycle under formation of sandwich complexes. The drive
towards coordinative saturation is so strong that the forma-
tion of sandwich complexes is also observed if only one
equivalent of crown ether is present. The separated ions re-
sulting from this arrangement are observed for a potassium
cation coordinated to two [15]crown-5 macrocycles, as
shown in compounds 2 and 3 with two [12]crown-4 macrocy-
cles, and for the larger cesium ion with the coordination of
two [18]crown-6 macrocycles, as observed in compound 5.


Earlier work in our laboratory had shown the simultane-
ous presence of contact molecules and separated ions in the
closely related rubidium hypersilanide [Rb([18]crown-6)Si-
(SiMe3)3]2[Rb([18]crown-6)2][Si(SiMe3)3],[25] indicating ener-
getic similarities between solvation and ligation processes.
Since the size of rubidium lies between potassium and
cesium, 1.5 equivalents of [18]crown-6 were added to the ru-
bidium hypergermanide reaction mixture to explore if an
analogous germanide would form. Interestingly, only the
contact molecule 4 was isolated. Repetition of the reaction
under addition of either one or two equivalents of
[18]crown-6 afforded the same result, indicating reproduci-
bility.


In the presence of multidentate nitrogen donors essential-
ly analogous trends are observed, and the ability of a donor
to sterically saturate a metal center is the dominating factor.
Here, use of the bidentate TMEDA allowed the preparation
and characterization of the five-coordinate bis-TMEDA ad-
ducts [K(tmeda)2E(SiMe3)3] (E= Ge, 6 ; E= Si, 7). In con-
trast, use of the tridentate PMDTA affords compounds too
reactive to be characterized extensively. The presence of
only one PMDTA donor would likely support contact mole-
cules with the unsustainable coordination number of four,
whereas in the presence of two PMDTA donors destabiliza-
tion due to significant ligand–donor repulsion or insufficient
stabilization of a separated cation is likely. The coordination
of a third PMDTA is not supported by the small potassium
ion.


The overall coordination environment in compounds 6
and 7 is distinctly different from the other compounds re-
ported here, since these compounds display the lowest coor-
dination numbers of any of the donor-containing silanides
and germanides. Accordingly, metal–germanium/silicon
bond lengths are significantly shorter (see Table 2), and the
metal environment can be described as distorted trigonal bi-
pyramidal, with the sterically demanding germanide and si-
lanide ligands located in the equatorial plane. The bidentate
TMEDA donors each span to occupy one equatorial and


Figure 4. Graphical representation of compound 6. Ellipsoids show 30 %
occupancy, hydrogen atoms have been removed for clarity.
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one axial position with N-M-N angles of 65.57(6) and
64.04(7)8 for 6 and 65.61(7) and 64.05(8)8 for 7, inducing
significant deviation from ideal geometry, as evidenced by
the narrow trans angles of 143.28(7)8 for 6 and 142.87(8)8
for 7. In accord with this distortion, the angles in the equa-
torial plane are as wide as 136.30(6)8 (6) and 134.41(8)8 (7),
and as narrow as 99.52(5)8 (6) and 99.87(6)8 (7).


The comparison of metal–silicon and metal–germanium
distances in the potassium silanides and germanides indi-
cates shorter bond lengths for germanide [K([18]crown-
6)Ge(SiMe3)3] (3.399(8) �) relative to the silanide, with a
K�Si distance of 3.447(8) �.[25] This initially curious result,
considering the larger germanium radius (ionic radius Ge4+


(CN =4)=0.53 �) relative to silicon (Si4+ (CN =4)
=0.40 �,),[35] may be explained by the increased polarity in
the metal–germanium bond[35] due to the larger differences
in electronegativity (Allred Rochow electronegativity Si
=1.74, Ge= 2.02).[36] Similar trends are observed for other
members of the series, such as the potassium germanide 6
(K–Ge 3.373(5) �) and the corresponding silanide 7 (K–Si
3.390(1) �). This observation is complemented by trends
within series of lithium silanides and germanides, in which
consistently shorter Li�Ge bonds with respect to Li�Si were
observed.[26] Similarly, heavy-alkaline-earth-metal silanides
and germanides display the same trend, slightly shorter M�
Ge bonds than M�Si bonds.[11–13]


On first sight, the argument of bond polarity as the decid-
ing factor for metal–ligand bond length seems to contradict
itself when comparing rubidium silanides and germanides,
since slightly longer rubidium–germanium bonds than rubi-
dium–silicon contacts are observed. However, the presence
of agostic interactions in the germanide derivative (3.0 and
3.1 �) provides a straightforward rationale for this devia-
tion. A small selection of rubidium compounds with agostic
interactions in the range of about 3 � involving sterically
demanding ligands afford metal centers with low coordina-
tion numbers.[37]


Ge�Si distances in the Ge(SiMe3)3 anions range from
2.381(1) to 2.388(9) for 1, 2.346(2) to 2.375(2) � for 4, and
2.391(1) to 2.402(1) � for 5, essentially identical to the Si�Si
distance in the corresponding silanides (see Table 2). Again,
the closeness of these values indicates the ionic bond contri-
bution in the Ge�Si bond, resulting in almost identical ele-
ment–element bonds despite the smaller silicon radius.


All hypergermanides display significant pyramidal geome-
try at the central germanium atom, with the Si-Ge-Si angles
of about 1008, and angle sums at the central germanium of
302.648 (1), 302.888 (2), 306.468 (av) (4), 294.758 (av) (5),
and 302.448 (6). These values are very similar to those of the
silanides (see Table 2),[25] underscoring their close chemical
relationship. In analogy to the silanides no discernable trend
differentiating between contact molecules or separated ions
could be identified. The pyramidicity of the silanides has
been discussed in detail, and the angle compression was in-
terpreted as increased metal–ligand charge transfer. With
very similar values for contact molecules and separated ions,
the charge transfer between cation and anion must be sub-


stantial in all cases, supporting the view that the metal–
ligand bond is highly polar. The separation of cation and
anion, the extreme form of charge transfer, results in only
minor further angle compression. This interpretation is also
supported by the formation of separated ions upon dissolu-
tion in aromatic solvents, facilitated by the favorable coordi-
nation of the alkali metals to aromatic solvents.[38] The sig-
nificant pyramidal nature of the anions has been observed
in a range of heavy Group 14 derivatives, in which signifi-
cant bond polarization resulted in increased s-character at
the lone pair, and consequently higher p-character in the el-
ement–element bond. This trend becomes more significant
upon descending Group 14, with a C-Pb-C angle of 94.38
(av) in [Li(pmdta)PbPh3],[39] while the lighter analogues
such as [Li(pmdta)SnPh3] and [Li(thf)3SiPh3] display C-M-C
angles of 96.1 and 101.38 (av).[40, 17] The comparison of sila-
nides and germanides shows an analogous trend, and in all
cases slightly increased pyramidicity is observed for the ger-
manides relative to the silanides (see Table 2). For example,
[K([18]crown-6)E(SiMe3)3] (E= Si, Ge) shows Si-E-Si angles
of 102.08 (av) for the silanide, and 100.98 (av) for the germa-
nide, the separated cesium derivatives [Cs([18]crown-6)2]
[E(SiMe3)3] display Si-E-Si angles of 99.58 (av) for the sila-
nides and 98.28 (av) for the germanides. Analogous values
are also observed for the TMEDA adducts 6 and 7. While
the trend confirms previous results, the similarity of values
underscores the close chemical relationship between the si-
lanides and germanides.


As expected, metal–oxygen distances in the germanides
and silanides are quite similar, and generally follow the
ionic radii trend. Potassium–oxygen distances in 1 are be-
tween 2.768(2) and 2.910(2) �, with very similar values for
the silicon analogue (2.787(2) to 2.926(2) �). Analogously,
rubidium–oxygen distances in 4 range from 2.842(4) to
3.025(4) �, while Rb�O distances in the contact silanide
species range from 2.826(19) to 2.984(2) �. This trend is
continued in the cesium derivatives with Cs�O distances
from 3.153(3) to 3.574(3) � in 5 and from 3.141(2) to
3.560(2) � in the corresponding silanide [Cs([18]crown-6)2]
[Si(SiMe3)3]. The potassium–nitrogen distances in com-
pounds 6 and 7 are essentially identical, ranging from
2.807(2) to 2.933(2) � for 6 and 2.808(3) to 2.935(3) � for 7.
These values agree well with previously reported potassi-
um–nitrogen (TMEDA) distances in compounds [K(tme-
da){N(iPr)2}2] (iPr= isopropyl) (2.878 and 2.894 �)[41] and
[K(tmeda)2(h5-fluorenide)] (2.824 and 3.057 �).[42]


Conclusion


In summary, a series of the first heavy-alkali-metal hyper-
germanides has been prepared by a simple one-pot proce-
dure. By utilizing differently sized crown ethers or the nitro-
gen donors TMEDA or PMDTA, contact molecules and
separated ions were obtained in the solid state, whose for-
mation can be rationalized by principles of steric saturation
of the metal centers. In aromatic solution, the compounds
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dissociate into separated ions, as evidenced by extensive
NMR studies. The comparison of this series of germanides
with the closely related silanides indicates that the germa-
nides are significantly more reactive and sensitive towards
hydrolysis.


Experimental Section


General procedures : All reactions were performed by using standard
procedures under a purified nitrogen atmosphere by utilizing either
modified Schlenk techniques and/or a Braun Labmaster dry-box. THF, n-
hexane, and pentane were distilled prior to use from CaH2 or a Na/K
alloy, followed by two freeze-pump-thaw cycles. Commercially available
KOtBu was of 99% purity. Si(SiMe3)4,


[15] Ge(SiMe3)4,
[30] RbOtBu,[43] and


CsOtBu[43] were prepared according to literature procedures. [18]crown-
6, [15]crown-5, [12]crown-4, TMEDA, and PMDTA were obtained com-
mercially. [18]crown-6 was purified by solvation in freshly distilled di-
ethylether and stirred with finely cut sodium metal for one day. After fil-
tration from excess metal, the crown was recrystallized at �20 8C from
hexanes. [15]crown-5 and [12]crown-4 were stored over molecular sieves
(4 �) in the dry-box. TMEDA and PMDTA were stirred over CaH2 and
distilled prior to use. All 1H NMR and 13C NMR were recorded on a
Bruker DPX-300 spectrometer. 29Si NMR data were recorded on a
Bruker DPX-500 instrument using a wide-bore probe. All NMR spectra
were recorded in C6D6. Infrared spectra were recorded as Nujol mulls be-
tween KBr plates on a Perkin–Elmer PE 1600 FT-IR spectrometer. Reli-
able elemental analyses could not be obtained for all compounds, even
when glove-box handling was attempted, due to the high reactivity of the
compounds reported here. This is a well-known problem in alkali-metal
chemistry.[44]


General procedure for the synthesis of 1–5 : In a typical experiment
alkali-metal tert-butoxide, Ge(SiMe3)4 and crown ether ([18]crown-6,
[15]crown-5 or [12]crown-4) were combined and dissolved in THF
(15 mL). The resulting yellow solutions were stirred for 15 minutes, fol-
lowed by filtration over a Celite padded filter frit. Pentane was added
drop-wise to the clear solution. Crystals either deposited immediately or
formed at �20 8C within in a day.


[K([18]crown-6)Ge(SiMe3)3] (1): KOtBu (0.12 g, 1.1 mmol), Ge(SiMe3)4


(0.36 g, 1 mmol) and [18]crown-6 (0.26 g, 1 mmol). Colorless plates were
obtained (0.52 g, 0.87 mmol, 87.4 % yield); m.p. 216–217 8C; 1H NMR
(300 MHz, C6D6, 25 8C, TMS): d= 0.77 (s, 27H; SiMe3), 3.14 ppm (s,
24H; CH2); 13C NMR (75 MHz, C6D6, 25 8C, TMS): d =8.14 (SiMe3),
69.98 ppm (CH2); 29Si NMR (99 MHz, C6D6, 25 8C, TMS) d =�3.25 ppm
(SiMe3)3; IR (Nujol): ñ =2925, 2743, 2712, 2688, 1469, 1455, 1434, 1377,
1351, 1284, 1249, 1239, 1223, 1112, 1058, 963, 824, 729, 666, 612 cm�1.


[K([15]crown-5)2][Ge(SiMe3)3] (2): KOtBu (0.12 g, 1.1 mmol),
Ge(SiMe3)4 (0.36 g, 1 mmol) and [15]crown-5 (0.44 g, 2 mmol). Colorless
plates were obtained (0.59 g, 0.77 mmol, 76.5 % yield); m.p. 212–214 8C;
1H NMR (300 MHz, C6D6, 25 8C, TMS): d=0.83 (s, 27H; SiMe3),
3.42 ppm (s, 40H; CH2); 13C NMR (75 MHz, C6D6, 25 8C, TMS): d =8.50
(SiMe3), 70.52 ppm (CH2); 29Si NMR (99 MHz, C6D6, 25 8C, TMS): d=


�2.96 ppm (SiMe3)3; IR (Nujol): ñ =2888, 1459, 1377, 1361, 1303, 1247,
1224, 1122, 1093, 1028, 941, 856, 817, 724, 661, 609 cm�1.


[K([12]crown-4)2][Ge(SiMe3)3] (3): KOtBu (0.12 g, 1.1 mmol),
Ge(SiMe3)4 (0.36 g, 1 mmol) and [12]crown-4 (0.35 g, 2 mmol). Colorless
plates were obtained (0.49 g, 0.72 mmol, 71.7 % yield); m.p. 220–222 8C;
1H NMR (300 MHz, C6D6, 25 8C, TMS): d=0.82 (s, 27H; SiMe3),
3.40 ppm (s, 32H; CH2); 13C NMR (75 MHz, C6D6, 25 8C, TMS): d =8.33
(SiMe3), 69.72 ppm (CH2); 29Si NMR (99 MHz, C6D6, 25 8C, TMS): d=


�3.72 ppm (SiMe3)3; IR (Nujol): ñ =2924, 2854, 1459, 1377, 1364, 1304,
1290, 1250, 1225, 1135, 1096, 1022, 913, 825, 722, 665, 611 cm�1.


[Rb([18]crown-6)Ge(SiMe3)3] (4): RbOtBu (0.17 g, 1 mmol), Ge(SiMe3)4


(0.36 g, 1 mmol) and [18]crown-6 (0.26 g, 1 mmol). Colorless blocks were
obtained (0.44 g, 0.69 mmol, 68.6 % yield); m.p. 158 8C (decomp);
1H NMR (300 MHz, C6D6, 25 8C, TMS): d=0.78 (s, 27H; SiMe3),


3.14 ppm (s, 24H; CH2); 13C NMR (75 MHz, C6D6, 25 8C, TMS): d =8.28
(SiMe3), 70.20 ppm (CH2); 29Si NMR (99 MHz, C6D6, 25 8C, TMS): d=


�3.38 ppm (SiMe3); IR (Nujol): ñ=2924, 2854, 1459, 1377, 1351, 1283,
1249, 1224, 1109, 960, 823, 724, 663, 610 cm�1.


[Cs([18]crown-6)2][Ge(SiMe3)3] (5): CsOtBu (0.22 g, 1 mmol),
Ge(SiMe3)4 (0.36 g, 1 mmol) and [18]crown-6 (0.53 g, 2 mmol). Colorless
blocks suitable for X-ray analysis were obtained in two days from the
yellow solution in the �20 8C freezer (0.81 g, 0.85 mmol, 84.6 % yield).
M.p. 151–153 8C; 1H NMR (300 MHz, C6D6, 25 8C, TMS): d= 0.82 (s,
27H; SiMe3), 3.28 ppm (s, 48H; CH2); 13C NMR (75 MHz, C6D6, 25 8C,
TMS): d =8.50 (SiMe3), 70.52 ppm (CH2); 29Si NMR (99 MHz, C6D6,
25 8C, TMS): d =�3.18 ppm (SiMe3); IR (Nujol): ñ =2921, 1457, 1377,
1353, 1300, 1252, 1236, 1222, 1113, 1044, 951, 861, 822, 724, 661, 609 cm�1.


General procedure for the synthesis of 6–9 : In a typical experiment po-
tassium tert-butoxide was dissolved in THF (20 mL). In another Schlenk
tube, an equimolar amount of E(SiMe3)4 (E =Ge, Si) was dissolved in
THF (15 mL), followed by addition of the solution of the tert-butoxide
through a cannula. The resulting yellow solutions were stirred for 15 mi-
nutes, upon which an excess of TMEDA and PMDTA was added. The
mixture was stirred for another 30 minutes and filtered over a Celite
padded filter frit. The reaction was pumped to dryness under vacuum.
The residue was extracted with hexane (15 mL). Single crystals suitable
for X-ray measurements were obtained at �20 8C within a week.


[K(tmeda)2Ge(SiMe3)3] (6): KOtBu (0.22 g, 2 mmol), Ge(SiMe3)4 (0.73 g,
2 mmol), and TMEDA (0.40 mL, 2.65 mmol). Colorless plates (0.71 g,
1.26 mmol, 63.1 % yield); m.p. 186 8C (decomp); 1H NMR (300 MHz,
C6D6, 25 8C, TMS): d=0.68 (s, 27H; SiMe3), 1.96 (s, 24 H; Me-TMEDA),
2.10 ppm (s, 8 H; CH2-TMEDA); 13C NMR (75 MHz, C6D6, 25 8C, TMS):
d=7.92 (SiMe3), 45.71 (Me-TMEDA), 57.43 ppm (CH2-TMEDA); IR
(Nujol): ñ= 2921, 1462, 1377, 1296, 1243, 1226, 1173, 1152, 1135, 1096,
1079, 1024, 945, 836, 778, 724, 666, 612 cm�1.


[K(tmeda)2Si(SiMe3)] (7): KOtBu (0.22 g, 2 mmol), Si(SiMe3)4 (0.64 g,
2 mmol), and TMEDA (0.40 mL, 2.65 mmol). Yellow blocks were ob-
tained (0.65 g, 1.25 mmol, 62.7 % yield); m.p. 203–205 8C; 1H NMR
(300 MHz, C6D6, 25 8C, TMS): d= 0.65 (s, 27H; SiMe3), 1.87 (s, 24H; Me-
TMEDA), 1.92 ppm (s, 8 H; CH2-TMEDA); 13C NMR (75 MHz, C6D6,
25 8C, TMS): d=7.51 (SiMe3), 45.64 (Me-TMEDA), 57.29 ppm (CH2-
TMEDA); IR (Nujol): ñ =2922, 2780, 2709, 1462, 1377, 1362, 1295, 1226,
1174, 1153, 1135, 1096, 1079, 1038, 1024, 946, 826, 780, 741, 728, 666,
616 cm�1.


[K(pmdta)2Ge(SiMe3)3] (8): KOtBu (0.22 g, 2 mmol), Ge(SiMe3)4 (0.73 g,
2 mmol), and PMDTA (0.52 mL, 2.5 mmol). Yellow blocks were obtained
(1.06 g, 1.57 mmol, 78.3 % yield); 1H NMR (300 MHz, C6D6, 25 8C, TMS):
d=0.72 (s, 27H; SiMe3), 2.02 (s, 6H; Me-PMDTA), 2.04 (s, 24H; Me-
PMDTA), 2.19, 2.17, 2.22, 2.23 ppm (q, 16H; CH2-PMDTA).


[K(pmdta)2Si(SiMe3)3] (9): KOtBu (0.22 g, 2 mmol), Si(SiMe3)4 (0.64 g,
2 mmol), and PMDTA (0.52 mL, 2.5 mmol). Yellow plates were obtained
(1.02 g, 1.61 mmol, 80.7 % yield); m.p. 129–132 8C; 1H NMR (300 MHz,
C6D6, 25 8C, TMS): d =0.69 (s, 27 H; SiMe3), 1.75 (s, 6H; Me-PMDTA),
1.90 (s, 24 H; Me-PMDTA), 1.93, 1.94 ppm (d, 16 H; CH2-PMDTA);
13C NMR (75 MHz, C6D6, 25 8C, TMS): d =7.61 (SiMe3), 40.63 (Me-
PMDTA), 45.03 (Me-PMDTA), 55.52 ppm (CH2-PMDTA); IR (Nujol): ñ


=2925, 1459, 1377, 1309, 1290, 1226, 1163, 1115, 1096, 1022, 931, 827,
668, 616 cm�1.


X-ray crystallographic studies : X-ray quality crystals for all compounds
were grown as described above. The crystals were removed from the
Schlenk tube under a stream of N2 and immediately covered with a layer
of viscous hydrocarbon oil (Infineum). A suitable crystal was selected
under the microscope, attached to a glass fiber, and immediately placed
in the low-temperature nitrogen stream of the diffractometer.[45] Due to
the extreme moisture and oxygen sensitivity of the compounds, the mi-
croscope was placed inside the diffractometer enclosure, and the crystals
removed under inert gas from the mother liquor in immediate proximity
to the microscope. All data sets were collected using a Siemens SMART
system, complete with three-circle goniometer and CCD detector operat-
ing at low temperature. The data sets were collected using a custom-built
low-temperature device from Professor H. Hope (UC Davis). Compound
1 was collected at 93 K, 2 at 91 K, 4 at 96 K, 5 at 95 K, 6 at 91 K, and 7 at
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87 K. Monochromated MoKa radiation (l= 0.71073 �) was employed in
all cases. The data collections nominally covered a hemisphere of recipro-
cal space utilizing a combination of three sets of exposures, each with a
different f angle, and each exposure covering 0.38 in w. Repeating the in-
itial frames at the end of the data collection and analyzing the duplicate
reflections monitored crystal decay. In all cases, no decay was observed.
An absorption correction was applied utilizing the program SADABS.[46]


The crystal structures of all compounds were solved by either direct or
Patterson methods, as included in the SHELX program package.[47] Miss-
ing atoms were located in subsequent difference Fourier maps and in-
cluded in the refinement. The structures were refined by full-matrix
least-squares refinement on F2.[47] Compound 4 was identified as a non-
merohedral twin from the initial diffraction pattern by using the Cell-
Now program, which indicated that the compound was composed of two
crystal domains with the second domain rotated by 1808 in respect to the
first.[48] The structure was solved by creating and importing a twin law
into the SAINT-Plus software package,[49] with which the data were cor-
rected for Lorentz and polarization effects and absorption by using the
program TWINABS.[50] Hydrogen atoms for all compounds were placed
geometrically and refined using a riding model, including free rotation
about C�C bonds for methyl groups. Thermal parameters for hydrogen
atoms were refined with Uiso constrained at 1.2 (for non-methyl groups),
and 1.5 (for methyl groups) times Ueq of the carrier C atom. The crystal-
lographic programs used for structure refinement and solutions were in-
stalled on a PC clone and a Silicon Graphics Indigo2 R10000 Solid
Impact. Scattering factors were those provided with the SHELX program
system.[47] All non-hydrogen atoms, with the exception of some disor-
dered or restrained positions were refined anisotropically. Disorder in
compounds 2 and 7 was handled by including split positions for the af-
fected groups, and included the refinement of the respective occupancies.
A set of restraints was applied to aid in modeling the disorder. Further
details about the refinements and how disorder was handled are outlined
in the supplementary crystallographic data.


CCDC-245379–245384 (compounds 1, 2 and 4–7) contains the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.


Compound 3 was highly reactive, making mounting the crystals on the
diffractometer very challenging. In addition, severe disorder problems
did not allow for a satisfactory refinement of the structure, but pertinent
structural details are clearly visible. As such, detailed crystallographic
data for compound 3 are not presented.
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Abstract: The trimethylsilyl-protected
enynes 9 a–c and 14 a, b with alkynyl
substituents on the three-membered
ring or on the double bond of a meth-
ylenecyclopropane or a bicyclopropyl-
idene moiety were prepared in two
steps from the alcohols 6 a–c and
12 a, b, respectively, by conversion to
the iodides and their coupling with lith-
ium (trimethylsilyl)acetylide (8) in 38–
73 % overall yields. The bicyclopropyl-
idene derivative 9 d was synthesized in
49 % yield directly from bicyclopropyl-
idene (3) by lithiation followed by cou-
pling with (5-iodopent-1-ynyl)trime-
thylsilane (11). Enynes 9 b–d were pro-
tiodesilylated by treatment with K2CO3


in methanol to give the corresponding
unprotected enynes 10 b–d in 53, 74
and 94 % yield, respectively. Enynes
17 a–c with a carbonyl group adjacent
to the acetylenic moiety were synthe-
sized from oxo derivatives 15 a–c by
Wittig olefination followed by coupling
with 8 in 47, 18 and 12 % overall yield,


respectively. Pauson–Khand reactions
of the methylenecyclopropane deriva-
tives with a substituent on the ring
(9 a,b and 10 a) as well as on the
double bond (14 a,b and their in situ
prepared protiodesilylated analogues)
proceeded smoothly by stirring of the
corresponding enyne with [Co2(CO)8]
in dichloromethane at ambient temper-
ature followed by treatment of the
formed complexes with trimethylamine
N-oxide under an oxygen atmosphere
at �78 8C to give tricyclic or spirocyclo-
propanated bicyclic enones 18 a, b, 19 a,
20 a, b, 21 a, b in good yields. Alkynylbi-
cyclopropylidene derivatives 9 c, d and
10 c, d formed the corresponding cobalt
complexes at �78 to �20 8C. Treatment
of the latter with N-methylmorpholine
N-oxide under an argon atmosphere at


�20 8C gave the spirocyclopropanated
tricyclic enones 18 c, 19 c and 18 d in
31–45 % yields. The structure of 19 c
was proved by X-ray crystal structure
analysis. The cyclization of enynones
17 a–c in MeCN at 80 8C gave the spiro-
cyclopropanated bicyclic diketones
22 a–c in 38–65 % yields. Intramolecu-
lar PKRs of the enynes 25 a, d with a
chiral auxiliary adjacent to the triple
bond gave the corresponding products
26 a, d in 70 and 79 % yield, respective-
ly, as 5:1 and 8:1 mixtures of diaster-
eomers, respectively. Addition of lithi-
um dimethylcuprate or higher order
cuprates to the double bond of the
former furnished bridgehead-substitut-
ed bicyclo[3.3.0]octanones 27 a–c in 57–
86% yields. Protiodesilylation of 27 a
followed by acetal cleavage gave the
enantiomerically pure spirocyclopropa-
nated bicyclo[3.3.0]octanedione (1R,5R)-
29 a with [a]20


D =�148 (c=1.0 in
CHCl3) in 55 % overall yield.


Keywords: alkynes · bicyclopropyli-
dene · cobalt · cyclization ·
cyclopropanes · spiro compounds


[a] Prof. Dr. A. de Meijere, Dr. H. Becker, Dr. A. Stolle,
Dr. S. I. Kozhushkov
Institut f�r Organische und Biomolekulare Chemie
der Georg-August-Universit�t Gçttingen
Tammannstrasse 2, 37077 Gçttingen (Germany)
Fax: (+49) 551-399-475
E-mail : armin.demeijere@chemie.uni-goettingen.de


[b] Dr. M. T. Bes, Dr. M. Noltemeyer
Institut f�r Anorganische Chemie
der Georg-August-Universit�t Gçttingen
Tammannstrasse 4, 37077 Gçttingen (Germany)


[c] Dr. M. T. Bes
Current address:
Departamento de Bioqu�mica y Biolog�a, Molecular y Celular
Facultad de Ciencias, Universidad de Zaragoza
Pedro Cerbuna 12, 50009 Zaragoza (Spain)


[d] Prof. Dr. J. Sala�n
Laboratoire des Carbocycles (Associ� au CNRS)
Institut de Chimie Mol�culaire d’Orsay, B�t. 420
Universit� de Paris-Sud, 91405 Orsay (France)


[**] Part 108 in the series “Cyclopropyl Building Blocks in Organic Syn-
thesis”. For Part 107 see: M. Limbach, S. Dalai, A. Janssen, M. Es-
Sayed, J. Magull, A. de Meijere, Eur. J. Org. Chem. 2004, in press.
Part 106: F. Brackmann, D. S. Yufit, J. A. K. Howard, M. Es-Sayed,
A. de Meijere, Eur. J. Org. Chem. 2005, in press. See also ref. [1].


Chem. Eur. J. 2005, 11, 2471 – 2482 DOI: 10.1002/chem.200400997 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2471


FULL PAPER







Introduction


Among the known methods for the construction of five-
membered carbocycles, the Pauson–Khand reaction (PKR),
that is the cobalt-mediated cocyclization of an alkyne and
an alkene with carbonyl insertion yielding a cyclopentenone,
has attracted particular interest of synthetically[2] as well as
theoretically[3] oriented organic chemists. Among numerous
reported PKRs, those of substrates containing a three-mem-
bered ring are of special interest, as multifunctional cyclo-
propane derivatives have established their potential as
useful building blocks in organic synthesis.[4–6] The release of
strain involved in the formation of the intermediate bi- or
spirocyclic metallacycle has proved to make such reactive al-
kenes as cyclopropene (1),[7] methylenecyclopropane (2) and
bicyclopropylidene (3)[8] particularly useful in PKRs.


From the preparative point of view, PKRs of such alkenes
offer a convenient synthetic approach to cyclopentenones
containing fused (PKR of 1),[7] spiro-linked (PKR of 2)[1]


and simultaneously fused and spiro-attached (PKR of 3) cy-
clopropane moieties. Surprisingly, after the first examples of
intermolecular[9] and intramolecular[1] PKRs of 2, only a few
more cases for reactions of 2[7b, 10] and none for 3 and their
derivatives have been published during the last decade. This
contribution summarizes our results in this area, most of
which were obtained after our preliminary communica-
tions.[1] As our results on enantioselective intramolecular
PKRs of methylenecyclopropane derivatives[1b] have recent-
ly been reproduced and further improved by Krafft et al.
and published as a full paper,[10e] this article focuses mainly
on the new intramolecular PKRs of methylenecyclopropane
and bicyclopropylidene derivatives tethered with alkynyl
groups on the ring and on the double bond in the light of
our preliminary reports.


Results and Discussion


Preparation of the starting materials : The trimethylsilyl-pro-
tected enynes 9 a–c were prepared in two steps from the
known 2-(2-methylenecyclopropyl)ethanol (6 a),[11a] 3-(2-
methylenecyclopropyl)propan-1-ol (6 b)[12] and 2-(bicyclo-
propyliden-2-yl)ethanol (6 c),[11b] in 72, 58 and 68 % overall
yield, respectively, by conversion to the iodides applying a
protocol of Corey et al.[13] followed by coupling with lithium
(trimethylsilyl)acetylide (8) in the presence of DMPU[14]


(Scheme 1). The starting material 6 b, however, was synthe-
sized from 5-(tetrahydropyran-2-yloxy)pent-1-ene (4)[15]


adopting a protocol of Binger et al.[16] On the other hand,
the bicyclopropylidene derivative 9 d was prepared directly
from bicyclopropylidene (3)[17] by lithiation with n-butyllithi-
um in THF[18] followed by coupling with (5-iodopent-1-


ynyl)trimethylsilane (11)[19] (Scheme 1). Protiodesilylation of
enynes 9 b–d by treatment with potassium carbonate in
MeOH gave the corresponding unprotected enynes 10 b–d
in 53, 74 and 94 % yield, respectively.


Applying the same sequence of operations as for 9 a–c,
the known 4-(cyclopropylidene)butan-1-ol (12 a)[20] and 5-
(cyclopropylidene)pentan-1-ol (12 b)[21] were converted into
trimethylsilyl-protected enynes 14 a, b with a tether on the
double bond in 73 and 38 % overall yield, respectively
(Scheme 2). Their analogues 17 a,[1b, 22] 17 b[23] and 17 c con-
taining a carbonyl group adjacent to the acetylenic moiety,
were synthesized from the known methyl 4-oxobutanoate
(15 a),[24] ethyl 4-oxopentanoate (15 b) and ethyl 4-oxohexa-
noate (15 c)[25] by Wittig olefination according to a protocol
of Balme et al.[20] followed by coupling with lithium (tri-
methylsilyl)acetylide (8) under boron trifluoride etherate
catalysis in 47, 18 and 12 % overall yield, respectively
(Scheme 2).


Scheme 1. Preparation of alkynyl-substituted methylenecyclopropane and
bicyclopropylidene derivatives 9, 10 with the tether on the cyclopropane
ring. a) 1,1-dichloroethane, nBuLi, Et2O, �35 8C, 1 h; b) tBuOK, DMSO,
20 8C, 12 h; c) pTsOH, MeOH, 20 8C, 16 h; d) Ph3P, Im-H, I2, Et2O/
MeCN 3:2, 0 8C, 1 h; e) THF/DMPU, 0 8C, 1 h; f) K2CO3, MeOH, 20 8C,
3–6 h; g) nBuLi, THF, 0 8C, 1 h; h) THF, �78 to 0 8C, 1 h.


Scheme 2. Preparation of alkynyl-substituted methylenecyclopropane de-
rivatives 14, 17 with the tether on the double bond. a) Ph3P, Im-H, I2,
Et2O/MeCN, 0 8C, 1–2 h; b) THF, DMPU, 0 8C, 1 h; c) Br(CH2)3P


+


Ph3Br� ,[26] NaH, DME, 70 8C, 11–13 h; d) BF3·Et2O, THF, �100 to
�78 8C, 1.5 h.
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Pauson–Khand cyclizations of enynes 9, 10, 14 and 17: The
formation of cobalt complexes from the methylenecyclopro-
pane derivatives with the alkynyl substituent tethered to the
ring (9 a, b and 10 a, b) as well as to the double bond (14 a, b
and their in situ prepared protiodesilylated analogues) pro-
ceeded smoothly upon stirring the corresponding enyne with
1.1 equivalents of [Co2(CO)8] in dichloromethane at ambient
temperature. Treatment of these complexes with trimethyl-
amine N-oxide (TMANO)[27] under an oxygen atmosphere
at �78 8C gave the tricyclic 4-trimethylsilyl-1,1a,2,3-tetrahy-
drocyclopropa[c]pentalen-5-one (18 a), 5-trimethylsilyl-
1a,2,3,4-tetrahydro-1H-cyclopropa[d]inden-6-one (18 b) and
1,1a,2,3-tetrahydrocyclopropa[c]pentalen-5-one (19 a) as
well as the bicyclic spirocyclopropanated 3’-trimethylsilyl-
4’,5’,6’,6’a-tetrahydro-1’H-spiro(cyclopropane-1,1’-pentalen-
2’-one) (20 a), 1’,4’,5’,6’,7’,7’a-hexahydro-3’-trimethylsilyl-
spiro(cyclopropane-1,1’-inden-2’-one) (20 b), 4’,5’,6’,6’a-tetra-
hydro-1’H-spiro(cyclopropane-1,1’-pentalen-2-one) (21 a)
and 1’,4’,5’,6’,7’,7’a-hexahydrospiro(cyclopropane-1,1’-inden-
2-one) (21 b) in 51, 18, 19, 53, 69, 40 and 32 % yield, respec-
tively (Scheme 3).


Comparison of these results for enynes 9 a, b and 10 a, b
with the alkynyl group tethered to the ring demonstrate that
PKRs are more suitable for the preparation of tricy-
clo[4.3.0.01,3]non-6-en-8-ones 18 a, 19 a than for their homol-
ogous tricyclo[5.3.0.01,3]dec-7-en-9-ones 18 b and 19 b, and
that the bicyclizations of the trimethylsilyl-protected alkynyl
derivatives proceed more efficiently than those with termi-
nal triple bonds. Contrary to this, methylenecyclopropane
derivatives 14 a, b with the alkynyl group tethered to the
double bond do not differ as drastically in their bicyclization
efficiency with respect to a protected and unprotected termi-
nal triple bond, so that all of the spirocyclopropanated bicy-
clo[3.3.0]oct- (20 a, 21 a) and bicyclo[4.3.0]nonenones (20 b,
21 b) were obtained in comparable and relatively good
yields.


An attempted preparation of the cobalt complexes of the
bicyclopropylidene derivatives 9 c, d and 10 c, d under the


same conditions as mentioned above led to the formation of
side products, and this caused low yields in the PKRs (at
best 18 % for 9 c). However, stirring of the respective enyne
with 1.1 equiv of [Co2(CO)8] in dichloromethane at �78 to
�20 8C followed by treatment with N-methylmorpholine N-
oxide[28] (NMO, 8 equiv) under an argon atmosphere at
�20 8C gave 7’-trimethylsilylspiro(cyclopropane-1,9’-tricyclo-
[4.3.0.01,3]non-6’-en-8’-one) (18 c), its desilylated analogue
19 c and 8’-trimethylsilylspiro(cyclopropane-1,10’-tricyclo-
[5.3.0.01,3]dec-7’-en-9’-one) (18 d) in 31, 45 and 37 % yield,
respectively. The attempted bicyclization of 10 d was unsuc-
cessful. These cobalt-mediated bicyclizations of bicyclopro-
pylidene derivatives 9 c, d and 10 c leading to the interesting
spirocyclopropanated tricyclic products 18 c, d and 19 c are
the most striking examples for intramolecular Pauson–
Khand reactions involving a tetrasubstituted double bond.
These successful bicyclizations once again demonstrate the
unique reactivity of the strained double bond in bicyclopro-
pylidene and its derivatives (Scheme 3). The structure of
compound 19 c was rigorously proved by X-ray crystal struc-
ture analysis (Figure 1).


At last, the bicyclizations of enynones 17 a–c were per-
formed adopting a protocol of Hoye et al.[30] (Scheme 4).


While the yield of the spirocyclopropanated bicyclic
parent diketone 22 a was only moderate (38 %) and not very
well reproducible, as compound 22 a is prone to undergo
protiodesilylation accompanied with double-bond migration
upon column chromatography on deactivated silica gel, the
methyl- and ethyl-substituted spirocyclopropanated bicyclic


Scheme 3. PKRs of the enynes 9, 10 and 14. a) [Co2(CO)8], CH2Cl2,
20 8C, 1–2 h; b) [Co2(CO)8], CH2Cl2, �78 to �20 8C, 2 h; c) TMANO, O2,
�78 to 20 8C, 16 h; d) NMO, �20 to 20 8C, 16 h; e) K2CO3, MeOH, 20 8C,
12 h.


Figure 1. Molecular structure of spiro(cyclopropane-1,9’-tricyclo[4.3.0.01,3]-
non-6’-en-8’-one) [1’,1’a,2’,3’-tetrahydrospiro(cyclopropane-1,6’-cyclopropa-
[c]pentalen-5’-one)] (19 c) in the crystal.[29]


Scheme 4. PKRs of the enynes 17. a) [Co2(CO)8], MeCN, 80 8C, 16 h,
then (for 17 b, c) TMANO, CH2Cl2, 20 8C, 1 h; b) silica gel deactivated
with Et3N.
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diketones 22 b and 22 c were obtained in 63 and 65 % yield,
respectively. However, desilylations of 22 b and 22 c surpris-
ingly could not be brought about.


In order to demonstrate the full potential of this approach
to spiro(cyclopropane-1,4’-bicyclo[3.3.0]oct-1’-en-3’,8’-diones),
the possibility of asymmetrically inducing the cyclization
with a chiral auxiliary adjacent to the triple bond in the 1,6-
and 1,7-enyne was also tested. As Magnus et al. have dem-
onstrated,[31] high diastereoselectivities can be obtained in
intramolecular PKRs. On the basis of their mechanistic ra-
tionalization it was conceived that a cyclopropylidenalkyne
of type 25 with a C2-symmetric acetal moiety next to the
triple bond might lead to an asymmetric induction in the
cyclization step. The enynes 25 a and 25 d were obtained by
transacetalization of enynes 17 a and 17 d[32] with commer-
cially available (S,S)-(�)-hydrobenzoin (24) and trimethyl
orthoformate in 92 and 96 % yield, respectively (Scheme 5).
Although heavily substituted, the trimethylsilyl protected al-
kynes 25 a and 25 d underwent trialkylamine N-oxide-pro-
moted PKR quite well (70 and 79 % yield, respectively,
Scheme 5).[33] The diastereoselection in the cyclization of
25 a was 5:1, according to gas chromatographic and
1H NMR-spectroscopic analysis, and increased to 8:1 for the
homologue 25 d.[34]


The diastereomers of 26 a, d could be separated by column
chromatography or (in the case of 26 d) simply by recrystal-
lization from hexane. According to the predictions of
Magnus et al., the main diastereomer should possess (6’aS)
configuration, and this was proven by X-ray crystal structure


analysis in the case of 26 d, the absolute configuration of
which was assigned as (7’aS) on the basis of the known
(S,S)-configuration of the hydrobenzoin 24, used in the syn-
thesis of the precursor 25 d (Figure 2).


Further transformations were performed with the major
diastereomer of 26 a, which was also assumed to have (6’aS)
configuration. First, it was attempted to cleave off the chiral
auxiliarity in the acetal moiety. Upon treatment of 26 a with
p-toluenesulfonic acid, however, not only acetal cleavage,
but also protiodesilylation and double bond migration occur-
red to yield, as in the previous case (cf. Scheme 4), the achi-
ral bicyclo[3.3.0]octendione 23 a, albeit in better yield (71 %,
Scheme 5). Therefore, lithium dimethylcuprate was first
added to the enone moiety in 26 a to give 27 a as a mixture
of (3’S,3’aR,6’aS)- and (3’R,3’aR,6’aS)-diastereomers in a
ratio of 7:1 (Scheme 5; only the major diastereomer is
shown). Surprisingly, lithium di-n-butylcuprate did not add
to 26 a under the same conditions, but the higher order cu-
prates,[35] derived from n-butyl- and sec-butyllithium and
cuprous cyanide according to an established procedure (see
Experimental Section), did add under activation with boron
trifluoride etherate to furnish the corresponding adducts
27 b and 27 c in 57 and 74 % yield, respectively, as a single
diastereomer in the former and a 1.25:1 mixture of diastereo-
mers in the latter case. X-ray crystal structure analysis of
27 b disclosed its absolute configuration to be
(3’S,3’aR,6’aS), as assigned on the basis of the known (S,S)-
configuration of the acetal moiety in 27 b (Figure 2).


Surprisingly, acetal cleavage in 27 a was quite slow, within
2 h at ambient temperature only protiodesolylation occurred
to give 28 a in virtually quantitative yield. Only upon pro-
longed heating under reflux the latter eventually gave the
dione (3’aR,6’aR)-29 a with [a]20


D =�148 (c=1.0 in
CHCl3).[35] The CD curve with a negative peak at 287 nm
(ellipticity of 5508) is consistent with the absolute configura-
tion being (3’aR,6’aR) (cf.[36]).


Scheme 5. Preparation and PKRs of the enynes 25 a,d as well as subse-
quent transformations of (6’aS,4’’S,5’’S)-4’,5’,6’,6’a-tetrahydro-3’-trimethyl-
silyldispiro(cyclopropane-1,1’-pentalene-2’-one-4’,2’’-1,3-dioxolane) 26 a.
a) HC(OMe)3, pTsOH, benzene, 50 8C, 16–17 h; b) [Co2(CO)8], CH2Cl2,
20 8C, 1 h; then NMO (5 equiv), 20 8C, 20 h; c) [Co2(CO)8], CH2Cl2, 20 8C,
3 h; then TMANO, O2, �78 to 20 8C, 16 h; d) pTsOH, acetone, 56 8C,
16 h; e) Me2CuLi, Et2O, 0 8C, 2 h; f) R2Cu(CN)Li2, Et2O, BF3·Et2O,
�78 8C, 0.5 h; g) pTsOH, acetone, 20 8C, 2 h; h) pTsOH, acetone, 56 8C,
27 h.


Figure 2. Molecular structures of (7’aS,4’’S,5’’S)-1’,4’,5’,6’,7’,7’a-hexahydro-
3’-trimethylsilyldispiro(cyclopropane-1,1’-inden-2’-one-4’,2’’-1,3-dioxo-
lane) (26 d, top) and (3’S,3’aR,6’aS,4’’S,5’’S)-hexahydro-3a-n-butyl-3-tri-
methylsilyldispiro(cyclopropane-1,1’-pentalene-2’-one-4’,2’’-1,3-dioxolane)
(27b, bottom) in the crystal.[29]
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Conclusion


Methylenecyclopropane and even bicyclopropylidene moiet-
ies, the latter with a tetrasubstituted double bond, in 1,6-
and 1,7-enynes do favor intramolecular Pauson–Khand reac-
tions to furnish spirocyclopropanated or/and cyclopropane-
annelated bicyclo[3.3.0]octanone or bicyclo[4.3.0]nonanone
derivatives in good yields. The angularly cyclopropane-anne-
lated skeletons can be regarded as mimics of the corre-
sponding bridgehead-methylated compounds. With a chiral
acetal moiety adjacent to the triple bond in the starting ma-
terial, spirocyclopropanated bicyclo[3.3.0]octanediones can
be obtained in enantiomerically pure form.


Experimental Section


General aspects : 1H and 13C NMR spectra were recorded on a Bruker
AM 250 instrument (250 MHz for 1H and 62.9 MHz for 13C NMR) in
CDCl3, if not otherwise specified, multiplicities were determined by
DEPT (distortionless enhancement by polarization transfer) measure-
ments. Chemical shifts are referred to dTMS =0.00 according to the chemi-
cal shifts of residual CHCl3 signals. IR spectra were recorded with a
Bruker IFS 66 (FT-IR) spectrophotometer as KBr pellets or oils between
KBr plates. Mass spectra (EI, 70 eV) were measured with Finnigan MAT
95 spectrometer. High resolution spectra were obtained with a VG-70–
250S instrument, pre-selected ion peak matching at R @ 10 000 to be
within �2 ppm of the exact masses. Melting points were determined on a
B�chi 510 capillary melting point apparatus, values are uncorrected. TLC
analyses were performed on precoated aluminum sheets (Macherey–
Nagel, 0.25 mm Sil G/UV254). Column chromatography was performed
using Merck silica gel, grade 60, 230–400 mesh. Starting materials: bicy-
clopropylidene (3),[17] 5-(tetrahydropyran-2-yloxy)pent-1-ene (4),[15] 2-(2-
methylenecyclopropyl)ethanol (6a),[11a] 2-(2-iodoethyl)bicyclopropylidene
(7c),[11b] (5-iodopent-1-ynyl)trimethylsilane (11),[19] 4-(cyclopropylidene)-
butan-1-ol (12 a),[20] 5-(cyclopropylidene)pentan-1-ol (12 b),[21] methyl 4-
oxobutyroate (15a),[24] ethyl 4-oxohexanoate (15c),[25] 6-cyclopropyli-
dene-1-(trimethylsilyl)hex-1-yn-3-one (17a),[22] 3-bromopropyltriphenyl-
phosphonium bromide,[26] and 7-cyclopropylidene-1-trimethylsilylhept-1-
yn-3-one (17d)[32] were prepared according to previously published pro-
cedures. All operations in anhydrous solvents were performed under an
argon atmosphere, if not otherwise specified, and in flame-dried glass-
ware. Dimethoxyethane, diethyl ether and THF were dried by distillation
from sodium/benzophenone, pyridine, DMSO, DMPU and triethylamine
from calcium hydride, MeCN, CH2Cl2 and petroleum ether from P2O5.
All other chemicals were used as commercially available. Organic ex-
tracts were dried over MgSO4, if not otherwise specified.


2-[3-(2-Chloro-2-methylcyclopropyl)propyloxy]tetrahydropyran (5): To a
vigorously stirred solution of 5-(tetrahydropyran-2-yloxy)pent-1-ene
(4)[15] (36.0 g, 211 mmol) and 1,1-dichloroethane (41.0 g, 414 mmol) in an-
hydrous diethyl ether (100 mL) was added nBuLi (389 mmol, 165 mL of
a 2.36 m solution in hexane) at �35 8C over a period of 1 h. After stirring
for an additional 1 h, the reaction mixture was poured into ice-cold water
(100 mL), and the inorganic phase was extracted with Et2O (3 � 50 mL).
The combined organic extracts were washed with water (3 � 50 mL),
dried, concentrated under reduced pressure and distilled in vacuo to give
5 (20.2 g, 41%) as a colorless oil. B.p. 45 8C (0.1 Torr), mixture of four di-
astereomers. 1H NMR (250 MHz, CDCl3, 25 8C): d=4.61–4.52 (m, 1H),
3.90–3.74 (m, 2H), 3.62–3.38 (m, 2H), 2.0–0.3 (m, 16 H); 13C NMR
(62.9 MHz, CDCl3, 25 8C): d=98.70, 98.67, 98.61, 98.57 (CH), 67.0, 66.9,
66.79, 66.76 (CH2), 62.19, 62.17, 62.11, 62.07 (CH2), 45.44, 45.41, 42.73,
42.69 (C), 30.6 (CH2), 29.3, 29.2 (CH2), 27.3, 27.24, 27.1 (CH2), 28.7,
27.07 (CH3), 26.1, 25.4, 25.3 (CH2), 25.23, 25.2, 22.5 (CH), 22.98, 22.01,
21.8 (CH2), 19.5, 19.47 (CH2); IR (film): ñ =2942, 2896, 1442, 1121, 1077,


1034 cm�1; MS (70 eV): m/z (%): 232 (1) [M +], 197 (1) [M +�Cl], 148
(1), 85 (100) [C5H9O


+].


3-(2-Methylenecyclopropyl)propan-1-ol (6 b): To a solution of the chlo-
ride 5 (20.0 g, 86.0 mmol) in anhydrous DMSO (20 mL) was added drop-
wise under vigorous stirring a solution of tBuOK (19.0 g, 169 mmol) in
DMSO (80 mL) at 20 8C, the resulting mixture was stirred at ambient
temperature for an additional 12 h and poured into ice-cold water
(100 mL). The inorganic phase was extracted with Et2O (3 � 100 mL), the
combined organic extracts were washed with water (3 � 50 mL), brine
(50 mL), dried, concentrated under reduced pressure and distilled in
vacuo to give 2-[3-(2-methylenecyclopropyl)propyloxy]tetrahydropyran
(14.4 g, 85%) as a colorless oil. B.p. 85 8C (1 Torr); 1H NMR (250 MHz,
CDCl3, 25 8C): d=5.38 (m, 1H; =CH2), 5.33–5.31 (m, 1H; =CH2), 4.57 (t,
J =3.4 Hz, 1 H), 3.88–3.71 (m, 2H), 3.53–3.36 (m, 2H), 1.84–1.16 (m,
12H), 0.70 (m, 1H); 13C NMR (62.9 MHz, CDCl3, 25 8C): d =136.6 (C),
102.4 (CH2), 98.6 (CH), 67.0 (CH2), 62.1 (CH2), 30.6 (CH2), 29.6 (CH2),
29.4 (CH2), 25.4 (CH2), 19.5 (CH2), 15.2 (CH), 9.2 (CH2); IR (film): ñ=


2932, 2869, 1122, 1077, 1034 cm�1; MS (70 eV): m/z (%): 195 (1) [M +


+H], 125 (1), 85 (100) [C5H9O
+], 79 (15); elemental analysis calcd (%)


for C12H20O2 (196.3): C 73.42, H 10.27; found C 73.36, H 10.33.


This material (14.1 g, 71.8 mmol) was taken up with MeOH (200 mL), p-
TsOH·H2O (1.0 g, 7.2 mmol) was added, and the resulting solution was
stirred at ambient temperature for 16 h. The solvent was evaporated at
ambient pressure through a 20 cm Vigreux column, the residue was taken
up with Et2O (200 mL), washed with water and brine (50 mL each), dried
and concentrated at ambient pressure. The residue was distilled at ambi-
ent pressure to give 6b (6.55 g, 81 %) as a colorless liquid, the 1H and
13C NMR data of which were identical to the reported ones.[12]


Preparation of iodides 7a, b and 13 a,b


General procedure GP 1: To a vigorously stirred solution of the respec-
tive alcohol (26.7 mmol), Ph3P (12.3 g, 46.9 mmol) and imidazol (3.40 g,
49.9 mmol) in a mixture of anhydrous Et2O (90 mL) and anhydrous
MeCN (60 mL) was added iodine (13.2 g, 52.0 mmol) in small portions at
0 8C. After stirring at this temperature for an additional 1 h, the mixture
was diluted with Et2O (100 mL), filtered, washed with aq. 20% Na2S2O3


solution (80 mL) and brine (3 � 50 mL), dried and concentrated under re-
duced pressure. The residue was pre-absorbed on silica gel (1 g) and puri-
fied by column chromatography.


2-(2-Iodoethyl)methylenecyclopropane (7 a): Column chromatography
(35 g of silica gel, column 20� 2.5 cm, pentane) of the reaction mixture
obtained from the alcohol 6a (3.93 g, 40.05 mmol), Im-H (5.10 g,
74.85 mmol), Ph3P (18.45 g, 70.35 mmol), and I2 (19.8 g, 78.0 mmol) ac-
cording to GP 1 gave the iodide 7a (6.83 g, 81%) as a colorless oil. Rf =


0.76 (pentane), the 1H and 13C NMR data of which were identical to the
reported ones.[11b]


2-(3-Iodopropyl)methylenecyclopropane (7 b): Column chromatography
(30 g of silica gel, column 20� 2 cm, pentane) of the reaction mixture ob-
tained from the alcohol 6 b (3.00 g, 26.7 mmol), Im-H (3.40 g, 49.9 mmol),
Ph3P (12.3 g, 46.9 mmol), and I2 (13.2 g, 52.0 mmol) according to GP 1
gave the iodide 7b (4.31 g, 73%) as a colorless oil. Rf =0.78 (pentane);
1H NMR (250 MHz, CDCl3, 25 8C): d =5.40–5.39 (m, 1H; =CH2), 5.36–
5.35 (m, 1H; =CH2), 3.23 (t, J=7.0 Hz, 2H; CH2I), 1.97 (quin, J =7.0 Hz,
2H; CH2), 1.54–1.36 (m, 3 H), 1.27–1.19 (m, 1 H; CH2 Cpr), 0.80–0.73 (m,
1H; CH2 Cpr); 13C NMR (62.9 MHz, CDCl3, 25 8C): d =136.0 (C), 103.0
(CH2), 33.6 (CH2), 33.3 (CH2), 14.4 (CH), 9.3 (CH2), 6.5 (CH2); IR
(film): ñ =3066, 2972, 2929, 2849, 1446, 1223, 1173, 888 cm�1; MS (70 eV):
m/z (%): 222 (1) [M +], 194 (24), 155 (15) [M +�C5H7], 127 (4) [I+], 95
(92) [M +�I], 79 (16), 67 (100) [C5H7


+], 55 (43); elemental analysis calcd
(%) for C7H11I (222.1): C 37.86, H 4.99; found C 37.70, H 4.79.


4-Cyclopropylidenebutyl iodide (13 a): Column chromatography (15 g of
silica gel, column 10� 2 cm, pentane) of the reaction mixture obtained
from the alcohol 12 a (593 mg, 5.29 mmol), Im-H (667 mg, 9.79 mmol),
Ph3P (2.43 g, 9.26 mmol), and I2 (2.63 g, 10.4 mmol) according to GP 1
gave the iodide 13a (1.11 g, 95%) as a colorless oil. Rf =0.88 (pentane);
1H NMR (250 MHz, CDCl3, 25 8C): d=5.74–5.68 (m, 1H; =CH), 3.20 (t,
J =7.0 Hz, 2H; CH2I), 2.32–2.24 (m, 2H; CH2), 1.98 (quin, J =7.0 Hz,
2H; CH2), 1.05–1.03 (m, 4H; Cpr-H); 13C NMR (62.9 MHz, CDCl3,
25 8C): d=122.8 (C), 115.9 (CH), 33.0 (CH2), 32.4 (CH2), 6.67 (CH2), 2.3
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(CH2), 2.1 (CH2); IR (film): ñ =3049, 2977, 2931, 1429, 1220, 1166 cm�1;
MS (70 eV): m/z (%): 222 (1) [M +], 193 (35), 155 (19) [M +�C5H7], 127
(11) [I+], 95 (100) [M +�I], 79 (13), 67 (49) [C5H7


+]; elemental analysis
calcd (%) for C7H11I (222.1): C 37.86, H 4.99; found C 37.63, H 5.14.


5-Cyclopropylidenepentyl iodide (13 b): Column chromatography (20 g of
silica gel, column 15� 2 cm, pentane) of the reaction mixture obtained
from the alcohol 12b (600 mg, 4.75 mmol), Im-H (600 mg, 8.81 mmol),
Ph3P (2.18 g, 8.31 mmol), and I2 (2.36 g, 9.30 mmol) according to GP 1
gave the iodide 13b (680 mg, 61%) as a colorless oil. Rf =0.71 (pentane);
1H NMR (250 MHz, CDCl3, 25 8C): d=5.76–5.70 (m, 1H; =CH), 3.20 (t,
J =7.0 Hz, 2 H; CH2I), 2.25–2.12 (m, 2 H; CH2), 1.90–1.70 (m, 2 H; CH2),
1.59–1.49 (m, 2H; CH2), 1.03–1.01 (m, 4 H; Cpr-H); 13C NMR (62.9 MHz,
CDCl3, 25 8C): d=121.8 (C), 117.4 (CH), 33.1 (CH2), 30.6 (CH2), 30.1
(CH2), 7.1 (CH2), 2.2 (CH2), 1.9 (CH2); IR (film): ñ=3048, 2977, 2931,
2852, 1209, 1167, 962, 932 cm�1; MS (70 eV): m/z (%): 236 (1) [M +], 207
(3), 155 (7), 109 (60) [M +�I], 81 (51), 67 (100) [C5H7


+]; elemental analy-
sis calcd (%) for C8H13I (236.1): C 40.69, H 5.55; found C 40.78, H 5.37.


Coupling of iodides 7a–c and 13a, b with lithium (trimethylsilyl)acetylide
(8)


General procedure GP 2 : To a vigorously stirred solution of trimethylsi-
lylacetylene (496 mg, 0.7 mL, 5.05 mmol) in anhydrous THF (5 mL) was
added dropwise at 0 8C nBuLi (3.78 mmol, 1.6 mL of a 2.36 m solution in
hexane). After stirring at this temperature for an additional 0.5 h, a so-
lution of the respective iodide (3.36 mmol) in anhydrous DMPU (7 mL)
was added dropwise, the resulting mixture was stirred at 0 8C for an addi-
tional 1 h with TLC monitoring and then poured into ice-cold water
(20 mL). The aqueous phase was extracted with pentane (3 � 10 mL), the
combined organic extracts were washed with brine (2 � 20 mL), dried and
concentrated under reduced pressure. The residue was purified by
column chromatography.


Trimethyl[4-(2-methylenecyclopropyl)but-1-ynyl]silane (9 a): Column
chromatography (5 g of silica gel, column 15 � 1 cm, pentane) of the reac-
tion mixture obtained from trimethylsilylacetylene (496 mg, 0.7 mL,
5.05 mmol), nBuLi (3.78 mmol, 1.6 mL of a 2.36 m solution in hexane)
and iodide 7 a (700 mg, 3.36 mmol) according to GP 2 gave the enyne 9 a
(535 mg, 89 %) as a colorless oil. Rf =0.41 (pentane), which was contami-
nated with some of the protiodesilylated product. 1H NMR (250 MHz,
CDCl3, 25 8C): d=5.43 (br s, 1 H; =CH2), 5.36 (br s, 1 H; =CH2), 2.34 (t,
J =7.0 Hz, 2 H; CH2), 1.61–1.51 (m, 2H; CH2), 1.29–1.18 (m, 2H; Cpr-H),
0.88–0.77 (m, 1 H; Cpr-H), 0.15 (s, 9 H; 3CH3); 13C NMR (62.9 MHz,
CDCl3, 25 8C): d=135.9 (C), 107.0 (C), 103.0 (CH2), 84.5 (C), 32.3 (CH2),
19.9 (CH2), 15.0 (CH), 9.4 (CH2), �0.1 (3 CH3).


Trimethyl[5-(2-methylenecyclopropyl)pent-1-ynyl]silane (9 b): Column
chromatography (5 g of silica gel, column 15 � 1 cm, pentane) of the reac-
tion mixture obtained from trimethylsilylacetylene (2.55 g, 3.6 mL,
26.0 mmol) in THF (25 mL), nBuLi (19.4 mmol, 8.2 mL of a 2.36 m so-
lution in hexane) and iodide 7 b (3.84 g, 17.3 mmol) in DMPU (30 mL)
according to GP 2 gave the enyne 9 b (2.67 g, 80 %) as a colorless oil.
Rf = 0.41 (pentane) which was contaminated with some protiodesilylated
product 10 b. 1H NMR (250 MHz, CDCl3, 25 8C): d =5.42–5.39 (m, 1H; =


CH2), 5.34–5.33 (m, 1 H; =CH2), 2.30–2.23 (m, 2 H; CH2), 1.71–1.34 (m,
5H; 2 CH2 + Cpr-H), 1.26–1.18 (m, 1 H; Cpr-H), 0.78–0.70 (m, 1 H; Cpr-
H), 0.14 (s, 9 H; 3 CH3); 13C NMR (62.9 MHz, CDCl3, 25 8C): d=136.5
(C), 107.3 (C), 102.6 (CH2), 84.4 (C), 32.1 (CH2), 28.5 (CH2), 19.5 (CH2),
15.1 (CH), 9.3 (CH2), 0.1 (3 CH3); IR (film): ñ=2939, 2858, 2175, 1250,
843 cm�1; MS (70 eV): m/z (%): 177 (5) [M +�Me], 159 (7), 118 (14), 91
(8), 73 (100) [Me3Si+], 59 (18).


[4-(Bicyclopropyliden-2-yl)but-1-ynyl]trimethylsilane (9 c): Column chro-
matography (5 g of silica gel, column 15 � 1 cm, pentane) of the reaction
mixture obtained from trimethylsilylacetylene (1.28 g, 1.8 mL, 13.0 mmol)
in THF (24 mL), nBuLi (10.4 mmol, 4.4 mL of a 2.36 m solution in
hexane) and iodide 7 c (2.50 g, 10.7 mmol) in DMPU (20 mL) according
to GP 2 gave the enyne 9 c (1.64 g, 75 %) as a colorless oil. Rf =0.63 (pen-
tane); 1H NMR (250 MHz, CDCl3, 25 8C): d =2.36 (t, J =7.0 Hz, 2 H;
CH2), 1.67–1.59 (m, 3H; CH2 + Cpr-H), 1.42–1.35 (m, 1 H; Cpr-H), 1.17
(br s, 4 H; Cpr-H), 0.94–0.88 (m, 1 H; Cpr-H), 0.14 (s, 9 H, 3CH3);
13C NMR (62.9 MHz, CDCl3, 25 8C): d=115.2 (C), 110.2 (C), 107.2 (C),
84.4 (C), 32.6 (CH2), 20.0 (CH2), 15.4 (CH), 9.8 (CH2), 2.9 (CH2), 2.8


(CH2), 0.1 (3 CH3); IR (film): ñ=3050, 2961, 2855, 2175, 1249, 759 cm�1;
MS (70 eV): m/z (%): 203 (1) [M +�H], 189 (4) [M +�Me], 173 (2), 161
(11), 145 (5), 129 (7), 97 (4) [Me3SiC�C+], 91 (12), 83 (10), 73 (100)
[Me3Si+], 59 (18); elemental analysis calcd (%) for C13H20Si (204.4): C
76.40, H 9.86; found C 76.60, H 9.94.


[6-(Cyclopropylidene)hex-1-ynyl]trimethylsilane (14 a): Column chroma-
tography (5 g of silica gel, column 15� 1 cm, pentane) of the reaction
mixture obtained from trimethylsilylacetylene (709 mg, 1.0 mL,
7.22 mmol) in THF (7 mL), nBuLi (5.4 mmol, 2.3 mL of a 2.36 m solution
in hexane) and iodide 13 a (1.10 g, 4.95 mmol) as a solution in a mixture
of DMPU (5 mL) and THF (5 mL) according to GP 2 gave the enyne
14a (733 mg, 77%) as a colorless oil. Rf =0.78 (pentane), which was con-
taminated with some of the protiodesilylated product. 1H NMR
(250 MHz, CDCl3, 25 8C): d=5.77–5.70 (m, 1H; =CH), 2.32–2.16 (m, 4 H;
2CH2), 1.67 (quin, J =7.0 Hz, 2H; CH2), 1.03–1.01 (m, 4 H; Cpr-H), 0.14
(s, 9 H; 3CH3); 13C NMR (62.9 MHz, CDCl3, 25 8C): d=122.1 (C), 117.1
(C), 107.4 (C), 84.4 (C), 30.8 (CH2), 28.2 (CH2), 19.3 (CH2), 2.8 (CH2),
1.8 (CH2), 0.1 (3 CH3); IR (film): ñ =3051, 2959, 2860, 2175, 1249, 842,
759 cm�1; MS (70 eV): m/z (%): 191 (1) [M +�H], 177 (4) [M +�Me],
149 (9), 117 (15), 109 (6), 83 (7), 73 (100) [Me3Si+], 59 (19).


[7-(Cyclopropylidene)hept-1-ynyl]trimethylsilane (14 b): Column chroma-
tography (5 g of silica gel, column 15� 1 cm, pentane) of the reaction
mixture obtained from trimethylsilylacetylene (425 mg, 0.6 mL,
4.33 mmol) in THF (5 mL), nBuLi (2.8 mmol, 1.2 mL of a 2.36 m solution
in hexane) and iodide 13b (600 mg, 2.54 mmol) as a solution in a mixture
of DMPU (2 mL) and THF (4 mL) according to GP 2 gave the enyne
14b (325 mg, 62%) as a colorless oil. Rf =0.50 (pentane); 1H NMR
(250 MHz, CDCl3, 25 8C): d=5.78–5.71 (m, 1H; =CH), 2.26–2.17 (m, 4 H;
2CH2), 1.56–1.50 (m, 4 H; 2 CH2), 1.02–1.01 (m, 4H; Cpr-H), 0.14 (s, 9H;
3CH3); 13C NMR (62.9 MHz, CDCl3, 25 8C): d= 121.3 (C), 117.9 (C),
107.6 (C), 84.3 (C), 31.2 (CH2), 28.4 (CH2), 28.2 (CH2), 19.7 (CH2), 2.2
(CH2), 1.9 (CH2), 0.2 (3 CH3); IR (film): ñ=3051, 2937, 2858, 2175, 1249,
843 cm�1; MS (70 eV): m/z (%): 191 (3) [M +�Me], 163 (4) [M +


�Me�C2H4], 131 (7), 117 (9), 91 (22), 73 (100) [Me3Si+], 59 (15); ele-
mental analysis calcd (%) for C13H22Si (206.4): C 75.65, H 10.74; found C
76.49, H 10.48.


[5-(Bicyclopropyliden-2-yl)pent-1-ynyl]trimethylsilane (9 d): To a vigo-
rously stirred solution of nBuLi (4.36 mmol, 1.85 mL of a 2.36 m solution
in hexane) in anhydrous THF (5 mL) was added dropwise at �10 8C a so-
lution of bicyclopropylidene (3) (380 mg, 4.74 mmol) in THF (3 mL).
After stirring at 0 8C for an additional 1 h, the reaction mixture was
cooled to �78 8C, and a solution of (5-iodopent-1-ynyl)trimethylsilane
(11)[19] (1.00 g, 3.76 mmol) in THF (4 mL) was added dropwise at this
temperature. The resulting mixture was allowed to warm up to 0 8C over
a period of 1 h and then poured into ice-cold water (10 mL). The aque-
ous phase was extracted with Et2O (3 � 10 mL), the combined organic ex-
tracts were washed with water and brine (10 mL each), dried and concen-
trated under reduced pressure. The residue was purified by column chro-
matography (15 g of silica gel, column 10� 2 cm, pentane) to give 9d
(402 mg, 49 %) as a colorless oil. Rf =0.52 (pentane); 1H NMR
(250 MHz, CDCl3, 25 8C): d =2.33–2.26 (m, 2 H; CH2), 1.71–1.30 (m, 6 H;
2CH2 + 2 Cpr-H), 1.17 (br s, 4H; Cpr-H), 0.88–0.83 (m, 1H; Cpr-H),
0.14 (s, 9 H, 3CH3); 13C NMR (62.9 MHz, CDCl3, 25 8C): d =115.7 (C),
109.8 (C), 107.6 (C), 84.3 (C), 32.3 (CH2), 28.6 (CH2), 19.5 (CH2), 15.5
(CH), 9.6 (CH2), 2.9 (CH2), 2.7 (CH2), 0.2 (3 CH3); IR (film): ñ =3051,
2960, 2859, 2175, 1249, 841 cm�1; MS (70 eV): m/z (%): 203 (18) [M +


�Me], 175 (22), 128 (38), 73 (100) [Me3Si+], 59 (46); elemental analysis
calcd (%) for C14H22Si (218.4): C 76.99, H 10.15; found C 76.94, H 10.28.


Protiodesilylation of compounds 9 b–d


General procedure GP 3 : A solution of the respective trimethylsilyl-pro-
tected enyne 9 b–d (1 mmol) in methanol (8 mL) was vigorously stirred
at ambient temperature with potassium carbonate (691 mg, 5 mmol) for
the indicated time, and the mixture then was poured into ice-cold water
(10 mL). The aqueous phase was extracted with pentane (3 � 10 mL), the
combined organic extracts were washed with brine (2 � 15 mL), dried and
concentrated under reduced pressure. The residue was purified by
column chromatography (15 g of silica gel, column 10 � 2 cm, pentane).
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1-Methylene-2-(pent-4-ynyl)cyclopropane (10 b): Column chromatogra-
phy of the residue obtained from 9 b (410 mg, 2.13 mmol) according to
GP 3 after 6 h of stirring gave the enyne 10b (137 mg, 53%) as a color-
less liquid. Rf =0.27 (pentane); 1H NMR (250 MHz, CDCl3, 25 8C): d=


5.41–5.39 (m, 1 H; =CH2), 5.32–5.31 (m, 1 H; =CH2), 2.27 (dt, J =2.4,
6.9 Hz, 2H; CH2), 1.95 (t, J =2.4 Hz, 1 H; �CH), 1.52–1.12 (m, 6 H;
2CH2 + 2 Cpr-H), 0.80–0.71 (m, 1 H; Cpr-H); 13C NMR (62.9 MHz,
CDCl3, 25 8C): d= 136.5 (C), 102.7 (CH2), 84.4 (CH), 68.3 (C), 32.0
(CH2), 28.3 (CH2), 18.1 (CH2), 15.1 (CH), 9.4 (CH2); IR (film): ñ =3306,
3068, 2974, 2939, 2860, 2118, 1441, 887, 633 cm�1.


2-(But-3-ynyl)bicyclopropylidene (10 c): Column chromatography of the
residue obtained from 9 c (215 mg, 1.05 mmol) according to GP 3 after
4 h of stirring gave the enyne 10 c (103 mg, 74 %) as a colorless liquid.
Rf = 0.67 (pentane); 1H NMR (250 MHz, CDCl3, 25 8C): d =2.36 (dt, J =


2.6, 7.0 Hz, 2H; CH2), 1.97 (t, J =2.6 Hz, 1 H; �CH), 1.73–1.51 (m, 3H;
CH2 + Cpr-H), 1.42–1.34 (m, 1H; Cpr-H), 1.18 (br s, 4H; Cpr-H), 0.94–
0.83 (m, 1H; Cpr-H); 13C NMR (62.9 MHz, CDCl3, 25 8C): d=115.1 (C),
110.3 (C), 84.4 (CH), 68.3 (C), 32.4 (CH2), 18.6 (CH2), 15.3 (CH), 9.7
(CH2), 3.0 (CH2), 2.8 (CH2); IR (film): ñ= 3309, 3051, 2982, 2930, 2855,
2118, 631 cm�1; MS (70 eV): m/z (%): 131 (17) [M +�H], 117 (24) [M +


�Me], 115 (36), 103 (17), 91 (100), 79 (19) [C6H7
+], 77 (47), 65 (24), 51


(20).


2-(Pent-4-ynyl)bicyclopropylidene (10 d): Column chromatography of the
residue obtained from 9d (200 mg, 0.92 mmol) according to GP 3 after
3 h of stirring gave the enyne 10 d (126 mg, 94%) as a colorless oil. Rf =


0.48; 1H NMR (250 MHz, CDCl3, 25 8C): d= 2.28–2.21 (m, 2 H; CH2),
1.92 (t, J =2.6 Hz, 1 H; �CH), 1.72–1.20 (m, 6H; 2CH2 + 2Cpr-H), 1.16
(br s, 4H; Cpr-H), 0.88–0.79 (m, 1 H; Cpr-H); 13C NMR (62.9 MHz,
CDCl3, 25 8C): d= 115.6 (C), 109.9 (C), 84.5 (CH), 68.2 (C), 32.1 (CH2),
28.4 (CH2), 18.0 (CH2), 15.4 (CH), 9.6 (CH2), 2.9 (CH2), 2.6 (CH2); IR
(film): ñ=3304, 3051, 2978, 2938, 2859, 2118, 1440, 960, 633 cm�1; MS
(70 eV): m/z (%): 146 (2) [M +], 131 (20), 129 (11), 105 (28), 91 (100), 79
(48) [C6H7


+], 65 (27), 51 (25); elemental analysis calcd (%) for C11H14


(146.2): C 90.34, H 9.66; found C 90.28, H 9.83.


Preparation of the esters 16 a–c with a methylenecyclopropane moiety


General procedure GP 4 : Sodium hydride (4.70 g, 196 mmol) and thor-
oughly powdered 3-bromopropyltriphenylphosphonium bromide[26]


(45.41 g, 97.8 mmol) were suspended in anhydrous dimethoxyethane
(DME), ethanol (2–3 drops) was added, and the resulting mixture was
vigorously stirred at 70 8C for 7 h. After this, a solution of the respective
aldo/keto ester 15 a–c (38.5 mmol) in DME (40 mL) was added dropwise,
and the resulting mixture was stirred for the indicated time at the same
temperature After cooling, the mixture was poured into ice-cold aq. sat.
NH4Cl solution (120 mL), the aqueous phase was extracted with pentane
(3 � 100 mL), the combined organic extracts were dried and concentrated
under reduced pressure. The residue was vigorously stirred with pentane
(100 mL) at ambient temperature for 1 h and filtered. The filtrate was
concentrated under reduced pressure again, and the product was purified
by column chromatography.


Methyl 4-(cyclopropylidene)butanoate (16 a): Column chromatography
(180 g of silica gel, column 20� 5 cm, petroleum ether/Et2O 50:1) of the
residue obtained from the aldoester 15 a[24] (4.47 g, 38.5 mmol), NaH
(4.70 g, 196 mmol) and Br(CH2)3P


+Ph3Br� (45.41 g, 97.8 mmol) according
to GP 4 after 11 h of stirring gave the ester 16 a (3.02 g, 56 %) as a color-
less liquid. Rf =0.30 (petroleum ether/Et2O 50:1); 1H NMR (250 MHz,
CDCl3, 25 8C): d= 5.70–5.65 (m, 1H, =CH), 3.56 (s, 3H; CH3), 2.38 (br s,
4H; 2 CH2), 0.92 (s, 4H; Cpr-H); 13C NMR (62.9 MHz, CDCl3, 25 8C):
d=173.5 (C), 122.1 (C), 115.9 (CH), 51.1 (CH3), 33.3 (CH2), 26.9 (CH2),
1.7 (2 CH2); IR (film): ñ= 2982, 2953, 2846, 1744, 1255, 959, 936 cm�1; MS
(70 eV): m/z (%): 140 (1) [M +], 98 (23), 81 (100) [M +�CO2Me], 59 (31)
[MeO2C


+], 53 (26) [C4H5
+].


Ethyl 4-(cyclopropylidene)pentanoate (16 b):[23] Column chromatography
(180 g of silica gel, column 20� 5 cm, petroleum ether/Et2O 60:1) of the
residue obtained from the ketoester 15 b (2.41 g, 16.7 mmol), NaH (2.0 g,
83.3 mmol) and Br(CH2)3P


+Ph3Br� (19.3 g, 41.6 mmol) according to
GP 4 after 13 h of stirring gave the ester 16b (733 mg, 26%) as a color-
less oil. Rf = 0.24 (petroleum ether/Et2O 60:1); 1H NMR (250 MHz,
CDCl3, 25 8C): d =4.12 (q, J=7.1 Hz, 2 H; OCH2), 2.56–2.47 (m, 4 H;


2CH2), 1.82 (t, J =1.4 Hz, 3H; CH3), 1.25 (t, J =7.1 Hz, 3 H; CH3), 1.07–
1.03 (m, 2 H; Cpr-H), 0.94–0.90 (m, 2 H; Cpr-H); 13C NMR (62.9 MHz,
CDCl3, 25 8C): d=173.6 (C), 122.5 (C), 115.7 (C), 60.1 (CH2), 32.4 (CH2),
31.6 (CH2), 20.8 (CH3), 14.1 (CH3), 3.1 (CH2), 0.9 (CH2); IR (film): ñ=


2978, 2912, 1737, 1446, 1372, 1275, 1177 cm�1; MS (70 eV): m/z (%): 168
(3) [M +], 153 (5) [M +�Me], 139 (5) [M +�Et], 123 (30) [M +�OEt],
105 (8), 95 (100) [M +�CO2Et], 79 (28); HRMS: m/z (%): calcd for
C10H16O2: 168.1150; found 168.1150.


Ethyl 4-(cyclopropylidene)hexanoate (16 c): Column chromatography
(180 g of silica gel, column 20� 5 cm, petroleum ether/Et2O 60:1) of the
residue obtained from the ketoester 15c (2.65 g, 16.8 mmol), NaH (2.0 g,
83.3 mmol) and Br(CH2)3P


+Ph3Br� (19.3 g, 41.6 mmol) according to
GP 4 after 13 h of stirring gave the ester 16 c (550 mg, 18%) as a color-
less oil. Rf = 0.26 (petroleum ether/Et2O 60:1); 1H NMR (250 MHz,
CDCl3, 25 8C): d =4.12 (q, J=7.1 Hz, 2 H; OCH2), 2.58–2.44 (m, 4 H;
2CH2), 2.18 (q, J =7.5 Hz, 2 H, CH2), 1.25 (t, J=7.1 Hz, 3H, CH3), 1.07
(t, J =7.5 Hz, 3H, CH3), 0.99 (br s, 4 H; Cpr-H); 13C NMR (62.9 MHz,
CDCl3, 25 8C): d=173.8 (C), 127.8 (C), 114.5 (C), 60.1 (CH2), 32.6 (CH2),
29.9 (CH2), 28.5 (CH2), 14.2 (CH3), 12.4 (CH3), 1.7 (CH2), 1.3 (CH2); IR
(film): ñ =2976, 2936, 1737, 1372, 1254, 1177, 734 cm�1; MS (70 eV): m/z
(%): 182 (46) [M +], 167 (16) [M +�Me], 153 (33) [M +�Et], 137 (95)
[M +�OEt], 109 (80) [M +�CO2Et], 93 (100), 79 (64), 67 (29); elemental
analysis calcd (%) for C11H18O2 (182.3): C 72.49, H 9.95; found C 72.55,
H 9.90.


Coupling of esters 16 b, c with trimethylsilyl-protected lithioacetylene (8)


General procedure 5 (GP 5): To a vigorously stirred solution of trime-
thylsilylacetylene (1.42 g, 2.00 mL, 14.4 mmol) in anhydrous THF
(27 mL) was added dropwise nBuLi (12.0 mmol, 5.1 mL of a 2.35 m so-
lution in hexane) at �78 8C. After stirring at this temperature for an addi-
tional 10 min, the solution was cooled to �100 8C, and a solution pre-
cooled to �78 8C of the respective ester 16b,c (3.03 mmol) in THF
(8 mL) was added dropwise followed by BF3·Et2O (2.8 mL). The reaction
mixture was allowed to warm up to �78 8C, stirred at this temperature
for an additional 1.5 h and poured, while still cold, into ice-cold aq. sat.
NH4Cl solution (20 mL). The aqueous phase was extracted with diethyl
ether (3 � 20 mL), the combined organic extracts were washed with aq.
sat. NaHCO3 solution (2 � 20 mL), dried and concentrated under reduced
pressure. The residue was purified by column chromatography.


6-Cyclopropylidene-1-(trimethylsilyl)hept-1-yn-3-one (17 b): Column
chromatography (20 g of silica gel, column 15 � 2 cm, petroleum ether/
Et2O 40:1) of the residue obtained from trimethylsilylacetylene (1.42 g,
2.00 mL, 14.4 mmol), nBuLi (12.0 mmol, 5.1 mL of a 2.35 m solution in
hexane), ester 16b (509 mg, 3.03 mmol) and BF3·Et2O (2.8 mL) according
to GP 5 gave the ketoenyne 17b (468 mg, 70 %) as a colorless oil. Rf =


0.40; 1H NMR (250 MHz, CDCl3, 25 8C): d=2.79 (t, J=7.6 Hz, 2 H;
CH2), 2.51 (t, J =7.6 Hz, 2 H; CH2), 1.82 (t, J=1.6 Hz, 3 H; CH3), 1.08–
1.05 (m, 2H; Cpr-H), 0.95–0.91 (m, 2 H; Cpr-H), 0.24 (s, 9H; 3CH3);
13C NMR (62.9 MHz, CDCl3, 25 8C): d=187.6 (C), 122.0 (C), 116.1 (C),
101.9 (C), 97.5 (C), 43.2 (CH2), 30.7 (CH2), 20.9 (CH3), 3.2 (CH2), 1.0
(CH2), �0.8 (3 CH3); IR (film): ñ=2973, 2909, 1677, 1252, 1105, 847,
762 cm�1; MS (70 eV): m/z (%): 220 (12) [M +], 205 (17) [M +�Me], 177
(7), 163 (9), 125 (50) [M +�C7H11], 97 (38), [Me3SiC�C+], 73 (100)
[Me3Si+]; elemental analysis calcd (%) for C13H20OSi (220.4): C 70.85, H
9.15; found C 70.96, H 9.19.


6-Cyclopropylidene-1-(trimethylsilyl)oct-1-yn-3-one (17 c): Column chro-
matography (20 g of silica gel, column 15 � 2 cm, petroleum ether/Et2O
120:1) of the residue obtained from trimethylsilylacetylene (1.33 g,
1.87 mL, 13.5 mmol), nBuLi (10.6 mmol, 4.6 mL of a 2.30 m solution in
hexane), ester 16 c (519 mg, 2.85 mmol) and BF3·Et2O (2.6 mL) according
to GP 5 gave the ketoenyne 17 c (450 mg, 67 %) as a colorless oil. Rf =


0.31 (petroleum ether/Et2O 120:1); 1H NMR (250 MHz, CDCl3, 25 8C):
d=2.79 (t, J=7.4 Hz, 2 H; CH2), 2.52 (t, J =7.4 Hz, 2H; CH2), 2.18 (q,
J =7.5 Hz, 2 H; CH2), 1.07 (t, J =7.5 Hz, 3H; CH3), 1.00 (br s, 4 H; Cpr-
H), 0.24 (s, 9 H; 3 CH3); 13C NMR (62.9 MHz, CDCl3, 25 8C): d=187.9
(C), 127.4 (C), 114.9 (C), 102.0 (C), 97.6 (C), 43.4 (CH2), 29.0 (CH2), 28.5
(CH2), 12.4 (CH3), 1.9 (CH2), 1.5 (CH2), 0.8 (3 CH3); IR (film): ñ =2965,
1678, 1253, 1105, 847, 762 cm�1; MS (70 eV): m/z (%): 234 (12) [M +],
219 (12) [M +�Me], 105 (18) [M +�Et], 187 (12), 125 (21) [M +�C8H13],
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97 (31), [Me3SiC�C+], 73 (100) [Me3Si+]; HRMS: m/z (%): calcd for
C14H22OSi: 234.1439; found 234.1439.


Transacetalization of enynes 17a and 17d


General procedure GP 6 : A solution of the respective ketoenyne 17a or
17d (1 mmol), (S,S)-(�)-hydrobenzoin (24) (2–2.2 equiv), trimethyl or-
thoformate (2 equiv) and p-toluenesulfonic acid (10 mg) in anhydrous
benzene (10 mL) was stirred at 50 8C for the indicated time (16–17 h)
with TLC monitoring, then cooled and poured into sat. aq. NaHCO3 so-
lution (20 mL). The aqueous phase was extracted with diethyl ether (3 �
15 mL), the combined organic extracts were dried over a Na2SO4/K2CO3


mixture (2:1) and concentrated under reduced pressure. The residue was
purified by column chromatography.


(4S,5S)-2-(3’-Cyclopropylidenepropyl)-4,5-diphenyl-2-(2’’-trimethylsilyle-
thynyl)-1,3-dioxolane (25 a): Column chromatography (100 g of silica gel,
column 20 � 4 cm, petroleum ether/Et2O 60:1) of the residue obtained
from ketoenyne 17a (2.09 g, 10.1 mmol), 24 (4.30 g, 20.1 mmol),
HC(OMe)3 (2.11 g, 19.9 mmol) and pTsOH (0.1 g) according to GP 6
(16 h of stirring) gave the acetal 25 a (3.74 g, 92%) as a colorless solid.
Rf = 0.70 (petroleum ether/Et2O 60:1); m.p. 50 8C; [a]20


D =�30.0 (c =1.0 in
CHCl3); 1H NMR (250 MHz, CDCl3, 25 8C): d=7.29–7.12 (m, 10H; Ar-
H), 5.81–5.75 (m, 1H; 3’-H), 4.99 (d, J=8.5 Hz, 1 H; 5*-H), 4.58 (d, J=


8.5 Hz, 1 H; 4*-H), 2.54–2.45 (m, 2H; 1’-H), 2.21–2.15 (m, 2H; 2’-H),
0.96–0.95 (m, 4 H; Cpr-H), 0.15 (s, 9 H; 3CH3); 13C NMR (62.9 MHz,
CDCl3, 25 8C): d=137.6 (C), 135.7 (C), 128.5 (2 CH), 128.3 (2 CH), 128.2
(CH), 128.1 (CH), 127.1 (2 CH), 126.7 (2 CH), 121.6 (C), 117.1 (CH),
104.2 (C), 103.6 (C), 89.6 (C), 86.5 (CH), 86.2 (CH), 39.4 (CH2), 26.1
(CH2), 2.0 (2 CH2), �0.2 (3 CH3); IR (KBr): ñ=3052, 2960, 2903, 1253,
1216, 1194, 1122, 1095, 1060, 1041, 1026, 976, 951, 843, 768, 533 cm�1; MS
(70 eV): m/z (%): 321 (9) [M +�C6H9], 309 (2), 197 (39), 175 (47), 156
(35), 125 (58), 97 (83) [Me3SiC�C+], 81 (20); elemental analysis calcd
(%) for C26H30O2Si (402.6): C 77.57, H 7.51; found C 77.57, H 7.59.


(4S,5S)-2-(4’-Cyclopropylidene-n-butyl)-4,5-diphenyl-2-(2’’-trimethylsily-
lethynyl)-1,3-dioxolane (25 d): Column chromatography (25 g of silica
gel, column 20� 2 cm, petroleum ether/Et2O 80:1) of the residue obtained
from ketoenyne 17d (380 mg, 1.72 mmol), 24 (810 mg, 3.78 mmol),
HC(OMe)3 (365 mg, 3.44 mmol) and pTsOH (15 mg) according to GP 6
(17 h stirring) gave the acetal 25d (688 mg, 96%) as a colorless oil. Rf =


0.70 (petroleum ether/Et2O 80:1); [a]20
D =�28.1 (c =1.0 in CHCl3);


1H NMR (250 MHz, CDCl3, 25 8C): d=7.40–7.23 (m, 10 H; Ar-H), 5.86–
5.79 (m, 1H; 4’-H), 5.09 (d, J =8.5 Hz, 1 H; 5*-H), 4.68 (d, J =8.5 Hz,
1H; 4*-H), 2.36–2.28 (m, 2H; 3’-H), 2.17–2.10 (m, 2 H; 1’-H), 1.94–1.81
(m, 2 H; 2’-H), 1.06–1.04 (m, 4 H; Cpr-H), 0.25 (s, 9 H; 3 CH3); 13C NMR
(62.9 MHz, CDCl3, 25 8C): d= 137.6 (C), 135.7 (C), 128.4 (2 CH), 128.3 (2
CH), 128.2 (CH), 128.1 (CH), 127.1 (2 CH), 126.7 (2 CH), 121.6 (C),
117.8 (CH), 104.4 (C), 103.8 (C), 89.4 (C), 86.5 (CH), 86.2 (CH), 39.5
(CH2), 31.6 (CH2), 23.2 (CH2), 2.2 (CH2), 2.0 (CH2), �0.2 (3 CH3); IR
(film): ñ= 3034, 2958, 1251, 1024, 844, 762, 699 cm�1; MS (CI): m/z (%):
850 (4) [2M ++NH4] 434 (82) [M ++NH4], 417 (100) [M ++H]; elemental
analysis calcd (%) for C27H32O2Si (416.6): C 77.84, H 7.74; found C 77.64,
H 7.64.


TMANO-induced PKRs of enynes 9a,b, 10a, b, 14a, b and 25 d


General procedure GP 7: To a vigorously stirred solution of the respec-
tive enyne (0.25 mmol) in anhydrous dichloromethane (10 mL) was
added in the dark at ambient temperature [Co2(CO)8] (94 mg,
0.27 mmol). The reaction mixture was stirred at the same temperature
for an additional 1–3 h with TLC monitoring, cooled to �78 8C, trime-
thylamine N-oxide (TMANO) (113 mg, 1.5 mmol, 6 equiv) was added,
the reaction flask was connected to an oxygen cylinder, and the reaction
mixture was allowed to warm up with continued stirring within 16 h. The
reaction mixture was filtered through a 1 cm pad of silica gel, the solid
residue was washed with Et2O (15 mL), and the combined filtrates were
concentrated under reduced pressure. The residue was purified by
column chromatography.


4-Trimethylsilyl-1,1a,2,3-tetrahydrocyclopropa[c]pentalen-5-one (18 a):
Column chromatography (5 g of silica gel, column 15 � 1 cm, petroleum
ether/Et2O 10:1) of the residue obtained from enyne 9 a (91 mg,
0.51 mmol), [Co2(CO)8] (230 mg, 0.67 mmol) and TMANO (270 mg,
3.59 mmol) according to GP 7 gave the enone 18 a (54 mg, 51%) as a col-


orless oil. Rf =0.18 (petroleum ether/Et2O 10:1); 1H NMR (250 MHz,
CDCl3, 25 8C): d=2.65–2.60 (m, 1 H), 2.59 (d, J= 18.4 Hz, 1H; CH2), 2.48
(d, J=18.4 Hz, 1 H; CH2), 2.21–2.04 (m, 3H), 1.87 (m, 1H; Cpr-H), 1.13
(dd, J =4.3, 7.7 Hz; 1H, Cpr-H), 0.96 (dd, J= 4.3, 4.3 Hz, 1 H; Cpr-H),
0.19 (s, 9H; 3CH3); 13C NMR (62.9 MHz, CDCl3, 25 8C): d =213.4 (C),
197.6 (C), 134.7 (C), 42.1 (CH2), 39.3 (C), 29.2 (CH2), 24.7 (CH), 23.5
(CH2), 17.1 (CH2), �1.0 (3 CH3); IR (film): ñ=2959, 1688, 1592, 1407,
1246, 1049, 840 cm�1; MS (70 eV): m/z (%): 206 (13) [M +], 191 (100)
[M +�Me], 147 (2), 135 (3), 115 (5), 91 (4), 73 (16) [Me3Si+]; HRMS: m/
z (%): calcd for C12H18OSi: 206.1126; found 206.1126.


5-Trimethylsilyl-1a,2,3,4-tetrahydro-1H-cyclopropa[d]inden-6-one (18 b):
Column chromatography (5 g of silica gel, column 15 � 1 cm, petroleum
ether/Et2O 10:1) of the residue obtained from enyne 9 b (200 mg,
1.04 mmol), [Co2(CO)8] (423 mg, 1.24 mmol) and TMANO (470 mg,
6.26 mmol) according to GP 7 gave the enone 18 b (41 mg, 18%) as a col-
orless oil. Rf =0.27 (petroleum ether/Et2O 10:1); 1H NMR (250 MHz,
CDCl3, 25 8C): d =2.67 (ddd, J= 7.1, 7.1, 17.2 Hz, 1H), 2.48 (d, J=


18.8 Hz, 1H; CH2), 2.32 (d, J= 18.6 Hz, 1 H; CH2), 2.41–2.29 (m, 1H),
1.95–1.50 (m, 5H), 1.27 (dd, J =5.0, 5.0 Hz, 1H; Cpr-H), 1.12 (dd, J =5.0,
8.4 Hz, 1H, Cpr-H), 0.20 (s, 9H; 3 CH3); 13C NMR (62.9 MHz, CDCl3,
25 8C): d= 212.1 (C), 190.7 (C), 137.1 (C), 46.5 (CH2), 30.8 (C), 26.7
(CH2), 23.9 (CH), 22.4 (CH2), 21.4 (CH2), 20.1 (CH2), �0.4 (3 CH3); IR
(film): ñ=2949, 2859, 1683, 1559, 1246, 841 cm�1; MS (70 eV): m/z (%):
220 (29) [M +], 205 (76) [M +�Me], 177 (4), 131 (12), 73 (20) [Me3Si+],
59 (8); HRMS: m/z (%): calcd for C13H20OSi: 220.1283; found 220.1283.


1,1a,2,3-Tetrahydrocyclopropa[c]pentalen-5-one (19 a): The trimethylsil-
yl-protected enyne 9 a (280 mg, 1.57 mmol) was treated with potassium
carbonate according to GP 3. The crude enyne 10 a was taken up with an-
hydrous CH2Cl2 (15 mL), and the solution treated with [Co2(CO)8]
(575 mg, 1.68 mmol) and then with TMANO (644 mg, 8.57 mmol) accord-
ing to GP 7. Column chromatography (5 g of silica gel, column 15� 1 cm,
petroleum ether/Et2O 3:1) of the residue gave the enone 19a (40 mg,
19%) as a colorless oil. Rf =0.13 (petroleum ether/Et2O 3:1); 1H NMR
(250 MHz, CDCl3, 25 8C): d= 5.95 (s, 1 H; =CH), 2.67–2.50 (m, 3H),
2.22–2.07 (m, 3 H), 1.88 (m, 1 H; Cpr-H), 1.16 (dd, J =4.6, 7.7 Hz, 1 H;
Cpr-H), 1.01 (dd, J= 4.2, 4.6 Hz, 1H; Cpr-H); 13C NMR (62.9 MHz,
CDCl3, 25 8C): d=209.9 (C), 190.8 (C), 124.1 (CH), 41.3 (CH2), 29.2
(CH2), 28.0 (C), 24.8 (CH), 22.8 (CH2), 16.4 (CH2); IR (film): ñ =2936,
2869, 1698, 1614, 1501, 1407, 1237, 824, 731 cm�1; MS (70 eV): m/z (%):
134 (78) [M +], 119 (15), 106 (31), [M +�CO], 91 (100), 78 (33), 65 (12);
elemental analysis calcd (%) for C9H10O (134.2): C 80.56, H 7.51; found
C 80.55, H 7.57.


3’-Trimethylsilyl-4’,5’,6’,6’a-tetrahydro-1’H-spiro(cyclopropane-1,1’-penta-
len-2’-one) (20 a): Column chromatography (20 g of silica gel, column
15� 2 cm, petroleum ether/Et2O 10:1) of the residue obtained from
enyne 14 a (179 mg, 0.93 mmol), [Co2(CO)8] (440 mg, 1.29 mmol) and
TMANO (480 mg, 6.39 mmol) according to GP 7, gave the enone 20 a
(109 mg, 53%) as a colorless oil. Rf =0.47 (petroleum ether/Et2O 10:1);
1H NMR (250 MHz, CDCl3, 25 8C): d= 2.88 (dd, J =7.3, 12.6 Hz, 1H),
2.69–2.51 (m, 2H), 2.13–1.90 (m, 2H), 1.85–1.75 (m, 1 H), 1.29–1.22 (m,
1H; Cpr-H), 1.20–1.06 (m, 1 H), 0.97–0.79 (m, 3H; Cpr-H), 0.17 (s, 9 H;
3CH3); 13C NMR (62.9 MHz, CDCl3, 25 8C): d= 213.1 (C), 196.9 (C),
135.0 (C), 54.7 (CH), 33.2 (C), 28.4 (CH2), 27.8 (CH2), 25.7 (CH2), 14.1
(CH2), 12.8 (CH2), �1.2 (3 CH3); IR (film): ñ=2957, 1679, 1603, 1247,
1109, 841 cm�1; MS (70 eV): m/z (%): 220 (25) [M +], 205 (100) [M +


�Me], 177 (7), 131 (14), 91 (7), 73 (12) [Me3Si+]; elemental analysis
calcd (%) for C13H20OSi (220.4): C 70.85, H 9.15; found C 71.02, H 9.23.


1’,4’,5’,6’,7’,7’a-Hexahydro-3’-trimethylsilylspiro(cyclopropane-1,1’-inden-
2’-one) (20 b): Column chromatography (20 g of silica gel, column 15�
2 cm, petroleum ether/Et2O 10:1) of the residue obtained from enyne
14b (127 mg, 0.62 mmol), [Co2(CO)8] (275 mg, 0.80 mmol) and TMANO
(280 mg, 3.73 mmol) according to GP 7 gave the enone 20b (100 mg,
69%) as a colorless oil. Rf =0.44 (petroleum ether/Et2O 10:1); 1H NMR
(250 MHz, CDCl3, 25 8C): d =3.10–3.03 (m, 1 H), 2.47 (dd, J =5.4,
12.6 Hz, 1H), 2.24 (ddd, J =5.4, 12.9, 12.9 Hz, 1 H), 2.07–1.97 (m, 1H),
1.90–1.81 (m, 2H), 1.54–0.80 (m, 7 H), 0.23 (s, 9H; 3CH3); 13C NMR
(62.9 MHz, CDCl3, 25 8C): d=212.2 (C), 189.9 (C), 135.7 (C), 49.4 (CH),
33.0 (C), 32.9 (CH2), 32.0 (CH2), 27.7 (CH2), 25.0 (CH2), 15.4 (CH2), 12.6
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(CH2), �0.2 (3 CH3); IR (film): ñ=2932, 2856, 1685, 1588, 1247,
843 cm�1; MS (70 eV): m/z (%): 234 (28) [M +], 219 (100) [M +�Me], 95
(2), 73 (11) [Me3Si+]; elemental analysis calcd (%) for C14H22OSi (234.4):
C 71.73, H 9.46; found C 71.86, H 9.50.


4’,5’,6’,6’a-Tetrahydro-1’H-spiro(cyclopropane-1,1’-pentalen-2-one) (21 a):
The trimethylsilyl-protected enyne 14 a (323 mg, 1.68 mmol) was treated
with potassium carbonate according to GP 3. The crude product was
taken up with anhydrous CH2Cl2 (20 mL), and the mixture treated with
[Co2(CO)8] (672 mg, 1.97 mmol) and then with TMANO (760 mg,
10.1 mmol) according to GP 7. Column chromatography (5 g of silica gel,
column 15 � 1 cm, petroleum ether/Et2O 5:1) of the residue gave the
enone 21 a (100 mg, 40%) as a colorless oil. Rf = 0.22 (petroleum ether/
Et2O 5:1); 1H NMR (250 MHz, CDCl3, 25 8C): d=5.95 (d, J =1.6 Hz, 1 H;
=CH), 2.89 (dd, J= 7.1, 12.1 Hz, 1H), 2.73–2.46 (m, 2H), 2.12–1.91 (m,
2H), 1.88–1.77 (m, 1H), 1.31–1.24 (m, 1H; Cpr-H), 1.17–1.03 (m, 1 H),
0.99–0.82 (m, 3H; Cpr-H); 13C NMR (62.9 MHz, CDCl3, 25 8C): d=210.0
(C), 189.5 (C), 124.6 (CH), 52.8 (CH), 33.2 (C), 28.6 (CH2), 26.6 (CH2),
25.5 (CH2), 14.3 (CH2), 13.3 (CH2); IR (film): ñ =2997, 2963, 2940, 1679,
1621, 1270, 1120, 866, 841 cm�1; MS (70 eV): m/z (%): 148 (80) [M +],
133 (14), 120 (58) [M +�CO], 105 (68), 91 (100), 79 (29), 62 (15), 51 (14);
elemental analysis calcd (%) for C10H12O (148.2): C 81.04, H 8.16; found
C 80.87, H 8.03.


1’,4’,5’,6’,7’,7’a-Hexahydrospiro(cyclopropane-1,1’-inden-2-one) (21 b):
The trimethylsilyl-protected enyne 14 b (140 mg, 0.68 mmol) was treated
with potassium carbonate according to GP 3. The crude product was
taken up with anhydrous CH2Cl2 (15 mL), and the mixture treated with
[Co2(CO)8] (282 mg, 0.82 mmol) and then with TMANO (310 mg,
4.13 mmol) according to GP 7. Column chromatography (5 g of silica gel,
column 15 � 1 cm, petroleum ether/Et2O 5:1) of the residue gave the
enone 20b (35 mg, 32%) as a colorless oil. Rf =0.17 (petroleum ether/
Et2O 5:1); 1H NMR (250 MHz, CDCl3, 25 8C): d=5.95 (t, J=1.6 Hz, 1 H;
=CH), 2.89–2.82 (m, 1H), 2.50 (dd, J= 5.3, 12.4 Hz, 1H), 2.35–2.21 (m,
1H), 2.07–1.95 (m, 1 H), 1.92–1.75 (m, 2H), 1.51–0.81 (m, 7 H); 13C NMR
(62.9 MHz, CDCl3, 25 8C): d=208.6 (C), 182.5 (C), 126.2 (CH), 47.5
(CH), 33.3 (C), 32.3 (CH2), 31.3 (CH2), 27.2 (CH2), 24.9 (CH2), 15.4
(CH2), 12.7 (CH2); IR (film): ñ=2932, 2857, 1697, 1618, 1348, 1126,
850 cm�1; MS (70 eV): m/z (%): 162 (67) [M +], 147 (17) [M +�Me], 134
(38) [M +�CO], 119 (39), 105 (38), 91 (100), 77 (27); HRMS: m/z (%):
calcd for C11H14O: 162.1044; found 162.1044.


(7’aS,4’’S,5’’S)-1’,4’,5’,6’,7’,7’a-Hexahydro-3’-trimethylsilyldispiro(cyclopro-
pane-1,1’-inden-2’-one-4’,2’’-1,3-dioxolane) (26 d): Column chromatogra-
phy (20 g of silica gel, column 15 � 2 cm, petroleum ether/Et2O 15:1) of
the residue obtained from enyne 25 d (200 mg, 0.48 mmol), [Co2(CO)8]
(196 mg, 0.56 mmol) and TMANO (216 mg, 2.88 mmol) according to
GP 7 gave the enone 26d (168 mg, 79 %) as a colorless solid. M.p. 145–
155 8C; Rf =0.38 (petroleum ether/Et2O 15:1), which essentially was a 8:1
mixture of two diastereomers. Recrystallization from hexane gave pure
(7’aS,4’’S,5’’S)-26d ; m.p. 162 8C; [a]20


D =�91 (c=1.0 in CHCl3); 1H NMR
(250 MHz, CDCl3, 25 8C): d=7.39–7.19 (m, 10 H; Ar-H), 4.90 (d, J=


8.4 Hz, 1H; 5’’*-H), 4.75 (d, J=8.4 Hz, 1 H; 4’’*-H), 3.05 (dd, J =5.2,
12.2 Hz, 1 H; 7’a-H), 2.42–2.38 (m, 1 H; 5’-H), 1.94–1.82 (m, 4H; 7’-H, 6’-
H, 5’-H), 1.29–0.91 (m, 5 H; Cpr-H + 7’-H), 0.23 (s, 9 H; 3 CH3);
13C NMR (62.9 MHz, CDCl3, 25 8C): d=212.1 (C), 184.8 (C), 136.7 (C),
135.9 (C), 134.6 (C), 128.6 (2 CH), 128.5 (2 CH), 128.4 (CH), 128.3 (CH),
127.1 (2 CH), 126.1 (2 CH), 109.8 (C), 86.5 (CH), 84.3 (CH), 48.6 (CH),
38.6 (CH2), 33.7 (CH2), 33.5 (C), 22.3 (CH2), 16.5 (CH2), 13.4 (CH2), 1.0
(3 CH3); IR (KBr): ñ=2941, 1687, 1277, 1105, 1022, 845, 766 cm�1; MS
(CI): m/z (%): 906 (8) [2 M ++NH4] 462 (1) [M ++NH4], 445 (100) [M +


+H]; elemental analysis calcd (%) for C28H32O3Si (444.6): C 75.63, H
7.25; found C 75.85, H 7.38. The structure of this compound was also
verified by X-ray crystal structure analysis.


NMO-induced PKRs of enynes 9c, d, 10c,d and 25 a


General procedure GP 8 : To a vigorously stirred solution of the respec-
tive enyne (0.56 mmol) in anhydrous dichloromethane (25 mL) was
added at �78 8C [Co2(CO)8] (220 mg, 0.64 mmol), the reaction mixture
was allowed to warm up to �20 8C and stirred at this temperature for an
additional 2 h. N-Methylmorpholine N-oxide (NMO, 527 mg, 4.50 mmol)


was added, the reaction mixture was allowed to warm up to ambient tem-
perature over a period of 16 h and then worked up according to GP 7.


7’-Trimethylsilylspiro(cyclopropane-1,9’-tricyclo[4.3.0.01,3]non-6’-ene-8’-
one) (18 c): Column chromatography (20 g of silica gel, column 15 � 2 cm,
petroleum ether/Et2O 10:1) of the residue obtained from enyne 9 c
(115 mg, 0.56 mmol), [Co2(CO)8] (220 mg, 0.64 mmol) and NMO
(527 mg, 4.50 mmol)) according to GP 8, gave the enone 18c (40 mg,
31%) as a colorless solid. Rf =0.29 (petroleum ether/Et2O 10:1); m.p. 36–
37 8C; 1H NMR (250 MHz, CDCl3, 25 8C): d= 2.72–2.63 (m, 1H), 2.34–
2.07 (m, 3H), 1.66 (m, 1 H; Cpr-H), 1.25 (ddd, J=3.1, 6.3, 10.1 Hz, 1 H;
Cpr-H), 1.05 (ddd, J= 3.1, 6.3, 10.1 Hz, 1 H; Cpr-H), 0.95 (dd, J =4.6,
4.6 Hz, 1 H; Cpr-H), 0.79 (dd, J=4.6, 7.9 Hz, 1H; Cpr-H), 0.70–0.54 (m,
2H; Cpr-H), 0.21 (s, 9H, 3CH3); 13C NMR (62.9 MHz, CDCl3, 25 8C): d=


212.5 (C), 195.3 (C), 134.1 (C), 45.5 (C), 31.8 (C), 29.7 (CH2), 24.1 (CH2),
23.7 (CH), 14.8 (CH2), 14.4 (CH2), 13.6 (CH2), �0.8 (3 CH3); IR (KBr):
ñ= 3057, 2990, 2917, 2895, 1679, 1588, 1247, 1163, 1080, 836 cm�1; MS
(70 eV): m/z (%): 232 (28) [M +], 217 (100) [M +�Me], 201 (9), 73 (23)
[Me3Si+]; HRMS: m/z (%): calcd for C14H20OSi: 232.1283; found
232.1283.


1’,1’a,2’,3’-Tetrahydrospiro(cyclopropane-1,6’-cyclopropa[c]pentalen-5’-
one) (19 c): Column chromatography (20 g of silica gel, column 15 � 2 cm,
petroleum ether/Et2O 5:1) of the residue obtained from enyne 10 c
(130 mg, 0.98 mmol), [Co2(CO)8] (372 mg, 1.09 mmol) and NMO
(918 mg, 7.84 mmol) according to GP 8, gave the enone 19 c (71 mg,
45%) as a colorless solid. Rf =0.20 (petroleum ether/Et2O 5:1); m.p.
61 8C; 1H NMR (250 MHz, CDCl3, 25 8C): d=6.08 (s, 1 H; =CH), 2.66–
2.55 (m, 1 H), 2.35–2.03 (m, 3H), 1.66 (m, 1 H; Cpr-H), 1.32–1.25 (m, 1 H;
Cpr-H), 1.15–1.04 (m, 1H; Cpr-H), 0.98 (dd, J =4.9, 4.9 Hz, 1H; Cpr-H),
0.82 (dd, J =4.9, 8.0 Hz, 1 H; Cpr-H), 0.74–0.61 (m, 2H; Cpr-H);
13C NMR (62.9 MHz, CDCl3, 25 8C): d=209.3 (C), 188.2 (C), 123.3 (CH),
44.1 (C), 31.7 (C), 29.6 (CH2), 23.8 (CH), 23.4 (CH2), 14.2 (CH2), 14.0
(CH2), 13.8 (CH2); IR (KBr): ñ= 3038, 2992, 2934, 2867, 1670, 1608,
1124, 829 cm�1; MS (70 eV): m/z (%): 160 (100) [M +], 145 (17), 132 (52)
[M +�CO], 117 (83), 104 (26), 91 (66), 77 (19), 65 (19), 51 (21); HRMS:
m/z (%): calcd for C11H12O: 160.0888; found 160.0888; elemental analysis
calcd (%) for C11H12O (160.2): C 82.46, H 7.55; found C 82.53, H 7.55.


8’-Trimethylsilylspiro(cyclopropane-1,10’-tricyclo[5.3.0.01,3]dec-7’-ene-9’-
one) (18 d): Column chromatography (5 g of silica gel, column 15� 1 cm,
petroleum ether/Et2O 10:1) of the residue obtained from enyne 9d
(86 mg, 0.39 mmol), [Co2(CO)8] (150 mg, 0.44 mmol) and NMO (310 mg,
2.65 mmol), according to GP 8 gave the enone 18d (36 mg, 37%) as a
colorless oil. Rf = 0.18 (petroleum ether/Et2O 10:1); 1H NMR (250 MHz,
CDCl3, 25 8C): d=2.83–2.71 (m, 1 H), 2.51–2.39 (m, 1H), 1.88–1.52 (m,
4H), 1.49–1.33 (m, 1 H), 1.20 (dd, J= 5.4, 5.4 Hz, 1 H; Cpr-H), 1.13 (ddd,
J =3.2, 6.6, 9.9 Hz, 1 H; Cpr-H), 1.00 (ddd, J= 3.1, 6.6, 9.9 Hz, 1H; Cpr-
H), 0.79 (dd, J=5.4, 8.7 Hz, 1 H; Cpr-H), 0.61 (ddd, J =3.1, 6.6, 9.6 Hz,
1H; Cpr-H), 0.50 (ddd, J=3.2, 6.6, 9.6 Hz, 1 H; Cpr-H), 0.23 (s, 9 H;
3CH3); 13C NMR (62.9 MHz, CDCl3, 25 8C): d= 211.5 (C), 188.9 (C),
135.8 (C), 35.7 (C), 33.9 (C), 26.9 (CH2), 22.2 (CH2), 21.7 (CH2), 21.5
(CH), 17.0 (CH2), 14.0 (CH2), 13.3 (CH2), �0.3 (3 CH3); IR (film): ñ=


3079, 2998, 2951, 2858, 1673, 1562, 1406, 1325, 1247, 1032 cm�1; MS
(70 eV): m/z (%): 246 (58) [M +], 231 (100) [M +�Me], 215 (13), 203 (9),
141 (7), 73 (35) [Me3Si+]; HRMS: m/z (%): calcd for C15H22OSi:
246.1439; found 246.1439.


(6’aS,4’’S,5’’S)-4’,5’,6’,6’a-Tetrahydro-3’-trimethylsilyldispiro(cyclopropane-
1,1’-pentalene-2’-one-4’,2’’-1,3-dioxolane) (26 a): To a vigorously stirred
solution of the enyne 25a (67 mg, 0.17 mmol) in anhydrous dichloro-
methane (5 mL) was added [Co2(CO)8] (70 mg, 0.20 mmol), and the reac-
tion mixture was stirred at ambient temperature for an additional 1 h.
NMO (100 mg, 0.85 mmol) was added, the reaction mixture stirred at am-
bient temperature for an additional 20 h then worked up according to
GP 7. Column chromatography (8 g of silica gel, column 20 � 1 cm, petro-
leum ether/Et2O 10:1) of the residue gave the enone 26a (50 mg, 70 %)
as a colorless oil, which essentially was a 5:1 mixture of two diastereo-
mers. Repeated column chromatography gave pure (6’aS,4’’S,5’’S)-26a as
a colorless solid. Rf =0.32 (petroleum ether/Et2O 10:1); m.p. 93 8C;
[a]20


D =�218.1 (c =1.0 in CHCl3); 1H NMR (250 MHz, C6D6, 25 8C): d=


7.27–7.10 (m, 10H; Ar-H), 5.21 (d, J=8.5 Hz, 1 H; 5’’*-H), 4.92 (d, J=
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8.5 Hz, 1H; 4’’*-H), 3.08 (dd, J= 8.9, 10.6 Hz, 1H; 6’-H), 2.42–2.32 (m,
1H; 5’-H), 2.22–2.10 (m, 1 H; 7’-H), 1.54–1.41 (m, 2H; 6’-H), 1.24–1.10
(m, 2 H; Cpr-H), 0.79–0.71 (m, 1H; Cpr-H), 0.66–0.55 (m, 1H; Cpr-H),
0.60 (s, 9 H; 3 CH3); 13C NMR (62.9 MHz, C6D6, 25 8C): d =211.5 (C),
187.2 (C), 138.2 (C), 137.8 (C), 136.4 (C), 128.9 (2 CH), 128.5 (2 CH),
128.4 (CH), 127.5 (CH), 127.3 (2 CH), 126.7 (2 CH), 113.3 (C), 86.3 (CH),
84.9 (CH), 50.1 (CH), 39.9 (CH2), 34.1 (C), 24.7 (CH2), 15.1 (CH2), 14.4
(CH2), 0.5 (3 CH3); IR (KBr): ñ=2937, 1695, 1121, 845, 699, 668 cm�1;
MS (70 eV): m/z (%): 430 (10) [M +], 324 (48), 296 (30), 268 (16), 219
(54), 206 (47), 180 (100), 165 (22), 105 (20), 91 (14), 73 (45); elemental
analysis calcd (%) for C27H30O3Si (430.6): C 75.31, H 7.02; found C 75.40,
H 7.06.


Minor diastereomer [(6’aR,4’’S,5’’S)-26a]: colorless solid; Rf =0.27 (petro-
leum ether/Et2O 10:1); m.p. 122–125 8C; [a]20


D =++118.5 (c =1.0 in
CHCl3); 1H NMR (250 MHz, C6D6, 25 8C): d=7.45–7.11 (m, 10H; Ar-H),
5.27 (d, J =8.8 Hz, 1 H; 5’’*-H), 5.06 (d, J =8.8 Hz, 1 H; 4’’*-H), 2.87 (dd,
J =7.3, 12.2 Hz, 1 H; 5’-H), 2.27–2.21 (m, 2H; 7’-H), 1.55–1.45 (m, 1 H;
Cpr-H), 1.45–1.36 (m, 1H; 6’-H), 1.14–1.12 (m, 1H; Cpr-H), 1.08–1.01
(m, 1H; 6’-H), 0.77–0.64 (m, 2H; Cpr-H), 0.63 (s, 9 H, 3 CH3); 13C NMR
(62.9 MHz, C6D6, 25 8C): d =212.6 (C), 187.8 (C), 140.0 (C), 137.8 (C),
134.7 (C), 128.6 (2 CH), 128.4 (2 CH), 128.3 (CH), 127.0 (CH), 126.7 (2
CH), 126.1 (2 CH), 111.3 (C), 84.7 (CH), 83.3 (CH), 52.6 (CH), 41.2
(CH2), 33.4 (C), 25.5 (CH2), 15.1 (CH2), 14.4 (CH2), �0.1 (3 CH3); ele-
mental analysis calcd (%) for C27H30O3Si (430.6): C 75.31, H 7.02; found
C 75.44, H 6.93.


Thermally induced PKRs of enynones 16 a–c


General procedure GP 9 : A thick-walled Pyrex bottle equipped with an
argon inlet was charged with a solution of the respective enynone
(0.45 mmol) in anhydrous MeCN (6 mL), then [Co2(CO)8] (170 mg,
0.50 mmol) was added at ambient temperature, the bottle was hermeti-
cally closed with a screw cap, and the reaction mixture was stirred at
80 8C for 16 h. After cooling, the reaction mixture was worked up accord-
ing to GP 7.


2’,3’,3’a,4’-Tetrahydro-6’-trimethylsilylspiro(cyclopropane-1,4’-pentalene-
1’,5’-dione) (22 a): a) Column chromatography (5 g of silica gel deactivat-
ed with Et3N, column 15� 1 cm, petroleum ether/Et2O 2:1) of the residue
obtained from enynone 17 a (92 mg, 0.45 mmol) and [Co2(CO)8] (170 mg,
0.50 mmol) according to GP 9 gave the enedione 22a (40 mg, 38 %) and
2’,3’,4’,6’-tetrahydrospiro(cyclopropane-1,4’-pentalene-1’,5’-dione) (23a)
(30 mg, 41 %). 22 a : a yellow oil; 1H NMR (250 MHz, CDCl3, 25 8C): d=


4.63 (dd, J =7.3, 11.1 Hz, 1H), 2.61–2.54 (m, 2H), 2.21–2.10 (m, 1 H),
1.59–1.42 (m, 2H; 3’-H + Cpr-H), 1.14–1.00 (m, 3 H; Cpr-H), 0.26 (s,
9H; 3 CH3); 13C NMR (62.9 MHz, CDCl3, 25 8C): d=212.1 (C), 203.3 (C),
180.1 (C), 146.1 (C), 51.4 (CH), 40.2 (CH2), 35.3 (CH2), 25.3 (C), 16.2
(CH2), 15.0 (CH2), �1.2 (3 CH3); Rf = 0.46; IR (film): ñ =2961, 1729,
1685, 1248, 1105, 855 cm�1; MS (70 eV): m/z (%): 234 (3) [M +], 219
(100) [M +�Me], 191 (5) [M +�Me�CO], 177 (36), 73 (10) [Me3Si+];
23a : a colorless solid; Rf =0.07 (petroleum ether/Et2O 2:1); m.p. 151–
154 8C; 1H NMR (250 MHz, CDCl3, 25 8C): d= 3.14 (t, J=3.0 Hz, 2H),
2.69–2.66 (m, 2 H), 2.51–2.48 (m, 2H), 1.66–1.47 (m, 4 H; Cpr-H);
13C NMR (62.9 MHz, CDCl3, 25 8C): d=214.3 (C), 201.7 (C), 183.7 (C),
141.3 (C), 37.8 (CH2), 37.5 (C), 37.2 (CH2), 23.2 (CH2), 18.9 (2 CH2); IR
(KBr): ñ=2926, 1735, 1682, 1602, 1415, 1211, 1095, 1018, 890 cm�1; MS
(70 eV): m/z (%): 162 (100) [M +], 133 (15), 120 (23) [M +�COCH2], 105
(21), 91 (74), 78 (26); elemental analysis calcd (%) for C10H10O2 (162.2):
C 74.06, H 6.22; found C 73.88, H 6.10. Repeated column chromatogra-
phy of 22 a gave an additional 12 mg (16 %) of 23a (total yield 57%).


b) A solution of the enone 26 a (50 mg, 0.12 mmol) and p-toluenesulfonic
acid (100 mg) in anhydrous acetone (10 mL) was stirred under reflux for
16 h and then worked up according to GP 6. Column chromatography
(4 g of silica gel, column 10� 1 cm, petroleum ether/Et2O 5:1) of the resi-
due gave 14 mg (71 %) of 23a.


3’a-Methyl-2’,3’,3’a,4’-tetrahydro-6’-trimethylsilylspiro(cyclopropane-1,4’-
pentalene-1’,5’-dione) (22 b): The residue obtained from enynone 17b
(165 mg, 0.75 mmol) and [Co2(CO)8] (310 mg, 0.91 mmol) according to
GP 9 was taken up with CH2Cl2 (5 mL), the mixture stirred with
TMANO (200 mg, 2.66 mmol) for an additional 1 h, filtered again and
concentrated under reduced pressure. Column chromatography (5 g of


silica gel, column 15� 1 cm, petroleum ether/Et2O 5:1) of the residue
gave 22b (117 mg, 63 %) as a yellow solid. Rf =0.46 (petroleum ether/
Et2O 5:1); m.p. 37–38 8C; 1H NMR (250 MHz, CDCl3, 25 8C): d =2.72–
2.40 (m, 2 H), 1.82–1.70 (m, 2H), 1.40–1.33 (m, 1H; Cpr-H), 1.10 (s, 3 H;
CH3), 1.10–0.83 (m, 3 H; Cpr-H), 0.20 (s, 9H; 3 CH3); 13C NMR
(62.9 MHz, CDCl3, 25 8C): d= 212.1 (C), 203.9 (C), 185.4 (C), 143.7 (C),
50.9 (C), 41.9 (C), 37.6 (CH2), 31.0 (CH2), 24.0 (CH3), 17.1 (CH2), 13.7
(CH2), �1.3 (3 CH3); IR (KBr): ñ=2959, 1722, 1692, 1249, 1081,
849 cm�1; MS (70 eV): m/z (%): 248 (3) [M +], 233 (100) [M +�Me], 215
(2), 205 (7), 191 (11), 177 (83), 75 (13), 73 (6) [Me3Si+]; elemental analy-
sis calcd (%) for C14H20O2Si (248.4): C 67.70, H 8.12; found C 67.83, H
8.12.


3’a-Ethyl-2’,3’,3’a,4’-tetrahydro-6’-trimethylsilylspiro(cyclopropane-1,4’-
pentalene-1’,5’-dione) (22 c): The residue obtained from enynone 17 c
(200 mg, 0.85 mmol) and [Co2(CO)8] (365 mg, 1.07 mmol) according to
GP 9 was taken up with CH2Cl2 (5 mL), the mixture stirred with
TMANO (200 mg, 2.66 mmol) for an additional 1 h, filtered again and
concentrated under reduced pressure. Column chromatography (5 g of
silica gel, column 15� 1 cm, petroleum ether/Et2O 5:1) of the residue
gave 22c (146 mg, 65%) as a yellow solid. Rf =0.46 (petroleum ether/
Et2O 5:1); m.p. 71–72 8C; 1H NMR (250 MHz, CDCl3, 25 8C): d =2.74–
2.44 (m, 2 H), 1.85–1.78 (m, 2H), 1.67 (dq, J=7.2, 14.4 Hz, 1 H; CH2),
1.52 (ddd, J= 3.7, 7.1, 10.0 Hz, 1 H; Cpr-H), 1.39 (dq, J=7.2, 14.4 Hz,
1H; CH2), 1.08 (ddd, J =3.3, 7.1, 9.6 Hz, 1H; Cpr-H), 0.97 (ddd, J =3.3,
7.1, 10.0 Hz, 1H; Cpr-H), 0.85 (ddd, J =3.7, 7.1, 9.6 Hz, 1 H; Cpr-H), 0.64
(t, J=7.2 Hz, 3H; CH3), 0.26 (s, 9 H; 3 CH3); 13C NMR (62.9 MHz,
CDCl3, 25 8C): d=212.2 (C), 204.1 (C), 183.1 (C), 145.8 (C), 54.9 (C),
39.5 (C), 37.8 (CH2), 30.7 (CH2), 27.8 (CH2), 17.9 (CH2), 13.7 (CH2), 8.3
(CH3), �1.2 (3 CH3); IR (KBr): ñ=2960, 1724, 1682, 1258, 1086,
850 cm�1; MS (70 eV): m/z (%): 262 (6) [M +], 247 (100) [M +�Me], 233
(5) [M +�Et], 219 (6), 205 (21), 145 (2), 115 (3), 75 (11), 73 (8) [Me3Si+];
elemental analysis calcd (%) for C15H22O2Si (262.4): C 68.65, H 8.45;
found C 68.70, H 8.53.


(3’S,3’aR,6’aS,4’’S,5’’S)-Hexahydro-3a-methyl-3-trimethylsilyldispiro(cy-
clopropane-1,1’-pentalene-2’-one-4’,2’’-1,3-dioxolane) (27 a): To a stirred
suspension of cuprous iodide (200 mg, 1.05 mmol) in anhydrous Et2O
(5 mL) was added methyl lithium (1.9 mmol, 1.2 mL of a 1.6 m solution in
Et2O) at 0 8C. After stirring at this temperature for an additional 5 min, a
solution of 26a (145 mg, 0.34 mmol) in Et2O (4 mL) was added dropwise,
the reaction mixture was stirred at this temperature for an additional 2 h
and then poured into ice-cold sat. aq. NH4Cl solution (25 mL). The aque-
ous phase was extracted with diethyl ether (3 � 20 mL), the combined or-
ganic extracts were dried over Na2SO4 and concentrated under reduced
pressure. Column chromatography (4 g of silica gel, column 10 � 1 cm, pe-
troleum ether/Et2O 15:1, Rf = 0.39) of the residue gave 27 a (130 mg,
86%) as a colorless foam, which essentially was a 7:1 mixture of presum-
ably (3’aR,3’S,6’aS,4’’S,5’’S)-27 a and (3’aR,3’R, 6’aS,4’’S,5’’S)-27a.


Major diastereomer: 1H NMR (250 MHz, CDCl3, 25 8C): d=7.39–7.12
(m, 10 H; Ar-H), 4.77–4.66 (m, 2H; 4’’-H, 5’’-H), 2.54 (s, 1H; 3’-H), 2.37–
1.97 (m, 4 H; 6’a-H, 6’-H, 5’-H), 1.67–1.52 (m, 1H; 6’-H), 1.56 (s, 3 H;
CH3), 1.27–0.78 (m, 4 H; Cpr-H), 0.22 (s, 9H; 3 CH3); 13C NMR
(62.9 MHz, CDCl3, 25 8C): d=218.6 (C), 137.4 (C), 136.2 (C), 128.7 (2
CH), 128.5 (2 CH), 128.3 (CH), 128.0 (CH), 126.7 (2 CH), 126.3 (2 CH),
120.3 (C), 85.7 (CH), 85.0 (CH), 53.6 (C), 52.2 (CH), 50.1 (CH), 35.9 (C),
34.9 (CH2), 25.3 (CH2), 21.3 (CH3), 20.7 (CH2), 11.7 (CH2), 0.2 (3 CH3);
IR (KBr): ñ =3033, 2967, 1705, 1456, 1309, 1290, 1249, 1211, 1182, 1159,
1132, 1107, 1046, 840, 762, 698 cm�1; MS (70 eV): m/z (%): 446 (3) [M +],
373 (1) [M +�SiMe3], 312 (13), 251 (14), 235 (27), 193 (14), 179 (100),
165 (24), 91 (27), 73 (57); elemental analysis calcd (%) for C28H34O3Si
(446.7): C 75.29, H 7.67; found C 75.44, H 7.68.


Addition of higher order cuprates to 26 a


General procedure GP 10 : A solution of the respective alkyllithium
(2.23 mmol) was added dropwise to a stirred suspension of cuprous cya-
nide (100 mg, 1.12 mmol) in anhydrous diethyl ether (4 mL) at �78 8C.
The reaction mixture was allowed to warm to �40 8C and stirred at this
temperature for ca. 20 min until a clear solution had formed. After this,
the reaction mixture was recooled to �78 8C, and a solution of the enone
26a (0.25 mmol) in Et2O (3 mL), followed by boron trifluoride etherate
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(0.2 mL), was added dropwise. After stirring at this temperature for an
additional 30 min with TLC monitoring, the reaction was quenched by
adding a 1:1 mixture of sat. aq. NH4Cl solution and 25% aq. ammonia
(5 mL), and the reaction mixture was allowed to warm up to ambient
temperature The aqueous phase was extracted with diethyl ether (2 �
5 mL), the combined organic extracts were dried and concentrated under
reduced pressure. The product was purified by column chromatography.


(3’S,3’aR,6’aS,4’’S,5’’S)-Hexahydro-3a-n-butyl-3-trimethylsilyldispiro(cy-
clopropane-1,1’-pentalene-2’-one-4’,2’’-1,3-dioxolane) (27 b): Column
chromatography (20 g of silica gel, column 15 � 2 cm, petroleum ether/
Et2O 20:1) of the residue obtained from enone 26a (160 mg, 0.37 mmol),
CuCN (100 mg, 1.12 mmol), nBuLi (2.24 mmol, 0.95 mL of a 2.36 m so-
lution in hexane) and BF3·Et2O (0.2 mL) according to GP 10 furnished a
single diastereomer of 27b (104 mg, 57%) as a colorless solid. Rf =0.48
(petroleum ether/Et2O 20:1); m.p. 131 8C; [a]20


D =�163.2 (c =1.0 in
CHCl3); 1H NMR (250 MHz, CDCl3, 25 8C): d=7.40–7.17 (m, 10H; Ar-
H), 4.77 (d, J =8.6 Hz, 1H; 5’’*-H), 4.72 (d, J=8.6 Hz, 1H; 4’’*-H), 2.72
(s, 1H; 3’-H), 2.44–2.18 (m, 3 H; 5’-H, 6’a-H), 2.07–1.84 (m, 2H; 6’-H),
1.82–1.11 (m, 8 H; 2Cpr-H + 3CH2), 0.99 (t, J =7.0 Hz, 3H; CH3), 0.94–
0.86 (m, 2H; Cpr-H), 0.22 (s, 9H; 3 CH3); 13C NMR (62.9 MHz, CDCl3,
25 8C): d=219.9 (C), 137.7 (C), 136.1 (C), 128.5 (2 CH), 128.3 (2 CH),
128.2 (CH), 128.0 (CH), 127.0 (2 CH), 126.3 (2 CH), 120.6 (C), 85.2 (CH),
85.0 (CH), 57.6 (C), 50.4 (CH), 48.9 (CH), 36.4 (C), 36.1 (CH2), 34.1
(CH2), 28.7 (CH2), 26.7 (CH2), 24.0 (CH2), 21.4 (CH2), 14.1 (CH3), 13.8
(CH2), 0.8 (3 CH3); IR (KBr): ñ=2953, 2928, 1702, 1245, 1147, 1023, 840,
759, 698 cm�1; MS (70 eV): m/z (%): 488 (1) [M +], 415 (1) [M +�SiMe3],
382 (12), 251 (9), 180 (100), 91 (6), 73 (16). The structure of this com-
pound was verified by X-ray crystal structure analysis.


(3’S,3’aR,6’aS,4’’S,5’’S)-Hexahydro-3a-sec-butyl-3-trimethylsilyldispiro(cy-
clopropane-1,1’-pentalene-2’-one-4’,2’’-1,3-dioxolane) (27 c): Column
chromatography (20 g of silica gel, column 15 � 2 cm, petroleum ether/
Et2O 20:1) of the residue obtained from enone 26a (120 mg, 0.28 mmol),
CuCN (100 mg, 1.12 mmol), sBuLi (2.24 mmol, 1.6 mL of a 1.4 m solution
in hexane) and BF3·Et2O (0.1 mL) according to GP 10 furnished a 1.25:1
mixture of diastereomers of 27c (101 mg, 74 %) as a colorless solid. Rf =


0.44 (petroleum ether/Et2O 20:1); m.p. 136–142 8C; 1H NMR (250 MHz,
CDCl3, 25 8C): d =7.38–7.24 (m, 10H; Ar-H), 4.93, 4.92 (d, J =8.7 Hz,
1H; 5’’*-H), 4.70, 4.69 (d, J=8.7 Hz, 1H; 4’’*-H), 3.38, 3.28 (s, 1 H; 3’-H),
2.45–2.34, 2.12–2.05, 1.90–1.82, 1.70–1.24, (several m; 8H), 1.21–1.14 (m,
3H; CH3), 1.01–0.83 (m, 7 H; 4Cpr-H + CH3), 0.23, 0.22 (s, 9H; 3 CH3);
13C NMR (62.9 MHz, CDCl3, 25 8C): d =220.0 (C), 138.1, 138.0 (C), 136.3,
136.1 (C), 128.5 (2 CH), 128.2 (2 CH), 128.1 (CH), 126.6 (CH), 126.5 (2
CH), 126.4 (2 CH), 118.8 (C), 85.3 (CH), 83.3, 83.2 (CH), 62.8, 62.5 (C),
47.8, 47.7 (CH), 47.1 (CH), 39.7, 39.1 (CH2), 38.9 (CH), 34.7, 34.5 (C),
27.3, 27.1 (CH2), 26.3 (CH2), 20.8, 20.7 (CH2), 16.9, 16.1 (CH3), 15.7
(CH2), 13.0, 12.6 (CH3), 1.3, 1.1 (3 CH3); IR (KBr): ñ=2969, 2877, 1701,
1245, 1149, 1019, 837, 760 cm�1; MS (70 eV): m/z (%): 488 (1) [M +], 473
(1) [M +�CH3], 421 (1), 415 (1) [M +�SiMe3], 382 (8), 326 (3), 291 (2),
180 (100), 91 (5), 73 (13); elemental analysis calcd (%) for C31H40O3Si
(488.7): C 76.18, H 8.25; found C 76.14, H 8.09.


(3’aR,6’aR,4’’S,5’’S)-Hexahydro-3a-methyldispiro(cyclopropane-1,1’-pen-
talene-2’-one-4’,2’’-1,3-dioxolane) (28 a): A solution of the compound 27a
(93 mg, 0.21 mmol) and p-toluenesulfonic acid (10 mg) in anhydrous ace-
tone (10 mL) was stirred at ambient temperature for 2 h and then
worked up according to GP 6. Column chromatography (5 g of silica gel,
column 15 � 1 cm, petroleum ether/Et2O 10:1) of the residue gave 28 a
(76 mg, 97 %) as a colorless oil. Rf =0.16 (petroleum ether/Et2O 10:1);
1H NMR (250 MHz, CDCl3, 25 8C): d=7.36–7.15 (m, 10 H; Ar-H), 4.77–
4.70 (m, 2 H; 4’’*-H, 5’’*-H), 2.82 (d, J= 19.0 Hz, 1H; 3’-H), 2.33 (d, J=


19.0 Hz, 1 H; 3’-H), 2.24–1.98 (m, 4 H; 5’-H, 6’-H, 6’a-H), 1.71–1.56 (m,
1H; 6’-H), 1.48 (s, 3H; CH3), 1.30–1.23 (m, 2 H; Cpr-H), 1.02–0.86 (m,
2H; Cpr-H); 13C NMR (62.9 MHz, CDCl3, 25 8C): d =218.6 (C), 137.1
(C), 135.9 (C), 128.5 (2 CH), 128.4 (2 CH), 128.2 (CH), 128.0 (CH), 126.9
(2 CH), 126.3 (2 CH), 119.7 (C), 86.1 (CH), 85.2 (CH), 51.2 (CH), 49.9
(C), 48.4 (CH2), 35.7 (C), 34.9 (CH2), 25.9 (CH2), 22.1 (CH3), 21.7 (CH2),
13.3 (CH2); IR (film): ñ=2955, 1726, 1456, 1183, 1104, 1027, 763 cm�1;
MS (70 eV): m/z (%): 374 (2) [M +], 268 (39), 251 (25), 180 (100), 165


(22), 105 (31), 91 (62), 77 (36); elemental analysis calcd (%) for C25H26O3


(374.5): C 80.18, H 6.99; found C 80.05, H 6.98.


(3’aR,6’aR)-Hexahydro-3a-methylspiro(cyclopropane-1,1’-pentalene-2’,4’-
dione) (29 a): This compound was prepared under conditions of the previ-
ous experiment from 28a (70 mg, 0.19 mmol) and p-toluenesulfonic acid
(20 mg) in anhydrous acetone (80 mL), but the reaction mixture was stir-
red under reflux for 27 h. Column chromatography (5 g of silica gel,
column 15� 1 cm, petroleum ether/Et2O 2:1) gave 29a (19 mg, 57%) as a
colorless solid. Rf =0.13 (petroleum ether/Et2O 2:1); m.p. 62–63 8C;
[a]20


D =�148 (c =1.0 in CHCl3); 1H NMR (250 MHz, CDCl3, 25 8C): d=


2.40 (d, J=18.6 Hz, 1 H; 3’-H), 1.90 (d, J=18.6 Hz, 1 H; 3’-H), 1.95–1.71
(m, 2 H; 5’-H), 1.57 (t, J =6.6 Hz, 1 H; 6’a-H), 1.38–1.22 (m, 1 H; 6’-H),
1.19–1.10 (m, 1H; 6’-H), 1.02–0.75 (m, 2 H; Cpr-H), 0.88 (s, 3 H; CH3),
0.39–0.28 (m, 2H; Cpr-H); 13C NMR (62.9 MHz, CDCl3, 25 8C): d=218.5
(C), 213.7 (C), 51.0 (C), 50.2 (CH), 46.1 (CH2), 36.0 (C), 32.8 (CH2), 22.9
(CH2), 22.5 (CH3), 18.2 (CH2), 14.0 (CH2); IR (KBr): ñ =2963, 1728,
1410, 1372, 1323, 1126, 1097, 1043 cm�1; MS (70 eV): m/z (%): 178 (100)
[M +], 150 (22) [M +�CO], 135 (28) [M +�CO�CH3], 122 (41) [M +


�2CO], 108 (13), 93 (27), 79 (50); HRMS: m/z (%): calcd for C11H14O2:
178.0993; found 178.0993.
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0.1609, GOF =1.132, maximum and minimum residual electron den-
sity 0.638 and �0.260 e 	�3. The X-ray crystal structure analysis of
the latter compound does establish its stereochemistry, but the un-
satisfactory high R values do permit neither to discuss any structural
peculiarities in 27b nor to save the results of this measurements in
the Cambridge Crystallographic Data Centre.
CCDC-252 041 (19c) and -252 040 (26d) contain the supplementary
crystallographic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif
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Mild and Efficient Copper-Catalyzed Cyanation of Aryl Iodides and
Bromides
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Introduction


Aryl nitriles are stable and valuable intermediates in organic
synthesis because of the versatile transformations of the ni-
trile function.[1] Thus they constitute building blocks for the
synthesis of biologically active molecules,[2] polyamides,[3]


and metallophthalocyanine precursors.[4] Moreover aryl and
heteroaryl nitriles are present in numerous dyes, agrochemi-
cals[5] and pharmaceuticals.[6]


Various methods for the synthesis of aryl nitriles have
been reported. One of the most convenient is based on the
transition-metal-mediated displacement of aromatic halides
by the cyanide ion.[7]


Cassar[8] and Sakakibara[9] and their co-workers used
nickel complexes as catalysts in the cyanation of aryl bro-


mides and chlorides with sodium cyanide, potassium cyanide
or acetone cyanohydrin. The preparation of aromatic nitriles
from aryl halides using nickel salts in conjunction with mi-
crowave irradiation has also been recently described.[10] The
usefulness of this reaction is however limited because of the
high cost and toxicity of the equimolar amounts of nickel
derivatives that are required.


Palladium-catalyzed cyanodehalogenation of aryl halides
has also been reported.[11] Palladium catalysts are in general
more tolerant towards a variety of functional groups than
nickel ones but suffer from poor reliability. Sodium and po-
tassium cyanide are generally used as cyano group sources[12]


but many variants have been developed: zinc cyanides,[13] tri-
methylsilyl cyanides,[14] tributyltin cyanides,[15] dialkylcyano-
boronates,[16] copper cyanide[17] and potassium hexacyanofer-
rate(ii)[18] can also promote the cyanation of aryl halides to
afford the corresponding aryl nitriles. Interestingly, the use
of acetone cyanohydrin, already known to be a suitable cy-
anating agent in the nickel-catalyzed cyanation of aryl hal-
ides, has recently been extended to reactions that involve
palladium as the catalyst.[19] However, the high cost of this
metal and the need to use expensive and toxic phosphines
as ligands make the development of methods involving
other metals quite attractive.
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Abstract: An efficient copper-catalyzed
cyanation of aryl iodides and bromides
is reported. Our system combines cata-
lytic amounts of both copper salts and
chelating ligands. The latter, which
have potential nitrogen- and/or
oxygen-binding sites, have never previ-
ously been used in this type of reac-
tion. A protocol has been developed
that enables the cyanation of aryl bro-
mides through the copper-catalyzed in


situ production of the corresponding
aryl iodides using catalytic amounts of
potassium iodide. Aryl nitriles are ob-
tained in good yields and excellent se-
lectivities in relatively mild conditions
(110 8C) compared with the Rose-


nmund–von Braun cyanation reaction.
Furthermore, the reaction is compati-
ble with a wide range of functional
groups including nitro and amino sub-
stituents. The protocol reported herein
involves two main innovations: the use
of catalytic amounts of ligands and the
use of acetone cyanohydrin as the cy-
anating agent in copper-mediated cyan-
ation reactions.


Keywords: acetone cyanohydrin ·
aryl halides · copper · cyanation ·
homogeneous catalysis
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Finally, the direct reaction between aryl halides and
copper cyanides to give the corresponding aryl nitriles (the
Rosenmund–von Braun reaction) has been known for over
80 years since the work of Pongratz.[7,20] This method re-
quires both stoichiometric quantities of CuCN and high re-
action temperatures (>150 8C). Furthermore product isola-
tion is complicated by the need to separate the resulting
copper halide. Recently aryl cyanides have been obtained at
lower temperatures (90–130 8C) in ionic liquids and from
aryl iodides in the presence of either two equivalents or cat-
alytic amounts of CuCN.[21] However, the isolated yields are
moderate because of the difficulty of isolating the nitriles.
Cyanation of aryl halides with an excess or at least stoichio-
metric amounts of CuCN has also been achieved by micro-
wave-heating in water[22] or in DMSO.[23] The copper-cata-
lyzed cyanation of aryl- and heteroaryl bromides in toluene
at around 110–130 8C has also been reported.[24] However,
this method requires the use of a ten-fold amount of the
rather expensive ligand N,N’-dimethylethylenediamine rela-
tive to the copper salt. This feature is thus less attractive for
large-scale applications. As a consequence, the search for
more practical methods involving copper catalysis appear
necessary to meet the demands of contemporary chemical
synthesis, that is, less waste and the use of catalytic process-
es wherever possible. We report herein our contribution to
this search, presenting a method for the copper-catalyzed cy-
anation of aryl halides which has two main innovations: 1)
the use of catalytic amounts of not only the copper precata-
lyst but also of the ligand and 2) the use of acetone cyano-
hydrin as the cyanide source. To the best of our knowledge
acetone cyanohydrin has until now only been employed in
nickel- or palladium-catalyzed cyanation reactions.


In a previous paper we presented a general and efficient
method for the N-arylation of pyrazoles with aryl bromides
and iodides that involved the use of inexpensive copper-
based catalytic systems.[25] We noticed that bi-, tri- or tetra-
dentate ligands with nitrogen and/or oxygen chelating atoms
considerably accelerate the copper-catalyzed arylation reac-
tions of pyrazoles. Aryl- or heteroarylpyrazoles were thus
obtained with high yields and selectivities under extremely
mild conditions. We also report-
ed that phenols,[26] amides, car-
bamates, nitrogen heterocycles
and malonic acid derivatives[27]


can be arylated at moderate
temperatures with similar cata-
lytic systems.[28] In this report
we extend the scope of such
catalytic systems to the cyana-
tion of aryl iodides and bro-
mides.


Results and Discussion


Copper-catalyzed cyanation of
iodobenzene : In a preliminary


set of experiments performed in DMF as solvent, we investi-
gated the cyanation of iodobenzene in the presence of cop-
per(i) catalysts (10 mol % CuI or 5 mol % Cu2O) and cata-
lytic amounts of a set of bi-, tri- or tetradentate ligands
(Figure 1). These additives comprise only nitrogen-binding
sites (ligands 1, 2, 4, and 6) or combine nitrogen- and
oxygen-binding sites (ligands 3, 5, 7, and 8). In all cases, the
yields were not affected by the nature of the copper precata-
lyst, either cuprous iodide or cuprous oxide. In contrast, the
nature of the ligand significantly influenced the efficiency of
the catalytic system since after 24 h yields of benzonitrile
ranged from 48 to 94 %. We identified five ligands with vari-
ous structural features (1–5) that promote the arylation re-
action with yields in excess of 75 %. Ligand 1 comprises two
pyridine-type binding sites, whereas 2 and 4 combine both
pyridine- and imine-type binding sites. Oxime-type ligand 3
and ligand 5 combine nitrogen and oxygen as potential che-
lating atoms.


In the following experiments, we focused our attention on
1,10-phenanthroline (1,10-phen, 1) and N,N-dimethyl-N’-pyr-
idin-2-ylmethyleneethane-1,2-diamine (Dmeda-Py-Al, 2),
which promote the arylation reaction to give yields of 94
and 83 %, respectively. Since benzonitrile can be obtained
from iodobenzene in an excellent yield, we decided to
extend our methodology to the cyanation of less expensive
and more challenging aryl bromides.


Copper-catalyzed cyanation of bromobenzene : The reaction
conditions used in the cyanation of iodobenzene were ap-
plied to the cyanation of bromobenzene. At first the cross-
coupling reaction failed. However we overcame this prob-
lem and obtained aryl nitriles through the catalyzed produc-
tion of iodobenzene from bromobenzene and iodide salts
and its subsequent in situ cyanation.[29] We first checked that
displacement of the bromide ion by the iodide ion took
place under the conditions used in the cyanation of iodoben-
zene when using 1,10-phen 1 as the ligand (Scheme 1,
[Eq. (1)], a)). The rapid formation of iodobenzene was
indeed observed, 55 % of bromobenzene being converted
during the first four hours of the reaction.


Scheme 1. Cyanation of bromobenzene: halide exchange followed by in situ cyanation of iodobenzene. Gener-
al conditions: a) PhBr (0.5 mmol), KI (0.5 mmol), CuI (0.05 mmol), 1 (0.10 mmol), DMF (300 mL), 48 h,
110 8C; b) PhI (0.5 mmol), KBr (0.5 mmol), CuI (0.05 mmol), 1 (0.10 mmol), DMF (300 mL), 48 h, 110 8C; c)
KCN yields were determined by GC with 1,3-dimethoxybenzene as the internal standard.
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We also demonstrated (Scheme 1, [Eq. (2)]) that the final
composition was the same when starting from either an
equimolar mixture of bromobenzene and potassium iodide
(a) or an equimolar mixture of iodobenzene and potassium
bromide (b): the final mixture was composed of about 20 %
PhBr and 80 % PhI. Note that these results are in agreement
with the existence of a thermodynamic equilibrium between
the two aromatic halides.[30] Therefore it was expected that
the addition of cyanide ion, which would trap iodobenzene,
would allow the formation of benzonitrile with the simul-
taneous regeneration of potassium iodide (Scheme 1,
[Eq. (1)], c)). As a consequence catalytic amounts of KI
might be sufficient to promote the cyanation of PhBr.


The cyanation was first performed as a one-pot reaction:
bromobenzene, potassium cyanide (1.1 equiv), copper iodide


(0.1 equiv), ligand (0.2 equiv), potassium iodide (0.5 equiv),
and solvent (DMF) were introduced simultaneously. Un-
fortunately, neither halide exchange nor cyanation took
place under these conditions. However, this was not surpris-
ing because deactivation of nickel- or palladium-based cata-
lytic systems by an excess of dissolved cyanide is a well-
known phenomenon.[9b, 12k,13h,14b, 19]


KCN was then introduced into the reaction mixture only
once a sufficient quantity of PhI had been generated.
During the first stage, bromobenzene was converted into io-
dobenzene by using potassium iodide (0.5 equiv) in the pres-
ence of ligand 1 or 2 (Scheme 2). The composition of both
reaction mixtures before the addition of KCN, given in
Scheme 2, shows that the halide exchange is quicker with 1
as ligand than with 2. In the second stage KCN was intro-


Figure 1. Effect of various ligands on the copper-catalyzed coupling reaction of potassium cyanide and iodobenzene. General conditions: iodobenzene
(0.5 mmol), potassium cyanide (0.55 mmol), CuI (0.05 mmol), ligand (0.10 mmol), DMF (300 mL), 24 h, 110 8C. Yields were determined by GC with 1,3-
dimethoxybenzene as the internal standard.
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duced to allow cyanation of the iodobenzene previously gen-
erated. Note that halide exchange also occurred during the
cyanation reaction since the yields of PhCN are higher than
the yields of PhI estimated before the addition of KCN. The
process being faster in the presence of 1 than with 2, we
therefore focused our attention on 1,10-phen in the follow-
ing experiments.


Thus, this protocol allows the synthesis of benzonitrile
from bromobenzene in a satisfying yield (78 %) after 48 h at
110 8C. Moreover, the selectivity was excellent (99 %) since
the only by-product detected by GC was iodobenzene. How-
ever, it is not easy to add KCN, which is a solid that is only
slightly soluble in DMF, to the reaction mixture at 110 8C.
The use of a liquid cyanation agent, acetone cyanohydrin,
was therefore investigated (Scheme 3). This cyanation re-


agent, used in the presence of a base, is cheap, commercially
available on an industrial scale,[19,31] and, to the best of our
knowledge, it has never been used in copper-catalyzed cyan-
ation reactions.


As in the case of KCN, the introduction of acetone cyano-
hydrin and tributylamine to the reaction mixture at the start
of the reaction led to deactivation of the catalyst since
halide exchange did not occur. This difficulty was once
again overcome by delaying the addition of the cyanation
reagent (Scheme 3). Benzonitrile was successfully obtained
from bromobenzene with a yield of 80 % and an excellent
selectivity (>98 %). A possible mechanism for this reaction
is presented in Scheme 4.


Cycle A : This cycle corresponds to the thermodynamic equi-
librium between aryl bromide and aryl iodide. The first step
involves the oxidative addition of bromobenzene to the cat-
alytically active copper species [CuI] which is proposed to
be a copper(i)–ligand complex.[27] The resulting copper(iii)
intermediate (Ph�[CuIII]�Br) undergoes nucleophilic substi-
tution of the copper-bound bromide by an iodide ion from
potassium iodide to give Ph�[CuIII]�I. The third step in-
volves the reductive elimination of iodobenzene and the
subsequent regeneration of the active copper(i) species.


Cycle B : This cycle involves cy-
anohydrin and describes the
synthesis of benzonitrile itself.
In the first step the copper(iii)
intermediate (Ph�[CuIII]�I) is
trapped by the cyanide ion,
thus displacing the equilibrium
between PhBr and PhI in cycle
A. The resulting product Ph�
[CuIII]�CN then allows, by re-
ductive elimination, the forma-
tion of the expected benzoni-
trile and the regeneration of


the active copper species [CuI]. The cyanide ion is generated
in situ from both cyanohydrin and tributylamine and then
consumed according to the availability of the intermediate
Ph�[CuIII]�I. Another interesting feature of our protocol is
the regeneration of the iodide ion (cycle B). Only 0.5 equiv-
alents (based on the bromobenzene) of potassium iodide
were used. A lower loading of KI is possible but a decrease
in the reaction rate is observed.


As briefly mentioned above, the deactivation of catalysts
by an excess of dissolved cyanide ions has already been
demonstrated in the nickel- and palladium-mediated cyana-
tion of aryl bromides and chlorides.[9b, 12k,13h,14b, 19] Several
methods to avoid such poisoning have been proposed in the


Scheme 2. Cyanation of PhBr by using potassium cyanide after halide ex-
change. General conditions: bromobenzene (0.5 mmol), potassium iodide
(0.25 mmol), CuI (0.05 mmol), ligand (0.10 mmol), DMF (300 mL), 6 h,
110 8C and then addition of potassium cyanide (0.55 mmol). Yields were
determined by GC with 1,3-dimethoxybenzene as the internal standard.
It was arbitrarily decided to add KCN after 6 h and this reaction time has
not been optimized.


Scheme 3. Cyanation of PhBr with acetone cyanohydrin. General conditions: bromobenzene (0.5 mmol), po-
tassium iodide (0.25 mmol), CuI (0.05 mmol), ligand 1 (0.10 mmol), DMF (300 mL), 6 h, 110 8C followed by ad-
dition of acetone cyanohydrin (0.55 mmol) and tributylamine (0.6 mmol). Yields were determined by GC with
1,3-dimethoxybenzene as the internal standard.


Scheme 4. Mechanism proposed for the halide exchange–cyanation pro-
cess.
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literature (Scheme 5). As with nickel-based catalysts, the use
of solvents with lower cyanide solubility permitted the cyan-
ation of heteroaromatic halides to proceed.[9b] In palladium-
mediated cyanation reactions, a method involving the con-
tinuous addition of the cyanation agent (acetone cyanohy-
drin[19] or trimethylsilyl cyanide (TMSCN)[14b]) to the reac-
tion mixture was proposed for the cyanodehalogenation of
aryl halides. The aim of both of these protocols was to keep
the concentration of dissolved cyanide ions low to prevent
poisoning of the catalyst. The addition of a further reagent
can also prevent inhibition of the active catalyst. For exam-
ple, the use of zinc acetate allowed the palladium-catalyzed
cyanation of aryl bromides; however the role of this additive
is not yet clearly understood.[13h] The use of N,N,N’,N’-tetra-
methylethylenediamine (TMEDA) or 1,1’-methylenedipiper-
idine (MDP) as co-catalyst has also been reported. These
amines should be able to substitute cyanide ions on the pal-
ladium center, thus allowing the cyanation of aryl bromides
and chlorides.[12k, 14b, 19] Similarly, the recently reported
copper-catalyzed cyanation of aryl bromides seemed to re-
quire ten-fold more of the ligand N,N’-dimethylethylenedia-
mine (DMEDA) than the copper salt.[24] These unusual reac-
tion conditions may be aimed at countering the binding of
cyanide ions to copper in order to avoid catalyst deactiva-
tion.


We have demonstrated that high concentrations of cya-
nide ions did not prevent the copper-catalyzed cyanation of
iodobenzene, benzonitrile being quantitatively obtained
even though cyanide ions were present from the start of the
reaction (Figure 1). Since the cyanation of bromobenzene
did not take place under the same reaction conditions, we
considered obtaining the corresponding aryl nitrile by the
catalyzed production of iodobenzene from bromobenzene
and potassium iodide. However, we noticed that introduc-
tion of the cyanating agent (potassium cyanide or cyanohy-
drin) from the beginning of the reaction prevented the
halide exchange from taking place. To explain this phenom-
enon we assumed that copper(i)–cyanide complexes
[Cu](CN)x


(1�x)� (x=1–4), which should not promote the oxi-
dative addition of bromobenzene, were formed in situ. The
affinity of copper(i) for cyanide ions has indeed already
been reported.[32] Such complexes would be formed to the
detriment of the active copper species [CuI] (Scheme 4,


cycle A). Thus we overcame the poisoning of our copper-
based catalyst by introducing the cyanide source once a suf-
ficient amount of iodobenzene and/or intermediate Ph�
[CuIII]�I had been generated in the reaction mixture. As a
consequence, the cyanide ions should essentially be used to
cyanate the previously formed iodobenzene (Scheme 4,
cycle B). The resulting decrease in the concentration of the
cyanide ions should thus limit the formation of
[Cu](CN)x


(1�x)� complexes, whereas the number of copper
species able to afford oxidative addition of bromobenzene
to [CuI] should increase thus enabling halogen exchange fol-
lowed by cyanation (Scheme 4). Note that our protocol al-
lowed the cyanide source to be introduced at once without
requiring the addition of a further reagent to avoid poison-
ing.


Copper-catalyzed cyanation of substituted aryl bromides :
We were interested in applying our catalytic system to the
cyanation of a variety of aryl halides. It has been shown that
acetone cyanohydrin can quantitatively convert iodobenzene
into benzonitrile in DMF after 48 h at 90 8C. We then fo-
cused our attention on more challenging aryl bromides.
Thus the cyanation of aryl bromides substituted with differ-
ent electron-donating and -withdrawing groups was investi-
gated by using acetone cyanohydrin in the presence of cata-
lytic amounts of copper, ligands and potassium iodide
(Table 1). Note that to facilitate the isolation of the aryl ni-
triles, tributylamine can be replaced by a more volatile terti-
ary amine (diisopropylethylamine, for example), which can
be removed more easily from the crude mixture before puri-
fication by column chromatography.


The expected aryl nitriles were synthesized whatever the
nature of the substituent and the rates of the reactions were
not significantly affected by electronic effects. Thus very
good yields of aryl nitriles were obtained from the electron-
poor p-bromobenzotrifluoride, m-nitrobromobenzene or p-
bromoacetophenone (Table 1, entries 2, 5 and 7) and also
from the electron-rich p-methylbromobenzene and m-me-
thoxybromobenzene (Table 1, entries 6 and 8).


In these examples, with the exception of the nitro sub-
stituent, cyanation was totally selective with respect to the
cyanide ion and almost totally selective with respect to the
aryl bromides. Indeed, the only by-products detected by GC


Scheme 5. Reported methods that avoid the deactivation of catalysts by an excess of dissolved cyanide ions.
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were small amounts of aryl iodides corresponding to the
aryl bromides used. Hydrodehalogenation never occurred
during the reactions and by-products resulting from biaryl
coupling were never observed. In the case of 3-nitrobromo-
benzene (Table 1, entry 5), small amounts of hydrodehaloge-
nation (C6H5NO2) and nitro-reduction (BrC6H4NH2) prod-
ucts were detected but the selectivity of 88 % remains ac-


ceptable. Our copper-based cat-
alytic system is therefore com-
patible with the nitro
substituent, whereas nickel-cat-
alyzed cyanation of nitro-substi-
tuted aryl halides failed.[9a]


Note that the presence of an
amino substituent also allows
the synthesis of the correspond-
ing nitrile in a very good yield
and with excellent selectivity
(>99 %) (Table 1, entry 4).
Indeed the amino group itself is
not arylated by aryl bromides
under the conditions used.


The cyanation of o-bromoto-
luene was more troublesome
and sluggish (40 % yield after
70 h at 110 8C, Table 1,
entry 10). This lack of reactivity
could be due to steric hindrance
in the substrate. However, o-
tolunitrile can be obtained in a
quantitative yield from o-iodo-
toluene at 110 8C (Table 1,
entry 11). The cyanation reac-
tion has also been extended to
heteroaryl bromides, for exam-
ple, 2-bromopyridine is quanti-
tatively and selectively convert-
ed into 2-cyanopyridine
(Table 1, entry 3). Finally, dif-
ferences in the reactivity of aryl
halides in the oxidative addition
to copper(i) active species can
be exploited to obtain a mono-
substituted product from reac-
tions involving di- or trihalo-
benzenes (Table 1, entries 9 and
12). The cyanation of 4-chloro-
bromobenzene (Table 1,
entry 12) and 3,5-difluorobro-
mobenzene (Table 1, entry 12)
took place exclusively at the
bromine position.


Conclusions


To conclude, herein we propose
a high-yielding, copper-catalyzed method for the cyanation
of aryl iodides and bromides. Our catalytic system involves
not only the use of catalytic amounts of copper salts but
also catalytic amounts of ligands. Aryl nitriles were obtained
from aryl bromides through the copper-catalyzed in situ pro-
duction of the corresponding aryl iodides by using catalytic
amounts of potassium iodide. Furthermore, we have shown


Table 1. Cyanation of substituted aryl bromides with acetone cyanohydrin using catalytic amounts of potassi-
um iodide.[a]


Entry ArX ArX Time [h] Yield [%][b] Selectivity [%][c]


1 9a
48
60


80
90 (88)


98
99


2 9b
48
60


85
94 (87)


97
99


3 9c 48 100 (98) 100


4 9d
48
60


83
98 (70)


97
>99


5 9e
48
60


82
81 (75)


88[d]


85[e]


6 9 f
48
60


74
89 (80)


96
99


7 9g
48
60


92
100 (96)


99
100


8 9h
48
60
70


62
81 (79)


97


97
97


>99


9 9 i
48
60


66
98 (94)


99
>99


10 9j
48
70


29
43 (40)


99
99


11[f] 9j 48[g] 98 (95) >99


12 9k
48
60


86
96 (86)


97
99


[a] General conditions for GC yields: aryl bromide (0.5 mmol), potassium iodide (0.25 mmol), CuI
(0.05 mmol), ligand 1 (0.10 mmol), DMF (300 mL), 6 h, 110 8C followed by in situ addition of acetone cyanohy-
drin (0.55 mmol) and tributylamine (0.6 mmol). General conditions for isolated yields: aryl bromide (5 mmol),
potassium iodide (2.5 mmol), CuI (0.5 mmol), ligand 1 (1.0 mmol), DMF (3 mL), 6 h, 110 8C followed by in
situ addition of acetone cyanohydrin (5.5 mmol) and diisopropylethylamine (6.0 mmol). [b] Yields refer to GC
yields (using 1,3-dimethoxybenzene as internal standard) and yields in parentheses refer to isolated yields;
yields are given with respect to aryl bromides. [c] Selectivities are given with respect to aryl bromides. With
the exception of entry 5, only negligible amounts of one by-product (the corresponding aryl iodide) are ob-
served. [d] By-products: 3.5 % of PhNO2 and 2.5% of p-NH2C6H4CN. [e] By-products: 10.0 % of PhNO2 and
3.5% of p-NH2C6H4CN. [f] General conditions: 2-iodotoluene (0.5 mmol), potassium iodide (0.25 mmol), CuI
(0.05 mmol), ligand 1 (0.10 mmol), acetone cyanohydrin (0.55 mmol), tributylamine (0.6 mmol) and DMF
(300 mL). [g] The reaction time and the temperature were not optimized.
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that acetone cyanohydrin can be used as a cyanating agent.
To the best of our knowledge, copper-catalyzed cyanation
with cyanohydrin has not been previously reported. This
method avoids deactivation of the catalyst by cyanide ions.
Finally, this protocol is practical on the laboratory scale and
can easily be adapted to an industrial scale.[28d, 31] We are cur-
rently working to extend the scope of our cyanation method
to other aromatic compounds such as aryl triflates and espe-
cially aryl chlorides and the results will be reported in due
course.


Experimental Section


General : Column chromatography was performed with SDS 60 A C.C
silica gel (35–70 mm). Thin-layer chromatography was carried out with
Merck silica gel 60 F254 plates. All products were characterized by analy-
sis of their NMR, GC-MS and IR spectra. NMR spectra were recorded
at 20 8C on Bruker AC 200, DRX-250 and DRX-400 spectrometers work-
ing respectively at 200.13, 250.13, and 400.13 MHz for 1H, at 50.32, 62.90,
and 100.61 MHz for 13C and at 188.31, 236.36, and 376.50 for 19F NMR
spectroscopy. CDCl3 was used as solvent unless otherwise stated. Cou-
pling constants are reported in Hz and chemical shifts in ppm [relative to
TMS for 1H and {1H}13C (d= 77.00 ppm for the CDCl3 signal) and to
CFCl3 for {1H}19F]. The first-order peak patterns are indicated as s (sin-
glet), d (doublet), t (triplet) and q (quadruplet). Complex non-first-order
signals are indicated as m (multiplet) and broad signals as br. 13C NMR
signals were assigned by using HMQC and HMBC sequences. Gas chro-
matography-mass spectra (GC-MS) were recorded using an Agilent Tech-
nologies 6890 N instrument with an Agilent 5973 N mass detector (EI)
and a HP5-MS 30 m� 0.25 mm capillary apolar column (stationary phase:
5% diphenyldimethylpolysiloxane film, 0.25 mm). GC-MS method: initial
temperature, 45 8C; initial time, 2 min; ramp, 10 8C min�1; final tempera-
ture, 250 8C; final time, 10 min. IR spectra were recorded with a Nicolet
210 FTIR instrument (neat, thin film for liquid products and KBr pellet
or in carbon tetrachloride solution for solid products). FAB+ mass spec-
tra were recorded with a JEOL JMS-DX300 spectrometer (3 keV, xenon)
in a m-nitrobenzyl alcohol matrix. Melting points were determined by
using a B�chi B-540 apparatus and are uncorrected.


Materials


Caution : Safety precautions must be taken with potassium cyanide and
acetone cyanohydrin. All reactions were carried out in 35 mL Schlenk
tubes or in Carousel “reaction stations RR98030” Radley tubes under
pure and dry nitrogen. DMF was distilled under vacuum from MgSO4


and stored, protected from light, on 4 � activated molecular sieves under
nitrogen. KI (SDS) and KCN (Fluka) were ground to a fine powder. The
former was stored under vacuum at 100 8C in the presence of P4O10. The
latter was dried in vacuo and stored under nitrogen. All other solid mate-
rials were stored in the presence of P4O10 in a bench-top desiccator under
vacuum at room temperature and weighed in air. Copper(i) iodide was
purified according to literature procedures[33] and stored protected from
light. 1,10-Phenanthroline (ligand 1) and salicylaldoxime (ligand 8) were
purchased from commercial sources. The latter was recrystallized in pe-
troleum ether prior to use. The following ligands were synthesized ac-
cording to or by adapting literature procedures: 3,[34, 35] 6[36] and 7.[37] The
stereochemistry of oxime-type ligands 3 and 8 has not been determined.
The syntheses of ligands 2 and 4 are reported below. All aryl halides, ace-
tone cyanohydrin and amines (tributylamine or diisopropylethylamine)
were purchased from commercial sources (Aldrich, Acros, Avocado,
Fluka, Lancaster). Solids were recrystallized in an appropriate solvent[38]


while liquids were distilled under vacuum and stored under nitrogen.
Special care was taken with liquid aryl iodides: the samples were regular-
ly distilled and stored protected from light. Amines were distilled from
potassium hydroxide.


General procedure for the cyanation of aryl bromides (5 mmol scale):
After standard cycles of evacuation and back-filling with dry and pure ni-
trogen, an oven-dried Radley tube (Carousel “reaction stations
RR98030”) equipped with a magnetic stirring bar was charged with CuI
(95.2 mg, 0.5 mmol), 1,10-phenanthroline (181.2 mg, 1.0 mmol), KI
(415.0 mg, 2.5 mmol) and the aryl bromide (5.0 mmol), if a solid. The
tube was evacuated and back-filled with nitrogen. If a liquid, the aryl
bromide was added by syringe under a stream of nitrogen at room tem-
perature, followed by anhydrous and degassed DMF (3 mL). The tube
was sealed under a positive pressure of nitrogen, and stirred and heated
at 110 8C for six hours. Acetone cyanohydrin (502 mL, 5.5 mmol) and dii-
sopropylethylamine (1.05 mL, 6.0 mmol) were then added by syringe at
110 8C and the reaction mixture was stirred for 60 h at this temperature.
After cooling to room temperature, the mixture was diluted with diethyl
ether (~50 mL) and filtered through a plug of Celite, the filter cake
being further washed with diethyl ether (~10 mL). The filtrate was
washed twice with water (2 �~30 mL). The aqueous phases were com-
bined and extracted twice with diethyl ether (~30 mL). The organic
layers were combined, dried over MgSO4, filtered and concentrated in
vacuo to yield a brown oil. Excess of diisopropylethylamine was then dis-
tilled and the crude product obtained was purified by silica gel chroma-
tography with hexanes and ethyl acetate as eluent.


General procedure for reactivity comparisons or screening of reaction
conditions (0.5 mmol scale):


Cyanation of aryl bromides with acetone cyanohydrin: The above proce-
dure was applied on a 0.5 mmol scale and by using tributylamine
(143 mL, 0.6 mmol) instead of diisopropylethylamine. After heating for
the required period of time, the reaction mixture was allowed to cool to
room temperature and was diluted with diethyl ether (5 mL). 1,3-Dime-
thoxybenzene (65 mL) was then added as an internal standard. A small
sample of the reaction mixture was taken and filtered through a plug of
Celite, the filter cake being further washed with diethyl ether. The filtrate
was washed three times with water and analyzed by gas chromatography.
The GC yields were determined by obtaining correction factors using au-
thentic samples of the expected products.


Cyanation of iodobenzene by KCN : After standard cycles of evacuation
and back-filling with dry and pure nitrogen, an oven-dried Radley tube
(Carousel “reaction stations RR98030”) equipped with a magnetic stir-
ring bar was charged with CuI (9.5 mg, 0.05 mmol), ligand (0.1 mmol)
and KCN (35.6 mg, 0.55 mmol). The tube was evacuated and back-filled
with nitrogen. Iodobenzene was added under a stream of nitrogen by sy-
ringe at room temperature, followed by anhydrous and degassed DMF
(300 mL). The tube was sealed under a positive pressure of nitrogen and
stirred and heated at 110 8C for 24 h. The reaction mixture was allowed
to cool to room temperature and was diluted with diethyl ether (5 mL).
1,3-Dimethoxybenzene (65 mL) was added as an internal standard. A
small sample of the reaction mixture was taken and filtered through a
plug of Celite, the filter cake being further washed with diethyl ether.
The filtrate was washed three times with water and analyzed by gas chro-
matography. The GC yields were determined by obtaining the correction
factor using an authentic sample of benzonitrile.


Cyanation of iodobenzene by acetone cyanohydrin : After standard cycles
of evacuation and back-filling with dry and pure nitrogen, an oven-dried
Radley tube (Carousel “reaction stations RR98030”) equipped with a
magnetic stirring bar was charged with CuI (9.5 mg, 0.05 mmol) and 1,10-
phen (18.0 mg, 0.1 mmol). The tube was evacuated and back-filled with
nitrogen. Iodobenzene (56 mL, 0.5 mmol), acetone cyanohydrin (50 mL,
0.55 mmol) and triethylamine (84 mL, 0.6 mmol) were added under a
stream of nitrogen by syringe at room temperature, followed by anhy-
drous and degassed DMF (300 mL). The tube was sealed under a positive
pressure of nitrogen, and stirred and heated at 90 8C for 48 h. The reac-
tion mixture was allowed to cool to room temperature and was then di-
luted with diethyl ether (5 mL). 1,3-Dimethoxybenzene (65 mL) was
added as an internal standard. A small sample of the reaction mixture
was taken and filtered through a plug of Celite, the filter cake being fur-
ther washed with diethyl ether. The filtrate was washed three times with
water and analyzed by gas chromatography. The quantitative GC yield
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was determined by obtaining the correction factor using an authentic
sample of benzonitrile.


Synthesis of ligands 2 and 4 :


N,N-Dimethyl-N’-(pyridin-2-ylmethylene)ethane-1,2-diamine (Dmeda-Py-
Al) (2): Anhydrous magnesium sulfate (3.6 g, 30.0 mmol) and rac-trans-
1,2-diaminocyclohexane (2.15 mL, 20.0 mmol) were successively added to
a solution of 2-pyridinecarboxaldehyde (1.90 mL, 20.0 mmol) in absolute
ethanol (20 mL). The mixture was stirred for 72 h at room temperature
and filtered through a frit. The solid was discarded and the filtrate was
concentrated in vacuo. The desired product (2.8 g, 78%) was obtained as
a brown oil. 1H NMR: d =8.54 (ddd, 3JH5,H6 =4.9 Hz, 4JH4,H6 =1.7 Hz,
5JH3,H6 =1.0 Hz, H-1), 8.35 (t, 4JH7,H9 =1.5 Hz, H-7), 7.92 (ddd, 3JH3,H4 =


8.0 Hz, 4JH3,H5 =1.2 Hz, 5JH3,H6 =1.0 Hz, 1H, H-3), 7.92 (ddd, 3JH3,H4 =


8.0 Hz, 3JH4,H5 =7.6 Hz, 4JH4,H6 =1.7 Hz, 1H, H-4), 7.25 (ddd, 3JH4,H5 =


7.6 Hz, 3JH5,H6 =4.9 Hz, 4JH3,H5 = 1.2 Hz, H-5), 3.74 (td, 3JH9,H10 =7.1 Hz,
4JH7,H9 =1.5 Hz, 2H, H-9), 2.61 (t, 3JH9,H10 =7.1 Hz, 2H, H-10), 2.36 ppm
(s, 6H, H-11); 13C NMR: d =162.29 (C-7), 159.96 (C-2), 149.60 (C-6),
136.10 (C-4), 124.29 (C-5), 120.56 (C-3), 61.77 (C-9), 59.79 (C-10),
45.60 ppm (C-11); IR (CCl4): n =3338, 3055, 2973, 2933, 2853, 2822, 2765,
2364, 2336, 1675, 1650, 1583, 1563, 1465, 1431, 1044, 989, 776, 744,
618 cm�1: GC-MS: retention time, rt=16.44 min, m/z : 177


trans-1,2-Bis(2’-pyridylideneamino)cyclohexane (Chxn-Py-Al) (4): Anhy-
drous magnesium sulfate (12.65 g, 105.1 mmol) and rac-trans-1,2-diamino-
cyclohexane (4.2 mL, 35.0 mmol) were successively added to a solution
of 2-pyridinecarboxaldehyde (6.66 mL, 70.0 mmol) in absolute ethanol
(50 mL). The mixture was stirred for 20 h at room temperature, refluxed
for 2.5 h and filtered through a frit while still hot. The solid was discarded
and the filtrate was concentrated in vacuo. The residue was recrystallized
in ethanol to provide 8.2 g (80 % yield) of the desired product as pale
yellow crystals. M.p. 140–141 8C (EtOH); 1H NMR: d=8.54 (ddd,
3JH5,H6 =4.9 Hz, 4JH4,H6 =1.7 Hz, 5JH3,H6 =1.0 Hz, 2H, H-6), 8.30 (br s, 2 H,
H-7), 7.87 (ddd, 3JH3,H4 =7.9 Hz, 4JH3,H5 =1.5 Hz, 5JH3,H6 =1.0 Hz, 2H, H-
3), 7.63 (dddd, 3JH,H =7.9 Hz, 3JH3,H4 =7.5 Hz, 4JH4,H5 =1.7 Hz, 5JH4,H6 =


0.6 Hz, 2H, H-4), 7.22 (ddd, 3JH4,H5 =7.5 Hz, 3JH5,H6 =4.9 Hz, 4JH3,H5 =


1.5 Hz, 2H, H-5), 3.50 (m, 2 H, H-9), 1.83 (m, 6 H, H-10ax, H-11), 1.40–
1.55 ppm (m, 2H, H-10eq); 13C NMR: d=161.4 (C-7), 154.6 (C-2), 149.2
(C-6), 136.4 (C-4), 124.4 (C-5), 121.3 (C-3), 73.5 (C-9), 32.7 (C-10),
24.3 ppm (C-11); IR (KBr): n =3273, 3071, 3055, 3050, 2941, 2934, 2925,
2865, 2857, 2850, 1644, 1586, 1566, 1467, 1449, 1433, 1372, 1338, 991, 934,
867, 839, 771, 743 cm�1; MS (FAB+ , NBA): m/z (%): 293 (100)
[M++H], 107 (52), 92 (38), 119 (25), 294 (23) [M++2H], 204 (22), 79
(21), 187 (20), 585 (!) [2M++H].


Aryl nitriles : The following numbering system differs from the conven-
tional one to allow convenient comparison of chemical shifts.


Aryl nitrile (9a): The cyanation of bromobenzene (539 mL, 5.0 mmol)
was achieved by following the general procedure. The resulting crude
oily residue was purified by chromatography on silica gel to provide
452 mg (88 % yield) of the desired product as a colourless oil. 1H NMR:
d=7.71–7.47 ppm (m, H-3, H-4, H-5, H-6, H-7); 13C NMR: d=132.30 (C-
5), 131.51 (C-3, C-7), 128.65 (C-4, C-6), 118.27 (C-1), 111.77 ppm (C-2);
GC-MS (EI): rt=9.10 min, m/z : 103; Rf =0.31 (hexanes/AcOEt, 95:5).


Aryl nitrile (9b): The cyanation of 4-bromobenzotrifluoride (700 mL,
5.0 mmol) was achieved by following the general procedure. The result-
ing crude oily residue was purified by chromatography on silica gel to
provide 745 mg (87 % yield) of the desired product as a white powder.
M.p. 38–39 8C (hexanes/AcOEt) [lit.[39]: 36–37 8C (hexanes)]; 1H NMR:
d=7.84 (m, H-5, H-7), 7.78 ppm (m, H-4, H-6); 13C NMR: d =134.43 (q,
2JC,F =32.7 Hz, C-5), 132.62 (s, C-3, C-7), 126.09 (q, 3JC,F = 3.7 Hz, C-4, C-
6), 123.00 (q, 1JC,F =273.0 Hz, C-8), 117.36 (s, C-1), 115.99 ppm (q, 5JC,F =


1.5 Hz, C-2); 19F NMR: d = (�)63.99 ppm (s, F-8, CF3); GC-MS (EI): rt=


18.50 min, m/z : 171; Rf =0.45 (hexanes/AcOEt, 90:10).


Aryl nitrile (9c): The cyanation of 2-bromopyridine (477 mL, 5.0 mmol)
was achieved by following the general procedure. The resulting crude
oily residue was purified by chromatography on silica gel (eluent: hex-
anes/ethyl acetate, 80:20) to provide 510 mg (98 % yield) of the desired
product as a white powder. M.p. 26–27 8C (hexanes/AcOEt) (lit. :[40] 26–
28 8C); 1H NMR: d=8.75 (ddd, 3JH4,H5 = 4.8 Hz, 4JH4,H6 =1.7 Hz, 5JH4,H7 =


1.0 Hz, H-4), 7.88 (ddd, 3JH6,H7 =7.8 Hz, 3JH5,H6 =7.7 Hz, 4JH4,H6 =1.7 Hz,
1H, H-6), 7.73 (ddd, 3JH6,H7 =7.8 Hz, 3JH5,H7 =1.3 Hz, 5JH4,H7 =1.0 Hz, H-
7), 7.57 ppm (ddd, 3JH5,H6 =7.7 Hz, 3JH4,H5 =4.8 Hz, 4JH5,H7 =1.3 Hz, H-5);
13C NMR: d=150.93 (C-4), 136.99 (C-6), 133.64 (C-2), 128.39 (C-7),
126.88 (C-5), 117.04 ppm (C-1); GC-MS (EI): rt=10.56 min, m/z : 104;
Rf = 0.21 (hexanes/AcOEt, 80:20).


Aryl nitrile (9d): The cyanation of 4-bromoaniline (860.0 mg, 5.0 mmol)
was achieved by following the general procedure. The resulting crude
oily residue was purified by chromatography on silica gel (eluent: hex-
anes/ethyl acetate, 70:30) to provide 413 mg (70 % yield) of the desired
product as a white solid. M.p. 84–85 8C (hexanes/AcOEt) [lit. :[41] 86 8C
(petroleum ether)]; 1H NMR: d= 7.43 (m, H-3, H-7), 6.67 (m, H-4, H-6),
4.21 ppm (br s, H-8, NH2); 13C NMR: d=150.49 (C-5), 133.67 (C-3, C-7),
120.16 (C-1), 114.32 (C-4, C-6), 99.77 ppm (C-2); GC-MS (EI): rt=


16.33 min, m/z : 118; Rf = 0.21 (hexanes/AcOEt, 70:30).


Aryl nitrile (9e): The cyanation of 3-nitrobromobenzene (1.01 g,
5.0 mmol) was achieved by following the general procedure. The result-
ing crude oily residue was purified by chromatography on silica gel
(eluent: hexanes/ethyl acetate, 90:10) to provide 555 mg (75 % yield) of
the desired product as a white solid. M.p. 115–116 8C (hexanes/AcOEt)
(lit. :[42] 115–117 8C); 1H NMR: d=8.57 (ddd, 4JH3,H5 =2.3 Hz, 4JH3,H7 =


1.5 Hz, 5JH3,H6 =0.6 Hz, H-3), 8.51 (ddd, 3JH5,H6 =8.3 Hz, 4JH3,H5 =2.3 Hz,
4JH5,H7 =1.1 Hz, H-5), 8.03 (ddd, 3JH6,H7 = 7.8 Hz, 4JH3,H7 =1.5 Hz, 4JH5,H7 =


1.1 Hz, H-7), 7.77 ppm (ddd, 3JH5,H6 =8.3 Hz, 3JH6,H7 =7.8 Hz, 5JH3,H6 =


0.6 Hz, H-6); 13C NMR: d=148.19 (C-4), 137.57 (C-7), 130.64 (C-6),
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127.45 (C-5) 127.20 (C-3), 116.50 (C-2), 114.10 ppm (C-1); GC-MS (EI):
rt=15.19 min, m/z : 148; Rf =0.25 (hexanes/AcOEt, 75:25).


Aryl nitrile (9 f): The cyanation of 4-bromotoluene (855.2 mg, 5.0 mmol)
was achieved by following the general procedure. The resulting crude
oily residue was purified by chromatography on silica gel (eluent: hex-
anes/ethyl acetate, 90:10) to provide 470 mg (80 % yield) of the desired
product as a white solid. M.p. 27–28 8C (hexanes/AcOEt) (lit. :[43] 28 8C);
1H NMR: d=7.56 (m, H-3, H-7), 7.29 (m, H-4, H-6), 2.36 ppm (s, 3H, H-
8, CH3); 13C NMR: d =143.54 (C-5), 131.81 (C-3, C-7), 129.66 (C-4, C-6),
118.96 (C-1), 109.06 (C-2), 21.62 ppm (C-8); GC-MS (EI): rt=11.34 min,
m/z : 117; Rf =0.36 (hexanes/AcOEt, 90:10).


Aryl nitrile (9g): The cyanation of 4-acetylbromobenzene (995.3 mg,
5.0 mmol) was achieved by following the general procedure. The result-
ing crude oily residue was purified by chromatography on silica gel
(eluent: hexanes/ethyl acetate, 80:20) to provide 698 mg (96 % yield) of
the desired product as a pale yellow solid. M.p. 57–58 8C (hexanes/
AcOEt) [lit. :[44] 58–59 8C (aqueous ethanol)]; 1H NMR: d= 8.07 (m, H-4,
H-6), 7.80 (m, H-3, H-7), 2.67 ppm (s, 3H, H-9, CH3); 13C NMR: d=


196.48 (C-8), 139.82 (C-5), 132.42 (C-4, C-6), 128.61 (C-3, C-7), 117.83
(C-1), 116.28 (C-2), 26.67 ppm (C-9); GC-MS (EI): rt= 15.13 min, m/z :
145; Rf =0.21 (hexanes/AcOEt, 80:20).


Aryl nitrile (9h): The cyanation of 3-methoxybromobenzene (633 mL,
5.0 mmol) was achieved by following the general procedure. The result-
ing crude oily residue was purified by chromatography on silica gel
(eluent: hexanes/ethyl acetate, 90:10) to provide 524 mg (79 % yield) of
the desired product as a colourless oil. 1H NMR:[45] d=7.38 (m, 3JH5,H6 =


8.4 Hz, 3JH6,H7 =7.6 Hz, 5JH3,H6 = 0.7 Hz, H-6), 7.24 (m, 3JH6,H7 =7.6 Hz,
4JH3,H7 =1.4, 4JH5,H7 =1.0 Hz, H-7), 7.14 (m, 4JH3,H5 =2.6 Hz, 4JH3,H7 =


1.4 Hz, 5JH3,H6 =0.7 Hz, H-3), 7.14 (m, 3JH5,H6 =8.4 Hz, 4JH3,H5 =2.6 Hz,
4JH3,H7 =1.0 Hz, H-5), 3.83 ppm (s, 3 H, H-9, CH3); 13C NMR: d=159.43
(C-4), 129.86 (C-6), 124.22 (C-7), 119.33 (C-5), 118.71 (C-1), 116.37 (C-3),
111.98 (C-2), 55.32 ppm (C-8); GC-MS (EI): rt =13.27 min, m/z : 133;
Rf = 0.33 (hexanes/AcOEt, 90:10).


Aryl nitrile (9i): The cyanation of 3,5-difluorobromobenzene (576 mL,
5.0 mmol) was achieved by following the general procedure. The result-
ing crude oily residue was purified by chromatography on silica gel
(eluent: hexanes/ethyl acetate, 90:10) to provide 653 mg (94 % yield) of
the desired product as white needles. M.p. 85–86 8C (hexanes/AcOEt)
[lit. :[45] 83–85 8C (hexanes)]; 1H NMR:[45] d=7.23 (m, 4JH3,H7 =8.5 Hz,
3JH,F =7.7 Hz, 4JH5,H3 = 4JH5,H7 =2.3 Hz, 5JH,F =1.1 Hz, H-3, H-7), 7.12 ppm
(m, 3JH5,F4 = 3JH5,F6 =8.7 Hz, 4JH5,H3 = 4JH5,H7 =2.3 Hz, H-5); 13C NMR:[45]


d=162.83 (dd, 1JC,F =252.2 Hz, 3JC,F = 12.6 Hz, C-4, C-6), 116.45 (t, 4JC,F =


3.4 Hz, C-1), 115.61 (m, 2JC,F =20.3 Hz, 4JC,F =8.6 Hz, C-3, C-7), 114.30 (t,
3JC,F =11.6 Hz, C-2), 109.39 ppm (t, 2JC,F =24.9 Hz, C-5); 19F NMR:[45] d=


105.69 ppm (m, 3JH,F =8.7 Hz, 3JH,F =7.7 Hz, 4JF,F =1.3 Hz , 5JH,F =1.1 Hz,
F-4, F-6); GC-MS (EI): rt=7.16 min, m/z : 139; Rf =0.41 (hexanes/
AcOEt, 90:10).


Aryl nitrile (9k): The cyanation of 4-chlorobromobenzene (957.3 mg,
5.0 mmol) was achieved by following the general procedure. The result-
ing crude oily residue was purified by chromatography on silica gel
(eluent: hexanes/ethyl acetate, 90:10) to provide 588 mg (86 % yield) of
the desired product as white needles. M.p. 91–92 8C (hexanes/AcOEt)
(lit. :[46] 94 8C); 1H NMR: d =7.64 (m, H-3, H-7), 7.50 ppm (m, H-4, H-6);
13C NMR: d=139.39 (C-5), 133.26 (C-3, C-7), 129.56 (C-4, C-6), 117.82
(C-1), 110.66 ppm (C-2); GC-MS (EI): rt=12.06 min, m/z : 137; Rf =0.43
(hexanes/AcOEt, 90:10).


Aryl nitrile (9j): After standard cycles of evacuation and back-filling with
dry and pure nitrogen, an oven-dried Radley tube (Carousel “reaction
stations RR98030”) equipped with a magnetic stirring bar was charged
with CuI (95.2 mg, 0.5 mmol) and 1,10-phenanthroline (181.2 mg,
1.0 mmol). The tube was evacuated and back-filled with nitrogen. 2-Iodo-
toluene (636 mL, 5.0 mmol), acetone cyanohydrin (502 mL, 5.5 mmol) and
diisopropylethylamine (1.05 mL, 6.0 mmol) were added under a stream
of nitrogen by syringe at room temperature, followed by anhydrous and
degassed DMF (3 mL). The tube was sealed under a positive pressure of
nitrogen, and stirred and heated at 110 8C for 48 h. After cooling to room
temperature, the mixture was diluted with diethyl ether (~50 mL) and fil-
tered through a plug of Celite, the filter cake being further washed with


diethyl ether (~10 mL). The filtrate was washed twice with water
(~30 mL � 2). The combined aqueous phases were twice extracted with
diethyl ether (2 �~30 mL). The organic layers were combined, dried over
MgSO4, filtered and concentrated in vacuo to yield a brown oil. Diisopro-
pylethylamine was then distilled and the crude product obtained was pu-
rified on silica gel (eluent: hexanes/ethyl acetate, 90:10) to provide
554 mg (95 % yield) of the desired product as a colourless oil. 1H NMR:
d=7.60 (ddd, 3JH6,H7 =7.6 Hz, 4JH5,H7 =1.4 Hz, 5JH4,H7 =0.6 Hz, H-7), 7.50
(td, 3JH4,H5 = 3JH5,H6 = 7.6 Hz, 4JH5,H7 =1.4 Hz, H-5), 7.33 (ddd, 3JH4,H5 =


7.6 Hz, 4JH4,H6 =1.3 Hz, 4JH4,H7 =0.6 Hz, H-4), 7.28 (td, 3JH6,H7 = 3JH5,H6 =


7.6 Hz, 4JH4,H6 = 1.3 Hz, H-6), 2.56 ppm (s, 3H, H-8, CH3); 13C NMR: d=


141.69 (C-3), 132.48 (C-5), 132.27 (C-7), 130.06 (C-4), 126.06 (C-6),
117.92 (C-1), 112.54 (C-2), 20.23 ppm (C-8); GC-MS (EI): rt=10.68 min,
m/z : 117; Rf =0.57 (hexanes/AcOEt, 90:10).
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Assembly of a Series of Malarial Glycosylphosphatidylinositol Anchor
Oligosaccharides


Yong-Uk Kwon, Regina L. Soucy, Daniel A. Snyder, and Peter H. Seeberger*[a]


Introduction


Forty percent of the world�s population lives with the risk of
contracting malaria. While only about 1 % of all malaria
cases are lethal, malaria continues to claim the lives of over
two million people annually. The spread of drug-resistant
parasites and insecticide-resistant mosquitoes renders malar-
ia as dangerous as ever.[1] Though more and more infectious
diseases are being controlled by the cost-effective and easily
administered means of vaccines, no viable vaccine candidate
has been developed for malaria.[2] Glycosylphosphatidylino-
sitol (GPI) anchors are a class of naturally occurring glycoli-
pids that link proteins and glycoproteins via their C-termi-
nus to cell membranes. The malarial parasite, Plasmodium
falciparum, expresses GPI in protein anchored and free


form on the cell surface that constitutes the toxin responsi-
ble for morbidity and mortality by malaria.[3–9]


We have previously demonstrated that mice vaccinated
with a synthetic GPI glycan conjugated to a carrier protein,
produced anti-GPI antibodies and had a greatly improved
chance of survival upon infection with P. falciparum.[10] Be-
tween 60–75 % of vaccinated mice, compared with 0–9 %
sham-immunized mice, survived. The parasite levels ob-
served in the blood of the vaccine and control groups did
not differ significantly, thus indicating that the synthetic GPI
glycan conjugate serves as an anti-toxin vaccine.


Initial efforts focused on the solution phase synthesis of
malaria toxin 1 a in order to confirm the structural assign-
ment made by Schofield based on the analysis of isolated
material (Figure 1). Conjugation of 1 a to a carrier protein
produced the first generation vaccine candidate 1 b. The as-
sembly of 1 a was significantly accelerated by automated
solid phase synthesis of the GPI glycan.[11] Still, both routes
used to prepare GPI oligosaccharides relied on synthetic
paths that allowed no flexibility around the GPI glycan core.
In order to determine the minimum structural requirements
of GPI glycans to elicit a protective immune response, to
map the epitopes of human anti-malarial antibodies, and to
study the substrate specificity of GPI biosynthetic enzymes,
ready access to a series of GPI glycans is required.


Many GPI structures have been synthesized by using vari-
ous chemical methodologies and protective group combina-
tions.[12–22] Structural studies on GPIs were the basis for sub-


Abstract: We report an efficient and
convergent synthesis of a series of oli-
gosaccharides comprised of the malaria
GPI glycan (2 a), a promising anti-ma-
laria vaccine candidate currently in
preclinical trials and several related oli-
gosaccharide sequences (3–8) that are
possible biosynthetic precursors of the
malarial GPI. A flexible synthetic strat-
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stantial synthetic work, resulting in total syntheses of the T.
brucei anchor,[12,13] rat-brain Thy-1 anchor,[14–16] a ceramide-
linked yeast anchor,[17] a GPI core structure lacking the
phosphoethanolamine,[18] non-lipidated Toxoplasma gondii
anchor,[19] the sperm CD52 anchor containing an acylated in-
ositol,[20] and a GPI structure containing an acylated inositol
ring as well as lipid moieties.[21,22]


In nature, the GPI toxin is anchored in the cell membrane
by a lipid portion connected to the inositol ring via a phos-
phate diester. On this basis, the second-generation malaria
GPI vaccine candidate 2 a[23] was designed (Figure 1). Place-
ment of a thiohexanolphosphate group on the inositol
moiety provides a point for ready attachment to carrier pro-
teins. Here, we report the synthesis of a series of GPI oligo-


saccharides that will serve as
molecular tools for studies into
the biosynthesis, antigenicity
and serology of GPIs. These
structures will be the basis for
the first detailed structure-ac-
tivity relationships between
GPI toxin and anti-malarial an-
tibodies and/or for mapping the
specificity of anti-malarial anti-
bodies (Figure 2).


Results and Discussion


Retrosynthetic analysis : The
synthesis of a series of GPI oli-
gosaccharides differing in the


number of mannoses required us to adopt a synthetic strat-
egy relying on late-stage coupling and modification maneu-
vers. The retrosynthesis for 2 a may serve as an example for
the overall approach. Fully protected oligosaccharide 9 will
be the target as it will allow for ready functionalization of
the oligosaccharide backbone to create the target molecule.
Key to our approach is the n+2 coupling between the man-
nose oligosaccharides such as 10 and glucosamine-inositol
pseudodisaccharide 11. For the creation of the oligomanno-
sides (e.g. 10), just three mannose monomers 12–14 would
be required (Figure 3). Installation of the phosphate groups
was to be effected by use of H-phosphonates. These phos-
phate ester synthons are very stable and can be purified and
stored, but upon activation are highly efficient phosphory-


Figure 1. Anti-toxin malaria vaccine candidates.


Figure 2. Target GPI glycan oligosaccharides of different length.
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lating agents.[24] The removal of all protective groups at the
end of the synthesis was to be achieved by Birch reduction.


Synthesis of GPI glycans of varying length : Disaccharide 3,
the shortest GPI glycan to be prepared, was readily accessi-
ble from known pseudo-disaccharide 11[13] (Scheme 1). Ben-
zylation of 11 to afford disaccharide 15 was followed by re-
moval of the allyl group with palladium(ii) chloride in wet
acetic acid to provide 16.[25] H-Phosphonate 17 was prepared
by phosphorylation of protected 6-mercapto-1-hexanol.[26]


Phosphorylation of 16 by activation of 17 with pivaloyl chlo-
ride was directly followed by oxidation of the H-phospho-
nate diester to the correspond-
ing phosphate diester 18 by
treatment with wet iodine. Oxi-
dation with iodine allowed for
selective oxidation of the H-
phosphonate without oxidation
of the thioether present in the
molecule.[27] Removal of all
protective groups in one step
by using sodium in ammonia af-
forded a mixture of the target
compound 3 that was accompa-
nied by the corresponding di-
sulfide.


Glycosylation of key inter-
mediate 11 with the known
mannose trichloroacetimidate
12[17] in the presence of
TMSOTf provided trisaccharide
19 in 90 % yield (Scheme 2).
Following the deallylation to
produce trisaccharide alcohol


20, phosphorylation and deprotection protocol established
for 3, the fully protected trisaccharide 21 was prepared. All
benzyl ether and ester protective groups present in 21 were
readily cleaved under Birch conditions to furnish a mixture
of the desired trisaccharide 4 and the corresponding disul-
fide.


Before the synthesis of longer GPI sequences could be
contemplated, a series of oligomannosides to serve as glyco-
sylating agents in the convergent synthesis of the glycan
backbone had to be assembled (Scheme 3). Reaction of
mannose monomers 12 and 14[28] yielded dimannoside 22.
Removal of the anomeric allyl group and installation of the


Figure 3. Retrosynthetic analysis for the assembly of GPI oligosaccharides.


Scheme 1. Synthesis of GPI disaccharide 3. a) BnBr, NaH, DMF, 99 %; b) PdCl2, NaOAc, AcOH, H2O, 60 %;
c) 1) 17, PivCl, pyridine; 2) I2, H2O, 97%; d) Na, NH3, CH3OH, THF, 70%.


Scheme 2. Synthesis of the GPI glycan trisaccharide 4. a) TMSOTf, CH2Cl2, 90 %; b) PdCl2, NaOAc, AcOH,
H2O, 66 %; c) 1) 17, PivCl, pyridine; 2) I2, H2O, 78%; d) Na, NH3, CH3OH, THF, 63%.
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trichloroacetimidate leaving group fashioned disaccharide
building block 23. Selective removal of the acetate ester 22
in the presence of benzoate by treatment with hydrogen
chloride furnished disaccharide 24.[29] Glycosylation of 24
with differentially protected mannose 13[10, 11] yielded triman-
noside 25 that was readily converted into glycosylating
agent 26. Alternatively, selective deprotection by exposure
to magnesium methoxide gave 27,[30] before mannosylation
by using differentially protected mannose 12 resulted in the
formation of tetrasaccharide 28. Deallylation and formation
of the glycosyl trichloroacetimidate furnished the tetrasac-
charide building block 29.


With the oligomannoside building blocks (23, 26, and 29)
in hand, the assembly of the GPI glycan backbone was only
one step away. Coupling of these oligomannosides with dis-
accharide 11 afforded the corresponding tetra- (30), penta-
(31) and hexasaccharides (9) in excellent yield (Scheme 4).


Tetrasaccharide 32 was derived by deallylation of 30 with
palladium(ii) chloride in wet acetic acid, and was subse-
quently phosphitylated by the treatment of H-phosphonate
17 and pivaloyl chloride. Successive oxidation with wet
iodine afforded the fully protected tetrasaccharide 35. Birch
conditions were applied with the intent to remove all pro-
tective groups present in 35. The 1H NMR of the isolated
product revealed small peaks in the region between 7 and
8 ppm. These unexpected resonances did not indicate re-
maining benzyl groups, instead, more likely, the peaks origi-
nated from the partially remaining benzoate group. The
benzoate group may be transferred during the Birch reac-
tion to the amine that is obtained by reduction of the azide
on glucosamine. Therefore, the global deprotection of 35


was carried using a two-step procedure: removal of the
esters by using sodium methoxide in methanol was followed
by Birch conditions to afford a mixture of the desired tetra-
saccharide 5 and the corresponding disulfide in 58 % yield.


The synthesis of the two different pentasaccharide dele-
tion sequences 6 and 7 commenced with the deallylation of
31 by using palladium(ii) chloride in aqueous acetic acid. Al-
cohol 33 was phosphitylated by treatment with H-phospho-
nate 17 and pivaloyl chloride before oxidation with wet
iodine provided the phosphodiester 36 in 95 % yield. The
TIPS group masking the primary C6 hydroxyl of the termi-
nal mannose of 36 was removed using Sc(OTf)3 in wet ace-
tonitrile at 50 8C to afford alcohol 38 in 76 % yield.[31] To in-
troduce the second phosphate ester 38 was treated with H-
phosphonate 40[12] and pivaloyl chloride, again followed by
oxidation with wet iodine to furnish 41. The global depro-
tection of 38 and 41 was accomplished by the removal of the
ester groups using sodium methoxide in methanol and sub-
sequent Birch reaction to afford pentasaccharides 6 and 7 in
59 % and 56 % yield, respectively. In both cases the target
compounds were accompanied by the disulfide dimers.


Following the successful preparation of two pentasacchar-
ides, hexasaccharides 2 a and 8 were the next synthetic tar-
gets. Deallylation of hexasaccharide 9 by palladium(ii) chlo-
ride in aqueous acetic acid furnished the alcohol 34 before
the previously established (see above) phosphitylation–oxi-
dation sequence yielded phosphate diester 37 in 96 % yield.
The temporary TIPS group of 37 was removed by using Sc-
(OTf)3 in wet acetonitrile at 50 8C to furnish the alcohol 39
in 79 % yield. Installation of the second phosphate diester
on 39 by treatment with H-phosphonate 40 and pivaloyl


Scheme 3. Synthesis of the oligomannoside building blocks 23, 26, and 29. a) TMSOTf, CH2Cl2, 97%; b) 1) PdCl2, NaOAc, AcOH, H2O; 2) Cl3CCN,
DBU, CH2Cl2 68 % (two steps); c) HCl (AcCl, CH3OH), 91%; d) 13, TMSOTf, CH2Cl2, 93 %; e) 1) PdCl2, NaOAc, AcOH, H2O; 2) Cl3CCN, DBU,
CH2Cl2 65% (two steps); f) Mg(OCH3)2, CH3OH, THF, 78 %; g) 12, TMSOTf, CH2Cl2, 80%; h) 1) PdCl2, NaOAc, AcOH, H2O; 2) Cl3CCN, DBU,
CH2Cl2 62% (two steps).
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chloride followed by oxidation afforded 42 in 72 % yield.
The protective groups of 39 and 42 were completely re-
moved by successive treatment with sodium methoxide in
methanol and Birch conditions to provide the two target
hexasaccharides 8 and 2 a, respectively.


By developing a highly convergent and reliable synthetic
route to the assembly of GPI glycans based on the combina-
tion of mannosides with a glucosamine–inositol disaccharide
we established the platform for further biological investiga-
tions. Although the target compounds were accompanied by
the corresponding disulfide dimers, they can be readily re-
duced to thiol-functionalized GPIs by treatment with tris-
(carboxyethyl)phosphine hydrochloride (TCEP) before con-
jugation.[32] The new synthetic GPI glycan 2 a will be conju-
gated to carrier proteins (2 b) and will await testing as anti-
toxin malaria vaccine candidate. The related shorter GPI
oligosaccharides 3–8 are readily converted into molecular
probes carrying biotin or fluorescent groups by alkylation of
the terminal thiol group. Addition of these thiols to appro-
priately treated surfaces will provide access to GPI microar-
rays that will be used in epitope mapping and other biologi-
cal studies including investigations into the biosynthesis of


GPIs. Finally, the structures derived via the new synthetic
pathway disclosed here, will serve as useful substrates for
ELISA tests to detect anti-GPI antibodies in both naturally
immune and vaccinated individuals.


Conclusion


We have reported the efficient synthesis of a malaria GPI
glycan and a series of related oligosaccharide sequences.
Our flexible synthetic strategy, involving late-stage coupling/
modification, allows for easy access to various malarial GPI
structures ready for biological studies. Direct incorporation
of thiol group into inositol moiety of GPI structures pro-
vides easy conjugation of GPI glycan to carrier proteins,
convenient screening on carbohydrate chips and the poten-
tial as photo-affinity labels for receptor/protein identifica-
tion. The molecules derived during the study reported here,
will find use as anti-toxin malaria vaccine candidates, molec-
ular probes for epitope mapping of anti-malarial antibodies
and for other biological studies, to reveal the minimal struc-
tural requirements that convey protection from malaria.


Scheme 4. Synthesis of GPI oligosaccharides (5–8 and 2 a). a) 11, TMSOTf, CH2Cl2, 82 % for 30, 94 % for 31, 73 % for 9 ; b) PdCl2, NaOAc, AcOH, H2O,
58% for 32, 55% for 33, 57% for 34 ; c) 1) 17, PivCl, pyridine; 2) I2, H2O, 83% for 35, 95% for 36, 96% for 37; d) 1) NaOCH3, CH3OH, 60 8C; 2) Na,
NH3, CH3OH, THF, 58% (two steps); e) Sc(OTf)3, H2O, CH3CN, 76% for 38, 79% for 39 ; f) 1) NaOCH3, CH3OH, 60 8C; 2) Na, NH3, CH3OH, THF,
59% for 6, 61% for 8 (two steps); g) 1) 40, PivCl, pyridine; 2) I2, H2O, 62 % for 41, 72% for 42 ; h) 1) NaOCH3, CH3OH, 60 8C; 2) Na, NH3, CH3OH,
THF, 56% for 7, 53 % for 2 a (two steps).
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Experimental Section


General methods : All nonhydrolytic reactions were carried out in oven-
dried glassware under dry argon or nitrogen atmosphere. All commercial
reagents were used as obtained without further purification. Analytical
thin-layer chromatography was performed on Merck silica gel 60 F254


glass plates (0.25 mm). Compounds were visualized by dipping the plates
in a cerium sulphate/ammonium molybdate solution followed by heating.
Flash chromatography was performed using forced flow of the indicated
solvent on silica gel (230–400 mesh). NMR spectra were recorded on a
Bruker Avance 400, Bruker Avance 500, or Varian Mercury-300 spec-
trometer; see Supporting Information for selected 1H and 13C NMR spec-
tra. IR spectra were obtained on a Perkin-Elmer 1600 series FT-IR spec-
trometer. Mass spectra (ESI or MALDI-TOF) were determined on a
Bruker Daltonics Apex 3 Telsa FT Spectrometer, an Ionspec Ultima 4.7
Telsa FTICR Spectrometer, or a Bruker FTMS 4.7 Telsa BioAPEX II
Spectrometer. Optical rotations were measured with a Perkin-Elmer 241
polarimeter.


Preparation of compound 3


(2-Azido-3,4,6-tri-O-benzyl-2-deoxy-a-d-glucopyranosyl)-(1!6)-1-O-
allyl-2,3,4,5-tetra-O-benzyl-d-myo-inositol (15): Benzyl bromide (60 mL,
0.5 mmol) was added at 0 8C to a mixture of compound 11[13] (118 mg,
0.12 mmol), tetrabutylammonium iodide (5 mg, 0.013 mmol) and NaH
(60 %, 30 mg, 0.75 mmol) in DMF (3 mL). The mixture was slowly
warmed up to room temperature. After 6 h, CH3OH was added to
quench the reaction, and the solvents were removed. Chromatography
(EtOAc/hexane 1:12 ! 1:4) of the residue afforded compound 15
(128 mg, 99 %) as a syrup. Rf =0.42 (EtOAc/hexane 1:4); [a]25


D =++54.8
(c= 4.25 in CHCl3); 1H NMR (CDCl3): d =3.14 (dd, J=2.0, 8.3 Hz, 1 H),
3.24 (dd, J =1.6, 11.0 Hz, 1 H), 3.35 (dd, J =3.8, 10.3 Hz, 1 H), 3.40–3.49
(m, 3H), 3.77 (t, J= 9.5 Hz, 1 H), 3.99 (dd, J =9.1, 10.2 Hz, 1H), 4.04–
4.07 (m, 4H), 4.19 (t, J =9.5 Hz, 1 H), 4.25–4.32 (m, 2 H), 4.42 (d, J=


11.0 Hz, 1 H), 4.58 (d, J=12.0 Hz, 1H), 4.65–4.77 (m, 4H), 4.85–4.93 (m,
5H), 5.03 (d, J =10.6 Hz, 1 H), 5.08 (d, J =10.8 Hz, 1 H), 5.24 (dd, J =1.4,
10.5 Hz, 1 H), 5.33 (dd, J= 1.6, 17.2 Hz, 1H), 5.78 (d, J =3.8 Hz, 1 H),
5.94–6.03 (m, 1 H), 7.10–7.45 (m, 35H); 13C NMR (CDCl3): d =63.9, 68.0,
70.4, 71.3, 73.2, 73.3, 74.5, 75.1, 75.7, 75.9, 76.1, 76.2, 77.7, 80.7, 81.3, 81.8,
82.3, 82.4, 98.1, 117.4, 127.7, 127.9, 128.0, 128.1, 128.2, 128.3, 128.4, 128.5,
128.6, 128.7, 128.8, 128.9, 134.7, 138.4, 138.5, 138.6, 138.7, 138.9, 139.0,
139.3; IR (film): ñ= 3030, 2866, 2105, 1454, 1359, 1127, 1053 cm�1;
HRMS (ESI): m/z : calcd for C64H67N3O10Na 1060.4719; found 1060.4700
[M+Na]+ .


(2-Azido-3,4,6-tri-O-benzyl-2-deoxy-a-d-glucopyranosyl)-(1!6)-2,3,4,5-
tetra-O-benzyl-d-myo-inositol (16): Compound 15 (117 mg, 0.11 mmol)
was dissolved in AcOH (3 mL). Water (0.15 mL) was added, followed by
NaOAc (185 mg, 2.25 mmol) and PdCl2 (196 mg, 1.11 mmol), and the
mixture was stirred for 24 h at room temperature. The reaction mixture
was diluted with EtOAc and washed with water, saturated aqueous
NaHCO3, and brine. The organic phase was dried over MgSO4, filtered,
concentrated and purified by chromatography (EtOAc/hexane 1:6 ! 1:4)
to give compound 16 (68 mg, 60%). Rf =0.2 (EtOAc/hexane 1:4); [a]25


D =


+52.0 (c =2.90 in CHCl3); 1H NMR (CDCl3): d= 3.10 (dd, J =1.5,
11.0 Hz, 1 H), 3.26–3.30 (m, 2 H), 3.46 (t, J =13.3 Hz, 1 H), 3.52–3.58 (m,
2H), 3.68 (ddd, J=2.5, 6.2, 9.1 Hz, 1H), 3.79 (t, J =9.9 Hz, 1H), 4.00–
4.08 (m, 4 H), 4.14–4.21 (m, 2H), 4.45 (d, J =10.9 Hz, 1H), 4.53 (d, J=


12.0 Hz, 1 H), 4.68–5.11 (m, 12H), 5.51 (d, J =3.6 Hz, 1H), 7.21–7.45 (m,
35H); 13C NMR (CDCl3): d =64.5, 67.8, 71.3, 73.3, 73.8, 74.0, 75.2, 75.7,
75.9, 76.3, 77.4, 78.5, 80.9, 81.2, 81.4, 81.6, 82.4, 98.8, 127.9, 128.1, 128.2,
128.4, 128.5, 128.7, 128.8, 128.9, 138.2, 138.3, 138.5, 138.7, 138.8, 138.9,
139.0; IR (film): ñ =3468, 3030, 2868, 2111, 1454, 1361, 1128, 1049 cm�1;
HRMS (ESI): m/z : calcd for C61H63N3O10Na: 1020.4406; found 1020.4429
[M+Na]+ .


6-(S-Benzyl)thiohexyl H-phosphonate (17): Sodium methoxide (25wt %,
4.2 mL, 18.4 mmol) and benzyl chloride (2.12 mL, 18.3 mmol) were
added dropwise at 0 8C to a solution of 6-mercapto-1-hexanol (2.5 mL,
18.3 mmol) in EtOH (40 mL). The mixture was heated at reflux for 1 h,
cooled, and concentrated. The residue was thoroughly extracted with
CH2Cl2. The organic layer was washed with saturated aqueous NaHCO3


and brine, dried, filtered, and concentrated. Chromatography (EtOAc/
hexane 1:9 ! 1:3) of the crude product afforded 6-(S-benzyl)thiohexa-
nol. A solution of imidazole (15 g, 220 mmol), triethylamine (38 mL,
273 mmol) and phosphorus trichloride (6.4 mL, 73.3 mmol) in CH2Cl2


(700 mL) was stirred for 15 min at 0 8C. To the resulting mixture was
added 6-(S-benzyl)thiohexanol in CH2Cl2 (50 mL) dropwise for 1 h at
0 8C. After being stirred for 1 h at 0 8C, water (30 mL) was added to
quench the reaction. The organic layer was washed with 1n HCl, dried,
filtered, and concentrated. The crude product was purified by chromatog-
raphy (EtOAc/isopropanol/water 5:4:1 with 1 % AcOH) to give 6-(S-ben-
zyl)thiohexyl H-phosphonate (17) (3.8 g, 72 % over two steps). Rf =0.38
(CH3OH/CH2Cl2 1:20); 1H NMR (CDCl3): d =1.33–1.44 (m, 4H), 1.54–
1.61 (m, 2 H), 1.65–1.72 (m, 2H), 2.41 (t, J=7.2 Hz, 2H), 3.70 (s, 2 H),
3.97–4.06 (m, 2H), 7.21–7.39 (m, 5 H); 13C NMR (CDCl3): d=28.7, 29.1,
29.2, 31.3, 31.4, 32.4, 62.7, 126.8, 128.3, 128.7, 138.5; 31P NMR (CDCl3):
d=7.47; HRMS (ESI): m/z : calcd for C13H20O3PS: 287.0871; found
287.0879 [M]� .


Triethylammonium (2-azido-3,4,6-tri-O-benzyl-2-deoxy-a-d-glucopyrano-
syl)-(1!6)-2,3,4,5-tetra-O-benzyl-1-O-(6-(S-benzyl)thiohexyl phospho-
no)-d-myo-inositol (18): A mixture of compound 16 (62 mg, 0.062 mmol)
and H-phosphonate 17 (179 mg, 0.62 mmol) was coevaporated with pyri-
dine (3 � 3 mL) and dried in vacuo. To the solution of the residue in pyri-
dine (2 mL) was added pivaloyl chloride (150 mL, 1.22 mmol) at room
temperature. After 3 h, water (0.2 mL) and iodine (170 mg, 0.67 mmol)
were added. After 1 h, the mixture was diluted with CH2Cl2 and washed
with 1 m Na2S2O3 and water. The organic phase was dried over MgSO4,
filtered and concentrated. Chromatography (CH3OH/CH2Cl2 gradient
with 1 % Et3N) afforded phosphodiester 18 (83 mg, 97%). Rf =0.3
(CH3OH/CH2Cl2 1:10); [a]25


D =++ 58.2 (c=1.77 in CHCl3); 1H NMR
(CDCl3): d =1.21–1.45 (m, 19H), 2.39 (t, J= 7.4 Hz, 2H), 3.03 (q, J=


7.1 Hz, 6 H), 3.24 (dd, J =3.7, 10.0 Hz, 1 H), 3.38–3.53 (m, 3 H), 3.60 (dd,
J =2.0, 9.8 Hz, 1 H), 3.68–3.78 (m, 3H), 3.93–4.18 (m, 4 H), 4.30–4.38 (m,
3H), 4.47 (d, J=11.0 Hz, 1 H), 4.57 (d, J =12.0 Hz, 1H), 4.64 (d, J=


11.6 Hz, 1 H), 4.66–5.03 (m, 10H), 5.92 (d, J =3.6 Hz, 1H), 7.02–7.58 (m,
40H), 12.3 (s, 1H); 13C NMR (CDCl3): d=8.9, 25.8, 27.7, 29.1, 29.6, 31.3,
31.7, 36.6, 45.9, 63.6, 66.2, 68.5, 70.4, 72.6, 73.7, 74.6, 74.7, 75.1, 75.2, 75.6,
76.1, 76.5, 77.0, 77.9, 78.0, 78.8, 80.3, 81.4, 82.0, 82.3, 97.1, 127.5, 127.9,
128.1, 128.3, 128.4, 128.5, 128.6, 128.7, 128.8, 129.2, 138.5, 138.6, 138.9,
139.0, 139.1, 140.3; 31P NMR (CDCl3): d=0.11; IR (film): ñ =3030, 2931,
2107, 1454, 1360, 1126, 1052 cm�1; HRMS (ESI): m/z : calcd for
C80H98N4O113PS: 1385.6521; found 1385.6479 [M+H]+ .


(2-Amino-2-deoxy-a-d-glucopyranosyl)-(1!6)-1-O-(6-thiohexyl phospho-
no)-d-myo-inositol (3): Ammonia (~20 mL) was condensed in a flame-
dried three-necked flask at �78 8C. Sodium metal was added portionwise
until the solution was dark blue. Phosphodiester 18 (48 mg, 0.035 mmol)
in THF (7 mL) was added via cannula, followed by CH3OH (0.1 mL).
The resultant dark blue solution was stirred at �78 8C for 30 min. Follow-
ing disappearance of the blue color, EtOH (2 mL) and AcOH (~0.5 mL)
were added and ammonia was blown off with a stream of Ar. Chroma-
tography of the crude mixture on Sephadex G-25 (EtOH/H2O 1:1), fol-
lowed by dialysis and lyophilization afforded a mixture of the target com-
pound 3 and the corresponding disulfide (13 mg, 70 %). 1H NMR (D2O):
d=1.35–1.83 (m, 10 H), 2.86 (t, J=7.2 Hz, 2 H), 3.36–3.48 (m, 1 H), 3.53
(t, J=9.3 Hz, 1H), 3.60–3.65 (m, 2 H), 3.78 (t, J=9.7 Hz, 1H), 3.90–4.04
(m, 4 H), 4.19 (td, J= 3.5, 10.1 Hz, 1H), 4.26–4.30 (m, 2H), 5.61 (d, J =


3.7 Hz, 1 H); 13C NMR (D2O): d=24.8, 27.5, 28.5, 30.0, 38.5, 54.7, 60.4,
66.7, 68.8, 70.8, 71.6, 72.4, 72.5, 73.2, 76.4, 78.0, 97.5; 31P NMR (D2O): d=


1.49; HRMS (ESI): m/z : calcd for C36H70N2O26P2S2Na: 1095.3026; found
1095.3024 [M+H]+ .


Preparation of compound 4


(2-O-Acetyl-3,4,6-tri-O-benzyl-a-d-mannopyranosyl)-(1!4)-(2-azido-3,6-
di-O-benzyl-2-deoxy-a-d-glucopyranosyl)-(1!6)-1-O-allyl-2,3,4,5-tetra-
O-benzyl-d-myo-inositol (19): Disaccharide 11[13] (200 mg, 0.21 mmol)
and mannose donor 12[17] (150 mg, 0.24 mmol) were coevaporated with
toluene (3 � 3 mL), dried in vacuo and dissolved in CH2Cl2 (5 mL). The
solution was cooled to 0 8C, followed by the addition of TMSOTf (7 mL,
38 mmol), and stirred for 2 h. The reaction was quenched by the addition
of Et3N (0.1 mL) and the reaction mixture was concentrated. The crude
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product was purified by chromatography (EtOAc/toluene 1:30 ! 1:20)
affording trisaccharide 19 (270 mg, 90%). Rf = 0.36 (EtOAc/toluene
1:10); [a]25


D =++59.4 (c=0.95 in CHCl3); 1H NMR (CDCl3): d=1.90 (s,
3H), 3.21 (d, J =10.7 Hz, 1 H), 3.27–3.34 (m, 3 H), 3.39–3.54 (m, 4H),
3.60 (dd, J =2.8, 10.7 Hz, 1H), 3.79 (dd, J =3.2, 9.4 Hz, 1H), 3.89–4.07
(m, 7 H), 4.16 (t, J= 9.5 Hz, 1H), 4.22–4.47 (m, 6 H), 4.54–5.06 (m, 12H),
5.21 (dd, J =1.4, 10.5 Hz, 1 H), 5.30 (dd, J =1.4, 16.9 Hz, 1H), 5.43 (d, J=


1.4 Hz, 1H), 5.49 (dd, J =1.9, 3.1 Hz, 1H), 5.76 (d, J=3.7 Hz, 1H), 5.91–
6.01 (m, 1 H), 7.01–7.40 (m, 45H); 13C NMR (CDCl3): d =21.4, 63.8, 68.6,
68.7, 69.1, 70.0, 71.2, 72.2, 72.6, 73.1, 73.2, 73.6, 73.8, 74.1, 74.5, 74.6, 74.9,
75.3, 75.6, 76.0, 76.2, 77.7, 78.7, 81.0, 81.3, 81.6, 82.2, 82.4, 98.1, 99.6,
117.5, 127.4, 127.8, 128.0, 128.1, 128.3, 128.4, 128.5, 128.6, 128.7, 128.8,
128.9, 134.6, 138.1, 138.4, 138.6, 138.7, 138.8, 138.9, 139.2, 170.5; IR
(film): ñ =3030, 2867, 2105, 1741, 1454, 1363, 1236, 1101, 1050 cm�1;
HRMS (ESI): m/z : calcd for C86H91N3O16Na: 1444.6292; found 1444.6333
[M+Na]+ .


(2-O-Acetyl-3,4,6-tri-O-benzyl-a-d-mannopyranosyl)-(1!4)-(2-azido-3,6-
di-O-benzyl-2-deoxy-a-d-glucopyranosyl)-(1!6)-2,3,4,5-tetra-O-benzyl-
d-myo-inositol (20): Compound 19 (110 mg, 0.077 mmol) was dissolved in
AcOH (3 mL). Water (0.15 mL) was added, followed by NaOAc (128 mg,
1.56 mmol) and PdCl2 (140 mg, 0.79 mmol), and the mixture was stirred
for 24 h at room temperature. The reaction mixture was diluted with
EtOAc and washed with water, saturated aqueous NaHCO3, and brine.
The organic phase was dried over MgSO4, filtered, concentrated and pu-
rified by chromatography (EtOAc/toluene 1:20 ! 1:10) to give com-
pound 20 (70 mg, 66%). Rf =0.17 (EtOAc/toluene 1:10); [a]25


D =++57.1
(c= 2.75 in CHCl3); 1H NMR (CDCl3): d=2.03 (s, 3 H), 3.10 (d, J=


6.8 Hz, 1H), 3.25 (d, J =11.1 Hz, 1H), 3.34–3.72 (m, 8 H), 3.86 (dd, J=


2.8, 9.4 Hz, 1 H), 3.92–4.06 (m, 6 H), 4.14 (t, J =9.4 Hz, 1H), 4.24–5.08
(m, 19 H), 5.44 (s, 1 H), 5.53–5.55 (m, 2H), 7.21–7.43 (m, 45H); 13C NMR
(CDCl3): d = 21.4, 64.7, 68.7, 69.1, 70.9, 72.2, 72.7, 73.4, 73.6, 73.8, 73.9,
74.2, 75.0, 75.1, 75.3, 75.4, 75.5, 76.3, 77.6, 78.7, 80.7, 81.3, 81.4, 81.6, 82.3,
98.5, 99.6, 127.6, 127.8, 128.2, 128.3, 128.4, 128.5, 128.6, 128.7, 128.8,
128.9, 137.9, 138.4, 138.5, 138.6, 138.8, 138.9, 139.0, 139.2, 170.5; IR
(film): ñ=3470, 3030, 2867, 2108, 1742, 1454, 1363, 1235, 1101, 1048 cm�1;
HRMS (ESI): m/z : calcd for C83H87N3O16Na: 1404.5979; found 1404.5997
[M+Na]+ .


Triethylammonium (2-O-acetyl-3,4,6-tri-O-benzyl-a-d-mannopyranosyl)-
(1!4)-(2-azido-3,6-di-O-benzyl-2-deoxy-a-d-glucopyranosyl)-(1!6)-
2,3,4,5-tetra-O-benzyl-1-O-(6-(S-benzyl)thiohexyl phosphono)-d-myo-in-
ositol (21): A mixture of compound 20 (89 mg, 0.089 mmol) and H-phos-
phonate 17 (186 mg, 0.64 mmol) was coevaporated with pyridine (3 �
3 mL) and dried in vacuo. To the solution of the residue in pyridine
(1.5 mL) was added pivaloyl chloride (120 mL, 0.97 mmol) at room tem-
perature. After 3 h, water (0.18 mL) and iodine (180 mg, 0.71 mmol)
were added. After 1 h, the mixture was diluted with CH2Cl2 and washed
with 1 m Na2S2O3 and water. The organic phase was dried over MgSO4,
filtered and concentrated. Chromatography (CH3OH/CH2Cl2 gradient
with 1% Et3N) afforded phosphodiester 21 (89 mg, 78%). Rf =0.35
(CH3OH/CH2Cl2 1:10); [a]25


D =++ 69.0 (c=2.10 in CHCl3); 1H NMR
(CDCl3): d =1.21–1.64 (m, 19H), 2.02 (s, 3H), 2.40 (t, J=7.4 Hz, 2H),
2.92 (q, J =7.3 Hz, 6 H), 3.19 (dd, J =3.8, 9.7 Hz, 1H), 3.37–3.70 (m, 8H),
3.76 (dd, J=3.3, 9.4 Hz, 1 H), 3.88–4.04 (m, 4H), 4.13–4.20 (m, 2H),
4.26–4.49 (m, 7 H), 4.58–4.62 (m, 2 H), 4.67 (d, J =11.6 Hz, 1 H), 4.73 (d,
J =10.5 Hz, 1H), 4.79–5.03 (m, 9H), 5.08 (d, J =12.0 Hz, 1H), 5.41 (s,
1H), 5.45 (dd, J= 1.7, 4.8 Hz, 1 H), 5.99 (d, J =3.7 Hz, 1 H), 7.22–7.59 (m,
50H); 13C NMR (CDCl3): d =8.9, 21.4, 25.8, 29.1, 29.6, 31.3, 31.7, 36.6,
46.0, 63.5, 68.8, 69.0, 69.2, 69.9, 72.2, 72.6, 73.5, 73.8, 74.2, 75.1, 75.3, 75.4,
76.1, 77.1, 77.6, 77.7, 78.7, 80.6, 81.4, 82.0, 82.3, 97.0, 99.8, 127.3, 127.6,
127.8, 127.9, 128.0, 128.1, 128.3, 128.4, 128.6, 128.7, 128.9, 129.2, 138.2,
138.4, 138.7, 139.0, 139.1, 139.3, 140.3, 170.4; 31P NMR (CDCl3): d=0.26;
IR (film): ñ=3030, 2929, 2862, 2109, 1744, 1454, 1364, 1235, 1099,
1050 cm�1; HRMS (ESI): m/z : calcd for C96H105N3O19PS: 1666.6806;
found 1666.6795 [M]� .


(a-d-Mannopyranosyl)-(1!4)-(2-amino-2-deoxy-a-d-glucopyranosyl)-
(1!6)-1-O-(6-thiohexyl phosphono)-d-myo-inositol (4): Ammonia
(~20 mL) was condensed in a flame-dried three-necked flask at �78 8C.
Sodium metal was added portionwise until the solution was dark blue.


Phosphodiester 21 (48 mg, 0.027 mmol) in THF (8 mL) was added via
cannula, followed by CH3OH (0.12 mL). The resultant dark blue solution
was stirred at �78 8C for 30 min. Following disappearance of the blue
color, EtOH (2 mL) and AcOH (~0.5 mL) were added and ammonia was
blown off with a stream of Ar. Chromatography of the crude mixture on
Sephadex G-25 (EtOH/H2O 1:1), followed by dialysis and lyophilization
afforded a mixture of the target compound 4 and the corresponding di-
sulfide (12 mg, 63 %). 1H NMR (D2O): d =1.34–1.83 (m, 10H), 2.86 (t,
J =7.2 Hz, 2 H), 3.45 (dd, J =3.6, 10.0 Hz, 1 H), 3.50 (t, J =9.3 Hz, 1H),
3.62–4.30 (m, 16H), 5.36 (s, 1H), 5.62 (d, J =3.7 Hz, 1H); 13C NMR
(D2O): d =24.8, 27.4, 28.5, 30.0, 38.4, 54.7, 60.4, 61.1, 66.8, 68.9, 70.5, 70.6,
70.9, 71.3, 71.6, 72.5, 73.3, 74.0, 76.2, 76.3, 78.3, 101.8; 31P NMR (D2O):
d=1.53; HRMS (ESI): m/z : calcd for C48H91N2O36P2S2: 1397.4263; found
1397.4284 [M+H]+ .


Preparation of compounds 5–8 and 2a


Allyl (2-O-acetyl-3,4,6-tri-O-benzyl-a-d-mannopyranosyl)-(1!6)-2-O-
benzoyl-3,4-di-O-benzyl-a-d-mannopyranoside (22): Trichloroacetimidate
12[17] (4.3 g, 6.7 mmol) and allyl gylcoside 14[28] (2.3 g, 4.6 mmol) were co-
evaporated with toluene (3 � 3 mL), dried in vacuo and dissolved in
CH2Cl2 (45 mL). The solution was cooled to 0 8C, followed by the addi-
tion of TMSOTf (53 mL, 0.28 mmol), and stirred for 2 h. The reaction
was quenched by the addition of Et3N (1 mL) and the reaction mixture
was concentrated. The crude product was purified by chromatography
(EtOAc/hexane 1:6 ! 1:4) affording disaccharide 22 (4.3 g, 97%). Rf =


0.5 (EtOAc/hexane 1:2); [a]25
D =++33.4 (c= 3.10 in CHCl3); 1H NMR


(CDCl3): d=2.18 (s, 3H), 3.61 (dd, J =1.5, 10.6 Hz, 1 H), 3.71 (dd, J =3.7,
10.8 Hz, 1 H), 3.76–3.83 (m, 2 H), 3.88–4.04 (m, 6 H), 4.12–4.21 (m, 2H),
4.42–4.50 (m, 4 H), 4.55–4.72 (m, 3H), 4.82–4.91 (m, 3 H), 4.98 (d, J=


1.8 Hz, 1H), 5.03 (d, J =2.1 Hz, 1H), 5.18–5.23 (m, 1H), 5.27–5.33 (m,
1H), 5.54 (dd, J= 1.8, 3.0 Hz, 1 H), 5.67 (dd, J =1.8, 3.0 Hz, 1 H), 5.83–
5.96 (m, 1H), 7.11- 7.55 (m, 28H), 8.10–8.14 (m, 2 H); 13C NMR (CDCl3):
d=21.3, 66.2, 68.2, 68.4, 68.7, 69.0, 70.8, 71.6, 71.7, 73.4, 74.2, 74.3, 75.1,
75.2, 77.9, 78.6, 96.8, 97.9, 118.1, 127.4, 127.5, 127.6, 127.7, 128.0, 128.1,
128.2, 128.3, 128.4, 128.5, 129.8, 129.9, 133.2, 137.6, 137.8, 138.1, 138.2,
138.4, 165.6, 170.2; IR (film): ñ=3031, 2942, 2865, 1731, 1726, 1451, 1268,
1237, 1112, 1059 cm�1; HRMS (MALDI-TOF): m/z : calcd for
C59H62O13Na: 1001.4082; found 1001.4065 [M+Na]+ .


(2-O-Acetyl-3,4,6-tri-O-benzyl-a-d-mannopyranosyl)-(1!6)-2-O-benzo-
yl-3,4-di-O-benzyl-a-d-mannopyranosyl trichloroacetimidate (23): Com-
pound 22 (150 mg, 0.15 mmol) was dissolved in AcOH (3 mL). Water
(0.15 mL) was added, followed by NaOAc (180 mg, 2.20 mmol) and
PdCl2 (190 mg, 1.07 mmol), and the mixture was stirred for 24 h at room
temperature. The reaction mixture was diluted with EtOAc and washed
with water, saturated aqueous NaHCO3, and brine. The organic phase
was dried over MgSO4, filtered, concentrated and purified by chromatog-
raphy (EtOAc/hexane 1:4 ! 1:2) to give a lactol. This lactol was dis-
solved in CH2Cl2 (3 mL), and trichloroacetonitrile (0.75 mL) and DBU
(5 mL) were added at 0 8C. The mixture was stirred for 1.5 h and concen-
trated. Chromatography (EtOAc/hexane 1:4) gave compound 23 (113 mg,
68% from 22). Rf =0.50 (EtOAc/hexane 1:2); [a]25


D =++41.7 (c =2.98 in
CHCl3); 1H NMR (CDCl3): d=2.20 (s, 3 H), 3.63 (dd, J=1.5, 10.8 Hz,
1H), 3.76 (dd, J =3.9, 10.8 Hz, 1H), 3.84–4.09 (m, 7 H), 4.19 (dd, J =3.2,
9.0 Hz, 1H), 4.45–4.53 (m, 5H), 4.63–4.73 (m, 3H), 4.86–4.93 (m, 3 H),
5.01 (d, J= 1.6 Hz, 1 H), 5.53 (dd, J= 2.0, 2.7 Hz, 1H), 5.82 (dd, J =2.1,
3.0 Hz, 1H), 6.39 (d, J =1.8 Hz, 1H), 7.16–8.20 (m, 30 H), 8.75 (s, 1H);
13C NMR (CDCl3): d=21.6, 66.2, 68.1, 68.7, 69.1, 71.9, 72.0, 72.3, 73.7,
73.9, 74.5, 75.5, 75.8, 78.2, 78.4, 91.2, 95.6, 98.2, 128.0, 128.2, 128.3, 128.5,
128.6, 128.7, 128.8, 128.9, 129.1, 129.9, 130.4, 134.0, 137.8, 138.2, 138.4,
138.6, 139.0, 160.1, 165.9, 170.8; IR (film): ñ =3334, 3031, 2931, 1730,
1675, 1453, 1366, 1263, 1237, 1096, 1043 cm�1; HRMS (ESI): m/z : calcd
for C58H58Cl3NO13Na: 1104.2866; found 1104.2830 [M+Na]+ .


Allyl (3,4,6-tri-O-benzyl-a-d-mannopyranosyl)-(1!6)-2-O-benzoyl-3,4-
di-O-benzyl-a-d-mannopyranoside (24): Disaccharide 22 (1.68 g,
1.72 mmol) was dissolved in CH2Cl2 (5 mL) and CH3OH (60 mL). To the
reaction mixture was added acetyl choride (0.5 mL, 7.0 mmol) at 0 8C.
After being stirred at room temperature for 32 h, Et3N (1 mL) was added
and the reaction mixture was concentrated. The product, 24 (1.46 g,
91%) was isolated by flash column chromatography (EtOAc/hexane 1:4
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! 1:2) as an oil. Rf = 0.25 (EtOAc/hexane 1:2); [a]25
D =++25.9 (c=1.00 in


CH2Cl2); 1H NMR (CDCl3): d =1.68 (br s, 1H), 3.61–3.71 (m, 2H), 3.82–
4.02 (m, 8 H), 4.46–4.69 (m, 7H), 4.15 (m, 3H), 4.83 (d, J =10.8 Hz, 2H),
4.90 (d, J= 10.9 Hz, 1H), 4.97 (s, 1H), 5.16 (s, 1 H), 5.20–5.31 (dd, J =


17.2, 10.4 Hz, 2H), 5.65 (m, 1 H), 5.84–5.90 (m, 1 H), 7.16 (m, 2H), 7.27
(m, 23 H), 7.43 (m, 2H), 8.09 (d, J =8.1 Hz, 2 H); 13C NMR (CDCl3): d=


66.0, 68.4, 68.6, 68.9, 69.2, 71.4, 71.5, 71.8, 72.1, 73.6, 74.4, 74.5, 75.3, 75.5,
78.7, 80.1, 97.0, 99.6, 118.4, 127.8, 127.9, 128.0, 128.1, 128.2, 128.4, 128.5,
128.6, 128.7, 128.8, 130.1, 130.2, 133.5, 133.6, 138.0, 138.2, 138.4, 138.5,
138.6, 165.9; IR (film): ñ =3437, 3031, 2924, 1724, 1602, 1496, 1453, 1269,
1117, 1059 cm�1; HRMS (ESI): m/z : calcd for C57H64NO12: 954.4423;
found 954.4397 [M+NH4]


+ .


Allyl (2-O-acetyl-3,4-di-O-benzyl-6-O-triisopropylsilyl-a-d-mannopyrano-
syl)-(1!2)-(3,4,6-tri-O-benzyl-a-d-mannopyranosyl)-(1!6)-2-O-benzoyl-
3,4-di-O-benzyl-a-d-mannopyranoside (25): Dissacharide acceptor 24
(0.52 g, 0.59 mmol) and mannose donor 13[10, 11] (0.53 g, 0.75 mmol) were
coevaporated with toluene (3 � 3 mL), dried in vacuo and dissolved in
CH2Cl2 (3 mL). The solution was cooled to 0 8C, followed by addition of
TMSOTf (7.5 mL, 40 mmol), and stirred for 2 h. The reaction was
quenched by addition of Et3N (0.5 mL) and the reaction mixture was
concentrated. The crude product was purified by chromatography
(EtOAc/hexane 1:10 ! 1:7) affording trisaccharide 25 (0.81 g, 93%).
Rf = 0.56 (EtOAc/hexane 1:2); [a]25


D =++13.8 (c =1.00 in CH2Cl2);
1H NMR (CDCl3): d= 1.06 (s, 18 H), 2.09 (s, 3 H), 3.55–4.18 (m, 19H),
4.40 (s, 1H), 4.43 (d, J=2 Hz, 1 H), 4.49–4.67 (m, 8 H), 4.77–4.97 (m,
6H), 5.17 (d, J=1.3 Hz, 1H), 5.19 (d, J=1.1 1H), 5.28 (dd, J=17.2, 1.41,
1H), 5.50 (m, 1H), 5.64 (m, 1H), 5.82–5.90 (m, 1H), 7.14 (m, 3 H), 7.20–
7.45 (m, 35H), 7.47 (m, 1 H), 8.07 (d, J=7.1 Hz, 2 H); 13C NMR (CDCl3):
d=12.5, 18.2, 21.2, 62.9, 66.5, 68.3, 69.0, 69.1, 69.2, 71.0, 71.8, 71.9, 72.1,
72.2, 72.8, 73.0, 73.4, 73.7, 74.1, 74.4, 74.7, 75.3, 75.4, 76.2, 76.3, 78.2, 78.9,
80.1, 96.9, 99.1, 118.4, 127.6, 127.7, 127.8, 127.9, 128.0, 122.1, 128.2, 128.3,
128.4, 128.5, 128.6, 128.7, 130.0, 130.1, 133.4, 133.5, 138.7, 139.0, 165.9,
170.3; IR (film): ñ =3031, 2941, 2865, 1732, 1726, 1453, 1268, 1237, 1111,
1053 cm�1; HRMS (ESI): m/z : calcd for C88H108NO18Si: 1494.7330; found
1494.7333 [M+NH4]


+ .


(2-O-Acetyl-3,4-di-O-benzyl-6-O-triisopropylsilyl-a-d-mannopyranosyl)-
(1!2)-(3,4,6-tri-O-benzyl-a-d-mannopyranosyl)-(1!6)-2-O-benzoyl-3,4-
di-O-benzyl-a-d-mannopyranosyl trichloroacetimidate (26): Compound
25 (475 mg, 0.32 mmol) was dissolved in AcOH (8 mL). Water (0.4 mL)
was added, followed by NaOAc (380 mg, 4.63 mmol) and PdCl2 (400 mg,
2.25 mmol), and the mixture was stirred for 24 h at room temperature.
The reaction mixture was diluted with EtOAc and washed with water, sa-
turated aqueous NaHCO3, and brine. The organic phase was dried over
MgSO4, filtered, concentrated and purified by chromatography (EtOAc/
hexane 1:6 ! 1:4) to give a lactol. This lactol was dissolved in CH2Cl2


(3 mL), and trichloroacetonitrile (1.5 mL) and DBU (12 mL) were added
at 0 8C. The mixture was stirred for 2 h and concentrated. Chromatogra-
phy (EtOAc/hexane 1:8) gave compound 26 (330 mg, 65% from 25). Rf =


0.47 (EtOAc/hexane 1:4); [a]25
D =++25.0 (c =2.82 in CHCl3); 1H NMR


(CDCl3): d=0.95–1.18 (m, 21 H), 2.13 (s, 3 H), 3.61 (br d, J =9.9 Hz, 1 H),
3.71 (dd, J =4.4, 11.1 Hz, 1H), 3.77–3.79 (m, 2H), 3.85–4.12 (m, 10H),
4.18–4.21 (m, 2H), 4.43–4.48 (m, 2H), 4.56–4.72 (m, 8 H), 4.86–4.97 (m,
5H), 5.21 (d, J =1.6 Hz, 1H), 5.54 (s, 1 H), 5.80 (t, J=2.6 Hz, 1H), 6.40
(d, J=1.8 Hz, 1 H), 7.17–8.15 (m, 40H), 8.76 (s, 1H); 13C NMR (CDCl3):
d=12.5, 18.4, 18.5, 21.5, 63.0, 66.4, 68.2, 69.4, 72.2, 72.3, 72.4, 73.4, 73.6,
73.9, 74.0, 74.3, 74.9, 75.5, 75.6, 75.7, 78.3, 78.5, 80.5, 91.2, 95.5, 99.3, 99.4,
127.8, 127.9, 128.0, 128.1, 128.2, 128.3, 128.4, 128.5, 128.6, 128.7, 128.8,
128.9, 129.0, 130.0, 130.3, 133.9, 137.8, 138.4, 138.6, 138.9, 139.0, 139.3,
160.0, 165.9, 170.6; IR (film): ñ=3031, 2941, 1730, 1453, 1368, 1263, 1238,
1096, 1051 cm�1; HRMS (ESI): m/z : calcd for C87H100Cl3NO18SiNa:
1602.5667; found 1602.5601 [M+Na]+ .


Allyl (3,4-di-O-benzyl-6-O-triisopropylsilyl-a-d-mannopyranosyl)-(1!2)-
(3,4,6-tri-O-benzyl-a-d-mannopyranosyl)-(1!6)-2-O-benzoyl-3,4-di-O-
benzyl-a-d-mannopyranoside (27): Trisaccharide 25 (1.01 g, 0.68 mmol)
was dissolved in THF (8 mL) and CH3OH (34 mL). To the reaction mix-
ture was added magnesium methoxide (7.7 wt %, 9 mL, 6.4 mmol) at
room temperature. After 4 h, acetic acid (1 mL) was added and the reac-
tion mixture was concentrated. The desired product, 27 (0.78 g, 78%)


was isolated by chromatography (EtOAc/hexane 1:7 ! 1:4) as an oil.
Rf = 0.50 (EtOAc/hexane 1:2); [a]25


D =++18.3 (c =1.00 in CH2Cl2);
1H NMR (CDCl3): d =1.08 (s, 18 H), 2.34 (d, J =3.1 Hz, 1H), 3.60 (d, J=


9.9 Hz, 1H), 3.68–3.71 (dd, J= 4.1, 4.3 Hz, 1H), 3.79–4.02 (m, 13H),
4.14–4.19 (m, 3 H), 4.24 (t, J= 2.1, 2.0 Hz 1H), 4.43–4.59 (m, 9 H), 4.66–
4.73 (m, 3 H), 5.66 (m, 1 H), 5.84–5.92 (m, 1H), 7.15–7.43 (m, 37 H), 8.09
(d, J =7.1 Hz, 2H); 13C NMR (CDCl3): d=12.2, 12.5, 18.2, 18.3, 63.1,
64.9, 66.1, 66.5, 68.2, 68.8, 69.2, 70.9, 71.8, 72.1, 72.2, 72.3, 73.3, 73.4, 74.2,
74.4, 74.8, 75.2, 75.3, 78.9, 80.1, 96.8, 99.2, 100.6, 118.4, 124.6, 127.5, 127.6,
127.7, 127.8, 127.9, 128.0, 128.1, 128.4, 128.5, 128.6, 128.7, 130.0, 130.1,
133.4, 138.0, 138.2, 138.3, 138.7, 138.8, 165.9; IR (film): ñ=3413, 2940,
2865, 1725, 1453, 1363, 1269, 1114, 1050, 737, 697 cm�1; HRMS (ESI):
m/z : calcd for C86H106NO17Si: 1452.7225; found 1452.7236 [M+NH4]


+ .


Allyl (2-O-acetyl-3,4,6-tri-O-benzyl-a-d-mannopyranosyl)-(1!2)-(3,4-di-
O-benzyl-6-O-triisopropylsilyl-a-d-mannopyranosyl)-(1!2)-(3,4,6-tri-O-
benzyl-a-d-mannopyranosyl)-(1!6)-2-O-benzoyl-3,4-di-O-benzyl-a-d-
mannopyranoside (28): Trisacharide acceptor 27 (450 mg, 0.31 mmol) and
mannose donor 12[17] (257 mg, 0.40 mmol) were azeotropically dried with
toluene (3 � 3 mL), dried in vacuo and dissolved in CH2Cl2 (5 mL). The
solution was cooled to 0 8C, followed by the addition of TMSOTf (4 mL,
20 mmol), and stirred for 1.5 h. The reaction was quenched by the addi-
tion of Et3N (0.5 mL) and the reaction mixture was concentrated. The
crude product was purified by chromatography (EtOAc/hexane 1:8 !
1:5) affording tetrasaccharide 28 (480 mg, 80 %). Rf =0.29 (EtOAc/
hexane 1:4); [a]25


D =++11.7 (c=1.00 in CH2Cl2); 1H NMR (CDCl3): d=


1.11 (s, 18 H), 2.19 (s, 3H), 3.51–4.08 (m, 21H), 4.15–4.22 (m, 4H), 4.31
(d, J =12.1 Hz, 1H), 4.46–4.96 (m, 22H), 4.98 (s, 1H), 5.12 (s, 1 H), 5.20
(d, J= 10.3 Hz, 1 H), 5.28–5.33 (dd, J =17.2, 1.4 Hz, 1 H), 5.39 (s, 1 H),
5.62–5.69 (m, 2H), 5.85–5.94 (m, 1H), 7.05–7.09 (m, 1 H), 7.15–7.49 (m,
52H), 8.11 (d, J=7.0 Hz, 2 H); 13C NMR (CDCl3): d= 12.3, 18.3, 18.4,
21.4, 63.1, 66.8, 68.3, 68.9, 69.1, 69.4, 71.0, 71.9, 72.0, 72.1, 72.3, 72.4, 72.5,
73.5, 73.6, 73.7, 73.9, 74.5, 74.7, 75.0, 75.3, 75.4, 75.9, 78.9, 79.0, 79.8, 80.1,
96.9, 99.3, 100.2, 100.4, 118.4, 127.6, 127.7, 127.8, 127.9, 128.0, 128.1,
128.2, 128.3, 128.4, 128.5, 128.6, 128.7, 130.1, 130.2, 133.5, 133.6, 138.2,
138.3, 138.5, 138.6, 138.8, 138.9, 139.0, 139.1, 166.0, 170.4; IR (film): ñ=


2939, 2865, 17745, 1726, 1497, 1454, 1365, 1269, 1237, 1112, 1055, 1028,
737 cm�1; HRMS (ESI): m/z : calcd for C115H136NO23Si: 1926.9267; found
1926.9287 [M+NH4]


+ .


(2-O-Acetyl-3,4,6-tri-O-benzyl-a-d-mannopyranosyl)-(1!2)-(3,4-di-O-
benzyl-6-O-triisopropylsilyl-a-d-mannopyranosyl)-(1!2)-(3,4,6-tri-O-
benzyl-a-d-mannopyranosyl)-(1!6)-2-O-benzoyl-3,4-di-O-benzyl-a-d-
mannopyranosyl trichloroacetimidate (29): Tetrasaccharide 28 (600 mg,
0.31 mmol) was dissolved in AcOH (15 mL). Water (0.75 mL) was added,
followed by NaOAc (380 mg, 4.63 mmol) and PdCl2 (407 mg, 2.30 mmol),
and the mixture was stirred for 18 h at room temperature. The reaction
mixture was diluted with EtOAc and washed with water, saturated aque-
ous NaHCO3, and brine. The organic phase was dried over MgSO4, fil-
tered, concentrated and purified by chromatography (EtOAc/hexane 1:5
! 1:3) to give a lactol. The lactol was dissolved in CH2Cl2 (5 mL), and
trichloroacetonitrile (0.5 mL) and DBU (12 mL) were added at 0 8C. The
mixture was stirred for 2 h and concentrated. Chromatography (EtOAc/
hexane 1:6 ! 1:4) gave the imidate donor 29 (392 mg, 62 % from 28).
Rf = 0.57 (EtOAc/hexane 1:2); [a]25


D =++21.4 (c =2.80 in CHCl3); 1H NMR
(CDCl3): d =1.07 (s, 18H), 2.15 (s, 3 H), 3.48–3.77 (m, 7H), 3.82–4.18 (m,
18H), 4.27 (d, J=12.1 Hz, 1 H), 4.40–4.64 (m, 13H), 4.67–4.92 (m, 9H),
5.33 (s, 1 H), 5.58 (m, 1 H), 5.76 (m, 1 H), 7.05–7.47 (m, 53 H), 8.09 (d, J =


6.8 Hz, 2 H), 8.71 (s, 1H); 13C NMR (CDCl3): d= 12.0, 18.4, 21.4, 62.4,
63.1, 66.5, 68.2, 69.0, 69.1, 69.4, 72.1, 72.2, 72.3, 72.4, 72.5, 73.5, 73.7, 73.8,
73.9, 74.0, 74.5, 75.0, 75.4, 75.5, 75.9, 77.0, 77.3, 77.5, 77.6, 78.3, 78.9, 79.9,
80.4, 82.4, 83.2, 88.1, 89.8, 91.1, 95.4, 96.4, 97.5, 99.2, 100.2, 100.4, 127.6,
127.7, 127.8, 127.9, 128.0, 128.1, 128.2, 128.3, 128.4, 128.5, 128.6, 128.7,
128.8, 129.9, 130.1, 133.7, 137.7, 138.3, 138.4, 138.5, 138.9, 139.0, 139.1,
139.2, 159.9, 165.7, 170.4; IR (film): ñ=3339, 3031, 2940, 2864, 1730,
1676, 1497, 1454, 1365, 1264, 1237, 1093, 1028, 976, 698 cm�1; HRMS
(ESI): m/z : calcd for C114H132Cl3N2O23Si: 2029.8050; found 2029.8121
[M+NH4]


+ .


(2-O-Acetyl-3,4,6-tri-O-benzyl-a-d-mannopyranosyl)-(1!6)-(2-O-benzo-
yl-3,4-di-O-benzyl-a-d-mannopyranosyl)-(1!4)-(2-azido-3,6-di-O-benzyl-
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2-deoxy-a-d-glucopyranosyl)-(1!6)-1-O-allyl-2,3,4,5-tetra-O-benzyl-d-
myo-inositol (30): Disaccharide 11[13] (64 mg, 0.067 mmol) and dimannose
donor 23 (80 mg, 0.074 mmol) were azeotropically dried with toluene (3 �
3 mL), dried in vacuo and dissolved in CH2Cl2 (3 mL). The solution was
cooled to 0 8C, followed by the addition of TMSOTf (3 mL, 16 mmol), and
stirred for 2 h. The reaction was quenched by the addition of Et3N
(0.05 mL) and the reaction mixture was concentrated. The crude product
was purified by chromatography (EtOAc/hexane 1:6 ! 1:3) affording
tetrasaccharide 30 (104 mg, 82 %). Rf = 0.16 (EtOAc/hexane 1:4); [a]25


D =


+60.6 (c =2.77 in CHCl3); 1H NMR (CDCl3): d=2.19 (s, 3H), 3.24 (dd,
J =2.2, 11.2 Hz, 1 H), 3.30 (dd, J =3.7, 10.0 Hz, 1H), 3.35–3.63 (m, 9H),
3.77 (dd, J =2.5, 11.3 Hz, 1H), 3.90–4.10 (m, 10 H), 4.20 (t, J =9.5 Hz,
1H), 4.32 (t, J =9.6 Hz, 1 H), 4.36–4.48 (m, 7 H), 4.62–5.01 (m, 15H), 5.10
(d, J= 11.5 Hz, 1 H), 5.24 (dd, J =1.4, 10.4 Hz, 1 H), 5.34 (dd, J =1.4,
17.2 Hz, 1 H), 5.53 (d, J= 1.5 Hz, 1H), 5.58 (t, J=2.1 Hz, 1 H), 5.74 (s,
1H), 5.79 (d, J =3.7 Hz, 1 H), 5.94–6.04 (m, 1 H), 7.07–7.52 (m, 58H),
8.07–8.10 (m, 2 H); 13C NMR (CDCl3: d =21.6, 63.8, 66.3, 68.5, 68.8, 68.9,
69.4, 70.1, 71.2, 71.8, 71.9, 72.0, 73.2, 73.3, 73.8, 74.1, 74.4, 74.5, 74.6, 74.9,
75.3, 75.4, 75.6, 76.0, 76.3, 78.2, 79.0, 80.7, 81.3, 81.7, 82.2, 82.4, 98.1, 98.7,
99.5, 117.5, 127.4, 127.7, 127.9, 128.0, 128.1, 128.2, 128.3, 128.4, 128.5,
128.6, 128.7, 128.8, 128.9, 130.3, 130.4, 133.6, 134.6, 137.8, 138.0, 138.4,
138.6, 138.9, 139.0, 139.2, 139.3, 165.8, 170.6; IR (film): ñ=3031, 2869,
2106, 1746, 1725, 1454, 1362, 1268, 1237, 1100, 1045 cm�1; HRMS (ESI):
m/z : calcd for C113H117N3O22Na: 1890.8021; found 1890.8098 [M+Na]+ .


(2-O-Acetyl-3,4-di-O-benzyl-6-O-triisopropylsilyl-a-d-mannopyranosyl)-
(1!2)-(3,4,6-tri-O-benzyl-a-d-mannopyranosyl)-(1!6)-(2-O-benzoyl-3,4-
di-O-benzyl-a-d-mannopyranosyl)-(1!4)-(2-azido-3,6-di-O-benzyl-2-
deoxy-a-d-glucopyranosyl)-(1!6)-1-O-allyl-2,3,4,5-tetra-O-benzyl-d-
myo-inositol (31): Disaccharide 11[13] (183 mg, 0.19 mmol) and triman-
nose donor 26 (330 mg, 0.21 mmol) were azeotropically dried with tolu-
ene (3 � 3 mL), dried in vacuo and dissolved in CH2Cl2 (6 mL). This so-
lution was cooled to �24 8C, followed by addition of TMSOTf (3.8 mL,
21 mmol), and stirred for 1 h. The reaction was quenched by addition of
Et3N (0.1 mL) and the reaction mixture was concentrated. The crude
product was purified by chromatography (EtOAc/toluene 1:30) affording
pentasaccharide 31 (430 mg, 94 %). Rf =0.22 (EtOAc/toluene 1:25);
[a]25


D =++39.4 (c=3.73 in CHCl3); 1H NMR (CDCl3): d =0.96–1.16 (m,
21H), 2.13 (s, 3H), 3.24 (dd, J= 2.6, 11.3 Hz, 1 H), 3.28–3.37 (m, 3H),
3.41–3.54 (m, 5H), 3.63–3.69 (m, 2 H), 3.77 (br d, J =8.9 Hz, 1H), 3.90–
3.95 (m, 6H), 3.99–4.23 (m, 11 H), 4.31–4.76 (m, 15 H), 4.78–4.88 (m,
6H), 4.92–5.02 (m, 6 H), 5.11 (d, J =11.3 Hz, 1H), 5.21 (d, J =1.5 Hz,
1H), 5.25 (dd, J= 1.3, 10.4 Hz, 1 H), 5.35 (dd, J =1.5, 17.2 Hz, 1 H), 5.54
(t, J =2.4 Hz, 1H), 5.59 (d, J=1.5 Hz, 1 H), 5.74 (s, 1 H), 5.80 (d, J=


3.7 Hz, 1 H), 5.97–6.04 (m, 1 H), 7.07–7.48 (m, 68H), 8.04–8.06 (m, 2H);
13C NMR (CDCl3): d=12.5, 18.4, 18.5, 21.5, 62.9, 64.0, 66.6, 68.8, 69.2,
69.3, 69.4, 70.0, 71.2, 71.6, 71.8, 71.9, 72.0, 72.3, 72.4, 73.1, 73.3, 73.4, 73.6,
73.8, 74.0, 74.1, 74.5, 74.7, 74.8, 74.9, 75.1, 75.5, 75.7, 76.0, 76.3, 76.6, 77.0,
77.7, 78.4, 79.2, 80.4, 80.9, 81.3, 81.7, 82.2, 82.4, 98.1, 99.3, 99.4, 99.5,
117.5, 127.5, 127.9, 128.0, 128.1, 128.3, 128.4, 128.5, 128.6, 128.7, 128.8,
128.9, 130.2, 130.4, 133.6, 134.7, 137.8, 138.2, 138.4, 138.6, 138.7, 138.8,
138.9, 139.0, 139.2, 139.3, 139.4, 165.7, 170.6; IR (film): ñ=3031, 2940,
2865, 2106, 1725, 1453, 1361, 1268, 1238, 1099, 1051 cm�1; HRMS (ESI):
m/z : calcd for C142H167N5O27Si: 1201.0803; found 1201.0796 [M+2NH4]


2+ .


(2-O-Acetyl-3,4,6-tri-O-benzyl-a-d-mannopyranosyl)-(1!2)-(3,4-di-O-
benzyl-6-O-triisopropylsilyl-a-d-mannopyranosyl)-(1!2)-(3,4,6-tri-O-
benzyl-a-d-mannopyranosyl)-(1!6)-(2-O-benzoyl-3,4-di-O-benzyl-a-d-
mannopyranosyl)-(1!4)-(2-azido-3,6-di-O-benzyl-2-deoxy-a-d-glucopyra-
nosyl)-(1!6)-1-O-allyl-2,3,4,5-tetra-O-benzyl-d-myo-inositol (9): Disac-
charide 11[13] (95 mg, 0.10 mmol) and tetramannose donor 29 (252 mg,
0.13 mmol) were coevaporated with toluene (3 � 3 mL), dried in vacuo
and dissolved in CH2Cl2 (5 mL). The solution was cooled to 0 8C, fol-
lowed by addition of TMSOTf (3.5 mL, 19 mmol), and stirred for 1.5 h.
The reaction was quenched by addition of Et3N (0.1 mL) and the reac-
tion mixture was concentrated. The crude product was purified by chro-
matography (EtOAc/hexane 1:7 ! 1:5) affording hexasaccharide 9
(204 mg, 73%). Rf = 0.55 (EtOAc/hexane 1:2); [a]25


D =++36.6 (c =4.70 in
CHCl3); 1H NMR (CDCl3): d=1.03–1.11 (m, 21 H), 2.16 (s, 3H), 3.19–
5.01 (m, 68H), 5.07–5.10 (m, 2H), 5.24 (dd, J =1.5, 10.5 Hz, 1H), 5.30–
5.37 (m, 2 H), 5.56 (d, J =1.5 Hz, 1H), 5.62 (br s, 1 H), 5.72 (br s, 1H),


5.77 (d, J =3.6 Hz, 1 H), 5.92–6.05 (m, 1H), 6.88–7.49 (m, 83H), 7.99–8.03
(m, 2H); 13C NMR (CDCl3): d =12.2, 18.4, 21.5, 62.8, 63.8, 66.4, 68.6,
69.0, 69.2, 69.8, 71.1, 71.4, 71.8, 72.1, 72.3, 72.4, 72.8, 73.0, 73.1, 73.5, 73.6,
73.7, 73.8, 74.4, 74.7, 74.8, 75.3, 75.5, 75.6, 75.8, 76.1, 77.5, 79.0, 79.1, 79.8,
80.1, 80.8, 81.2, 81.5, 82.1, 82.3, 97.9, 99.2, 99.3, 100.2, 117.4, 127.2, 127.3,
127.6, 127.8, 127.9, 128.0, 128.1, 128.2, 128.3, 128.4, 128.5, 128.6, 128.7,
130.0, 130.2, 133.4, 134.5, 137.7, 138.0, 138.1, 138.4, 138.5, 138.7, 138.8,
138.9, 139.0, 139.1, 139.2, 165.6, 170.4; IR (film): ñ =3030, 2940, 2866,
2106, 1723, 1453, 1360, 1268, 1238, 1098, 1051 cm�1; HRMS (MALDI-
TOF): m/z : calcd for C169H187N3O32SiNa: 2823.2822; found 2823.2798
[M+Na]+ .


(2-O-Acetyl-3,4,6-tri-O-benzyl-a-d-mannopyranosyl)-(1!6)-(2-O-benzo-
yl-3,4-di-O-benzyl-a-d-mannopyranosyl)-(1!4)-(2-azido-3,6-di-O-benzyl-
2-deoxy-a-d-glucopyranosyl)-(1!6)-2,3,4,5-tetra-O-benzyl-d-myo-inositol
(32): Compound 30 (115 mg, 0.06 mmol) was dissolved in AcOH (3 mL).
Water (0.15 mL) was added, followed by NaOAc (110 mg, 1.34 mmol)
and PdCl2 (105 mg, 0.59 mmol), and the mixture was stirred for 24 h at
room temperature. The reaction mixture was diluted with EtOAc and
washed with water, saturated aqueous NaHCO3, and brine. The organic
phase was dried over MgSO4, filtered, concentrated and purified by chro-
matography (EtOAc/hexane 1:5 ! 1:3) to give compound 32 (65 mg,
58%). Rf =0.32 (EtOAc/hexane 1:2); [a]25


D =++ 52.6 (c=1.85 in CHCl3);
1H NMR (CDCl3): d =2.18 (s, 3H), 3.08 (d, J =6.7 Hz, 1H), 3.25–3.52 (m,
6H), 3.54 (dd, J =2.2, 9.9 Hz, 1H), 3.61–3.70 (m, 4 H), 3.78 (dd, J =2.8,
10.9 Hz, 1H), 3.89–4.06 (m, 9 H), 4.14 (dd, J=9.7, 10.5 Hz, 1H), 4.28–
4.46 (m, 7H), 4.61–5.09 (m, 16H), 5.51–5.55 (m, 3 H),5.73 (t, J =2.2 Hz,
1H), 7.12–7.38 (m, 58 H), 8.05–8.08 (m, 2H); 13C NMR (CDCl3): d =21.6,
64.6, 66.3, 68.5, 68.8, 68.9, 69.3, 70.9, 71.8, 72.0, 72.1, 72.2, 72.7, 73.4, 73.8,
74.1, 74.4, 74.7, 75.1, 75.3, 75.4, 75.5, 75.6, 76.3, 77.6, 78.2, 78.9, 80.6, 81.2,
81.3, 81.6, 82.3, 98.5, 98.7, 99.4, 127.9, 128.1, 128.2, 128.3, 128.4, 128.5,
128.6, 128.7, 128.8, 128.9, 130.3, 133.5, 137.5, 138.0, 138.4, 138.5, 138.6,
138.9, 139.1, 165.8, 170.6; IR (film): ñ=3473, 3031, 2870, 2108, 1746,
1725, 1454, 1362, 1268, 1236, 1099, 1047 cm�1; HRMS (ESI): m/z : calcd
for C110H117N4O22: 1845.8154; found 1845.8120 [M+NH4]


+ .


(2-O-Acetyl-3,4-di-O-benzyl-6-O-triisopropylsilyl-a-d-mannopyranosyl)-
(1!2)-(3,4,6-tri-O-benzyl-a-d-mannopyranosyl)-(1!6)-(2-O-benzoyl-3,4-
di-O-benzyl-a-d-mannopyranosyl)-(1!4)-(2-azido-3,6-di-O-benzyl-2-
deoxy-a-d-glucopyranosyl)-(1!6)-2,3,4,5-tetra-O-benzyl-d-myo-inositol
(33): Compound 31 (400 mg, 0.17 mmol) was dissolved in AcOH
(10 mL). Water (0.5 mL) was added, followed by NaOAc (145 mg,
1.77 mmol) and PdCl2 (150 mg, 0.85 mmol), and the mixture was stirred
for 24 h at room temperature. The reaction mixture was diluted with
EtOAc and washed with water, saturated aqueous NaHCO3, and brine.
The organic phase was dried over MgSO4, filtered, concentrated and pu-
rified by chromatography (EtOAc/hexane 1:6 ! 1:4) to give compound
33 (216 mg, 55 %). Rf =0.15 (EtOAc/hexane 1:4); [a]25


D =++32.9 (c =1.73
in CHCl3); 1H NMR (CDCl3): d=1.08–1.14 (m, 21 H), 2.11 (s, 3 H), 3.07
(d, J =6.8 Hz, 1H), 3.25–3.36 (m, 3 H), 3.40–3.51 (m, 4H), 3.54 (dd, J =


2.1, 9.9 Hz, 1 H), 3.64–3.77 (m, 4H), 3.89–4.17 (m, 16 H), 4.31–4.85 (m,
21H), 4.91–5.00 (m, 4 H), 5.05–5.08 (m, 2 H), 5.19 (d, J=1.7 Hz, 1H),
5.51–5.52 (m, 2 H), 5.55 (d, J=1.5 Hz, 1H), 5.72 (br s, 1 H), 7.11–7.38 (m,
68H), 8.04–8.07 (m, 2 H); 13C NMR (CDCl3): d =12.5, 18.4, 18.5, 21.5,
62.9, 64.8, 68.8, 69.1, 69.2, 69.3, 70.8, 71.8, 71.9, 72.0, 72.3, 72.4, 73.4, 73.5,
73.6, 73.8, 74.0, 74.1, 74.6, 74.7, 75.1, 75.3, 75.5, 75.6, 75.7, 76.3, 77.6, 78.4,
79.1, 80.4, 80.5, 81.3, 81.4, 81.6, 82.3, 98.4, 99.2, 99.3, 99.4, 127.5, 127.9,
128.0, 128.2, 128.3, 128.4, 128.5, 128.6, 128.7, 128.8, 128.9, 130.2, 130.3,
133.6, 137.5, 138.2, 138.4, 138.5, 138.6, 138.9, 139.0, 139.2, 139.3, 165.7,
170.6; IR (film): ñ =3031, 2940, 2865, 2107, 1725, 1453, 1362, 1268, 1238,
1097, 1050 cm�1; HRMS (ESI): m/z : calcd for C139H163N5O27Si: 1181.0647;
found 1181.0638 [M+2NH4]


2+ .


(2-O-Acetyl-3,4,6-tri-O-benzyl-a-d-mannopyranosyl)-(1!2)-(3,4-di-O-
benzyl-6-O-triisopropylsilyl-a-d-mannopyranosyl)-(1!2)-(3,4,6-tri-O-
benzyl-a-d-mannopyranosyl)-(1!6)-(2-O-benzoyl-3,4-di-O-benzyl-a-d-
mannopyranosyl)-(1!4)-(2-azido-3,6-di-O-benzyl-2-deoxy-a-d-glucopyra-
nosyl)-(1!6)-2,3,4,5-tetra-O-benzyl-d-myo-inositol (34): Hexasaccharide
9 (200 mg, 0.07 mmol) was dissolved in AcOH (8 mL). Water (0.4 mL)
was added, followed by NaOAc (96 mg, 1.17 mmol) and PdCl2 (100 mg,
0.56 mmol), and the mixture was stirred for 20 h at room temperature.
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The reaction mixture was diluted with EtOAc and washed with water, sa-
turated aqueous NaHCO3, and brine. The organic phase was dried over
MgSO4, filtered, concentrated and purified by chromatography (EtOAc/
hexane 1:5) to give compound 34 (112 mg, 57 %). Rf =0.42 (EtOAc/
hexane 1:2); [a]25


D =++27.0 (c =2.05 in CHCl3); 1H NMR (CDCl3): d=


1.02–1.07 (m, 21H), 2.12 (s, 3 H), 3.04 (d, J =6.9 Hz, 1 H), 3.21–3.46
(m,9 H), 3.50 (dd, J =2.2, 10.0 Hz, 1 H), 3.56–5.06 (m, 58 H), 5.32 (br s,
1H), 5.46 (d, J =3.6 Hz, 1H), 5.51 (d, J=1.8 Hz, 1 H), 5.58 (t, J =2.1 Hz,
1H), 5.68 (t, J=2.4 Hz, 1H), 6.85–7.42 (m, 83 H), 7.95–7.99 (m, 2H);
13C NMR (CDCl3): d=12.2, 18.4, 21.4, 62.8, 64.6, 66.4, 68.6, 69.0, 69.1,
69.2, 70.6, 71.5, 71.8, 71.9, 72.0, 72.2, 72.4, 72.7, 73.3, 73.4, 73.5, 73.6, 73.8,
74.3, 74.7, 74.8, 75.1, 75.3, 75.4, 75.6, 76.1, 77.5, 78.9, 79.8, 80.2, 80.3, 81.2,
81.4, 82.1, 98.1, 98.9, 99.3, 100.1, 127.3, 127.4, 127.6, 127.7, 127.8, 127.9,
128.0, 128.2, 128.3, 128.4, 128.5, 128.6, 128.7, 130.0, 133.4, 137.4, 138.0,
138.2, 138.3, 138.4, 138.7, 138.8, 138.9, 139.0, 139.1, 165.6, 170.4; IR
(film): ñ=3031, 2940, 2864, 2106, 1725, 1452, 1363, 1268, 1239, 1097,
1051 cm�1; HRMS (ESI): m/z : calcd for C166H183N3O32SiNa: 2783.2509;
found 2783.2444 [M+Na]+ .


Triethylammonium (2-O-Acetyl-3,4,6-tri-O-benzyl-a-d-mannopyranosyl)-
(1!6)-(2-O-benzoyl-3,4-di-O-benzyl-a-d-mannopyranosyl)-(1!4)-(2-
azido-3,6-di-O-benzyl-2-deoxy-a-d-glucopyranosyl)-(1!6)-2,3,4,5-tetra-
O-benzyl-1-O-(6-(S-benzyl)thiohexyl phosphono)-d-myo-inositol (35): A
mixture of compound 32 (142 mg, 0.08 mmol) and H-phosphonate 17
(200 mg, 0.69 mmol) was coevaporated with pyridine (3 � 3 mL) and dried
in vacuo. To the residue in pyridine (2 mL) was added pivaloyl chloride
(170 mL, 1.38 mmol) at room temperature. After 3 h, water (0.15 mL) and
iodine (190 mg, 0.75 mmol) were added. After 1 h, the mixture was dilut-
ed with CH2Cl2 and washed with 1 m Na2S2O3 and water. The organic
phase was dried over MgSO4, filtered and concentrated. Chromatography
(CH3OH/CH2Cl2 gradient with 1 % Et3N) afforded phosphodiester 35
(141 mg, 83%). Rf = 0.35 (CH3OH/CH2Cl2 1:10); [a]25


D =++63.1 (c= 1.30 in
CHCl3); 1H NMR (CDCl3): d=1.23–1.66 (m, 19 H), 2.18 (s, 3H), 2.41 (t,
J =7.4 Hz, 2 H), 2.94 (q, J= 7.2 Hz, 6 H), 3.21 (dd, J=3.7, 10.0 Hz, 1H),
3.40–3.78 (m, 10H), 3.86–4.03 (m, 7 H), 4.09 (t, J =9.4 Hz, 1H), 4.15–4.24
(m, 2 H), 4.33–4.52 (m, 9H), 4.64–4.77 (m, 5H), 4.81–4.97 (m, 9 H), 5.02–
5.12 (m, 3 H), 5.51 (s, 1 H), 5.58 (s, 1 H), 5.69 (s, 1 H), 6.01 (d, J =3.6 Hz,
1H), 7.20–7.51 (m, 63 H), 8.07–8.09 (m, 2H); 13C NMR (CDCl3): d =9.3,
21.6, 25.9, 29.2, 29.6, 31.3, 31.4, 31.7, 36.7, 45.8, 63.5, 66.0, 66.1, 66.3, 68.5,
68.9, 69.1, 69.4, 69.9, 71.8, 71.9, 72.0, 72.7, 73.6, 73.8, 74.1, 74.4, 74.5, 74.8,
74.9, 75.1, 75.4, 75.5, 76.1, 76.2, 77.1, 77.7, 77.8, 78.2, 79.0, 80.5, 81.5, 82.1,
82.3, 97.1, 98.8, 99.8, 127.5, 127.6, 127.7, 127.8, 127.9, 128.0, 128.1, 128.2,
128.3, 128.5, 128.6, 128.7, 128.8, 128.9, 129.3, 130.3, 130.4, 133.6, 137.9,
138.0, 138.4, 138.6, 138.7, 139.0, 139.1, 139.3, 140.4, 165.8, 170.6; 31P NMR
(CDCl3): d= 0.33; IR (film): ñ =3030, 2933, 2107, 1745, 1725, 1453, 1362,
1268, 1235, 1098, 1051 cm�1; HRMS (ESI): m/z : calcd for
C123H131N3O25PS: 2112.8535; found 2112.8500 [M]� .


Triethylammonium (2-O-acetyl-3,4-di-O-benzyl-6-O-triisopropylsilyl-a-d-
mannopyranosyl)-(1!2)-(3,4,6-tri-O-benzyl-a-d-mannopyranosyl)-(1!
6)-(2-O-benzoyl-3,4-di-O-benzyl-a-d-mannopyranosyl)-(1!4)-(2-azido-
3,6-di-O-benzyl-2-deoxy-a-d-glucopyranosyl)-(1!6)-2,3,4,5-tetra-O-
benzyl-1-O-(6-(S-benzyl)thiohexyl phosphono)-d-myo-inositol (36): A
mixture of compound 33 (200 mg, 0.09 mmol) and H-phosphonate 17
(167 mg, 0.58 mmol) was coevaporated with pyridine (3 � 3 mL) and dried
in vacuo. To the solution of the residue in pyridine (2.5 mL) was added
pivaloyl chloride (140 mL, 1.13 mmol) at room temperature. After 3 h,
water (0.2 mL) and iodine (160 mg, 0.63 mmol) were added. After
50 min, the mixture was diluted with CH2Cl2 and washed with 1 m


Na2S2O3 and water. The organic phase was dried over MgSO4, filtered
and concentrated. Chromatography (CH3OH/CH2Cl2 gradient with 1 %
Et3N) afforded phosphodiester 36 (222 mg, 95%). Rf =0.39 (CH3OH/
CH2Cl2 1:10); [a]25


D =++41.1 (c=2.09 in CHCl3); 1H NMR (CDCl3): d=


1.06–1.10 (m, 21H), 1.22–1.63 (m, 19 H), 2.09 (s, 3 H), 2.38 (t, J =7.4 Hz,
2H), 2.92 (q, J=7.2 Hz, 6 H), 3.16 (dd, J=3.7, 9.9 Hz, 1H), 3.29 (d, J =


9.7 Hz, 1H), 3.40–3.60 (m, 8H), 3.69–3.75 (m, 3H), 3.87–3.96 (m, 7 H),
4.02–4.17 (m, 6 H), 4.22–4.37 (m, 4H), 4.40–4.72 (m, 14 H), 4.77–4.93 (m,
10H), 4.99–5.08 (m, 3H), 5.16 (br s, 1 H), 5.43 (br s, 2 H), 5.64 (br s, 1H),
5.98 (d, J =3.7 Hz, 1H), 7.05–7.45 (m, 73 H), 7.99–8.01 (m, 2 H);
13C NMR (CDCl3): d=8.9, 12.5, 18.5, 18.6, 21.5, 25.9, 29.2, 29.6, 31.7,
36.7, 45.8, 62.9, 63.7, 66.2, 66.3, 66.6, 66.7, 69.2, 69.3, 69.5, 69.9, 71.6, 72.0,


72.3, 72.5, 72.7, 73.5, 73.6, 73.8, 74.0, 74.1, 74.7, 75.1, 75.5, 75.7, 76.2, 77.1,
77.2, 77.6, 77.8, 78.4, 79.2, 80.3, 81.5, 82.1, 82.3, 99.3, 99.5, 99.8, 127.3,
127.5, 127.6, 127.8, 127.9, 128.0, 128.3, 128.5, 128.6, 128.7, 128.8, 128.9,
129.3, 130.2, 130.4, 133.6, 138.0, 138.3, 138.4, 138.7, 138.9, 139.0, 139.1,
139.3, 139.4, 140.3, 139.4, 165.7, 170.6; 31P NMR (CDCl3): d=0.34; IR
(film): ñ=3030, 2940, 2865, 2107, 1726, 1453, 1361, 1268, 1237, 1097,
1051 cm�1; HRMS (ESI): m/z : calcd for C152H173N3O30PSSi: 2611.1332;
found 2611.1295 [M]� .


Triethylammonium (2-O-acetyl-3,4,6-tri-O-benzyl-a-d-mannopyranosyl)-
(1!2)-(3,4-di-O-benzyl-6-O-triisopropylsilyl-a-d-mannopyranosyl)-(1!
2)-(3,4,6-tri-O-benzyl-a-d-mannopyranosyl)-(1!6)-(2-O-benzoyl-3,4-di-
O-benzyl-a-d-mannopyranosyl)-(1!4)-(2-azido-3,6-di-O-benzyl-2-deoxy-
a-d-glucopyranosyl)-(1!6)-2,3,4,5-tetra-O-benzyl-1-O-(6-(S-benzyl)thio-
hexyl phosphono)-d-myo-inositol (37): A mixture of compound 34
(110 mg, 0.04 mmol) and H-phosphonate 17 (115 mg, 0.40 mmol) was co-
evaporated with pyridine (3 � 3 mL) and dried in vacuo. To the residue in
pyridine (2.5 mL) was added pivaloyl chloride (100 mL, 0.81 mmol) at
room temperature. After 4 h, water (0.2 mL) and iodine (110 mg,
0.43 mmol) were added. After 40 min, the mixture was diluted with
CH2Cl2 and washed with 1m Na2S2O3 and water. The organic layer was
dried over MgSO4, filtered and concentrated. Chromatography (CH3OH/
CH2Cl2 gradient with 1% Et3N) afforded phosphodiester 37 (120 mg,
96%). Rf = 0.35 (CH3OH/CH2Cl2 1:10); [a]25


D =++38.7 (c =1.35 in CHCl3);
1H NMR (CDCl3): d=1.02–1.06 (m, 21H), 1.21–1.61 (m, 19 H), 2.11 (s,
3H), 2.36 (t, J =7.4 Hz, 2H), 2.97 (q, J=7.2 Hz, 6 H), 3.13 (dd, J =3.7,
10.0 Hz, 1H), 3.25 (d, J= 9.9 Hz, 1 H), 3.31–5.06 (m, 68 H), 5.32 (br s,
1H), 5.46 (br s, 1H), 5.57 (br s, 1H), 5.62 (br s, 1H), 5.91 (d, J =3.9 Hz,
1H), 6.81–7.45 (m, 88 H), 7.94–7.98 (m, 2H); 13C NMR (CDCl3): d =8.6,
12.1, 18.3, 21.3, 25.5, 28.8, 29.3, 31.4, 36.3, 45.48, 62.6, 63.5, 65.8, 66.1,
68.4, 68.6, 68.7, 69.1, 69.5, 71.1, 71.6, 71.8, 72.0, 72.2, 72.3, 72.4, 73.2, 73.4,
73.5, 74.1, 74.4, 74.5, 74.7, 75.1, 75.3, 75.7, 77.3, 78.7, 78.9, 79.6, 79.8, 80.3,
81.1, 81.6, 81.9, 96.7, 99.1, 99.3, 99.9, 126.8, 126.9, 127.0, 127.1, 127.3,
127.4, 127.5, 127.6, 127.7, 127.8, 127.9, 128.0, 128.1, 128.2, 128.3, 128.4,
128.7, 129.6, 129.9, 133.0, 137.4, 137.5, 137.8, 138.0, 138.1, 138.4, 138.5,
138.7, 138.8, 139.8, 165.1, 169.9; 31P NMR (CDCl3): d=�0.75; IR (film):
ñ= 3030, 2939, 2865, 2106, 1725, 1453, 1360, 1268, 1237, 1098, 1050 cm�1.


(a-d-Mannopyranosyl)-(1!6)-(a-d-mannopyranosyl)-(1!4)-(2-amino-2-
deoxy-a-d-glucopyranosyl)-(1!6)-1-O-(6-thiohexyl phosphono)-d-myo-
inositol (5): Sodium methoxide (25 wt %, 0.06 mL, 0.26 mmol) was added
to a solution of phosphodiester 35 (42 mg, 0.02 mmol) in CH3OH/CH2Cl2


(1.5:0.5, 2 mL). After stirring for 4 h at 60 8C, the mixture was neutralized
with Amberlite IR-120, filtered, and evaporated under reduced pressure.
The crude product was purified by chromatography (CH3OH/CH2Cl2 gra-
dient with 1 % Et3N) to give the diol. Ammonia (~20 mL) was condensed
in a flame-dried three-necked flask at �78 8C. Sodium metal was added
portionwise until the solution was dark blue. The obtained diol in THF
(7 mL) was added via cannula, followed by CH3OH (0.2 mL). The resul-
tant dark blue solution was stirred at �78 8C for 30 min. Following disap-
pearance of the blue color, EtOH (2 mL) and AcOH (~0.5 mL) were
added and ammonia was blown off with a stream of Ar. Chromatography
of the crude mixture on Sephadex G-25 (EtOH/H2O 1:1), followed by di-
alysis and lyophilization afforded a mixture of the target compound 5
and the corresponding disulfide (9.5 mg, 58%). 1H NMR (D2O): d=


1.31–1.70 (m, 10 H), 2.75 (t, J =7.2 Hz, 2H), 3.32 (dd, J =3.6, 10.8 Hz,
1H), 3.39 (t, J =9.3 Hz, 1H), 3.49–4.22 (m, 22H), 4.87 (d, J =1.3 Hz,
1H), 5.21 (d, J =1.5 Hz, 1 H), 5.49 (d, J=3.7 Hz, 1 H); 13C NMR (D2O):
d=24.9, 27.5, 28.5, 30.0, 38.4, 55.0, 60.6, 61.2, 62.7, 66.3, 66.6, 66.7, 66.8,
67.0, 68.7, 70.2, 70.5, 70.7, 70.8, 71.4, 71.6, 72.4, 72.5, 72.9, 73.5, 76.1, 77.1,
100.0, 102.1; 31P NMR (D2O): d=1.44; HRMS (ESI): m/z : calcd for
C60H111N2O46P2S2: 1721.5319; found 1721.5348 [M+H]+ .


Triethylammonium (2-O-acetyl-3,4-di-O-benzyl-a-d-mannopyranosyl)-
(1!2)-(3,4,6-tri-O-benzyl-a-d-mannopyranosyl)-(1!6)-(2-O-benzoyl-3,4-
di-O-benzyl-a-d-mannopyranosyl)-(1!4)-(2-azido-3,6-di-O-benzyl-2-
deoxy-a-d-glucopyranosyl)-(1!6)-2,3,4,5-tetra-O-benzyl-1-O-(6-(S-ben-
zyl)thiohexyl phosphono)-d-myo-inositol (38): Scandium trifluorometha-
nesulfonate (50 mg, 0.1 mmol) and water (20 mL) were added to a so-
lution of compound 36 (135 mg, 0.05 mmol) in CH3CN. After being stir-
red for 4.5 h at 50 8C, the mixture was diluted with CH2Cl2 and washed


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 2493 – 25042502


P. H. Seeberger et al.



www.chemeurj.org





with brine. The organic phase was dried over MgSO4, filtered and con-
centrated. Chromatography (CH3OH/CH2Cl2 gradient with 1% Et3N) af-
forded compound 38 (97 mg, 76 %). Rf =0.39 (CH3OH/CH2Cl2 1:10);
[a]25


D =++46.9 (c=2.85 in CHCl3); 1H NMR (CDCl3): d =1.22–1.66 (m,
19H), 1.84 (dd, J=5.0, 7.4 Hz, 1 H), 2.16 (s, 3 H), 2.41 (t, J =7.4 Hz, 2H),
2.92 (q, J =7.3 Hz, 6 H), 3.21 (dd, J= 3.7, 10.0 Hz, 1H), 3.40–3.74 (m,
12H), 3.78–4.01 (m, 10H), 4.06–4.11 (m, 2H), 4.17 (t, J =9.5 Hz, 1 H),
4.22–4.26 (m, 1H), 4.36–4.48 (m, 8 H), 4.57–5.11 (m, 23 H), 5.53 (br s,
1H), 5.55 (dd, J=1.8, 3.0 Hz, 1 H), 5.65 (br s, 1H), 6.01 (d, J =3.7 Hz,
1H), 7.06–7.47 (m, 73 H), 8.03–8.05 (m, 2H); 13C NMR (CDCl3): d =9.3,
21.6, 25.9, 29.2, 29.6, 31.3, 31.4, 31.7, 36.7, 45.9, 62.1, 63.7, 66.0, 66.1, 66.4,
69.1, 69.2, 69.7, 69.9, 72.0, 72.1, 72.2, 72.3, 72.4, 72.7, 72.8, 73.6, 74.1, 74.5,
74.7, 74.8, 75.1, 75.3, 75.4, 75.5, 75.6, 76.2, 77.1, 77.7, 77.8, 78.4, 79.0, 79.8,
80.7, 81.5, 82.1, 82.3, 97.0, 99.5, 99.6, 99.9, 127.5, 127.7, 127.8, 127.9, 128.1,
128.3, 128.4, 128.5, 128.6, 128.7, 128.8, 128.9, 129.3, 130.2, 130.4, 133.6,
138.0, 138.4, 138.5, 138.8, 138.9, 139.0, 139.1, 139.2, 140.4, 165.7, 170.4;
31P NMR (CDCl3): d=0.30; IR (film): ñ=3030, 2931, 2107, 1734, 1453,
1363, 1268, 1235, 1096, 1050 cm�1; HRMS (ESI): m/z : calcd for
C143H153N3O30PS: 2455.0003; found 2454.9915 [M]� .


Triethylammonium (2-O-acetyl-3,4,6-tri-O-benzyl-a-d-mannopyranosyl)-
(1!2)-(3,4-di-O-benzyl-a-d-mannopyranosyl)-(1!2)-(3,4,6-tri-O-benzyl-
a-d-mannopyranosyl)-(1!6)-(2-O-benzoyl-3,4-di-O-benzyl-a-d-manno-
pyranosyl)-(1!4)-(2-azido-3,6-di-O-benzyl-2-deoxy-a-d-glucopyranosyl)-
(1!6)-2,3,4,5-tetra-O-benzyl-1-O-(6-(S-benzyl)thiohexyl phosphono)-d-
myo-inositol (39): Scandium trifluoromethanesulfonate (37 mg,
0.075 mmol) and water (20 mL) were added to a solution of compound 37
(115 mg, 0.037 mmol) in CH3CN. After being stirred for 5 h at 50 8C, the
mixture was diluted with CH2Cl2 and washed with brine. The organic
phase was dried over MgSO4, filtered and concentrated. Chromatography
(CH3OH/CH2Cl2 gradient with 1 % Et3N) afforded compound 39 (86 mg,
79%). Rf = 0.35 (CH3OH/CH2Cl2 1:10); [a]25


D =++44.8 (c =1.02 in CHCl3);
1H NMR (CDCl3): d= 1.19–1.61 (m, 19 H), 2.12 (s, 3 H), 2.36 (t, J=


7.5 Hz, 2H), 2.95 (q, J =7.2 Hz, 6H), 3.14 (dd, J =3.9, 9.9 Hz, 1H), 3.26–
5.02 (m, 68 H), 5.06 (d, J =1.5 Hz, 1 H), 5.15 (d, J =1.5 Hz, 1 H), 5.44 (d,
J =1.5 Hz, 1 H), 5.54 (t, J=2.4 Hz, 1H), 5.59 (br s, 1 H), 5.94 (d, J=


3.9 Hz, 1H), 6.91–7.45 (m, 88H), 7.94–7.97 (m, 2 H); 13C NMR (CDCl3):
d=8.7, 21.4, 25.6, 28.9, 29.4, 31.5, 36.5, 45.6, 62.0, 63.5, 68.7, 68.9, 69.0,
69.4, 69.7, 71.6, 71.8, 72.0, 72.3, 72.5, 72.9, 73.5, 73.6, 73.8, 74.3, 74.4, 74.7,
74.9, 75.2, 75.5, 75.9, 77.5, 78.2, 78.9, 79.4, 79.6, 81.2, 81.8, 82.1, 96.9, 99.3,
99.5, 100.4, 127.1, 127.2, 127.4, 127.7, 127.8, 128.0, 128.3, 128.4, 128.5,
129.0, 129.9, 130.2, 133.4, 137.8, 138.1, 138.2, 138.5, 138.6, 138.7, 138.8,
138.9, 139.1, 140.1, 165.5, 170.3; 31P NMR (CDCl3): d=�0.10; IR (film):
ñ= 3030, 2930, 2107, 1732, 1453, 1361, 1268, 1235, 1095, 1051 cm�1.


(a-d-Mannopyranosyl)-(1!2)-(a-d-mannopyranosyl)-(1!6)-(a-d-man-
nopyranosyl)-(1!4)-(2-amino-2-deoxy-a-d-glucopyranosyl)-(1!6)-1-O-
(6-thiohexyl phosphono)-d-myo-inositol (6): Sodium methoxide (25wt %,
0.1 mL, 0.43 mmol) was added to a solution of phosphodiester 38 (57 mg,
0.02 mmol) in CH3OH/CH2Cl2 (1.5:0.5, 2 mL). After stirring for 5 h at
60 8C, the mixture was neutralized with Amberlite IR-120, filtered, and
evaporated under reduced pressure. The crude product was purified by
chromatography (CH3OH/CH2Cl2 gradient with 1% Et3N) to give the
diol. Ammonia (~20 mL) was condensed in a flame-dried three-necked
flask at �78 8C. Sodium metal was added portionwise until the solution
was dark blue. The obtained diol in THF (8 mL) was added via cannula,
followed by CH3OH (0.15 mL). The resultant dark blue solution was stir-
red at �78 8C for 30 min. Following disappearance of the blue color,
EtOH (2 mL) and AcOH (~0.5 mL) were added and ammonia was
blown off with a stream of Ar. Chromatography of the crude mixture on
Sephadex G-25 (EtOH/H2O 1:1), followed by dialysis and lyophilization
afforded a mixture of the target compound 6 and the corresponding di-
sulfide (13.5 mg, 59 %). 1H NMR (D2O): d= 1.30–1.79 (m, 10 H), 2.83 (t,
J =7.2 Hz, 2 H), 3.34–4.29 (m, 30H), 5.09 (br s, 1 H), 5.19 (br s, 1 H), 5.28
(br s, 1 H), 5.36 (m, 1 H); 13C NMR (D2O): d=25.0, 27.5, 28.6, 30.0, 38.4,
55.4, 60.8, 61.2, 61.4, 62.8, 66.5, 66.7, 66.8, 67.1, 67.2, 70.2, 70.4, 70.5, 70.6,
70.7, 70.8, 71.5, 72.4, 72.5, 73.0, 73.5, 76.0, 77.5, 78.9, 98.7, 102.2, 102.5;
31P NMR (D2O): d =1.25; HRMS (ESI): m/z : calcd for C36H66NO28PSNa:
1046.3122; found 1046.3135 [M+Na]+ .


(a-d-Mannopyranosyl)-(1!2)-(a-d-mannopyranosyl)-(1!2)-(a-d-man-
nopyranosyl)-(1!6)-(a-d-mannopyranosyl)-(1!4)-(2-amino-2-deoxy-a-
d-glucopyranosyl)-(1!6)-1-O-(6-thiohexyl phosphono)-d-myo-inositol
(8): Sodium methoxide (25wt %, 0.1 mL, 0.43 mmol) was added to a so-
lution of phosphodiester 39 (37 mg, 0.01 mmol) in CH3OH/CH2Cl2


(1.5:0.5, 2 mL). After stirring for 5 h at 60 8C, the mixture was neutralized
with Amberlite IR-120, filtered, and evaporated under reduced pressure.
The crude product was purified by chromatography (CH3OH/CH2Cl2 gra-
dient with 1 % Et3N) to give the diol. Ammonia (~20 mL) was condensed
in a flame-dried three-necked flask at �78 8C. Sodium metal was added
portionwise until the solution was dark blue. The obtained diol in THF
(8 mL) was added via cannula, followed by CH3OH (0.15 mL). The resul-
tant dark blue solution was stirred at �78 8C for 30 min. Following disap-
pearance of the blue color, EtOH (2 mL) and AcOH (~0.5 mL) were
added and ammonia was blown off with a stream of Ar. Chromatography
of the crude mixture on Sephadex G-25 (EtOH/H2O 1:1), followed by di-
alysis and lyophilization afforded a mixture of the target compound 8
and the corresponding disulfide (9 mg, 61%). 1H NMR (D2O): d=1.27–
1.76 (m, 10H), 2.79 (t, J =6.9 Hz, 2 H), 3.27–4.22 (m, 36 H), 5.05 (d, J=


1.8 Hz, 1 H), 5.13 (br s, 1 H), 5.24 (br s, 1H), 5.29 (br s, 1H); 13C NMR
(D2O): d =24.9, 27.5, 28.6, 30.0, 38.4, 61.2, 61.3, 61.4, 62.8, 66.7, 66.8, 67.1,
67.2, 67.3, 70.2, 70.3, 70.5, 70.6, 70.8, 70.9, 71.6, 72.3, 72.5, 72.6, 73.0, 73.5,
76.2, 78.7, 79.0, 98.7, 100.9, 102.5; 31P NMR (D2O): d= 0.77; HRMS
(ESI): m/z : calcd for C84H152N2O66P2S2: 1185.3752; found 1185.3751
[M+2H]2+.


Bistriethylammonium (2-O-acetyl-3,4-di-O-benzyl-6-O-(2-(N-benzyloxy-
carbonyl)aminoethyl phosphono)-a-d-mannopyranosyl)-(1!2)-(3,4,6-tri-
O-benzyl-a-d-mannopyranosyl)-(1!6)-(2-O-benzoyl-3,4-di-O-benzyl-a-
d-mannopyranosyl)-(1!4)-(2-azido-3,6-di-O-benzyl-2-deoxy-a-d-gluco-
pyranosyl)-(1!6)-2,3,4,5-tetra-O-benzyl-1-O-(6-(S-benzyl)thiohexyl
phosphono)-d-myo-inositol (41): A mixture of compound 38 (74 mg,
0.03 mmol) and H-phosphonate 40[17] (150 mg, 0.42 mmol) was coevapo-
rated with pyridine (3 � 3 mL) and dried in vacuo. To the residue in pyri-
dine (2 mL) was added pivaloyl chloride (110 mL, 0.89 mmol) at room
temperature. After 4 h, water (0.2 mL) and iodine (110 mg, 0.43 mmol)
were added. After 1 h, the mixture was diluted with CH2Cl2 and washed
with 1 m Na2S2O3 and water. The organic phase was dried over MgSO4,
filtered and concentrated. Chromatography (CH3OH/CH2Cl2 gradient
with 1 % Et3N) afforded compound 41 (52 mg, 62%). Rf =0.2 (CH3OH/
CH2Cl2 1:10); [a]25


D =++34.2 (c=1.30 in CHCl3); 1H NMR (CDCl3): d=


1.23–1.58 (m, 28H), 2.04 (s, 3 H), 2.35 (t, J=7.4 Hz, 2 H), 2.91 (q, J=


7.3 Hz, 12 H), 3.10 (dd, J=3.7, 10.0 Hz, 1H), 3.19–3.64 (m, 14H), 3.81–
4.12 (m, 15 H), 4.20–4.49 (m, 13 H), 4.56–4.88 (m, 15 H), 4.93–5.05 (m,
6H), 5.47 (br s, 1 H), 5.49 (br s, 1 H), 5.55 (s, 1 H), 5.60 (br s, 1H), 5.93 (d,
J =3.6 Hz, 1H), 6.72 (br s, 1H), 7.06–7.32 (m, 78 H), 7.96–7.98 (m, 2H);
13C NMR (CDCl3): d =8.5, 9.6, 21.5, 25.8, 29.1, 29.5, 30.1, 31.4, 31.7, 36.6,
46.2, 53.3, 63.7, 64.5, 65.9, 66.6, 69.1, 69.5, 69.8, 71.5, 72.0, 72.1, 72.3, 72.7,
73.5, 73.9, 74.2, 74.7, 74.8, 75.0, 75.2, 75.3, 75.4, 76.1, 77.1, 77.7, 77.8, 79.2,
80.0, 80.7, 81.5, 82.1, 82.3, 96.9, 99.2, 99.5, 99.8, 127.2, 127.3, 127.4, 127.7,
127.8, 128.0, 128.1, 128.2, 128.3, 128.4, 128.5, 128.6, 128.7, 128.8, 129.2,
130.1, 130.3, 133.6, 137.3, 137.9, 138.2, 138.3, 138.5, 138.6, 138.8, 138.9,
139.0, 139.2, 139.3, 140.3, 156.9, 165.7, 170.4; 31P NMR (CDCl3): d =0.15,
2.39; IR (film): ñ= 3030, 2935, 2107, 1718, 1454, 1363, 1234, 1048 cm�1;
HRMS (ESI): m/z : calcd for C153H164N4O35P2S: 1355.5181; found
1355.5192 [M]2�.


Bistriethylammonium (2-O-acetyl-3,4,6-tri-O-benzyl-a-d-mannopyrano-
syl)-(1!2)-(3,4-di-O-benzyl-6-O-(2-(N-benzyloxycarbonyl)aminoethyl
phosphono)-a-d-mannopyranosyl)-(1!2)-(3,4,6-tri-O-benzyl-a-d-manno-
pyranosyl)-(1!6)-(2-O-benzoyl-3,4-di-O-benzyl-a-d-mannopyranosyl)-
(1!4)-(2-azido-3,6-di-O-benzyl-2-deoxy-a-d-glucopyranosyl)-(1!6)-
2,3,4,5-tetra-O-benzyl-1-O-(6-(S-benzyl)thiohexyl phosphono)-d-myo-in-
ositol (42): A mixture of compound 39 (47 mg, 0.016 mmol) and H-phos-
phonate 40[12] (41 mg, 0.16 mmol) was coevaporated with pyridine (3 �
3 mL) and dried in vacuo. To the residue in pyridine (2 mL) was added
pivaloyl chloride (40 mL, 0.89 mmol) at room temperature. After 5 h,
water (0.1 mL) and iodine (43 mg, 0.17 mmol) were added. After 30 min,
the mixture was diluted with CH2Cl2 and washed with 1m Na2S2O3 and
water. The organic phase was dried over MgSO4, filtered and concentrat-
ed. Chromatography (CH3OH/CH2Cl2 gradient with 1 % Et3N) afforded
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compound 42 (38 mg, 72%). Rf =0.25 (CH3OH/CH2Cl2 1:10); [a]25
D =


+19.3 (c =1.15 in CHCl3); 1H NMR (CDCl3): d=1.20–1.56 (m, 28H),
2.06 (s, 3H), 2.33 (t, J =7.4 Hz, 2 H), 3.03 (q, J =7.3 Hz, 12 H), 3.23–4.98
(m, 75H), 5.06 (br s, 1H), 5.16 (br s, 1 H), 5.41 (br s, 1H), 5.53 (br s, 1H),
5.57 (br s, 1H), 5.88 (d, J =3.7 Hz, 1 H), 6.64 (br s, 1H), 6.94–7.39 (m,
93H), 7.91–7.94 (m, 2 H); 13C NMR (CDCl3): d =8.3, 8.8, 20.3, 25.5, 27.7,
29.3, 29.85, 31.4, 36.3, 38.7, 45.7, 53.0, 63.4, 64.1, 64.6, 65.6, 65.7, 66.1,
66.2, 68.4, 68.6, 68.7, 69.0, 69.1, 69.4, 71.1, 71.5, 71.6, 71.7, 72.0, 72.1, 72.3,
73.0, 73.2, 73.3, 73.5, 74.0, 74.2, 74.3, 74.4, 74.6, 74.8, 75.0, 75.2, 75.7, 76.1,
76.3, 77.3, 78.4, 78.8, 79.4, 79.5, 80.3, 81.0, 81.6, 81.8, 96.4, 98.8, 99.0, 99.1,
100.2, 126.7, 126.8, 126.9, 127.2, 127.3, 127.5, 127.6, 127.8, 127.9, 128.0,
128.1, 128.2, 128.3, 128.7, 129.6, 129.8, 133.1, 134.7, 136.8, 137.4, 137.7,
137.9, 138.0, 138.3, 138.4, 138.7, 139.7, 156.3, 165.2, 169.9; 31P NMR
(CDCl3): d=�0.88, 1.56; IR (film): ñ= 3031, 2935, 2106, 1718, 1454,
1362, 1234, 1050 cm�1.


(6-O-(2-Aminoethyl phosphono)a-d-mannopyranosyl)-(1!2)-(a-d-man-
nopyranosyl)-(1!6)-(a-d-mannopyranosyl)-(1!4)-(2-amino-2-deoxy-a-
d-glucopyranosyl)-(1!6)-1-O-(6-thiohexyl phosphono)-d-myo-inositol
(7): Sodium methoxide (25wt %, 0.1 mL, 0.43 mmol) was added to a so-
lution of phosphodiester 41 (50 mg, 0.02 mmol) in CH3OH/CH2Cl2


(1.5:0.5, 2 mL). After stirring for 5 h at 60 8C, the mixture was neutralized
with Amberlite IR-120, filtered, and evaporated under reduced pressure.
The crude product was purified by chromatography (CH3OH/CH2Cl2 gra-
dient with 1 % Et3N) to give the diol. Ammonia (~20 mL) was condensed
in a flame-dried three-necked flask at �78 8C. Sodium metal was added
portionwise until the solution was dark blue. The obtained diol in THF
(8 mL) was added via cannula, followed by CH3OH (0.2 mL). The resul-
tant dark blue solution was stirred at �78 8C for 30 min. Following disap-
pearance of the blue color, EtOH (2 mL) and AcOH (~0.5 mL) were
added and ammonia was blown off with a stream of Ar. Chromatography
of the crude mixture on Sephadex G-25 (EtOH/H2O 1:1), followed by di-
alysis and lyophilization afforded a mixture of the target compound 7
and the corresponding disulfide (11 mg, 56%). 1H NMR (D2O): d=1.42–
1.78 (m, 10H), 2.83 (t, J =7.2 Hz, 2H), 3.34–3.49 (m, 4 H), 3.61 (dd, J =


2.6, 10.0 Hz, 1 H), 3.72–4.22 (m, 29H), 5.09 (br s, 1H), 5.16 (br s, 1H),
5.27 (d, J =1.3 Hz, 1 H), 5.59 (d, J =3.8 Hz, 1H); 13C NMR (D2O): d=


24.8, 27.4, 28.5, 29.9, 38.5, 40.3, 54.2, 60.4, 61.2, 62.1, 62.2, 62.8, 65.1, 66.6,
66.7, 66.8, 66.9, 67.2, 70.1, 70.4, 70.6, 70.8, 71.4, 71.7, 72.2, 72.3, 72.5, 72.6,
73.0, 76.5, 76.7, 79.1, 95.6, 98.6, 102.1, 102.6; 31P NMR (D2O): d =1.52,
1.55; HRMS (ESI): m/z : calcd for C38H73N2O31P2S: 1147.3388; found
1147.3387 [M+H]+ .


(a-d-Mannopyranosyl)-(1!2)-(6-O-(2-aminoethyl phosphono)a-d-man-
nopyranosyl)-(1!2)-(a-d-mannopyranosyl)-(1!6)-(a-d-mannopyrano-
syl)-(1!4)-(2-amino-2-deoxy-a-d-glucopyranosyl)-(1!6)-1-O-(6-thiohex-
yl phosphono)-d-myo-inositol (2 a): Sodium methoxide (25 wt %, 0.1 mL,
0.43 mmol) was added to a solution of phosphodiester 42 (36 mg,
0.01 mmol) in CH3OH/CH2Cl2 (1.5:0.5, 2 mL). After stirring for 5 h at
60 8C, the mixture was neutralized with Amberlite IR-120, filtered, and
evaporated under reduced pressure. The crude product was purified by
chromatography (CH3OH/CH2Cl2 gradient with 1% Et3N) to give the
diol. Ammonia (~20 mL) was condensed in a flame-dried three-necked
flask at �78 8C. Sodium metal was added portionwise until the solution
was dark blue. The obtained diol in THF (8 mL) was added via cannula,
followed by CH3OH (0.15 mL). The resultant dark blue solution was stir-
red at �78 8C for 30 min. Following disappearance of the blue color,
EtOH (2 mL) and AcOH (~0.5 mL) were added and ammonia was
blown off with a stream of Ar. Chromatography of the crude mixture on
Sephadex G-25 (EtOH/H2O 1:1), followed by dialysis and lyophilization
afforded a mixture (7.5 mg, 53%) of the target compound 2 a and the
corresponding disulfide. 1H NMR (D2O): d=1.38–1.72 (m, 10H), 2.74 (t,
J =7.2 Hz, 2 H), 3.34–4.21 (m, 40H), 5.02 (br s, 1 H), 5.06 (br s, 1 H), 5.20
(br s, 1H), 5.26 (br s, 1H), 5.52 (d, J=3.9 Hz, 1H); 13C NMR (D2O): d=


25.0, 27.5, 28.6, 30.1, 38.5, 61.2, 61.3, 64.9, 66.7, 66.9, 67.1, 67.2, 70.1, 70.3,
70.5, 70.6, 70.8, 71.5, 72.5, 73.1, 73.6, 73.7, 76.0, 78.6, 79.2, 98.7, 101.0,
102.4; 31P NMR (D2O): d=1.25, 1.32; MS (ESI): m/z : calcd for
C44H83N2O36P2S: 1309; found 1309 [M+H]+ .
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Zirconium Bis(indenyl) Sandwich Complexes with an Unprecedented Indenyl
Coordination Mode and Their Role in the Reactivity of the Parent Bent-
Metallocenes: A Detailed DFT Mechanistic Study


Luis F. Veiros*[a]


Introduction


Transition-metal sandwich complexes play a major role in
modern organometallic chemistry, since its boom with the
discovery of ferrocene.[1] A general interest in Group 4
metal sandwich compounds exists, given their participation
in important reactions, such as catalytic processes,[2] small


molecule activation[3] and organic coupling reactions.[2,4]


However, few examples of fully characterised sandwich
compounds of low-valent Group 4 metals are known, given
their high reactivity that can activate cyclopentadienyl C�H
bonds[5] or even inert molecules such as dinitrogen.[3a, 6] In
fact, the only examples published until the present are tita-
nium compounds of cyclopentadienyl ligands with bulky
substituents (C5Me4R


�).[7–9] Analogous species with zirconi-
um and hafnium have been more elusive and their attempt-
ed synthesis unsuccessful, probably due to the known ten-
dency of those metals to attain their highest oxidation states
and, thus, the relative instability of the corresponding low-
valent complexes. Nevertheless, the presence of zirconocene
intermediates, [ZrCp’2] (Cp’= substituted cyclopentadienyl),
has been hinted by a number of studies, including its role in
catalytic processes[2] and trapping with donor ligands or
even dinitrogen.[10–12]


Abstract: The mechanisms of three
closely related reactions were studied
in detail by means of DFT/B3 LYP cal-
culations with a VDZP basis set. Those
reactions correspond to 1) the reduc-
tive elimination of methane from [Zr-
(h5-Ind)2(CH3)(H)] (Ind=C9H7


� , in-
denyl), 2) the formation of the THF
adduct, [Zr(h5-Ind)(h6-Ind)(thf)] and 3)
the interconversion between the two
indenyl ligands in the Zr sandwich
complex, [Zr(h5-Ind)(h9-Ind)], which
forms the link between the two former
reactions. An analysis of the electronic
structure of this species indicates a sat-
urated 18-electron complex. A full un-
derstanding of the indenyl interchange
process required the characterisation of
several isomers of the Zr–bis(indenyl)
species, corresponding to different spin
states (S=0 and S= 1), different coor-


dination modes of the two indenyl li-
gands (h5/h9, h5/h5 and h6/h9), and three
conformations for each isomer (syn,
anti, and gauche). The fluxionality ob-
served was found to occur in a mecha-
nism involving bis(h5-Ind) intermedi-
ates, and the calculated activation
energy (11–14 kcal mol�1) compares
very well with the experimental values.
Two alternative mechanisms were ex-
plored for the reductive elimination of
methane from the methyl/hydride com-
plex. In the more favourable one, the
initial complex, [Zr(h5-Ind)2(CH3)(H)],
yields [Zr(h5-Ind)2] and methane in


one crucial step, followed by a smooth
transition of the Zr intermediate to the
more stable h5/h9-species. The overall
activation energy calculated (Ea =


29 kcal mol�1) compares well with ex-
perimental values for related species.
The formation of the THF adduct fol-
lows a one step mechanism from the
appropriate conformer of the [Zr(h5-
Ind)(h9-Ind)] complex, producing easily
(Ea =6.5 kcal mol�1) the known prod-
uct, [Zr(h5-Ind)(h6-Ind)(thf)], a species
previously characterised by X-ray crys-
tallography. This complex was found to
be trapped in a potential well that pre-
vents it from evolving to the
3.4 kcal mol�1 more stable isomer, [Zr-
(h5-Ind)2(thf)], with both indenyl li-
gands in a h5-coordination mode and a
spin-triplet state (S=1).


Keywords: density funtional calcu-
lations · indenyl ligands · reaction
mechanisms · sandwich complexes ·
zirconium
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. 1) Complemen-
tary data on the mechanism (Figures S1 to S4), and 2) atomic coordi-
nates for all the optimised species.
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Indenyl (Ind =C9H7
�) is a versatile ligand that can coordi-


nate a metal centre in diverse modes,[13] corresponding to
the formation of a different number of M�C bonds. This is


named the hapticity and is usually de-
noted by the symbol h. The most
common coordination mode of that
ligand is h5-Ind, corresponding to the
presence of five bonds between the
metal and the carbon atoms of the C5


ring, similar to what happens in a h5-
cyclopentadienyl (Cp= C5H5


�) com-
plex. Indenyl has been widely used in


the place of cyclopentadienyl, opening many new and, in
some cases, surprising routes in metallocene chemistry. The
ability of indenyl to change its coordination mode, adjusting
to the metal electronic needs, confers the corresponding
complexes an enhanced reactivity towards ligand substitu-
tion reactions giving rise to the expression “indenyl
effect”.[14]


In a very recent work, Chirik et al. identified and charac-
terised in solution a [Zr(Ind’)2] sandwich complex,[15] corre-
sponding to the intermediate in the sequence of reactions
represented in Scheme 1. In the first reaction there is a re-


ductive elimination of an alkane from an alkyl/hydride com-
plex, and, in the second, the formation of a THF adduct. So-
lution molecular-weight determination and NMR data al-
lowed the identification of the intermediate as the species
represented in Scheme 1. This species, with two nonequiva-
lent indenyl ligands, was formulated as [Zr(h5-Ind’)(h6-Ind’)]
given the shift on the coordination mode of one of the in-
denyl ligands from the h5-mode, existing in the parent alkyl/
hydride complex, to h6-Ind coordinated by the benzene ring
in the final THF adduct. The bonding geometry of the Ind
ligands in the THF adduct was clearly established by the de-
termination of the corresponding X-ray structure. This ex-
traordinary result prompted the work described here.


In this work, DFT calculations[16] are used to perform a
twofold goal. On the one hand, the thorough investigation
of the nature of the [Zr(Ind)2] species, and the mechanism
for the interconversion between the two differently coordi-
nated ligands in this species and on the other, the elucida-
tion of the mechanisms of the two reactions represented in
Scheme 1.


Results and Discussion


The zirconium sandwich complex, [Zr(Ind)2]: The optimisa-
tion of the geometry of a [Zr(Ind)2] complex was accom-
plished by means of B3 LYP calculations[17–19] with a VDZP
basis set (see Computational Methods). In the obtained
molecule (Figure 1) one of the indenyl ligands is coordinat-


ed in the usual h5-mode, while the second ligand is severely
bent over the central Cc�Cc’ bond so that all its nine carbon
atoms approach the metal in an unprecedented h9-coordina-
tion mode (see above for the labelling of the indenyl carbon
atoms).


It should be noted that during the course of the work
here described, structures of [Zr(h5-Ind’)(h9-Ind’)] com-
plexes with indenyl ligands substituted in the Cb and Cb’ po-
sitions have been experimentally determined by X-ray crys-
tallography in an independent work developed in Paul Chir-
ik�s group.[20] Besides the structural data, the results report-
ed include a kinetic study of the fluxional process corre-
sponding to the interconversion between the two Ind ligands
with determination of the activation parameters, its depen-
dence on the Ind substituents and the reactivity of the [Zr-
(Ind)2] complexes with unsaturated organic molecules.


The geometry calculated for [Zr(h5-Ind)(h9-Ind)], and
represented in Figure 1, compares well with the experimen-
tal structure, especially considering that in the latter the two
indenyl ligands have isopropyl groups attached to Cb and
Cb’


[20] (see Table 1). The experimental dZr�C distances range
from 2.48 to 2.54 � for the five-coordinate atoms in h5-Ind,
and from 2.27 to 2.78 � for the h9-coordinate ligand. The
corresponding optimised range of values are represented in
Figure 1. The calculated angles are also in good agreement
with the experimental values. For example, the practically
linear arrangement, ct(h5)-Zr-ct(h9), experimentally verified
(1748) is well reproduced by the calculations (1758). The pa-
rameters ct(hx) will be used throughout the text to denote
the “coordination midpoint” of the Ind ligand in the differ-
ent modes, corresponding to the centroid of the C5 ring for


Scheme 1.


Figure 1. Optimised geometry (B3 LYP/VDZP) of a [Zr(h5-Ind)(h9-Ind)]
complex. The range of Zr�C bond lengths (�) and the corresponding
Wiberg indices (WI, italics) are indicated.
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a h5-Ind ligand, the centroid of the benzene ring for a h6-co-
ordination, and the midpoint of the Cc�Cc’ bond for a h9-ge-
ometry. The rotational angle between two indenyl ligands in
a bis(indenyl) species, with one hx-Ind and one hy-Ind, may
be defined as the torsional angle hCe�Ce’i-ct(hx)-ct(hy)-hCe�
Ce’i, in which hCe�Ce’i is the midpoint of the Ce�Ce’ bond in
each ligand. In the [Zr(h5-Ind)(h9-Ind)] molecule this angle
(b, see Scheme 2) reflects a gauche-conformation of the mol-


ecule; its calculated value (898) compares well with the ex-
perimental value (858). The most striking geometrical fea-
ture of the Ind coordinated in a h9-mode is, perhaps, the
fold angle (a) observed between the plane of the C5 ring
and the plane of the benzene ring. This can be define as the
angle Ca-ct(h9)-hCe�Ce’i, and
the agreement between the op-
timised value (1468) and the
experimental one (1428) is also
good.


If the Ind coordinated in a
h9-fashion is fully engaged in
the bonding to the metal, then
the species [Zr(h5-Ind)(h9-Ind)]
corresponds to a saturated 18-
electron complex. This some-
how surprising result, taking
into account that it is a com-
plex with a Group 4 metal and
only two indenyl ligands, is
confirmed by a deeper analysis
of the electronic structure of
the molecule. The dZr�C distan-
ces obtained for the h9-Ind
ligand are within the bonding
range, although some are on
the long side, and are compa-


rable to the ones optimised for the “normal” h5-ligand (see
Figure 1). The longer Zr�C distances correspond to Cb and
Cb’, 2.64 and 2.67 �, and Ca, 2.87 �; all the bond lengths to
the benzene ring are within 2.55 � (Zr�Ce/e’). The values of
the previous distances could suggest the absence of signifi-
cant bonds between the metal and the three allylic carbons
of the C5 ring, but some caution should be taken on a geo-
metrical analysis based only in distances. In fact, the use of
an electronic parameter such as the Wiberg index (WI),[21] a
well-known bond-strength indicator, changes the previous
picture in a substantial manner. Although Zr�Ca corre-
sponds to the longest bond length in the molecule, its
Wiberg index (0.16) indicates the existence of a bond and is,
in fact, higher than those found for the two bridgehead car-
bons (Cc and Cc’) in the indenyl group coordinated in the
usual h5-mode (WIZr�Cc/c’


= 0.13), despite the shorter Zr�Cc/c’


bond lengths (2.61, 2.62 �).
The coordination geometry of the h9-Ind in the complex


of Figure 1 is reminiscent of Group 4 pentalene com-
pounds.[22] Pentalene (C8H6


2�) is formed by two C5 rings
fused by one C�C bond. However, the differences in sym-
metry between pentalene and indenyl and, consequently, the
corresponding differences on the orbital characteristics of
the two ligands,[23] make them different ligands. For exam-
ple, pentalene was found to be only a 9-electron donor in
[Ti(h8-C8H6)2],[24] since the highest occupied molecular orbi-
tal (HOMO) of the ligands finds no symmetry match among
the metal orbitals. Should the complex in Figure 1 be an 18-
electron species, then the h9-Ind must be a 10-electron
donor. More interesting is the comparison between [Zr(h5-
Ind)(h9-Ind)] and the bent zirconocene butadiene complex,
[ZrCp2(2,3-dimethylbutadiene)],[25] or its ansa analogues.[26]


The bond lengths and Wiberg indices (italics) relevant for
the comparison are present in Scheme 3a, for the bis-
(indenyl) complex.


Table 1. Experimental[a] (in parenthesis) and calculated Zr�C coordina-
tion distances [�] for the [Zr(h5-Ind)(h9-Ind)] complex.


Zr�C h5-Ind h9-Ind


Ca 2.501 (2.517) 2.869 (2.784)
Cb 2.516 (2.536) 2.666 (2.574)
Cb’ 2.481 (2.485) 2.637 (2.626)
Cc 2.624 (2.539) 2.293 (2.255)
Cc’ 2.606 (2.528) 2.280 (2.267)
Cd – 2.412 (2.334)
Cd’ – 2.391 (2.386)
Ce – 2.552 (2.487)
Ce’ – 2.543 (2.501)


[a] In the experimental structure the two indenyl ligands have isopropyl
groups attached to Cb and Cb’.


Scheme 2.


Scheme 3.
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The overall coordination geometry of the benzo portion
of the h9-Ind (Cd/d’ and Ce/e’) in [Zr(h5-Ind)(h9-Ind)] is similar
to what is found in the butadiene complexes. Nevertheless, a
few subtle differences exist. In the butadiene species the co-
ordination of this ligand approaches a metallocyclopen-
tene,[25,26] with the establishment of two Zr�C s bonds to
the outer butadiene atoms and some C=C double-bond
character between two inner ones. This tendency is attenuat-
ed in the bis(indenyl) complex, in which the coordination of
the benzo portion the h9-ligand is close to what would be a
h4-butadiene. This is better analysed by looking at the C�C
bond lengths, since the Zr�C distances are affected by steric
constraints absent in an “independent” butadiene, but pres-
ent in the indenyl ligand, in which the benzo portion is at-
tached to the C5 ring. A clear tendency towards a bond al-
ternation exists in [Zr{Me2C(C5H4)2}(butadiene)] with the
butadiene C�C inner distance 0.07 � shorter than the outer
ones, while in [Zr(h5-Ind)(h9-Ind)] the corresponding differ-
ence is only 0.01 �. In addition, the establishment of four
Zr�C bonds between the metal and the benzo carbons of
h9-Ind is confirmed by values of the corresponding Wiberg
indices, indicative of strong interactions (WI�0.25). In con-
clusion, the [Zr(h5-Ind)(h9-Ind)] complex can be described
as intermediate between a Zrii d2 species and a ZrIV d0 mole-
cule (Scheme 3b). In the former case, the benzo part of the
h9-Ind is equivalent to a neutral h4-butadiene, while in the
latter it corresponds to a dialkyl, a formally dianionic
ligand.


The analogy with the butadiene complexes may be used
to understand the saturated character of [Zr(h5-Ind)(h9-
Ind)] by an analysis of the occupied frontier orbitals of this
molecule. In fact, the orbitals represented in Figure 2 can be
viewed as resulting from the combination of the well-known
frontier orbitals of a bent metallocene fragment,[27] with the
first three p orbitals of butadiene, similar to what has been
found for Zr–butadiene complexes.[26] Thus, the HOMO of
the bis(indenyl) complex results from the combination of
metallocene 3a1 and butadiene p3 orbitals, the HOMO�2
represents the mixture of metallocene 2b1 and butadiene p2


orbitals and HOMO�4 derives from the combination of
metallocene 4a1 orbital with the first butadiene p orbital, p1.
The three frontier orbitals of each fragment are involved in
occupied molecular orbitals that accommodate the corre-
sponding six electrons. The result is, formally, a pair of 2-
electron donations from the benzo ring of Ind to Zr and a 2-
electron backdonation from the metal to the ligand. This
electronic structure confirms the saturated character of the
molecule and, consequently, its description as an 18-electron
complex. Moreover, the participation of Ce and Ce’, and thus
the h4-character of the coordination of the benzo part in h9-
Ind, is verified in all orbitals of Figure 2, especially in
HOMO�4. It should be noted that given the absence of
symmetry in the molecule, the interactions represented in
Figure 2 are, in fact, mixed with other interactions and par-
ticipate in other molecular orbitals. The occupied molecular
orbitals HOMO�1 and HOMO�3 also have bonding char-
acter between Zr and Ind, involving d orbitals of the metal


and the p system of the ligands. Being not relevant to the
discussion above they are not represented in Figure 2 for
the sake of clarity.


The possible mechanisms for the Ind interconversion in
[Zr(h5-Ind)(h9-Ind)], a process known to occur in solution,[20]


are depicted in Scheme 4. The basic motions on the original
h5/h9-complex (centre of Scheme 4) correspond the dissocia-
tion of the benzo part of h9-Ind (1), the dissociation the al-
lylic part of the C5 ring of the same ligand (2) and the coor-
dination of the benzo portion of the h5-Ind (3). The simplest
mechanism would be a concerted one with the simultaneous
dissociation of the benzo part of h9-Ind and coordination of
the equivalent atoms in the h5-ligand (1+3). This is mecha-
nism I in Scheme 4. All the other possibilities involve a


Figure 2. Occupied molecular orbitals of Zr(h5-Ind)(h9-Ind)] that can be
viewed as formally resulting from the mixing of the frontier orbitals of a
bent metallocene fragment and a butadiene. The relative energy of the
orbitals (kcal mol�1) is indicated.


Scheme 4.


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 2505 – 25182508


L. F. Veiros



www.chemeurj.org





mechanism that follows two or more steps. Mechanism II
corresponds to the dissociation of the benzo part of h9-Ind
leading to a bis(h5) species. This a symmetrical molecule, as
far as the Ind coordination mode is concerned, and by fol-
lowing the same mechanism on the other Ind ligand will
produce the h5/h9-species with exchanged ligands. Mecha-
nisms III and IV involve the dissociation of Ca and Cb/b’ on
the five-membered ring of the h9-Ind. In III this is compen-
sated by the coordination of the benzene ring of the h5-
ligand, yielding an h6/h9-species, while in IV this does not
happen and an h5/h6-complex is produced. These intermedi-
ates (h6/h9 or h5/h6) would, then, suffer the interconversion
process in a second step and, finally, a third step, similar to
the first one but involving the other ligand, produces the
h5/h9-species with interchanged ligands.


Numerous attempts were made to obtain a transition
state corresponding to a concerted mechanism (I) without
success, suggesting that this is not the mechanism for the
fluxional process observed. As previously noted,[20] this
would correspond to an associative mechanism in an elec-
tronically saturated 18-electron complex, and, thus, an un-
likely one. In fact, such a mechanism had to include a transi-
tion state with two symmetrically coordinated Ind, with a
coordination geometry intermediate between h5 and h9. The
HOMO of a model with those characteristics is depicted in
Figure 3, showing the existence of antibonding interactions
between the metal and the Ce/e’ atoms in the two ligands,
and justifying why a concerted mechanism is unfavourable.


The investigation of a mechanism occurring in two or
more steps must start by the identification of the intermedi-
ates involved. This was accomplished by a thorough search
of the appropriate potential-energy surfaces (PES) allowing
the optimisation of all the isomers in Scheme 4, with differ-
ent indenyl coordination modes, namely, h5/h9-, h5/h5-, h6/h9-
and h5/h6-[Zr(Ind)2] complexes. It should be noted that two
isomers with h5/h5-geometry were found; one with singlet
spin state (S=0) and one with a more stable spin triplet
(S=1). This and the relative stability of the different iso-
mers will be addressed below, when discussing the mecha-
nisms for the Ind interconversion. Three conformations


were considered for each one of those isomers: syn, gauche
and anti (see Scheme 5).


Given the number of isomers and conformers involved,
an intuitive notation is used in which the first character de-
notes the conformation (S for syn, G for gauche and A for
anti), and the two following numbers represent the hapticity
of the two indenyl ligands. Thus, the h5/h9-complex in the
gauche-conformation, represented in Figure 1 and discussed
above, is G59. The three conformers for the h5/h9-species, as
well as the energy profile for the indenyl rotation, are repre-
sented in Figure 4.


The profile in Figure 4 indicates that the stability differ-
ence between the three conformers is minimal, within
2.5 kcal mol�1. All the h5/h9-species are readily accessible,
since rotation occurs smoothly with a maximum activation
energy of 3.5 kcal mol�1. This corroborates the experimental
finding that the rotation does not stop, even after freezing
the interconversion process.[20] The rotation occurs minimiz-
ing the energy costs as the coordination geometry of each
ligand is maintained, and the transition states present rota-
tion angles intermediate between the values obtained for
the two corresponding minima. Interestingly, an X-ray struc-
ture has been determined for an anti-conformer of [Zr(h5-
Ind’)(h9-Ind’)] with indenyl ligands substituted at the Cb/b’


atoms with SiMe2tBu. This shows that the small energy dif-
ferences between the conformers can easily be overtaken by
the stereochemical influence of indenyl substituents or by
crystal-packing effects. The calculated geometry for A59
matches the experimental structure well, taking into consid-
eration the differences between the ligands, with mean and
maximum absolute deviations of 0.03 and 0.13 �, respective-


Figure 3. HOMO of a model with two symmetrically coordinated Ind
with a coordination geometry intermediate between h5 and h9.


Scheme 5.


Figure 4. Energy profile for the rotation of indenyl in the h5/h9-[Zr(Ind)2]
complexes. The minima and the transition states were optimised
(B3 LYP/VDZP) and the obtained structures are presented. The energies
(kcal mol�1) are referred to the more stable conformer (gauche), and the
values in italics represent energy barriers. The rotating indenyl is shaded
and the rotation angle (b) is indicated for all the species.
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ly, for the Zr�C bonds, and 2–38 differences for the relevant
angles: a, b and ct(h5)-Zr-ct(h9). The energy profiles for the
indenyl rotation in the other isomers, h5/h5 (S= 0 and S=1),
and h6/h9 are presented in Figure S1 in the Supporting Infor-
mation. The energy barriers for the rotation increase as the
isomer becomes less stable, the highest calculated value
being 6.8 kcal mol�1 for the h6/h9-species. The species with
h5/h6-coordination, a spin triplet (S=1), was not considered,
since it corresponds to the less stable isomer that is too de-
stabilised with respect to G59 to participate in the intercon-
version mechanism. The energy difference between the
h5/h6-species and G59 is 13.7–14.4 kcal mol�1, for the three
conformers, S56, G56 and A56.


The stability differences of the isomers, with differing co-
ordination of the two indenyl ligands, is better addressed in
the context of the mechanisms obtained for the interconver-
sion process, in which the isomers appear naturally as inter-
mediates. The less stable isomer of [Zr(Ind)2] present in the
calculated mechanisms is the h6/h9-species (G69), the inter-
mediate of mechanism III in Scheme 4. The calculated
energy for G69 is 13.4 kcal mol�1 above G59. The difference
between the two complexes is the presence of an indenyl co-
ordinated in a h5-mode in one molecule, and a h6-Ind in the
other; the second ligand is in both cases h9-Ind. The reason
for the stability difference may be found by an analysis the
Zr�Ind bonds in both complexes (see Scheme 6). An h6-co-


ordinate Ind ligand establishes weaker bonds with the metal
than h5-Ind ligands, as suggested by the Zr�C Wiberg indi-
ces (WI =0.14–0.25 for G69, and 0.13–0.29 for G59), and by
the charges of the two ligands, obtained by means of a natu-
ral population analysis (NPA).[28] The h6-Ind ligand in G69 is
more negative (�0.60) than the h5-Ind ligand in G59
(�0.49), showing that the ligand acts as a better donor in
the latter case, and justifying a stronger bond to the metal.
A synergetic effect occurs and the Zr�(h9-Ind) bond is also
stronger in the h5/h9-species (G59), since the h5-Ind pushes
more electronic density to the metal and, thus, reinforces


the backdonation from Zr to h9-Ind moitey, as shown by the
charges and WI in Scheme 6. The result is an overall gain in
stability for the [Zr(h5-Ind)(h9-Ind)] isomer. The h5/h5-spe-
cies have intermediate stability between the more stable
[Zr(h5-Ind)(h9-Ind)] complexes and the h6/h9-isomers.


The indenyl interconversion mechanisms obtained for the
gauche-conformers are represented in Figure 5. The corre-
sponding energy profiles for the syn- and anti-conformers
are presented in Figures S2 and S3 in the Supporting Infor-
mation.


The energy profile for mechanism III (top of Figure 5)
shows a mechanism in three steps. In the first, there is a si-
multaneous slippage of one ligand from h9 to h6 and of the
other indenyl from h5 to h9, going from G59 to the corre-
sponding h6/h9-isomer, G69. In the second step the coordina-
tion mode of the two indenyl ligands in exchanged in G69,
and in a final step, equivalent to first, the more stable form
(G59) with interconverted coordination modes of the two
indenyl ligands is produced. In the first transition state,
TSG56–G69, the dissociation of the allylic part of the h9-Ind in
the reactant G59 is complete, as shown by a practically
planar ligand with a long Zr�Ca distance (4.02 �). However,
the second motion is far from finished, that is, the coordina-
tion of the benzo part of the originally h5-coordinated Ind in
G59 (shaded in Figure 5) is only incipient, with long Zr�Ce/e’


distances (3.15, 3.19 �) and corresponding weak interactions
(WI= 0.08, 0.10). This indicates a dissociative nature for the
mechanism, as expected for an 18-electron complex (see
above). The second step, the interchange between the two li-
gands in G69, occurs through a transition state, TSG69, with
two indenyl ligands symmetrically coordinated in h6-mode.
Again, both ligands are essentially planar in TSG69 showing
the dissociative nature of this step, as the bonds between the
metal and the allylic part of the h9-Ind in G69 are broken
prior to the formation of the equivalent bonds in the ligand
changing from h6 to h9. The [Zr(h5-Ind)(h9-Ind)] with ex-
changed ligands is formed in a final step, equivalent to the
first one. The overall activation energy for the mechanism is
20.8 kcal mol�1. Interestingly, the dissociative nature of the
mechanism allows the maintenance of the bonding character
of the HOMO of the involved species, in contrast to what
would happen in a concerted mechanism (see Figure 3 and
its discussion above). The corresponding orbitals are pre-
sented in Figure S4 in the Supporting Information.


The mechanism corresponding to the profile in the
bottom of Figure 5 involves h5/h5-intermediates, being mech-
anism II in Scheme 4. Two such intermediates were found,
3G55 and 1G55, were the superscript denotes the spin multi-
plicity, given by 2S+1, S being the total spin of the mole-
cule. Although the two h5/h5-species are geometrically
equivalent, with Zr-C distances within 0.02 � and a differ-
ence of 18 between the ct(h5)-Zr-ct(h5) angles, the spin-trip-
let isomer, 3G55, is more stable than its singlet analogue by
2.7 kcal mol�1, as expected for a d2 metallocene.[27] A reac-
tion path from G59 to the more stable of the h5/h5-inter-
mediates, 3G55, is in fact a “spin forbidden” one and has to
go through a minimum-energy crossing point (MECP) of


Scheme 6.
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the two potential-energy surfaces (PES), that is, the spin sin-
glet and the triplet surfaces. This corresponds to the lowest
energy point at which the geometry and the energy of the
molecule in the two surfaces are the same. Once that point
is reached, the system has a given probability of changing its
spin state and hops from one surface to the other, giving
rise to the corresponding “non-adiabatic” or “spin-forbid-
den” reaction.[29] This is illustrated on the right part of the
bottom profile in Figure 5 for the reaction that converts di-
rectly G59 in 3G55. In the corresponding MECP, MECPG55–


G59, the slipping indenyl has a fold angle (1638) intermediate
between the one found in the h9-Ind existing in G59 and the
flat h5-ligand of 3G55. Another possibility is the participa-
tion of the singlet h5/h5-species 1G55 in the mechanism. This
process corresponds a slippage of one ligand in the reactant
(G59) from h9- to h5-coordination, with the reaction occur-
ring in the spin-singlet PES. The 1G55 intermediate is


reached through a transition
state TSG59–G55, in which the un-
folding ligand has a coordina-
tion mode in between h9 and
h5 (a=1648), and an activation
energy of 12.3 kcal mol�1, being
significantly smaller than the
one involved in a direct trans-
formation from G59 in 3G55
(20.9 kcal mol�1). Thus, the
most favourable process to
reach a bis(h5) complex from
the h5/h9-molecule involves the
singlet intermediate 1G55. This
is also the first step of the
mechanism for the Ind inter-
conversion in [Zr(h5-Ind)(h9-
Ind)] with lower activation
energy. In fact, an interconver-
sion mechanism for the two li-
gands in [Zr(h5-Ind)(h9-Ind)]
involving the h5/h5-intermedi-
ates (1G55 and 3G55) is con-
ceptually simple. Once these
intermediates are reached, the
coordination mode of the two
ligands is equivalent and the
interchange may occur by fol-
lowing the same process with
the second ligand (IIa in
Scheme 4). From the singlet h5/
h5-species (1G55) the system
only has to overcome a
2.0 kcal mol�1 barrier to yield
the corresponding triplet ana-
logue 3G55. The geometrical
similarity between the two
molecules makes the corre-
sponding MECP (MECPG55)
easy to reach and, in fact,


easier than TSG59–G55. However, even if 1G55 yields 3G55
more easily than G59, at least in activation energy terms,
the mechanism for the interconversion has to follow the
same route back, going through MECPG55, given the high
energy of MECPG55–G59. In the case of Figure 5 this corre-
sponds to the following sequence: G59!TSG59–G55!1G55!
MECPG55!3G55!MECPG55!1G55!TSG59–G55!G59. In-
terestingly, this is also a dissociative mechanism, since the
h9-Ind ligand dissociates its benzo portion from the metal,
while the second ligand remains h5-coordinate. In this proc-
ess the HOMO of G59 changes from a bonding orbital
(Figure 2) to a metal-centred nonbonding one, the known
3a1 of a metallocene,[27] avoiding the antibonding interaction
that would occur in a concerted mechanism (see Figure 3).
The HOMO of the more relevant species G59, TSG59–G55 and
1G55, are represented in Figure S4 in the Supporting Infor-
mation.


Figure 5. Energy profiles for the interconversion mechanisms of the two indenyl ligands in [Zr(h5-Ind)(h9-Ind)]
in the gauche-conformation. Mechanism II (bottom) involves h5/h5-intermediates, and mechanism III (top)
goes through the h6/h9-isomer. The relevant points were optimised (B3 LYP/VDZP) and the obtained struc-
tures are presented. The energies (kcal mol�1) are referred to the more stable conformer (G59), and the values
in italics represent energy barriers. One indenyl is shaded and the fold angle (a) is indicated for all the species.
The plain curves correspond to the spin-singlet (S=0) PES and the dashed curve to the spin-triplet (S =1)
PES.
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Similar conclusions may be drawn from the energy pro-
files involving the two other conformations of the complex,
syn and anti (see Figures S2 and S3 in the Supporting Infor-
mation). In all cases the most favourable path for the Ind in-
terconversion in [Zr(h5-Ind)(h9-Ind)] is a mechanism with
the h5/h5-complexes as intermediates. The calculated activa-
tion parameters for the process, all conformations consid-
ered (DH� = 11.3–13.4 kcal mol�1 and DG�


298 = 10.5–12.4 kcal
mol�1), compare very well with the experimental values de-
termined for [Zr(h5-Ind’)(h9-Ind’)] with indenyl substituted
in the Cb/b’ positions: DH� = 14.5–20.4 kcal mol�1 and
DG�


296 =13.8–16.9 kcal mol�1.[20]


Methane reductive elimination from [Zr(Ind)2(Me)(H)]: A
[Zr(Ind’)2] species such as the one discussed above was first
identified following the alkane reductive elimination of a
alkyl hydride complex, [Zr(Ind’)2(X)(H)].[15] In this work, a
model with nonsubstituted indenyl ligands and methyl as
the alkyl ligand, X, is used in order to study the mechanism
of this reaction. The optimised structure obtained for [Zr-
(Ind)2(Me)(H)] can not be compared to published X-ray
data of an analogous species, that is, a Zr–bis-
(indenyl)alkylhydride complex, since a Cambridge Structur-
al Database (CSD)[30] search on such complexes yielded no
results. However, the calculated structure is typical of a ZrIV


complex of the type [Zr(Ind)2X2] and may be compared, for
example, with the crystal structure of the dimethyl molecule
(X=Me).[31] The optimised Zr�C distances are within
0.04 � of the experimental values for the indenyl carbon
atoms, and within 0.01 � for
the methyl ligand. For the
pseudo-tetrahedral angles
around the metal, X-Zr-X, the
differences are 48 in the calcu-
lated and experimental struc-
tures.


The first mechanism investi-
gated for the methane reduc-
tive elimination and the conse-
quent formation of [Zr(Ind)2]
was one in which the structure
of this complex was such that
the two indenyl ligands have
the relative conformation
found in the THF adduct. This
is a consecutive but distinct re-
action known to occur after
the alkane reductive elimina-
tion (see Scheme 1) and its
product, [Zr(h5-Ind)(h6-Ind)-
(thf)] was characterised by X-
ray crystallography.[15] The rel-
ative orientation of the indenyl
ligands in this complex corre-
sponds to an anti-conformation
of the two ligands (b=1778)
and, thus, the [Zr(Ind)2] spe-


cies with closest geometrical arrangement of the ligands is
the anti-conformer of the h5/h9-complex, A59. The energy
profile obtained for this mechanism is represented in
Figure 6.


The mechanism in Figure 6 follows three steps. In the first
step the relative conformation of the two Ind ligands goes
from gauche in A to anti in A’, reaching the arrangement
that exists in the product, A59. In the second step the Ind
slips from a h5 to a h6, going through a transition state,
TSA’B, with the ligand coordinated in an intermediate geom-
etry, and producing intermediate B, a species with one h5-
Ind and the other ligand coordinated by the benzene ring in
a h6-mode. The last step in Figure 6 mechanism corresponds
to the methane reductive elimination from B and yields the
final products, A59 and methane. It is interesting to note
that in the corresponding transition state, TSB–A59, the slip-
ping Ind is still rather planar and both the methyl carbon
atom and the hydride are still coordinated to the metal. The
system then evolves to the products by loosing methane and
forming A59, with slippage of h6-Ind to a h9-mode, compen-
sating the loss of the two ligands.


The overall activation energy for the mechanism repre-
sented in Figure 6 is rather high, 42.9 kcal mol�1, and, there-
fore, an alternative process was investigated, in which the
methane elimination occurs in the bis(h5-Ind) molecule, A.
The corresponding energy profile is depicted in Figure 7.


The mechanism of Figure 7 includes two steps that con-
cern the spin-singlet PES. In the first step there is elimina-
tion of methane producing a h2-C�H adduct, C, which then


Figure 6. Energy profile for a mechanism of methane reductive elimination from [Zr(h5-Ind)2(CH3)(H)] (A)
producing the anti-conformer of the [Zr(h5-Ind)(h9-Ind)] complex (A56). The minima and the transition states
were optimised (B3 LYP/VDZP) and the obtained structures are presented. The moving indenyl is shaded
light grey and the hydride and the methyl groups, dark grey. The energies (kcal mol�1) are referred to A, and
the values in italics represent energy barriers. The more relevant geometrical parameters and Wiberg indices
(italics) are presented.
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dissociates to the products: methane and [Zr(h5-Ind)2],
1G55. However, given the existence of a more stable spin-
triplet isomer of this species, 3G55 (see above), the S= 1
PES with the methane in the proximity of the Zr complex
was searched, yielding the dashed curve in Figure 7, purely
repulsive towards the formation of a triplet adduct. It
should be noticed that the mechanism in Figure 7 is equiva-
lent, in its general features, to the one previously obtained
for the same reaction with M(Cp)2 fragments, with M being
a Group 6 metal.[32] An analysis of the spin-singlet surface
(plain line in Figure 7) shows that the elimination step is
closely related to the equivalent one in the previously dis-
cussed case (step 3 of the mechanism in Figure 6). The for-
mation of the C�H bond occurs while both the hydride and
the methyl are still coordinated to the metal (TSAC) yielding
a h2-C�H adduct (C), with very loosely bound methane. In
this species, the formation of the C�H bond is complete and
the CH4 moiety has practically the structure of free meth-
ane. In the last step, C dissociates into the products going
through a very shallow transition state, TSC–G55 (Ea =


0.1 kcal mol�1), involving only minor structural changes.
Since the spin-triplet species 3G55 is more stable than its
singlet analogue (see profile on the bottom of Figure 5) and
the formation of a methane adduct with 3G55 is unfavour-
able, with the corresponding PES being steadily repulsive as
methane approaches the complex, then the two PESs have
to cross. The MECP obtained (MECPMe) presents a Zr�Me
distance intermediate between TSAC and C, but with a struc-
ture very similar to C. In fact, the three species correspond-
ing to h2-C�H adducts in Figure 7, MECPMe, C and TSC–G55,
have very closely related geometries. The most important


energy barrier and, thus, the
rate-limiting step of the mecha-
nism represented in Figure 7 is
well determined (TSAC), but one
question is still open. What com-
plex is formed, 3G55 or 1G55?
Or, in other words, how does the
reaction occur, all the way
through the singlet PES, or once
the MECPMe is reached does the
system cross to the more stable
triplet surface ending up in
3G55? It is not possible to have
a final answer based solely on
energy values, but some impor-
tant considerations may arise
from such analysis. On the one
hand, the crossing point
(MECPMe) is easily attained
from the h2-C�H adduct, C
(0.2 kcal mol�1), but on the other
hand C should have a very short
lifetime, given the small energy
barrier (0.1 kcal mol�1) needed
to overcome to yield the singlet
products, 1G55 and methane.


Thus, although MECPMe is easy to reach, the system should
not be in its vicinity, from the geometrical point of view, for
enough time to make this a viable path for a reaction and,
therefore, it most probably follows the singlet PES all the
way to the dissociation products. It is important to refer that
whatever intermediate results from the methane elimina-
tion, 3G55 or 1G55, the end dissociation product, as far as
the metallic fragment is concerned, [Zr(Ind)2], will be the
same. The profile in the bottom of Figure 5 will be followed
yielding the most stable [Zr(Ind)2] isomer, that is, the h5/h9-
complex in the gauche-conformation, G59. This is, in fact,
the product of the reaction, experimentally identified[15] and
fully characterised.[20] Besides, since the interconversion be-
tween the two h5/h5-species (3G55 and 1G55), going through
MECPG55, is easier than their isomerisation to G59, which
has to go through TSG59–G55 (see the bottom profile of
Figure 5 and its discussion above), both 3G55 and 1G55 will
be intermediates in the methane reductive elimination, no
matter which one will result directly from the Figure 7 pro-
file.


The overall activation energy for the methane elimination
following the mechanism represented in Figure 7 is
28.7 kcal mol�1. To the best of our knowledge, there are no
experimental values of activation parameters for this reac-
tion with [Zr(h5-Ind)2(Me)(H)], but the ones measured for
the corresponding reaction with related complexes, [WCp2-
(Me)(H)] (DH� = 25 kcal mol�1, DG�


298 = 26 kcal mol�1)[33a]


and [ZrCp’2(iBu)(H)] (DH� = 25 kcal mol�1, DG�
298 = 24 kcal


mol�1),[11,33b] compare remarkably well with the values calcu-
lated for the reaction represented in Figure 7: DH� =


DG�
298 =28 kcal mol�1.


Figure 7. Energy profile for a mechanism of methane reductive elimination from [Zr(h5-Ind)2(CH3)(H)] (A)
producing the gauche-conformers of the [Zr(h5-Ind)2] intermediate (G55). The relevant points were opti-
mised (B3 LYP/VDZP) and the obtained structures are presented. The hydride and the methyl are shaded.
The energies (kcal mol�1) are referred to A, and the more relevant geometrical parameters and Wiberg indi-
ces (italics) are presented. The plain curve corresponds to the spin-singlet (S=0) PES and the dashed curve
to the spin-triplet (S =1) PES.
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Formation of the THF adduct [Zr(h5-Ind)(h6-Ind)(thf)]: The
THF adduct [Zr(h5-Ind’)(h6-Ind’)(thf)] was obtained by the
reaction of the [Zr(Ind)2] complex with THF (C4H8O), and
was fully characterised by X-ray diffraction. This species in-
cludes indenyl ligands with SiMe3 substituents at the Cb/b’


positions and played an important role for the understand-
ing of the nature of the Zr sandwich complex.[15] The opti-
mised geometry of the corresponding model, [Zr(h5-Ind)(h6-
Ind)(thf)] (D in Figure 8), is in very good accordance with


the experimental structure, given the differences between
the two molecules, with mean and maximum absolute devia-
tions of 0.04 and 0.10 � for the bond lengths around the
metal, and a 28 maximum difference for the relevant angles,
L-Zr-L. One indenyl is coordinated in the common h5-mode,
by means of the C5 ring, while the other is bonded through
the benzene ring in a h6-mode. The two ligands are aligned
and have opposite benzene rings, in what may be called an
anti-conformation, b=1778(exptl) and 1808(calcd). The dis-
position of the indenyl ligands in the THF complex makes
A59, the anti-conformer of the h5/h9-species, the most suit-
able [Zr(Ind)2] complex to react with one molecule of THF
and yield the final product. In fact, the two Ind ligands have
exactly the same relative orientation in A59 and in the prod-
uct, [Zr(h5-Ind)(h6-Ind)(thf)]. Complex A59 is readily acces-
sible from the more stable conformer, G59, given the low
activation energy involved in the rotation of the indenyl li-
gands of the bis(indenyl) species (see the energy profile in
Figure 4).


The mechanism calculated for the formation of the THF
adduct (Figure 8) is a very simple one, following just one
step from the reactants, A59 and THF, to the final product,
[Zr(h5-Ind)(h6-Ind)(thf)] (D). The h9-Ind in A59 dissociates
the allylic part of the C5 ring, opening a coordination posi-
tion that will be occupied by the THF molecule. The transi-


tion state (TSA59–D) is an early one, closest to the reactants
than to the product, with a still significantly folded Ind
ligand and a very incipient Zr�O bond, as shown by the cor-
responding geometrical parameters and Wiberg indices in
Figure 8. The reaction is favourable, from a thermodynamic
point of view (DE=�7.1 kcal mol�1), indicating that despite
the saturated nature of the [Zr(Ind)2] species A59, the steric
constraints imposed by the h9-coordination geometry of one
ligand produce a reactive species, and the system gains
energy even by the formation of an adduct with a poor
ligand such as THF. The activation energy calculated for the
process (Ea = 6.5 kcal mol�1) is easy to reach, in good accor-
dance with a room-temperature reaction.[15]


The search for an analogue of D with the two indenyl li-
gands coordinated in a h5-mode yielded a spin-triplet spe-
cies, [Zr(h5-Ind)2(thf)] (F), 3.4 kcal mol�1 more stable than
its h5/h6-isomer D. The reasons for this stability difference
are related to the Zr�Ind bond strength for the two indenyl
coordination geometries, h5 and h6. As previously discussed
for the [Zr(Ind)2] species, a h6-Ind coordination mode nor-
mally results in a weaker Zr�Ind bond than a h5-Ind ligand
and, consequently, in a less stable complex. The difference
in the spin state of the two isomers is also easily explained
(see Figure 9). A spin-triplet species is what would be ex-
pected for a d2 bent metallocene with one donor ligand L.
The frontier orbitals of such a molecule consist of two
nearly degenerate nonbonding orbitals, 3a1 and 2b1, centred
on the metal. The third frontier orbital for a bent metallo-
cene, 4a1, will be involved in the bonding to the ligand L,
THF in this case. The two metal electrons will be accommo-
dated in two degenerate (or nearly so) orbitals and the
result is a spin-triplet molecule. The nature of the orbital in-


Figure 8. Energy profile for the mechanism of formation of the THF
adduct, [Zr(h5-Ind)(h6-Ind)(thf)] (D), from A59 and THF. The minima
and the transition state were optimised (B3 LYP/VDZP) and the ob-
tained structures are presented. The energies (kcal mol�1) are referred to
D, and the value in italics represents the energy barrier. THF is shaded
and the more relevant geometrical parameters and Wiberg indices (ital-
ics) are presented.


Figure 9. Frontier orbitals and energy splitting for [Zr(h5-Ind)(h6-Ind)-
(thf)] (D, top) and [Zr(h5-Ind)2(thf)] (F, bottom).


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 2505 – 25182514


L. F. Veiros



www.chemeurj.org





teractions between the metal and the benzene ring of a h6-
Ind justifies the spin-singlet state of D. The establishment of
a d interaction between 3a1 and the coordinated benzene
ring breaks the degeneracy of the frontier orbitals and
yields a spin-singlet molecule. The resulting molecular orbi-
tal (HOMO) is similar to what is found for the [Zr(h5-Ind)-
(h9-Ind)] species (see Figure 2).


Since the bis(h5-Ind) isomer F is more stable than the h5/
h6-complex D, a final question remains to be answered: why
is D the experimentally obtained product? The answer is
provided by the energy profile of Figure 10.


There are two limiting paths for the conversion of [Zr(h5-
Ind)(h6-Ind)(thf)] (D) into is h5/h5-triplet isomer, F. One is
to cross from the singlet PES to the triplet surface directly
from D. This is represented in the right side of Figure 10
and in the first step D has to reach the MECPDE overcoming
a 20.6 kcal mol�1 barrier and yielding the triplet complex E.
In this step the h6-Ind slips to a h5-coordination, maintaining
the relative orientation of the two Ind ligands as the system
moves from the singlet to the triplet surfaces. At the cross-
ing point, MECPDE, the slipping ligand is slightly folded and
its coordination is practically h5 ; the Zr�Ca bond is almost
formed (2.81 �), while the Zr�Cd/d’ and the Zr�Ce/e’ bonds
are already broken (2.90 and 3.41 �, respectively). Once the
triplet intermediate E is reached the rotation of the indenyl
occurs smoothly, through a transition state TSEF, which is
practically isostructural with E and without significant acti-
vation energy, resulting in the product F. In the second path,
represented on the left side of Figure 10, the Ind slippage
and rotation occurs in the singlet surface, yielding a singlet
species H, with a geometry analogous to that in product F.
Then the system crosses to the triplet surface, producing F
in a final step. The Ind slippage from h6 to h5 has a
20.6 kcal mol�1 barrier, corresponding to TSDG. This transi-
tion state has a geometry very similar to MECPDE, discussed
above, with a slightly folded ligand and the h5-coordination


mode of the slipping ligand almost reached (Zr�Ca =2.81 �,
Zr�Cd/d’= 2.94 � and Zr�Ce/e’= 3.44 �). The complex
formed (G), a spin-singlet bis(h5-Ind) species, is only
0.9 kcal mol�1 less stable than D. The Ind ligand in G rotates
in order to attain the conformation present in the final prod-
uct. This rotation step occurs smoothly (Ea =0.7 kcal mol�1)
and the corresponding transition state, TSGH, presents a ge-
ometry intermediate between G and the resulting complex,
H, a h5/h5-singlet molecule with a geometry very similar to
the one existing in F. Interestingly, H is 0.6 kcal mol�1 more
stable than the original isomer, [Zr(h5-Ind)(h6-Ind)(thf)]
(D), both being singlet molecules. The final product, F, is
obtained by a hopping of the system from the singlet PES to
the triplet surface, via MECPFH, a crossing point with a ge-
ometry in between H and F. The small energy barrier in-
volved (0.4 kcal mol�1) reflects the negligible structural ar-
rangements needed to obtain MECPFH from H.


The energy profile in Figure 10 indicates that D is en-
closed in a potential well, and the activation energy
(20.6 kcal mol�1) needed to yield the more stable isomer F is
apparently out of reach under the experimental conditions.
The more stable spin-triplet species, [Zr(h5-Ind)2(thf)] (F),
could, in principle, be obtained warming the reaction mix-
ture, through the mechanisms represented in Figure 10.
However, decomposition takes place upon heating the THF
adduct, and C�O bond cleavage is observed.[34]


It is important to recall here that, experimentally, the
methane elimination and the formation of the THF adduct
correspond to two separate reactions, and the [Zr(h5-Ind)-
(h9-Ind)] complex, equivalent to G59, was actually isolat-
ed[15] and fully characterised.[20] Once G59 is formed, the
most favourable path to the formation of a THF adduct
leads to the singlet complex, D (right side of Figure 11).


Another possibility of obtaining F, at least from the theo-
retical point of view, would be to carry the alkane elimina-
tion in the presence of THF. Should that be the case and the


Figure 10. Energy profile for the conversion of [Zr(h5-Ind)(h6-Ind)(thf)] (D) into [Zr(h5-Ind)2(thf)] (F). The relevant points were optimised (B3 LYP/
VDZP) and the obtained structures are presented. The energies (kcal mol�1) are referred to D, and the values in italics represent energy barriers. The
moving indenyl is shaded and the relevant angles (a and b) are indicated. The plain curves correspond to the spin-singlet (S=0) PES and the dashed
curves to the spin-triplet (S =1) PES.
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h5/h5-intermediate resulting from the elimination, 1G55 or
3G55 (see Figure 7), may be trapped forming the more
stable triplet adduct F (left side of Figure 11). In fact, 1G55
converts more easily to its triplet analogue 3G55 (Ea =


2.0 kcal mol�1) than to G59 (Ea =4.0 kcal mol�1). In addition,
a thorough search of the PES for the reaction of 3G55 with
THF yielded a completely attractive curve towards the for-
mation of F, and no transition state could be located. Never-
theless, the small activation energy needed to reach the
more stable isomer G59 from 1G55 can make the trapping
of 3G55 by THF a difficult task, from the experimental point
of view. On the other hand, the discussion above and the
corresponding conclusions should be taken with some cau-
tion given the small energy differences involved. The validi-
ty of the theoretical model used may be crucial, since the
electronic and steric influence of the substituents on the Cb/b’


atoms of indenyl, present in the experimental study, may
change considerably the relative energies of the relevant
species, such as different isomers, transition states or MECP.
For example, in a recent work, Hanusa et al.[35] found that
SiMe3 or tBu on those same positions of Ind change the pre-
ferred conformation of [Cr(Ind)2], favouring a low spin
state.


Conclusion


The zirconium sandwich species [Zr(h5-Ind)(h9-Ind)] are sat-
urated 18-electron ZrII complexes with one indenyl ligand in
a h9-coordination mode, with participation of its entire p


system in the bonding to the metal and becoming a 10-elec-
tron donor. The indenyl rotation in these molecules is easy,
but the interchange process of the two ligands requires
higher activation energies, following a path involving h5/h5-
intermediates with two symmetrically coordinated h5-Ind.


The methane reductive elim-
ination in the alkylhydride
complexes occurs directly in
the bis(h5-Ind) species, [Zr(h5-
Ind)2(CH3)(H)], producing a
[Zr(h5-Ind)2] complex that
then evolves the more stable
h5/h9-isomer, following a mech-
anism in which the rate-limit-
ing step is the first one.


The formation of the THF
adduct, [Zr(h5-Ind)(h6-Ind)-
(thf)] occurs in a one step
mechanism, from [Zr(h5-Ind)-
(h9-Ind)] with the two indenyl
ligands in the right conforma-
tion. The complex experimen-
tally obtained, [Zr(h5-Ind)(h6-
Ind)(thf)], has a more stable
isomer, the bis(h5-Ind) com-
plex with spin-triplet state. The


high activation energies involved on the isomerisation pre-
vents this process from occurring under experimental condi-
tions.


It is important to note that the participation of the benzo
portion of the indenyl ligand in bonding to a metal, produc-
ing a geometrical distortion similar to the h9-coordination
found in the bis(indenyl) complex, may be responsible for
the stabilisation of electron-deficient intermediates, explain-
ing the long known increased reactivity of indenyl com-
plexes, with respect to their cyclopentadienyl analogues,
even for reactions that follow dissociative pathways.[36]


Computational Methods


All calculations were performed by using the Gaussian 98 software pack-
age,[37] and the B3 LYP hybrid functional, without symmetry constraints.
That functional includes a mixture of Hartree–Fock[38] exchange with
DFT[16] exchange correlation, given by Becke�s three-parameter function-
al[17] with the Lee, Yang and Parr correlation functional, which includes
both local and non-local terms.[18, 19] The LanL2DZ basis set[39, 40] aug-
mented with an f-polarisation function[41] was used for Zr, and a standard
6–31G(d,p)[42] for the remaining elements. This basis set is denoted
VDZP. Transition-state optimisations were performed with the synchro-
nous transit-guided quasi-Newton method (STQN) developed by Schle-
gel et al.[43] Frequency calculations were performed to confirm the nature
of the stationary points, yielding one imaginary frequency for the transi-
tion states and none for the minima. Each transition state was further
confirmed by following its vibrational mode downhill on both sides, and
obtaining the minima presented on the energy profiles. The energy
values presented on the reaction profiles were not zero-point corrected,
since, on the one hand the maximum deviation between the zero-point
corrected and the uncorrected energies was 1 kcal mol�1 for all the sta-
tionary points, and, on the other the MECP are not stationary points and
a standard frequency analysis is not applicable.[44] However, the enthal-
pies and free energies discussed along the text only involve stationary
points and were obtained, at 298.15 K and 1 atm, by conversion of the
zero-point-corrected electronic energies with the thermal energy correc-
tions based on the calculated structural and vibrational frequency data.
A natural population analysis (NPA)[28] and the resulting Wiberg indi-


Figure 11. Energy profile for the formation of the two THF adducts (D and F) from the [Zr(Ind)2] complexes.
The minima and the transition states were optimised (B3 LYP/VDZP) and the obtained structures are present-
ed. The energies (kcal mol�1) are referred to G59, and the values in italics represent energy barriers. The plain
curve corresponds to the spin-singlet (S=0) PES and the dashed curve to the spin-triplet (S =1) PES.
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ces[21] were used for a detailed study of the electronic structure and bond-
ing of the optimised species. Spin contamination was carefully monitored
for all the unrestricted calculations performed for the triplet species and
the open shell singlets, that is, all the h5/h5-species with S=0, but a more
stable triplet state. The values of hS2i indicate minor spin contamination
and are presented in the Supporting Information. The minimum energy
crossing points (MECP) between the spin-singlet (S=0) and the spin-
triplet (S =1) potential energy surfaces (PES) were determined by using
a code developed by Harvey et al.[44] This code consists of a set of shell
scripts and Fortran programs that uses the Gaussian results of energies
and gradients of both spin states to produce an effective gradient point-
ing towards the MECP. The orbital drawings were obtained using the
program MOLEKEL 4.0.[45]


The basis set convergence, in size, was tested through the optimisation of
selected examples of the studied species with a valence triple-zeta basis
set with added polarisation functions (VTZP), consisting of the Stuttgart/
Dresden ECP (SDD)[46] basis set with an extra f-polarisation function[41]


for Zr, and a standard 6–311G(d,p)[47] for the remaining elements. The
geometries obtained at this level are identical to the ones obtained with
the smaller basis set (B3 LYP/VDZP), and the differences in the relative
energies calculated with the two theoretical models are accordingly
small, even when different spin states are compared. For example, the
energy difference between the spin-triplet h5/h5-[Zr(Ind)2] intermediate
(3G55) and its h6/h9-spin-singlet isomer (G69), both in the gauche-confor-
mation, is 7.8 kcal mol�1 with the B3 LYP/VDZP model and drops to
7.3 kcal mol�1 for the molecules optimised with the VTZP basis set. This
difference of 0.5 kcal mol�1 is perfectly suitable for the discussion here in-
tended.


The most accurate functional to describe energy differences between
states of different spin in organo-transition-metal complexes is still a
matter of discussion. Although the hybrid functionals, such as B3 LYP,
can be a good choice in many cases, their 20 % admixture of exact ex-
change has been shown to overestimate the stability of higher spin states
in some systems. Modified hybrid functionals with 15% exact exchange
have been proposed, yielding better results in what concerns the energy
splitting between different spin states, especially for first-row transition-
metal complexes.[48, 49] To test the dependence of the system here studied
on the amount of exact exchange used in the functional, some chosen ex-
amples of the complexes described were recalculated by using a modified
B3 LYP functional with 15% admixture of exact exchange (B3 LYP*).
The geometries optimised with the modified B3 LYP* functional were
identical to those obtained with the “normal” B3 LYP. The same hap-
pened with the energy splitting between species with the same spin state.
For example, the difference in the relative energies for [Zr(h5-Ind)(h9-
Ind)] (G59) and [Zr(h6-Ind)(h9-Ind)] (G69), optimised with the two func-
tionals was only 0.1 kcal mol�1. However, slightly larger differences were
found in the relative stability of molecules with different spin states. As
expected,[48] B3 LYP tends to favour spin triplets with respect to singlets,
when compared to B3 LYP*. For example, the energy difference between
the gauche-conformers of [Zr(h5-Ind)2] (3G55) and [Zr(h5-Ind)(h9-Ind)]
(G59) increased from 5.6 kcal mol�1, for the B3 LYP optimised complexes,
to 7.5 kcal mol�1 when B3 LYP* was used. This represents a difference of
1.9 kcal mol�1 for the energy splitting between the two isomers, depend-
ing on the amount of exact exchange included in the functional. Similar
values were obtained for the THF adduct. In this case, B3 LYP* single-
point calculations were carried on B3 LYP optimised geometries. The sta-
bility differences between singlet [Zr(h5-Ind)(h6-Ind)(thf)] (D) and triplet
[Zr(h5-Ind)2(thf)] (F) were 3.4 (B3 LYP) and 1.8 kcal mol�1 (B3 LYP*).
Here, the triplet was the most stable species and, again, the tendency of
B3 LYP to favour the triplet state was noted with a difference of
1.6 kcal mol�1 on the relative stability of the two complexes, depending
on the functional. Although the system studied reveals some dependence
on the amount of exact exchange included in the functional, the differ-
ence on the energy splitting is not too significant (<2 kcal mol�1), and
the use of B3 LYP/VDZP geometries and energies along the text seems
adequate for the semi-quantitative discussion presented. This conclusion
is reinforced by two reasons. The first is that even with the noted tenden-
cy of B3 LYP to favour the spin-triplet species, in the end these were not
found to play an active part on the more favourable reaction mechanisms


proposed. The second, and perhaps more strong argument, is the excel-
lent agreement between the calculated activation parameters and the ex-
perimental data available for the alkane reductive elimination and for
the interconversion process between the two indenyl ligands in the [Zr-
(Ind)2] complex.
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Introduction


Electrospray ionization mass spectrometry (ESI-MS)[1] has
been recently used as a useful method for determining the
molecular weight of noncovalent assemblies under mild con-
ditions.[2,3] Addition of a metal or organic salts as matrix
often suppresses undesirable fragmentation and increases
the stability of intended molecular ions.[4–8] They facilitate
the ionization of neutral molecules or dissociation of tight
ion-pairs through weak interactions with the target species.
Enhancing the matrix–substrate interaction is, therefore, ex-
pected to develop a new matrix assisted ionization techni-
que particularly suitable for labile compounds that cannot
be detected by conventional ESI or other ionization meth-


ods such as fast atom bombardment (FAB) and matrix as-
sisted laser desorption ionization (MALDI).[9]


Consequently, a matrix with an aromatic core (1) was de-
signed from the viewpoint of molecular recognition for the
ESI-MS analysis of labile metal complexes. Compound 1
consists of a planar aromatic core (triphenylene) and six hy-
drophilic chains (oligoethyleneoxide). The core is anticipat-
ed to stack on electron-deficient aromatic systems through
p–p interactions, enhancing the matrix effect of the hydro-
philic chains. Therefore, ionized molecular species wrapped
by 1 should be considerably stabilized and observed by ESI-
MS anaylsis without significant fragmentation.


The first target compound is a cage-like PdII complex
(2),[10] which is hardly observed by ESI-MS or coldspray ion-
ization (CSI) mass spectrometry[3,8] under standard condi-
tions. Complex 2 is a unique compound: it accommodates a
variety of neutral organic molecules and promotes subse-
quent chemical transformations within its large isolated


Abstract: Compound 1 a, which pos-
sesses a triphenylene core and six tetra-
ethyleneoxide side chains, shows effi-
cient ionization of MII-containing (M =


Pd, Pt) complexes in electrospray ioni-
zation mass spectrometry (ESI-MS).
The molecular ion peaks [M]+ , which
are hardly detected under common
ESI-MS conditions, are clearly ob-


served as their [M·(1 a)n]
+ (n=1–4) ad-


ducts. UV-visible and NMR studies
reveal that the electron-rich triphenyl-


ene core of 1 a binds to the electron-
deficient frameworks of the MII com-
plexes in solution, giving rise to charge
transfer (CT) complexes. We suggest
that 1 a stabilizes the complexes and
promotes efficient ionization through
unique donor–acceptor molecular rec-
ognition.


Keywords: charge transfer · mass
spectrometry · molecular recogni-
tion · palladium · pi interactions ·
platinum


[a] K. Kumazawa, Dr. M. Yoshizawa, Prof. M. Fujita
Department of Applied Chemistry
School of Engineering, The University of Tokyo
Hongo, Bunkyo-ku, Tokyo 113–8656 (Japan)
Fax: (+81) 3-5841-7257
E-mail : mfujita@appchem.t.u-tokyo.ac.jp


[b] Dr. H.-B. Liu, Y. Kamikawa, Dr. M. Moriyama, Prof. T. Kato
Department of Chemistry and Biotechnology
School of Engineering, The University of Tokyo
Hongo, Bunkyo-ku, Tokyo 113–8656 (Japan)
Fax: (+81) 3-5841-8661
E-mail : kato@chiral.t.u-tokyo.ac.jp


Chem. Eur. J. 2005, 11, 2519 – 2524 DOI: 10.1002/chem.200401216 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2519


FULL PAPER







pocket.[11,12] It quantitatively assembles in an aqueous
medium from six end-capped PdII complexes and four exo-
tridentate panel-like ligands.[10] It is worth noting that for
the PtII analogue of 2, ionization-promoting matrices such as
DMF, DMSO, or guanidine are quite effective for the obser-
vation of the molecular-ion peaks.[8] However, the noncova-
lent structure of 2 is not tolerant under the same MS condi-
tions and only fragmentation peaks are observed.


We find that the addition of 1 to an aqueous solution of 2
leads to a clear observation of their inherent ions by ESI-
MS.[13] Accordingly, the “molecular-recognition matrix” in
ESI-MS measurements of 2 coupled with UV-visible and
NMR analyses will be discussed. Finally, the importance of
the formation of a charge-transfer (CT) complex through
external p-stacking interactions
between 1 and 2 will be em-
phasized.


Results and Discussion


The design of matrix 1: One of
the remarkable features of co-
ordination cage 2 is to recog-
nize a variety of neutral organ-
ic molecules in an aqueous
medium, giving rise to enclath-
rate compounds.[10,11] When the
guests are large p-conjugated
molecules (e.g., triphenylene,
pyrene, and perylene), cage 2
can efficiently accommodate
them in the cavity by means of
p–p interactions. Since the
framework of 2 is very electron
deficient due to PdII coordina-
tion to the three pyridyl sites
of the panel ligand, electron-
rich guest molecules are
strongly enclathrated within 2,
resulting in the formation of
charge-transfer (CT) com-


plexes.[10,14] Such internal molecular-recognition systems as
found for 2 prompted us to design a matrix 1 with an aro-
matic-core that is capable of external interaction with cage
2. In 1, hydrophobic triphenylene, as a planar aromatic core,
is connected to six hydrophilic oligoethyleneoxide chains.
For this amphiphilic matrix, it is highly expected that the
core will interact with cage 2 through hydrophobic and
charge-transfer interactions, whereas the side chains will sta-
bilize cationic species and assist the molecular-ion formation
under mild conditions. Presumably, cage 2 will be wrapped
by a few or several molecules of 1 through external associa-
tion. The side chains are also expected to help solubilization
of the matrix in aqueous media.


ESI-MS measurements of complex 2 in the presence of 1:
Prominent peaks derived from cagelike complex 2 were ob-
served in ESI-MS when a mixed aqueous solution (H2O/
MeCN/DMF= 2:1:0.15 ratio, 1 mm) of 2 with one equivalent
of 1 a was infused into the MS source at room temperature.
Figure 1a shows a series of peaks corresponding to [2·-
(1 a)m�nNO3]


n+ (m=1–4, n=3–8). For example, peaks at
m/z 1203, 1413, and 1709 are consistent with the formulae of
the 1:4 adduct ([2·(1 a)4�n NO3]


n+ , n=5–7), which may indi-
cate that all of the four planar ligands of the complex are
fully covered with matrices. In addition, the 1:2 and 1:3 ad-
ducts are also clearly observed at m/z 923 [2·(1 a)2�6 NO3]


6+


and 992 [2·(1 a)3�7 NO3]
7+ . It is worth noting that almost no


peaks are derived from the fragmentation of 2. Efficient
wrapping of 2 by 1 a seems to preclude solvation of 2 by


Figure 1. ESI-MS spectra of metal complex 2 with: a) matrix 1 a, b) 1b, and c) 1 c.
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DMF, as no DMF adducts are observed. However, DMF-
solvated peaks are observed for the PtII analogue of 2 in the
absence of the matrix. A control measurement of 2 without
1 a afforded only unassignable fragment peaks. Therefore, it
is clearly demonstrated that 1 a with its aromatic core acts as
a very useful matrix for the ionization of labile metal com-
plex 2 in ESI-MS analysis.


To reveal the effect of the length of the hydrophilic chains
of 1 a, we performed ESI-MS measurements of 2 with matri-
ces 1 b and 1 c, which have six tri- and dioxyethylene chains
around the periphery of the triphenylene core. In the pres-
ence of 1 b, the spectrum became less clear, though the
matrix adducts of [2·(1 b)n�m NO3]


m+ were still observed at,
for example, m/z 837 [2·(1b)2�6NO3]


6+ , 985 [2·1b�4NO3]
4+ ,


and 1497 [2·(1 b)4�5 NO3]
5+ (Figure 1b). Fragmentation


peaks of 2 are concomitantly observed between 600 and
1200 Da. With 1 c, peaks derived from 2 are hardly observed
(Figure 1c). These results clearly reveal that the hydrophilic
chains are essential for the ionization of 2. Since tetraoxy-
ethylene, H(OCH2CH2)4OH, does not show any matrix
effect, the aromatic core is also essential to the efficient ion-
ization.


CT complex formation of 2 with 1 a : We suggest that the
matrix–analyte recognition by p–p interaction is indispens-
able to obtain the desirable
peaks of 2 in ESI-MS analysis.
In fact, when one equivalent
of 1 a was added to an aqueous
solution of 2, the colorless so-
lution quickly turned red, indi-
cating the formation of a CT
complex.[13] The UV-visible
spectrum of the red solution
exhibited a new absorption
band around 460 nm (e=


800 mol�1dm�1), which is de-
rived from charge transfer be-
tween the core of 1 a and the
triazine-core ligand of 2 by ex-
ternal p–p interactions (Fig-
ure 2a,b). The triazine core is
essential for an efficient CT, since analogue 3 with a ben-
zene core showed a weak CT band in UV-visible measure-
ment (Figure 2c). Accordingly, ion peaks for 3 were also ob-
served with excess 1 a, though the spectrum is considerably
contaminated by their fragmentation peaks.


ESI-MS measurements of cage 2 with guest molecules :
While 1 a stacks externally on cagelike complex 2, the cavity
of 2 is still capable of guest enclathration. Interestingly, the
matrix preserves the accommodated guest in 2. Charged
ions of guest-enclathrated complexes were also observed in
the presence of 1 a. In the presence of diketone 4, the for-
mation of a 2:1 inclusion complex (4)2�2 was previously re-
ported,[11] which also did not survive under standard MS
conditions. However, throughout addition of 1 a, multiply


charged molecular ions [(4)2�2·(1 a)m�nNO3]
n+ were clearly


observed in ESI-MS (e.g., m/z 1015 (m =2, n= 6), 1231 (m =


2, n= 5), and 1259 (m=3, n=6); Figure 3). There was
almost no peak derived from the guest-free cage. Other
guest molecules such as o-carborane and trimethoxybenzene
within complex 2 were also detected under these conditions.


ESI-MS measurements of complex 5 in the presence of 1 a :
The second target for the ESI-MS measurement is prismlike
metal complex 5, which assembles from eleven components:
six end-capped PtII complexes, two exo-tridentate ligands,
and three pyrazine pillars.[14] The complex contains planar


Figure 2. UV-visible spectra in H2O at RT: a) complex 2 with one equiva-
lent of 1a, b) complex 2, and c) complex 3 with one equivalent of 1 a.


Figure 3. ESI-MS spectrum of complex (4)2�2 in the presence of matrix 1a.
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panels of a triazine core within its framework. Therefore, we
expect that 1 a will assist the ionization of complex 5 in a
similar manner as for complex 2. Thus, a solution of 5 in
H2O/MeCN/DMF (2:1:0.15 ratio) with one equivalent of 1 a
was analyzed by ESI-MS at room temperature. A series of
simple ion peaks of 5 were observed as shown in Figure 4a.
For example, prominent peaks at m/z 805, 950, 1152, 1456,
and 1962 agreed with [5·(1 a)2�n NO3]


n+ (n= 3–7) diadducts.
Mono- and triadducts of the matrix with 512+ were also de-
tected at 1000–1900 Da. However, matrix-free species were
not observed.


Triphenylene derivative 1 d can be accommodated in the
cavity of 5.[14] We found that in the presence of 1 a, guest-en-
clathrated complex 1 d�5 was still stable under the ESI-MS
conditions leading to clear MS observation (Figure 4b). Mul-
tiply charged ion peaks of 1 d�5 with 1 a were obtained
without fragmentation (e.g., m/z 1018 [1 d�5·(1 a)2�6 NO3]


6+


and 1234 [1 d�5·(1 a)2�5 NO3]
5+). In contrast, ESI-MS of


1 d�5 in the absence of 1 a exhibited a very complicated
spectrum, which was assigned as a series of DMF adducts
[1 d�5·(DMF)m�nNO3]


n+ (m= 4–17, n=3–8) (Figure 4c).
These findings clearly suggested that the wrapping effect of
the matrix promotes the efficient dissociation of counterions
(NO3


�) and solvents (DMF) without fragmentation of the
framework.


UV-visible and NMR studies on CT complex of 5 with 1:
The colorless solution of 5 turned red when 1 a was added to
an aqueous solution of complex 5. The UV-visible spectrum
of the red solution revealed a new absorption band around
455 nm (e= 900 mol�1dm�1) that can be attributed to the for-
mation of a CT complex (Figure 5a). The same color was
also observed upon mixing the enclathrated complex 1 d�5
with 1 a. Therefore, 1 a clearly recognizes both 5 and 1 d�5


in solution, which is in good agreement with the clear obser-
vation of adduct species by ESI-MS.


An NMR study provided further evidence for the recogni-
tion of complex 5 by 1 a. When one equivalent of 1 a was
combined with a solution of 1 d�5 in D2O, the 1H NMR
spectrum showed broad peaks for the framework of 5 in the
aromatic region. In addition, the signals of 1 d and 1 a at
7.02 and 6.47 ppm were significantly shifted upfield due to
internal and external p–p interactions with 5, respectively
(Figure 6a). In the aliphatic region of 1 a, the peaks of the
oligoethyleneoxides chains were found without remarkable
shift. These signals, which were sharp at high temperature,
but split and broadened at lower temperature (Figure 6b,c).
It was worth noting that the chemical shift of 1 a in the pres-
ence of 5 was apparently temperature dependent (6.47 ppm
at 300 K, 7.21 ppm at 333 K). This is due to the reversible


external interaction between 5
and 1 a.


Conclusion


In conclusion, we have devel-
oped a unique compound 1 a
that can recognize target metal
complexes by means of
charge-transfer (CT) interac-
tions. With this matrix, labile
multinuclear metal complexes
(2, 5) were efficiently analyzed
by ESI-MS, thanks to external
p-stacking interactions be-
tween the aromatic core of 1 a
and the aromatic framework
of the complexes. A series of
multiply charged molecular
ions of these complexes with
1 a were clearly observed at
room temperature. UV-visible


Figure 4. ESI-MS spectra: a) metal complex 5 with matrix 1 a, b) guest-enclathrated complex 1 d�5 with matrix
1a, and c) 1d�5 without matrix 1 a.


Figure 5. UV-visible spectra in H2O at RT: a) complex 5 with one equiva-
lent of 1a, b) matrix 1 a, and c) complex 5.
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and NMR studies revealed the CT complex formation be-
tween the complexes and 1 a, which stabilized their intrinsic
structures and promoted their ionization process in ESI-MS.
We believe that the present results with the use of a “molec-
ular-recognition matrix” will open up new strategy for mass
spectrometry as well as for molecular-recognition chemistry.


Experimental Section


General : All experiments were carried out on a four-sector (BE/BE)
tandem mass spectrometer (JMS-700C, JEOL) equipped with a CSI
source.[3, 8] Typical measurement conditions are as follows: acceleration
voltage 5.0 kV, needle voltage 2.0–2.5 kV, orifice voltage 10 to 100 V, ion
source temperature 30–35 8C, spray temperature 25 8C, resolution 1000–
7000 (10 % valley definition), sample flow rate 0.02 mL min�1.


Synthesis of 1c : Potassium carbonate (3.60 g, 26.4 mmol) was suspended
in a solution of 2-(2-methoxyethoxy)ethyl p-tolyl sulfate (3.80 g,
13.2 mmol) in anhydrous DMF (25 mL) under Ar atmosphere.
2,3,6,7,10,11-Hexahydroxytriphenylene trihydrate (0.50 g, 1.32 mmol) was
added to the mixture and the suspension was stirred for two days at
room temperature. Water (50 mL) was added to the mixture and the
product was extracted with CH2Cl2 (400 mL). The organic layer was
washed with brine (200 mL) and dried over MgSO4. The solution was
evaporated and the residue was poured into hexane (500 mL). The result-
ing dark oil was separated and purified by column chromatography
(CHCl3/methanol=20:1) and GPC (CHCl3). A pale brown oil 1c (88 mg)
was obtained in 7 % yield. 1H NMR (500 MHz, CDCl3, TMS): d=7.87 (s,
6H), 4.41 (d, 12 H), 3.98 (d, J =5 Hz, 12H), 3.79 (d, 12H), 3.61 (d, J=


5 Hz, 12 H), 3.40 ppm (s, 18 H).


NMR data for 1 b : 1H NMR (500 MHz, D2O, TMS): d =7.03 (s, 6H), 4.14
(br, 12 H), 3.79 (br, 12H), 3.61 (d, J =5 Hz, 12H), 3.51 (d, J =5 Hz,
12H), 3.42 (d, J= 5 Hz, 12 H), 3.30 (d, J =5 Hz, 12 H), 3.08 ppm (s, 18H).


NMR data for 1a : 1H NMR (500 MHz, D2O, TMS): d= 7.41 (s, 6H), 4.35
(br, 12 H), 4.03 (br, 12H), 3.82 (d, J =5 Hz, 12H), 3.71 (d, J =5 Hz,
12H), 3.61 (d, J =5 Hz, 12H), 3.51 (d, J =5 Hz, 12 H), 3.46 (d, J =5 Hz,
12H), 3.40 (d, J=5 Hz, 12H), 3.22 ppm (s, 18H); 13C NMR (125 MHz,
D2O, TMS) d 147.2 (Cq), 122.9 (Cq), 106.0 (CH), 71.0 (CH2), 70.1 (CH2),
69.9 (CH2), 69.7 (CH2), 69.6 (CH2), 69.5 (CH2), 69.4 (CH2), 68.2 (CH2),
58.0 ppm (CH3).


ESI-MS data of complex 2 in the presence of 1a : m/z : 1912.0
[2·(1a)2�3 NO3]


3+ , 1782 [2·(1 a)3�4 NO3]
4+ , 1706 [2·(1a)4�5NO3]


5+ ,
1414 [2·(1a)2�4NO3]


4+/[2·(1 a)3�5 NO3]
5+/[2·(1 a)4�6NO3]


6+ , 1167
[2·(1a)3�6 NO3]


6+ , 1120 [2·(1 a)2�5 NO3]
5+ , 1049 [2·(1a)4�4NO3]


4+ ,
992 [2·(1a)3�7 NO3]


7+, 923 [2·(1 a)2�6NO3]
6+ , 860 [2·(1a)3�8NO3]


8+ , 827
[2·(1a)4�5 NO3]


5+ , 782 [2·(1 a)2�7NO3]
7+ , 677 [2·(1a)2�8 NO3]


8+ .


ESI-MS data of complex 2 in the presence of 1 b : m/z : 1586
[2·(1b)3�4 NO3]


4+ , 1497 [2·(1b)4�5NO3]
5+ , 1286 [2·(1 b)2�4NO3]


4+ , 1257
[2·(1b)3�5 NO3]


5+ , 1236 [2·(1b)4�6NO3]
6+ , 1037 [2·(1 b)3�6NO3]


6+ , 1017
[2·(1b)2�5 NO3]


5+ , 985 [2·1b�4 NO3]
4+ , 837 [2·(1b)2�6 NO3]


6+ , 708
[2·(1b)2�7 NO3]


7+ .


ESI-MS data of complex (4)2�2 in the presence of 1a (4=


(MeOC6H4CO)2): m/z : 1920 [(4)2�2·(1a)3�4 NO3]
4+, 1817 [(4)2�2·


(1a)4�5NO3]
5+ , 1554 [(4)2�2·(1a)2�4 NO3]


4+ , 1524 [(4)2�2·
(1a)3�4NO3]


4+ , 1504 [(4)2�2·(1a)4�6 NO3]
6+ , 1259 [(4)2�2·


(1a)3�6NO3]
6+ , 1231 [(4)2�2·(1a)2�5NO3]


5+ , 1187 [(4)2�2·1 a-4NO3]
4+ ,


1071 [(4)2�2·(1a)3�7 NO3]
7+ , 1015 [(4)2�2·(1a)2�6 NO3]


6+ , 937
[(4)2�2·1a-5 NO3]


5+ , 861 [(4)2�2·(1 a)2�7NO3]
7+ .


ESI-MS data of complex 5 in the presence of 1a : m/z : 1961
[5·(1a)2�3 NO3]


3+ , 1822 [5·(1 a)3�4 NO3]
4+ , 1473 [5·(1a)4�3NO3]


3+ , 1456
[5·(1a)2�4 NO3]


4+ , 1445 [5·(1 a)3�5 NO3]
5+ , 1194 [5·(1a)3�6NO3]


6+ , 1152
[5·(1a)2�5 NO3]


5+ , 1089[5·1a�4 NO3]
4+ , 1014 [5·(1a)3�7 NO3]


7+ , 950
[5·(1a)2�6 NO3]


6+ , 805 [5·(1 a)2�7NO3]
7+ .


ESI-MS data of complex 1 d�5 in the presence of 1a : m/z : 2098 [1d�5·
(1a)2�3NO3]


3+ , 1924 [1 d�5·(1a)3�4NO3]
4+ , 1609 [1 d�5·1 a-3NO3]


3+ ,
1558 [1d�5·(1a)2�4 NO3]


4+ , 1527 [1d�5·(1a)3�5 NO3]
5+ , 1262 [1 d�5·


(1a)3�6NO3]
6+ , 1234 [1 d�5·(1a)2�5NO3]


5+ , 1191 [1 d�5·1 a-4NO3]
4+ ,


1018 [1 d�5·(1 a)2�6NO3]
6+ , 863 [1d�5·(1 a)2�7 NO3]


7+ .


ESI-MS data of complex 1d�5 in the absence of 1 a : m/z :
1218 [1 d�5·(DMF)4�3NO3]


3+ , 1194 [1d�5·(DMF)3�3NO3]
3+ ,


1169 [1 d�5·(DMF)2�3NO3]
3+ , 990 [1d�5·(DMF)9�4NO3]


4+ ,
971 [1 d�5·(DMF)8�4NO3]


4+ , 953 [1d�5·(DMF)7�4NO3]
4+ ,


934 [1 d�5·(DMF)6�4NO3]
4+ , 917 [1d�5·(DMF)5�4NO3]


4+ ,
898 [1d�5·(DMF)4�4NO3]


4+ , 852 [1d�5·(DMF)14�5NO3]
5+ ,


838 [1 d�5·(DMF)13�5 NO3]
5+ , 823 [1d�5·(DMF)12�5NO3]


5+ ,
809 [1 d�5·(DMF)11�5 NO3]


5+ , 793 [1d�5·(DMF)10�5NO3]
5+ ,


779 [1 d�5·(DMF)9�5NO3]
5+ , 764 [1d�5·(DMF)8�5NO3]


5+ ,
750 [1 d�5·(DMF)7�5NO3]


5+ , 735 [1d�5·(DMF)6�5NO3]
5+ ,


724 [1 d�5·(DMF)16�6 NO3]
6+ , 712 [1d�5·(DMF)15�6NO3]


6+ ,
700 [1 d�5·(DMF)14�6 NO3]


6+ , 687 [1d�5·(DMF)13�6NO3]
6+ ,


676 [1 d�5·(DMF)12�6 NO3]
6+ , 663 [1d�5·(DMF)11�6NO3]


6+ ,
651 [1d�5·(DMF)10�6NO3]


6+ , 638 [1d�5·(DMF)9�6NO3]
6+ ,


622 [1 d�5·(DMF)17�7 NO3]
7+ , 611 [1d�5·(DMF)16�7NO3]


7+ ,
602 [1 d�5·(DMF)15�7 NO3]


7+ , 591 [1d�5·(DMF)14�7NO3]
7+ ,


581 [1 d�5·(DMF)13�7 NO3]
7+ , 546 [1d�5·(DMF)18�8NO3]


8+ ,
537 [1 d�5·(DMF)17�8 NO3]


8+ , 528 [1d�5·(DMF)16�8NO3]
8+ ,


518 [1d�5·(DMF)15�8NO3]
8+ .
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Allylic Stereocontrol of the Intramolecular Diels–Alder Reaction


Michael J. Lilly,[a] Natalie A. Miller,[b] Alison J. Edwards,[b] Anthony C. Willis,[b]


Peter Turner,[c] Michael N. Paddon-Row,*[d] and Michael S. Sherburn*[b]


Introduction


There is continuing interest in the intramolecular Diels–
Alder (IMDA) reaction in both the realms of synthesis[1]


and biosynthesis.[2] An understanding of the stereochemical
preferences of IMDA reactions is pivotal to its successful
synthetic application and biosynthetic rationalization. The
stereochemical complexity of this reaction stems from the
four contiguous stereocenters that are created. The concert-
ed, suprafacial nature of the bond-forming process allows


the generation of four stereoisomeric products that are in-
terrelated in cis/trans (exo/endo)[3] and p-facial senses. In
recent times, transition structures (TSs) for certain IMDA
reactions have been located by using density functional
theory (DFT). With reference to these TS geometries, cis/
trans and p-facial selectivities of IMDA reactions have been
discussed in detail.[4–10] This approach promises to greatly
simplify the prediction of IMDA stereoselectivities. Herein
we describe a detailed synthetic investigation into a new
stereocontrol method for IMDA reactions and the develop-
ment of theoretical models to rationalize these experimental
findings.[11]


Reported methods for obtaining enantiomerically pure
products from IMDA reactions (Scheme 1) involve the
placement of suitable substituents on the linking chain be-
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tion of ester-linked 1,3,8-nonatrienes
can be controlled by substituents about
a stereogenic center attached to C1.
The scope and limitations of this ap-
proach have been investigated, with
variation in substrate structure about
the allylic stereocenter and the dieno-


phile. The stereochemical outcomes of
these reactions are explained by refer-
ence to B3 LYP/6–31G(d) transition


structures. New insights into the con-
formational preferences of allylic alco-
hol derivatives are reported, results
which allow an explanation of the dif-
fering levels of p-diastereofacial selec-
tivity and cis/trans (i.e. endo/exo) selec-
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Scheme 1. The three reported methods for achieving stereocontrol in
IMDA reactions and the diene controller approach under scrutiny.
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tween the diene and dienophile,[12] by attaching an auxiliary
to the dienophile terminus,[13] and through enantioselective
cycloaddition of achiral trienes with chiral Lewis acids.[14]


We were intrigued by the possibility of controlling the ster-
eochemical outcome of IMDA reactions by constructing
chiral substrates with a stereocontrolling element at the ter-
minus of an acyclic diene. Previous reports of IMDA reac-
tions of substrates with diene auxiliaries employ either con-
formationally restricted chiral semicyclic dienes,[15] or are
complicated by the presence of additional tether substitu-
ents and dienophile auxiliaries.[16]


Herein, we explore the scope and limitations of the allylic
stereocontrol method for IMDA reactions. IMDA reactions
of ester-linked 1,3,8-nonatriene[17] 1 are reported, along with
cycloaddition reactions of three additional groups of sub-
strates; namely, triene esters 2–4 (Scheme 2). Series 2, dia-


stereomeric with 1, was prepared to investigate the depen-
dence of stereoselectivity upon the relative configurations at
the allylic and homoallylic stereocenters. Chiral trienes 3
and 4 would uncouple the effects of the allylic and homoal-
lylic stereocenters, allowing a more general assessment of
the applicability of this approach. To shed light upon stereo-
selectivities, these reactions are examined computationally
by using the hybrid B3 LYP functional together with the 6–
31G(d) basis set. It is generally accepted that B3 LYP/6–
31G(d) models give reliable geometries of TSs and activa-
tion energies for pericyclic reactions.[4–10,18]


Results


Synthesis of the chiral dienols


Chiral dienols 7, 10, 13, and 15 were prepared from the inex-
pensive and readily available chiral precursors l-ascorbic
acid, d-isoascorbic acid, l-malic acid, and l-lactic acid re-
spectively, as shown in Scheme 3. The syntheses of these di-
enols follow the same general pathway, involving the chain
extension of a chiral ester into the corresponding conjugated
diene.


Thus, ascorbic and isoascorbic acids were smoothly con-
verted into monoacetonides[19] before oxidative cleavage
with potassium carbonate and hydrogen peroxide in water.
The resulting potassium carboxylates were treated with
ethyl iodide to give a-hydroxy esters 5 and 8.[20] Regioselec-
tive reduction of diethyl malate with borane/dimethyl sul-


Scheme 2. Chiral trienes under investigation. The effect of the groups P,
E, and Z upon IMDA stereoselectivity is examined.


Scheme 3. Synthesis of chiral dienols 7, 10, 13, and 15 : a) TBSCl, imidazole, DMF, RT, ascorbate 68%; isoascorbate 91%. b) DIBALH, CH2Cl2, �100 8C
to �78 8C, ascorbate 86%; isoascorbate 58 %. c) Ph3P=CHCH=CHCO2Et (16), CH2Cl2, reflux, then PhSH, AIBN, PhH, reflux; ascorbate 78%; malate
27%. d) DIBALH, CH2Cl2, �78 8C, ascorbate 74%; malate 93 %. e) LiN(Si(CH3)3)2, (CH3O)2P(=O)CH2CH=CHCO2Me (17), THF, �78 8C, isoascorbate
70%; lactate 42%. f) DIBALH, Et2O, 0 8C, isoascorbate 80%; lactate 88%. g) LiAlH4, THF, 0 8C, 92 %. h) Dess–Martin periodinane, CH2Cl2, 78 %.
TBSCl = tert-butyldimethylsilyl chloride, DIBALH= diisopropylaluminum hydride, AIBN =2,2’-azobisisobutyronitrile.
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fide complex, followed by treatment of the resulting diol
with 2,2-dimethoxypropane[21] produced acetonide 11 in
70 % yield after distillation. Silylation of the a-hydroxy
esters followed by reduction with diisobutylaluminum hy-
dride (DIBALH) at low temperature produced aldehydes 6,
9, and 14[22] cleanly. In the ascorbate series, the diene was in-
stalled through treatment of aldehyde 6 with stabilized ylide
16[23] in refluxing dichloromethane. The dienoate ester was
thereby produced as a mixture of (Z)- and (E)-stereoisom-
ers about the newly formed alkene (Z :E=79:21), which was
equilibrated to the (E,E)-diene under radical conditions.[24]


In the isoascorbate and lactate series, chain extensions were
carried out by Horner–Wadsworth–Emmons reaction with
phosphonate 17.[25] The diene esters were reduced cleanly to
the dienols with DIBALH. In the malate series, a two-step
reduction–oxidation[26] sequence was necessary for conver-
sion of ester 11 into aldehyde 12. A Wittig reaction between
sensitive aldehyde 12 and stabilized ylide 16 produced the
diene ester as a 50:50 mixture of (Z)- and (E)-stereoisomers
in a disappointing 35 % yield after chromatography.[27] Fol-
lowing isomerization to the (E,E)-diene, DIBALH reduction
gave dienol 13 in 93 % yield as a colorless oil. Yield optimi-
zation of this final sequence was postponed, pending the re-
sults of IMDA reactions in this series.


Triene synthesis and IMDA reactions


The ascorbate series : Ascorbic acid derived dienol 7 was
converted into precursors for IMDA reaction differing in
both the stereocenter oxygen substituent P and the nature
of the dienophile. Seven triene derivatives were prepared
(Scheme 4, 1 a–g).


Reaction of dienol 7 with maleic anhydride furnished a
near quantitative yield of carboxylic acid 18, which was
treated with diazomethane to give diester 1 c. Desilylation
of diester 1 c gave an unacceptably low yield (26 %) of sec-
ondary alcohol 1 a. A much better result (85 % yield) was,
however, obtained by deprotection of acid 18. The resulting
hydroxy acid 19 was converted to methyl ester 1 a, which
was used to prepare trimethylsilyl derivative 1 b and triiso-
propylsilyl derivative 1 d by exposure to the appropriate tri-
alkylsilyl triflate. Reaction of alcohol 1 a with para-nitroben-
zoyl chloride gave ester 1 e. Fumarate ester 1 f and propy-
noate ester 1 g were prepared by Steglich esterification of
dienol 7 with the requisite carboxylic acid.


Precursors 1 a–e underwent IMDA reactions at high dilu-
tion in boiling toluene to produce mixtures of the four possi-
ble cycloadducts (Table 1). In all five cases, two of the four
adducts were formed in significantly larger amounts than
the other two.


The stereochemistry of each the two major cycloadducts
from the three silyl ether substrates 1 b–d was elucidated by
using 2D NMR experiments. The large coupling constant
between the axial hydrogen atoms at the ring junction (3J=


13.6–13.8 Hz) indicates the less thermodynamically stable
trans-ring fusion. The trans adducts 20 and 21 exhibited a
clear conformational preference in solution, which allowed
the new and existing stereochemistry to be correlated
through NOE measurements.[28] The identities of the alcohol
cycloadducts 20 a and 21 a were secured by conversion into


Scheme 4. Synthesis of triene derivatives 1 a–g : a) maleic anhydride,
Et3N, DMAP, CH2Cl2, RT, 99%. b) CH2N2, Et2O, 18!1c, 74 %; 19!1 a,
80%. c) nBu4NF, THF, RT, 85%. d) TMSOTf, Et3N, DMAP, CH2Cl2, RT,
51%. e) TIPSOTf, 2,6-lutidine, CH2Cl2, RT, 91%. f) p-NO2C6H4COCl,
pyridine, DMAP, 25 8C, 82%; g) (E)-HO2CCH=CHCO2Me, DCC,
DMAP, Et2O, RT, 96 %. h) HO2CC�CH, DCC, DMAP, Et2O, RT, 65%.
DMAP = 4-dimethylaminopyridine, TIPS = triisopropylsilyl, TMS= trime-
thylsilyl, DCC =N,N’-dicyclohexylcarbodiimide.


Table 1. IMDA reactions of ascorbic acid derived trienes 1a–f.


Triene
substrate


1


P/E/Z Solvent/
Reaction
time[a] [h]


Isolated
yield[b] [%]


Adduct
ratio[c,d,e]


20 :21:22 :23


a H/H/CO2Me PhMe/5 86 56:32:8:4
b TMS/H/CO2Me PhMe/12 67 80:14:4:2
c TBS/H/CO2Me PhMe/15 80 86:9:4:1
d TIPS/H/CO2Me PhMe/18 68 92:7:1:0
e PNB/H/CO2Me PhMe/12 95 49:39:6:6
f TBS/CO2Me/H PhCl/53 62 12:3:82:3


[a] Time required for >95% conversion, as judged by 1H NMR spectro-
scopy. [b] Combined isolated yield for the four adducts after chromatog-
raphy. [c] Determined from 1H NMR spectra and HPLC analyses of
crude reaction mixtures. Differences + /�3%. [d] Kinetic product ratios
are reported: control experiments confirmed that all cycloadducts were
stable to the reaction conditions. [e] The two minor adducts were not
fully characterized.
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the corresponding TMS derivatives 20 b and 21 b. The major
and minor isomers obtained from this silylation reaction
were identical in every respect to those produced in the
IMDA reaction of TMS ether precursor 1 b. Finally, the
identities of cycloadducts 20 e and 21 e were confirmed by
esterification of the alcohols 20 a and 21 a with para-nitro-
benzoyl chloride in the usual manner. Insufficient quantities
of the two minor cycloadducts were obtained from these ex-
periments for full characterization.


The stereoselectivities observed for maleate derivatives
1 a–e (Table 1) are intriguing in that the level of p-diastereo-
facial selectivity varies considerably with group P. The alco-
hol substrate 1 a exhibits only modest unlike[29] p-diastereo-
facial preference between the two trans-cycloadducts but
this improves considerably after the installation of common
silyl protecting groups.[30] A progressive improvement in
unlike selectivity is observed as the size of the silyl group is
increased (cf. 1 b!1 c!1 d). The triisopropylsilyl (TIPS) de-
rivative 1 d, the most sterically demanding protecting group
examined, instigates a remarkably high level of stereocon-
trol. Conversely—and unexpectedly—the para-nitroben-
zoate derivative 1 e exhibits the lowest p-diastereofacial se-
lectivity of the five substrates.


As expected, the fumarate precursor 1 f was significantly
less reactive than the corresponding maleate 1 c.[31] The
same isolated yields and stereochemical outcomes[28] were
obtained when 1 f was heated in toluene or chlorobenzene,
although the former required prolonged reaction times for
complete conversion. Fumarate 1 f underwent cycloaddition
with virtually complete unlike-selectivity and high cis-selec-
tivity, the latter feature being in stark contrast to previous
findings with pentadienyl fumarates, which generally furnish
mildly trans-selective IMDA reactions.[4,7,10, 31,32]


The last precursor derived from ascorbic acid, the alkynic
dienophile 1 g, underwent a smooth IMDA reaction at
110 8C (Scheme 5).[31] Lacking questions of cis/trans-stereose-
lectivity, this substrate perhaps best exemplifies the unlike
p-diastereofacial preference found in this series.[33]


Isoascorbate and malate series : The results obtained thus
far raised two important questions. 1) Are the outcomes of
these reactions dependent upon the relative stereochemistry


of this starting material? 2) Is the allylic stereocenter neces-
sary for stereoselectivity? To answer the first question, iso-
ascorbic acid derived dienol 10 was converted into maleate
and fumarate derivatives 2 a and 2 b in the same manner as
described previously (Scheme 6). To address the second
issue, malic acid derived dienol 13 was transformed into cor-
responding trienes 3 x and 3 y.


The isoascorbic acid derived precursors underwent IMDA
reactions with approximately the same ease as the ascorbic
acid series, whereas the malic acid derived precursors cy-
clized somewhat more rapidly (Table 2). Product stereo-
chemistries in the isoascorbate series were determined in
the same manner as the ascorbate compounds. The stereo-
chemical identity of the major product from fumarate pre-
cursor 2 b was established by selective acetal deprotection/
lactonization to 30 (Scheme 7). In the malic acid products,
the ring junction stereochemistry was clearly evident from
NMR coupling constants, as discussed previously.


Scheme 5. IMDA reaction of ascorbic acid derived alkynoate 1 g. TBS =


tert-butyldimethylsilyl.


Scheme 6. Conversion of 10 and 13 into 2a,b and 3 x,y, respectively: a)
maleic anhydride, Et3N, DMAP, CH2Cl2, RT, then CH2N2, Et2O, 0 8C,
10!2a, 74%; 13!3x, 56 %. b) (E)-HO2CCH=CHCO2Me, DCC,
DMAP, Et2O, RT, 10!2 b, 78%; 1!3 y, 74%.


Table 2. IMDA reactions of isoascorbic acid and malic acid derived pre-
cursors 2a,b and 3x,y.


Triene
substrate


X/E/Z Solvent/
Reaction
time[a] [h]


Isolated
yield[b] [%]


Adduct
ratio[c,d,e]


26 :27:28 :29


2a OTBS/H/CO2Me PhMe/9.5 86 78:16:4:2
2 b OTBS/CO2Me/H PhCl/72 89 9:6:66:19
3x H/H/CO2Me PhMe/3.5 89 41:39:11:9
3y H/CO2Me/H PhCl/43 89 32:33:18:17


[a] Time required for >95% conversion, as judged by 1H NMR spectros-
copy. [b] Combined isolated yield for the four adducts after chromatog-
raphy. [c] Determined from 1H NMR spectra and HPLC analyses of
crude reaction mixtures. [d] Kinetic product ratios are reported: control
experiments confirmed that all cycloadducts were stable to the reaction
conditions. [e] The stereochemical identities of the two minor adducts
were not elucidated.
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The major diastereomer obtained from intramolecular cy-
cloadditions of isoascorbic acid derived substrates 2 a and
2 b (Table 2) correlates with those obtained in the ascorbic
acid series 1 c and 2 f (Table 1). Thus, a (Z)-dienophile pre-
cursor (i.e. 2 a or 1 c) gives the trans, unlike adduct, whereas
the (E)-dienophile precusor (i.e. 2 b or 1 f) gives the cis,
unlike adduct. The adduct ratios are similar but not identi-
cal, indicating a contribution to the overall stereochemical
outcome by the configuration at the homoallylic site. No p-
diastereofacial selectivity was witnessed in cyclization of
either maleate 3 x or fumarate 3 y, however, indicating that a
lone homoallylic stereocenter is insufficient to invoke ster-
eoselection. It is noteworthy that the (E)-dienophile precur-
sor 3 x undergoes a trans-selective IMDA reaction, a result
which is consistent with previous findings[4,7,10, 31,32] but in
contrast to those of the other three fumarate precursors in
the present study.


Lactate series : In the research described so far, it has been
demonstrated that stereogenic elements at the diene termi-
nus can induce high levels of stereoselectivity upon IMDA
reactions. Ascorbate- and isoascorbate-derived systems 1
and 2 are complicated by the presence of two stereocenters
and an acetal functional group. Would precursors lacking
these structural features also give rise to stereoselective
IMDA reactions? To answer this question and, furthermore,
to minimize the assumptions made in the computational
modeling of this reaction, we elected to carry out a synthetic
study on dienol 15. Thus, lactic acid derived dienol 15 was
converted into the four maleate esters 4 a–d, and the fuma-
rate ester 4 e using similar procedures to those described
previously (Scheme 8).


The five triene precursors underwent IMDA reactions in
refluxing toluene (Table 3) over slightly shorter reaction
times than those of the corresponding ascorbic and isoascor-
bic acid derived precursors (Table 1 and Table 2). Further-
more, mixtures of the four possible cycloadducts were pro-
duced in all cases.


The four cycloadducts obtained from the IMDA reaction
of the maleate TBS ether 4 c were separated by HPLC. The
ring junction geometry of cycloadducts 33 c and 34 c was evi-
dent from the large trans-diaxial coupling constants (3J=


13.5 Hz) between the ring junction hydrogen atoms. On the
basis of 2D NMR experiments it was possible only to eluci-
date the relative stereochemistry at the four new stereocen-
ters; the lack of conformational preference about the C1’�
C5 bond precluded the correlation of new with existing ster-
eochemistry in this set of cycloadducts. Thus, five single-
crystal X-ray analyses were carried out on derivatives to


confirm the stereochemical identities of all 20 cycloadducts
in the lactate series.[28]


The main features of the lactate series can be summarized
as follows. The (Z)-dienophile precursors 4 a–d, once again,
undergo strongly trans-selective IMDA reactions. The alco-
hol substrate 4 a exhibits a very small p-diastereofacial selec-
tivity during cycloaddition. The corresponding silyl ethers
undergo more stereoslective IMDA reactions, with higher
levels of p-diastereofacial selectivity being obtained with
larger silyl groups. Nevertheless, the highest level of p-facial
selectivity delivered by a lactate-derived precursor (4 d, un-
like :like=68:32) is considerably lower than that witnessed
in the ascorbate series (1 d, unlike :like=93:7). The (E)-dien-
ophile precursor 4 e undergoes a reaction with considerably


Scheme 7. Acetonide deprotection/lactonization of 28 b.


Scheme 8. Conversion of dienol 15 into maleate esters 4 a–d : a) maleic
anhydride, Et3N, DMAP, CH2Cl2, RT, 75%. b) nBu4NF, THF, RT, 44 %.
c) CH2N2, Et2O, 0 8C, 31!4c ; 87%, 31–4a, 44%. d) TMSOTf, Et3N,
DMAP, CH2Cl2, RT, 88%. e) TIPSOTf, Et3N, CH2Cl2, RT, 78 %. f) (E)-
HO2CCH=CHCO2Me, DCC, DMAP, Et2O, RT, 89 %.


Table 3. IMDA reactions of lactic acid derived trienes 4a–e.


Triene
substrate


4


P/E/Z Solvent/
Reaction
time[a] [h]


Isolated
yield[b] [%]


Adduct
ratio[c,d]


33 :34 :35 :36


a H/H/CO2Me PhMe/4.5 88 41:36:5:18[e]


b TMS/H/CO2Me PhMe/6.5 83 56:30:6:8
c TBS/H/CO2Me PhMe/7.25 96 61:27:5:7
d TIPS/H/CO2Me PhMe/8.25 85 63:26:5:6
e TBS/CO2Me/H PhCl/43 73 8:28:40:24


[a] Time required for >95% conversion, as judged by 1H NMR spectro-
scopy. [b] Combined isolated yield for the four adducts after chromatog-
raphy. [c] Determined from 1H NMR spectra and HPLC analyses of
crude reaction mixtures. Differences + /�3%. [d] Kinetic product ratios
are reported: control experiments confirmed that all cycloadducts were
stable to the reaction conditions. [e] Tricyclic bis-lactones 37 and 38 were
isolated instead of cis-adducts 35a and 36 a in this series. See main text
for an explanation.
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lower stereoselectivity than the corresponding ascorbate and
isoascorbate trienes, 1 f and 2 b, respectively. Once again,
however, the cis,unlike diastereomer is the major adduct.


Whilst the stereoselectivity of IMDA reactions of precur-
sors 1–4 varies considerably, the following generalizations
can be made:


1) Maleate esters of dienols 7, 10, 13, and 15 undergo trans-
selective IMDA reactions, whereas the corresponding fu-
marate esters are generally cis-selective. The exception
is fumarate 3 y, which undergoes a trans-selective IMDA
reaction. These selectivities are more pronounced the
larger the substituents attached to the allylic stereocen-
ter.


2) Chiral allylic alcohols (1 a and 4 a) give poor to moderate
levels of p-diastereofacial selectivity in IMDA reactions.
Silyl ether derivatives of these allylic alcohol precursors
give moderate to high levels of p-facial stereoselectivity,
with an increase in the size of the silyl protecting group
leading to an increase in stereoselection. An allylic ben-
zoyloxy derivative gave essentially no p-facial discrimi-
nation in these reactions.


3) An increase in the size of the alkyl group leads to an in-
crease in p-facial stereoselectivity (compare results of
substrates 1 and 2 with those of 4).


4) The two diastereomeric dienols 7 and 10 gave similar
but non-identical stereoisomer ratios, a result which
demonstrates that the allylic stereocenter controls the
outcome of these reactions to a large extent.


5) An allylic stereocenter appears to be necessary for p-
facial stereoselectivity, since substrates carrying an allylic
methylene and homoallylic stereocenter (3 x,y) gave no
stereocontrol.


These experimental results clearly demonstrate that the
presence of an allylic stereocenter can indeed give rise to
high levels of stereoselectivity in IMDA reactions. Inspec-
tion of molecular models and literature searches gave no
clear reasons for the observed experimental stereoselectivi-
ties. The C* substituents would be expected to adopt an ap-
proximately staggered arrangement with respect to the de-
veloping C1�C9 bond,[34,35] with allylic alkyl, silyloxy, and
hydrogen substituents distributed among the inside (in), anti
(an), and outside (ou) positions in TSs, as depicted by 41
(Figure 1). The facial selectivity is determined by the posi-


tional preferences of the C* substituents for the in, an, and
ou sites in the TS. What are these preferences? This ques-
tion was answered from model computational studies.


Computational Results


B3 LYP/6–31G(d) density functional theory calculations
were conducted on maleate and fumarate IMDA precursors
4 b, 4 f and 4 g (Scheme 9).[36] A preliminary account of this


work has appeared, describing a model which was based
only on the computed trans IMDA TSs of the Z ester,
OSiH3 structure 4 f.[5] The computational modeling of these
reactions is complicated by the large number of possible re-
active orientations of each precursor. Thus, in addition to
the three conformations about the C*�C1 bond, three con-
formations about the allylic C*�O bond and s-cis/s-trans ori-
entations of the C9�CO2CH3 bond are feasible (Scheme 9).
In principle, therefore, a total of 72 diastereomeric TSs can
be envisioned for each IMDA precursor, with 18 diastereo-
meric TSs leading to each of the four cycloadducts, 33–36
(see Table 3 for these structures). It was impractical to cal-
culate all 72 TSs at this level of theory for each IMDA pre-
cusor and, consequently, relaxed potential energy scans
were carried out on model TSs to locate the lowest energy
conformation about the allylic C*�O bond. Although we
are confident that we have located the lowest energy confor-
mation in each case we cannot guarantee it to be the case.[37]


IMDA TSs for 4 f in which the ester adopts the s-cis confor-
mation were found to be slightly (2.5–6.0 kJ mol�1) lower in
energy than the corresponding s-trans TSs. In all other re-
spects, the two sets of TSs, one with s-cis and the other with
s-trans ester conformations showed very similar trends, par-
ticularly with respect to facial selectivity; hence discussion
here will be limited to the s-cis TSs.


These considerations led to a more manageable three TSs
leading to each of the four diastereomeric adducts. These
three TSs, corresponding to three low-energy conformations
about the C*�C1 bond (see Figure 1), were located for each
of the four cycloaddition modes (cis/trans ; like/unlike combi-
nations) and their relative energies (including zero-point en-


Figure 1. A representation of one of the trans-TSs. The Newman projec-
tion formula on the right depicts a view along the C*�C1 bond of the
structure on the left.


Scheme 9. Structures of the three precursors under scrutiny by DFT and
the 18 possible diastereomeric TSs for the trans, like IMDA cycloaddition
mode of 4 b.
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ergies) were used to construct a predicted Boltzmann distri-
bution of stereoisomeric cycloadducts. The structures and
relative energies of 12 diastereomeric TSs for the IMDA re-
action of C*-OSiH3 Z-dienophile precursor 4 f are depicted
in Figure 2.


For both C*-OSiH3 triene 4 f and C*-OSiMe3 triene 4 b,
theory correctly predicts the major–minor product se-
quence: the predicted Boltzmann populations of IMDA ad-
ducts from the reaction of 4 b at 383 K in the gas phase
(33 b :34 b :35 b :36b =81.9:15.3:1.2:1.6[28]) compares favorably
with the experimentally determined ratio in refluxing tolu-
ene (Table 3, entry 2; 33 b :34 b :35 b :36 b=56:30:6:8). Con-
sidering the complexity and multiplicity of TSs examined
and the omission of solvent effects in the calculations—


which are expected to be small, considering the low polarity
of the toluene or chlorobenzene solvents used in the experi-
ments—the close correlation between theory and experi-
ment is remarkable, providing compelling evidence in sup-
port of the reliability of our theoretical model.


For the (E)-dienophile series, the predicted IMDA adduct
ratio from the reaction of OSiH3 substrate 4 g is
33 :34 :35 :36= 25:20:50:5 at 405 K in the gas phase. Experi-
mentally, in refluxing chlorobenzene solution (405 K), the
ratio of products for the -OTBS substrate 4 e is 8:28:40:24.
Thus, theory correctly predicts: 1) a less stereoselective
IMDA reaction for a fumarate ester than the corresponding
maleate ester; 2) the identity of the major product, the cis,
unlike diastereoisomer, 3) the cis/trans-selectivity of the re-
action, and 4) in a qualitative manner, the p-diastereofacial
selectivity within the cis-adduct manifold. There is a discrep-
ancy between theory and experiment, however, in the p-dia-
stereofacial selectivity of the trans-adducts (exptl: unlike :-
like=22:78; theory unlike :like= 57:43) Nevertheless, once
again, overall there is a very good correlation between ex-
periment and theory. Extensive CPU times were necessary
to carry out these calculations and it was not feasible to
carry out a similar computational analysis on TBS fumarate
precursor 4 e.


The very good correlation between theory and experiment
once again demonstrates the validity of the computational
model.


Discussion


Following a brief discussion of general features of the TSs
located, the computational results will be interpreted to
answer the following three questions: 1) What is the origin
of the unlike p-diastereofacial selectivities of these reac-
tions? 2) Why does the magnitude of p-diastereofacial selec-
tivity change with different RO- substituents? 3) Why do fu-
marates 1 f, 2 b and 4 e undergo IMDA reactions with anom-
alously high cis-selectivities?


TS geometries and relative energies : For all three trienes ex-
amined computationally, the lowest energy IMDA TSs have
unlike stereochemistry and exhibit a conformation in which
the C*-silyloxy group adopts the inside position, the C*-
methyl group is in the anti position, and the C9-CO2Me
group adopts the exo orientation. The preferences of the
methyl and silyloxy groups for the anti and the inside posi-
tions, respectively, in the lowest energy TSs are a conse-
quence of their respective innate tendencies to adopt these
positions in both the transition state and the ground state, ir-
respective of the presence of the other substituent (vide
infra). This conclusion is borne out by the calculations on
model IMDA precursors 42 and 43 (Scheme 10), each of
which contains only one of these substituents. As shown in
Table 4, the most favorable trans IMDA TS for 42 is 42 a,
with a methyl group in the anti position, and that for 43 is
43 a, with a silyloxy group in the inside position. The same


Figure 2. TSs and calculated Boltzmann populations (italic for individual
TSs, the underlined number is the total for each diastereomeric adduct)
at 383 K for the IMDA reaction of 4 f. The twelve TSs are viewed down
the C1–C* axis and the developing C1�C9 bond is depicted as a vertical
gray line. C*-H and C*-CH3 are labeled throughout and some atoms are
omitted for clarity. Structures a)–c) lead to the trans, unlike adduct 33 f ;
d)–f) lead to trans, like adduct 34 f ; g)–i) lead to cis, unlike adduct 35 f ;
and j)–l) lead to the cis, like adduct 36 f. Structures on the left have the
-OSiMe3 group inside, those in the center column have the -H inside, and
those on the right have the -CH3 inside. To facilitate comparisons be-
tween TSs, dienophile approach from below is depicted throughout,
hence the configuration at the allylic stereocenter is inverted in the
unlike TSs.
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trend is found for 44 and 45 in which the C9-ester substitu-
ent is absent, thereby demonstrating that the presence of
this group is not required for inducing the conformational
preferences of the methyl and silyloxy groups in these sys-
tems, although its presence does strengthen the preference
of the silyloxy group for the inside position.


For all TSs located, the forming internal (C4�C8) bond is
considerably shorter than the developing peripheral (C1�
C9) bond, giving rise to significant bond-forming asynchro-
nicity (i.e. a difference between the two forming bond
lengths). This is exemplified in Figure 3 with the most stable
TSs for each of the three series of precursors, 4 f, 4 b and 4 g.
The two 9-Z-CO2Me TSs, trans, unlike-4 fTS-(a) and trans,
unlike-4bTS-(a) have large bond-forming asynchronicities
of 0.75 and 0.77 �, respectively, whereas the 9-E-CO2Me TS
cis, unlike-4 gTS-(g) exhibits slightly lower levels of bond-
forming asynchronicity of 0.56 �. Similar bond-forming
asynchronicities and trends are found in the other TSs.
These geometric features are consistent with findings on re-
lated systems.[4,7,10] Inspection of the profiles of the 36
IMDA TSs located for trienes 4 b, 4 f and 4 g (Figure 2, and
Figures S1 and S2[28] in the Supporting Information) reveals
that the allylic substituents show little staggering about the
forming peripheral bond (r2) that is normally characteristic
of additions to allylic systems.[34,35] Indeed, the C1–C* con-


formations in these TSs are essentially the same as those for
isolated allylic ethers, with one substituent eclipsing the
double bond.[38] This is hardly a surprising finding, given the
highly extended length of the developing peripheral
bond[4,7, 10] (the forming peripheral bond length reaches a
peak at 2.943 � for SiMe3-substituted TS 4 bTS-(d), see
Figure S1d[28] in the Supporting Information) and the conse-
quent near planarity of the C1 carbon of the diene in these
TSs (the sum of the bond angles about this centre is general-
ly greater than 3588).


Model B3 LYP/6–31G(d) calculations on 1-ethyl-s-cis-bu-
tadiene (46), in which the diene moiety is constrained to co-
planarity, show that the staggered conformation of the C-
Me group is 2.7 kJ mol�1 more stable than the conformation
with C-Me eclipsing the C=C double bond (Table 4; entry 7
versus entry 8). This energy difference is similar in magni-
tude to the energetic preference of the anti conformation
over the inside conformation in the TSs for both 42 and 44,
thereby revealing the reactant-like geometry around C1 in
these IMDA TSs.


Our model for the favored TS for IMDA reactions, in
which the silyloxy group adopts the inside position and the
alkyl group the anti position, is reminiscent of that proposed
for both intermolecular 1,3-dipolar cycloadditions of nitrile
oxides to chiral allylic ethers,[35,39] and Craig�s silylacetal
tethered IMDA reactions.[40]


Origin of unlike p-diastereofacial selectivities : In the pre-
liminary study we suggested that the inside preference for
the -OSiR3 group might arise from an attractive electrostatic
interaction between the oxygen atom and the hydrogen
atom at C2.[5] Other workers have suggested that this con-
formational preference is due to the small lone pair size of
the silyl ether oxygen atom.[38] The considerably lower p-
facial selectivities observed experimentally in IMDA reac-
tions of alcohol substrates 1 a and 4 a and the p-nitroben-
zoate ester 1 e versus the corresponding silyl ethers (Table 1
and Table 3) are consistent with our electrostatic argument,
but not with the oxygen lone pair size proposal. To shed


Table 4. B3 LYP/6–31G(d) relative energies [kJ mol�1].[a]


Entry Structure in an ou Erel


1 42 a[b] H CH3 H 0.0 (0.0)
2 42 b[b] H H CH3 5.4 (5.5)
3 42 c[b] CH3 H H 2.3 (2.0)
4 43 a[b] OSiH3 H H 0.0 (0.0)
5 43 b[b] H OSiH3 H 5.9 (6.8)
6 43 c[b] H H OSiH3 12.6 (12.7)
7 44 a H CH3 H 0.0 (0.0)
8 44 b H H CH3 4.5 (3.9)
9 44 c CH3 H H 4.3 (4.1)
10 45 a OSiH3 H H 0.0 (0.0)
11 45 b H OSiH3 H 2.2 (3.15)
12 45 c H H OSiH3 2.1 (1.75)


[a] Relative energies corrected for zero point energy in parentheses. All
TSs have trans-stereochemistry. Similar results were found for the cis-
TSs. [b] s-trans ester conformation.


Figure 3. Most stable TSs for each of the three series of precursors. a)
trans, unlike-4 fTS-(a) (Figure 5a); b) trans, unlike-4bTS-(a) (see Figure
S1a[28] in the Supporting Information); c) cis, unlike-4gTS-(g) (see Fig-
ure S2 g[28] in the Supporting Information). Top: front views (forming
bond lengths in �). Bottom: Newman projections down the O�C* bond.
Most H atoms and C3–C8 have been omitted for clarity.


Scheme 10. Model IMDA precursors employed to investigate the innate
conformational preferences of allylic silyloxy and allylic methyl groups.
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light on this issue, the excess charge on the allylic oxygen
atom was calculated for model systems using natural popula-
tion analysis (NPA) using the natural bond orbital scheme
of Weinhold et al.[41] The results are as follows (in units of
electron charge): MeOSiMe3 �0.890; MeOSiH3 �0.845;
MeOH �0.740; MeOMe �0.558; methyl-p-nitrobenzoate
(alkoxy oxygen) �0.540. Thus, the charge on the oxygen
atom is significantly higher for silyl alkyl ethers than for al-
cohols, dialkyl ethers, or p-nitrobenzoate esters, which sup-
ports our electrostatic argument. Further evidence for the
effect being electrostatic in nature was obtained by examin-
ing the preferred conformations of allylic alcohol deriva-
tives. The energy differences between the conformation in
which the alkene p bond and the C�O bond are roughly in-
plane and the out-of-plane conformation, for allyl alcohol
and pertinent derivatives are listed in Table 5. As the elec-
tron density about the oxygen atom increases, so does the
preference for the in-plane conformation. Indeed, the in-
plane conformation is preferred only with the -OSiMe3 and
-O� groups, all others preferring the out-of-plane conforma-
tion.[42] This trend is consistent with the aforementioned in-
creased electrostatic stabilization of the in-plane conformer.


Increased stabilization of the -OR inside conformation in
IMDA reactions should lead to even higher levels of facial
stereocontrol than those witnessed in Tables 1—3. This
might be achieved by using the alkoxide anion group -O�


(see Table 5). Attempts to examine the IMDA reactions of
metal alkoxides derived from alcohol 4 a were thwarted by
the instability of the ester groups in the presence of the alk-
oxide. Investigations with more robust tethers are continu-
ing.


Magnitude of p-diastereofacial selectivities : Theory predicts
an IMDA reaction for the maleate SiMe3 substrate which is
considerably more p-diastereofacially selective than that of
the SiH3 substrate (unlike:like=5.9:1 (SiMe3); 2.8:1 (SiH3)).
This result is in qualitative agreement with the experimental
findings, which demonstrate that the larger the silyl protect-
ing group, the higher the p-diastereofacial selectivity. The
origin of this increase in selectivity with increasing size of
the SiR3 group is apparent from inspection of the relative
energies, Erel, of the like and unlike trans-TSs for the IMDA
reactions of 4 f and 4 b, presented in Table 6. These data
reveal that the major difference in the Erel values for the
two systems is between the like TSs with H occupying the
inside position: trans, like-4 fTS-(e) and trans, like-4bTS-
(e) (see Figure 4). The Erel value increases significantly, from
5.4 kJ mol�1, for trans, like-4 fTS-(e), to 10.2 kJ mol�1 for
trans, like-4 bTS-(e). This increase has the consequence of
bolstering the importance of the trans, unlike-4 bTS-(a).


The cause of the destabilization of trans, like-4 bTS-(e)
can be understood by examining the differences between
the SiMe3 and SiH3 TSs (Figure 4). IMDA TSs (e) for the
SiH3 and SiMe3 substrates are remarkably similar, with one
notable exception: the Si-O-C*-C1 dihedral angle is signifi-
cantly larger in the SiMe3 TS (�1308), compared to that in
the SiH3 TS (�1098). This difference is probably due to ad-


verse steric interactions between the TMS group and the
methyl group of the CO2Me group in trans, like-4 bTS-(e).
This increased twist about the O�C* bond brings a TMS
methyl group into fairly close proximity with C*�H (2.55 �;
see Figure 4); apparently little relief of strain is achieved by
the aforementioned twisting mode, consistent with the
higher Erel value for trans, like-4bTS-(e), compared to
trans, like-4 fTS-(e). This destabilization of TS(e) would be
enhanced by the presence of larger silyl substituents (i.e.


Table 5. Conformational preferences of allylic alcohol derivatives.[a,b]


R DE [kJ mol�1]


-OpNB 3.0
-OMe 0.36
-OSiH3 0.57
-OSiMe3 �2.0
-O� �5.1


[a] All geometries were optimized fully. [b] A positive value for DE
means that the out-of-plane conformation is preferred.


Table 6. Relative energies, Erel [kJ mol�1], of trans, unlike and trans, like
TSs for the IMDA reactions of 4 b and 4 f.


Erel Erel


trans-4 bTS trans-4 fTS


unlike, OSi in 0.0 0.0
unlike, H in 6.4 4.2
unlike, CH3 in 18.0 14.6
like, OSi in 6.3 4.6
like, H in 10.2 5.4
like, CH3 in 11.0 11.3


Figure 4. Representations of TSs (e) for the SiH3 (left hand side) and
SiMe3-containing (Z)-ester substrate 4. Top: views down O�C* bond;
bottom: front views. Arrows show the direction of rotation about O-Si-
C*-C1.
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TIPS), which would result in a higher selectivity for the
trans, unlike adduct 33.


Anomalous fumarate cis-stereoselectivities : In the maleate
series, for both SiH3 (Figure 2) and SiMe3 (see Figure S1[28]


in the Supporting Information) substrates, TSs leading to
the trans-fused bicyclic products are considerably more
stable than those leading to the cis-fused adducts. These re-
sults are consistent with the experimental findings, and are
in agreement with computational and synthetic investiga-
tions of smaller achiral pentadienyl maleate substrates.[4]


In the case of fumarate systems, TSs leading to trans- and
cis-fused adducts are generally quite similar in energy, with
a slight trans IMDA selectivity generally witnessed in the
laboratory with small achiral substrates.[4,7,10,31, 32] In stark
contrast, substrates 1 f, 2 b, and 4 e undergo IMDA reactions
with anomalously high (up to 85:15) cis-selectivities. The
origin of this unprecedented preference for the cis-cycload-
duct can be traced, once again, to preferred inside location
of the C*-OSiR3 substituent (Figure 5). In the fumarate
trans-TSs, the E-CO2Me group must reside directly beneath
the inside silyloxy group, which necessitates a destabilizing
gauche conformation between the SiH3 and C*-CH3 groups
about the C*�O bond (highlighted in the dashed box in
Figure 5). In the corresponding cis-TS, the E-CO2Me group
is located in the exo position, hence the inside silyl group is
free to adopt a lower energy conformation about the C*�O
bond in which it avoids the C*-methyl group (note the posi-
tioning of the SiH3 group in the endo region in cis, unlike-
TS-(g)). The destabilization of trans, unlike-4 gTS-(a), rela-
tive to cis, unlike-4gTS-(g), will be amplified by the pres-
ence of larger silyl groups, which will result in a higher se-
lectivity for the cis-fused adduct.


Closing Remarks


The synthetic scope and limitations of the IMDA allylic ster-
eocontrol method have been investigated with respect to al-
lylic substituents and dienophile geometry, and a theoretical
model has been devised to explain these findings. The com-
putational results offer unprecedented insights into the
subtle stereocontrolling influences at play in these syntheti-
cally important reactions, and point the way forward for
future investigations into additions to chiral allylic systems.
The unlike p-diastereofacial selectivity observed in these re-
actions comes about through the preference for a reactive
conformation about the bond connecting the diene and the
stereocenter in which the silyloxy group adopts an inside
orientation, as summarized in Figure 6. The dienophile


reacts at the more accessible p-face of the diene; in the ab-
sence of overriding electronic effects, this will be on the side
of the diene in which the smaller substituent resides. This
model, which also explains the outcomes of intermolecular
Diels–Alder reactions of acyclic chiral dienols and deriva-
tives,[29b, c] is being further explored and tested.


A particularly important finding from both experimental
and computational studies is the requirement for the C*-
oxygen atom to be electron rich, thereby strengthening its
preference for the inside position by stabilizing electrostatic
interactions with the diene C2-H group. Thus, the silyloxy
group is much superior to hydroxy, alkoxy, and ester groups
in its stereocontrolling ability.


The enantiomerically pure cycloadducts formed in these
reactions are rich in functionality, which invites further
transformation into structures common with natural prod-
ucts. For example, the mixture of ascorbic acid derived sec-
ondary alcohols 20 a and 21 a underwent smooth transacetal-
ization[43] to a separable mixture of primary alcohols 48 and
49 (Scheme 11). The major diastereoisomer was converted
to the primary iodide[44] and the acetal group was removed.
The resulting diol underwent radical cyclization with tris-
(trimethylsilyl)silane[45] to give tricycle 52, with the expected
cis-indane geometry.[46] The tricylic framework of 52 is
found naturally in marasmane sesquiterpenes.[47]


Figure 5. The two most stable (-OSiH3 inside, -CH3 anti) fumarate TSs
leading to the trans, unlike (left) and cis, unlike (right) adducts. TS (g) is
energetically favored over TS (a). Top: views down the C9–C8 axis (C3–
C8 are omitted for clarity); bottom: views down the C*�O bond. The
gauche interaction between the SiH3 and CH3 groups is highlighted in the
dashed box. This conformation is brought about by the steric (and possi-
bly electronic) destabilization in the endo region in TS (a) indicated in
the top left depiction.


Figure 6. Theoretical model for p-diastereofacial selectivity in addition
reactions to chiral allylic silyloxy systems.
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An Experimental and Computational Study on the Effect of Al(OiPr)3 on
Atom-Transfer Radical Polymerization and on the Catalyst—Dormant-Chain
Halogen Exchange


Rinaldo Poli,*[a] FranÅois Stoffelbach,[b] S�bastien Maria,[a] and Jos� Mata[a]


Introduction


Atom-transfer radical polymerization (ATRP) was intro-
duced in 1995[1,2] and has since become the most actively in-


vestigated controlled radical polymerization process. With
this technique, the importance of the bimolecular termina-
tion step is reduced relative to the chain propagation: the
reactive radicals are in a rapid and thermodynamically fa-
vorable atom-transfer equilibrium through the action of a
halogenated spin trap M�X, producing halogen-terminated
dormant chains R�X (Scheme 1).


Species M is a transition-metal complex that is capable of
increasing its formal oxidation state and coordination
number by one unit. Since, according to Scheme 1, it is re-
versibly regenerated after each sequence of activation,
monomer insertion(s), and deactivation processes, its effec-
tive role is that of catalyzing the polymer chain growth out
of the dormant species. Thus, ATRP depends critically on


Abstract: Compound Al(OiPr)3 is
shown to catalyze the halide-exchange
process leading from [Mo(Cp)Cl2-
(iPrN=CH�CH=NiPr)] and CH3CH-
(X)COOEt (X= Br, I) to the mixed-
halide complexes [Mo(Cp)ClX(iPrN=


CH�CH=NiPr)]. On the other hand,
no significant acceleration is observed
for the related exchange between
[MoX3(PMe3)3] (X=Cl, I) and PhCH-
(Br)CH3, by analogy to a previous
report dealing with the RuII complex
[RuCl2(PPh3)3]. A DFT computation
study, carried out on the model com-
plexes [Mo(Cp)Cl2(PH3)2], [MoCl3-
(PH3)3], and [RuCl2(PH3)3], and on the
model initiators CH3CH(Cl)COOCH3,
CH3Cl, and CH3Br, reveals that the 16-
electron RuII complex is able to coordi-
nate the organic halide RX in a slightly
exothermic process to yield saturated,
diamagnetic [RuCl2(PH3)3(RX)] ad-
ducts. The 15-electron [MoCl3(PH3)3]
complex is equally capable of forming


an adduct, that is, the 17-electron
[MoCl3(PH3)3(CH3Cl)] complex with a
spin doublet configuration, although
the process is endothermic, because it
requires an energetically costly elec-
tron-pairing process. The interaction
between the 17-electron [Mo(Cp)Cl2-
(PH3)2] complex and CH3Cl, on the
other hand, is repulsive and does not
lead to a stable 19-electron adduct. The
[RuCl2(PH3)3(CH3X)] system leads to
an isomeric complex [RuClX(PH3)3-
(CH3Cl)] by internal nucleophilic sub-
stitution at the carbon atom. The tran-
sition state of this process for X=Cl
(degenerate exchange) is located at
lower energy than the transition state
required for halogen-atom transfer


leading to [RuCl3(PH3)3] and the free
radical CH3. On the basis of these re-
sults, the uncatalyzed halide exchange
is interpreted as the result of a compet-
itive SNi process, whose feasibility de-
pends on the electronic configuration
of the transition-metal complex. The
catalytic action of Al(OiPr)3 on atom-
transfer radical polymerization (and on
halide exchange for the 17-electron
half-sandwich MoIII complex) results
from a more favorable Lewis acid–base
interaction with the oxidized metal
complex, in which the transferred halo-
gen atom is bound to a more electro-
positive element. This conclusion de-
rives from DFT studies of the model
[Al(OCH3)3]n (n=1,2,3,4) compounds,
and on the interaction of Al(OCH3)3


with CH3Cl and with the [Mo(Cp)Cl3-
(PH3)2] and [RuCl3(PH3)3] complexes.


Keywords: density functional
calculations · halide exchange ·
halogen-atom transfer · Lewis acids ·
polymerization
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transition-metal catalysis and a number of studies have been
devoted to understanding its mechanistic details.[3,4]


Of particular interest for the present study, the addition
of certain Lewis acids, most notably Al(OiPr)3, in conjunc-
tion with a number of catalysts has been shown to result in
faster polymerization. This effect seems rather general, since
it was shown for many different complexes based on a varie-
ty of different transition metals from Groups 6 to 11, includ-
ing [Mo(Cp)Cl2(iPrN=CH�CH=NiPr)],[5] [MoX3(PMe3)3],[6]


[ReIO2(PPh3)2],[7] [Fe(Cp)X(CO)2] (X= Br, I),[8] [RuCl2-
(PPh3)3],[9] [NiBr2(PPh3)2],[10] [Ni(PPh3)4],[11] and [CuBr/
bipy].[12] The detailed mechanism of action of this additive,
however, is not completely understood. A detailed study on
the effect of Al(OiPr)3 for the [RuCl2(PPh3)3]-catalyzed
polymerization of methyl methacrylate demonstrated that
the compound does not significantly interact with the mono-
mer, the initiator/dormant chain, the catalyst, or the growing
free radical.[9] The only noticeable effect, from a cyclic vol-
tammetric study of the catalyst, seemed to be the stabiliza-
tion of the oxidized metal complex. In the absence of the Al
additive, the RuII complex shows an irreversible oxidation
wave “in most cases”, whereas in its presence it becomes re-
producibly reversible. It is puzzling, however, that “some-
times a reduction wave appeared”, even in the absence of
the Al additive. A way to rationalize this irreproducibility is
to envisage an irreversible interaction between the oxidation
product M+ and adventitious Lewis basic impurities, where-
as this process would not occur in the presence of the Lewis
acidic Al scavenger. We have recently observed similar phe-
nomena for another system.[6] At any rate, the nature of the
radical trap in the ATRP process (i.e., MX in Scheme 1) is
different from the one-electron oxidation product observed
in the cyclic voltammogram (M+). Thus, the cyclic voltam-
metric results for complex [RuCl2(PPh3)3] are not directly
relevant for the rationalization of the accelerating effect by
the Al(OiPr)3 additive.


The apparent radical polymerization rate constant takes
the form of Equation (1), which contains the concentrations
of the various species participating in the atom-transfer
equilibrium of Scheme 1, the propagation rate constant kp,
and the atom-transfer equilibrium constant KAT.


kapp ¼ kpKAT½M�½RX�=½MX� ð1Þ


There are only two ways in which compound Al(OiPr)3


(or any other additive, for that matter) can affect this appa-
rent rate constant: 1) by accelerating the propagation rate
(increase of kp) or 2) by shifting the atom-transfer equilibri-
um. A previous study has shown that conventional free-radi-


cal polymerization of methyl methacrylate (MMA) is not af-
fected by Al(OiPr)3.


[9] As far as shifting the atom-transfer
equilibrium, since the concentrations of M and RX cannot
possibly be increased by the addition of the Al compound,
the only remaining possibility is a decrease of the MX con-
centration, as may be accomplished by involving this species
in another equilibrium.


We have therefore based our working hypothesis on the
existence of a selective interaction between Al(OiPr)3 and
the product of the atom-transfer process, the spin trap MX.
Of relevance to this phenomenon, parallel work has shown
that Al(OiPr)3 has no effect on the halide-exchange rate be-
tween the [RuCl2(PPh3)3] catalyst and a bromide initiator,
(CH3)2C(COOMe)CH2C(Br)(COOMe)CH3.


[13] This is a rel-
evant observation because the simplest possible halide-ex-
change mechanism involves ATRP intermediates, see
Scheme 2. Thus, the fact that Al(OiPr)3 accelerates ATRP


but not halide exchange may, in principle, appear puzzling.
Sawamoto et al. have made the proposition that the atom-
transfer process leads to an inner sphere radical species,
[RuIII-X,RC], which is capable of undergoing fast halide ex-
change but leads to slow monomer insertion, whereas the
presence of the aluminum compound would favor the for-
mation of an outer sphere radical species, [RuIII-X/Al +RC],
leading to faster insertion, see Scheme 3. The nature of the
RuIII-X/Al adduct, however, was not further speculated.[9,13]


Recent work in our laboratory on compound [Mo(Cp)Cl2-
(iPrN=CH�CH=NiPr)] has shown that compound Al(OiPr)3


not only accelerates the ATRP of styrene and acrylates, but
also catalyzes halide exchange between the catalyst mole-
cule and the halide initiator ethyl 2-iodopropionate (IEA).
This result cannot be easily rationalized on the basis of
Scheme 3. It has been reported in a preliminary communica-
tion[14] and tentatively rationalized on the basis of an inde-
pendent and nonradical pathway for halide exchange, which
can be operative for the 16-electron [RuCl2(PPh3)3] system,


Scheme 1.


Scheme 2.


Scheme 3.
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but cannot take place for the 17-electron half-sandwich Mo
complex. This alternative halide-exchange mechanism was
proposed to consist of an internal nucleophilic substitution
(SNi) at carbon, activated by coordination of the initiator
molecule to the metal center. For the 17-electron system, co-
ordination of the initiator to the transition-metal center is
made unfavorable by the unavailability of a metal-based,
low-energy, empty orbital to host the two electrons coming
from a halide lone pair. Thus, the only possibility remaining
for the halide-exchange pathway is the higher energy, Al-
(OiPr)3-catalyzed pathway of Scheme 2.


The purpose of the present contribution is to: 1) extend
the observations of the Al(OiPr)3 catalytic effect (or lack
thereof) on halide exchange to other ATRP catalysts used
in our laboratory; 2) to provide computational support for
the initiator coordination to the ATRP catalyst and for the
alternative halide-exchange mechanism; 3) to analyze how
compound Al(OiPr)3 may be capable to stabilize the spin
trap, thereby shifting the atom-transfer equilibrium and ac-
celerating ATRP.


Results


Interaction between Al(OiPr)3 and various compounds : The
[Mo(Cp)X2(iPr2dad)] (X=Cl, I; iPr2dad= 1,4-diisopropyl-
1,4-diaza-1,3-butadiene, iPrN=CH�CH=NiPr) complexes
were shown to be capable of controlling the ATRP of sty-
rene and acrylates.[5,14] Complexes [MoX3(PMe3)3] (X= Cl,
Br, I) are also capable of controlling the ATRP of sty-
rene.[6,15] For both families of ATRP catalysts, the addition
of compound Al(OiPr)3 to the catalytic system was found to
speed up the polymerization process by a factor between 3
and 13, depending on the nature of the halides.[5,6] To probe
the possible effect of the Al additive, the interactions of this
compound with catalyst, monomer, and initiator were car-
ried out.


The 17-electron complexes [Mo(Cp)X2(iPr2dad)] (X= Cl,
I) are characterized by sharp EPR signals in isotropic solu-
tions at room temperature.[14,16] An EPR study of a solution
of the dichloride complex in toluene, in the presence of an
equivalent amount of the Al(OiPr)3 compound, at 80 8C
(conditions used for the ATRP of methyl acrylate (MA)[5])
reveals no change of shape nor intensity over 1 h. The 15-
electron [MoX3(PMe3)3] complexes do not show any EPR
activity in isotropic solutions at room temperature. Howev-
er, in spite of their paramagnetism, they display highly shift-
ed and broad but readily visible resonances in the 1H NMR
spectrum.[17] The addition of one equivalent of Al(OiPr)3 to
a solution [MoCl3(PMe3)3] in C6D6 at 65 8C for 8 h does not
yield any visible change of the solution NMR spectroscopic
properties.


1H NMR studies have also been carried out on solutions
containing Al(OiPr)3 and styrene (in C6D6 at 65 8C for 8 h,
[S]/[Al] = 1/1) as well as on solutions containing compound
Al(OiPr)3 and each of the initiators IEA and (1-bromo-
ethyl)benzene (BEB) (in C6D6 at 65 8C for 8 h, [initiator]/


[Al]=1/1). In all these cases, once again, no evidence was
obtained for the existence of any interaction engaging the
Al(OiPr)3 compound. These results parallel those of analo-
gous studies conducted on the individual components of the
[RuCl2(PPh3)3]-catalyzed MMA polymerization.[9]


Halide exchange for the 17-electron [Mo(Cp)X2(iPr2dad)]
system : During the ATRP catalyzed by the dichloride com-
plex and by using the iodine-containing IEA initiator, the
possibility exists for halide exchange between the Mo cata-
lyst and the initiator molecule. This exchange process was
investigated qualitatively by EPR spectroscopy as shown in


Figure 1. Under conditions identical to those of the ATRP
of MA, except that no monomer was present, the [Mo-
(Cp)Cl2(iPr2dad)] displays the EPR spectrum shown in Fig-
ure 1a. No change of this spectrum (including its intensity)
is evident after heating for 1 h at 80 8C, indicating the ab-
sence of halide exchange with IEA under these conditions.
When the same experiment was carried out in the presence
of one equivalent of Al(OiPr)3, on the other hand, a new
resonance was evident at a greater g value relative to that of
the initial catalyst, see Figure 1b. This resonance belongs to
the product of halide exchange, [Mo(Cp)ICl(iPr2dad)], as
verified by a comparison study with the products of the in-
teraction between [Mo(Cp)Cl2(iPr2dad)] and NaI (g= 2.010
for [Mo(Cp)ICl(iPr2dad)]; 2.042 for [Mo(Cp)I2(iPr2dad)]).[14]


An identical experiment was carried out by using ethyl 2-
bromopropionate (BrEA), with identical qualitative results,
though the exchange process was faster. The results are
shown in Figure 2. Unlike the experiment carried out with
IEA, a slow exchange is observed even in the absence of Al
additive, compare the spectrum in Figure 2a with that shown
in Figure 1a. However, the process is once again greatly ac-
celerated by Al(OiPr)3. The new peak observed at g= 1.991
in Figure 2b is attributed to the mixed halide complex [Mo-
(Cp)ClBr(iPr2dad)], and the broader feature observed at
higher g values is certainly due to the double exchange


Figure 1. EPR study of complex [Mo(Cp)Cl2(iPr2dad)] (1.4 � 10�2
m) in


toluene. a) After 1 h at 808 with one equivalent of IEA (spectrum of the
dichloride complex); b) same conditions as in a), except for the presence
of one equivalent of Al(OiPr)3.
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product, [Mo(Cp)Br2(iPr2dad)], showing that a greater
extent of exchange has occurred relative to the IEA experi-
ment, compare with Figure 1b. Although neither the mixed-
halide nor the dibromide products were isolated, the posi-
tive shift of the g parameter upon replacement of Cl with
the heavier halides in the order Cl<Br< I parallels exactly
the shift reported for the related family of [Mo(Cp)X2-
(PMe3)2] complexes (g= 1.982 for X=Cl, 2.006 for X=Br
and 2.046 for X= I),[14] whereas the g value for the mixed
[Mo(Cp)ICl(PMe3)2] complex is 2.015.[18]


The results of these experiments demonstrate that com-
pound Al(OiPr)3 catalyzes the halide exchange between
[Mo(Cp)Cl2(iPr2dad)] and CH3CHXCOOEt (X=Br, I). As
analyzed in the introduction, the most logical mechanistic
hypothesis is that an atom transfer occurs, followed by re-
combination between the free radical and a different halide
ligand from the high-oxidation-state metal complex. Since
Al(OiPr)3 does not seem to show any interaction with the
catalyst, monomer, or initiator, it seems likely that the cata-
lytic action is exerted via a selective thermodynamic stabili-
zation of the spin trap. The way in which this interaction
may occur will be examined in a later section.


Halide exchange for the 15-electron [MoX3(PMe3)3] system :
Since the styrene polymerizations catalyzed by the [MoX3-
(PMe3)3] complexes were carried out with the (1-bromoe-
thyl)benzene (BEB) initiator,[6] halide-exchange tests on this
system were carried out with the same initiator. The ex-
change process was monitored by using both the trichloride
and the triiodide complex, in the absence and in the pres-
ence of one equivalent of Al(OiPr)3 per equivalent of Mo.
The 1H NMR resonances of the Mo complexes are not suffi-
ciently dependent on the nature of the halides and the possi-
bility of multiple exchange to afford all possible [MoXnY3�n-
(PMe3)3] species complicates further the NMR monitoring
of the transition-metal complex resonances. The exchange
reactions could be conveniently monitored, in this case, by


following the methyne and methyl proton resonances of the
initiator by 1H NMR spectrometry, since these resonances
are dependent on the halide nature (for instance, the me-
thyne resonance is at d=4.85 ppm for X=Cl, 4.75 ppm for
X=Br, and 5.02 ppm for X = I), see an example in Figure 3.


The results of these experiments are shown in Figure 4.
Since, for technical reasons (solubility and rate), the reac-
tions could not be carried out under pseudo-first-order con-
ditions, and since the second-order conditions lead to com-
plications due to the possibility of multiple exchange, no
precise kinetic information could be extracted from these
monitoring and the results must necessarily be considered
only of qualitative value. However, it is rather clear from
Figure 4 that the presence of Al(OiPr)3, contrary to the 17-
electron systems analyzed in the previous section, have at
best only a very minor effect on the halide-exchange rate.
For the [MoCl3(PMe3)3]/BEB system, the exchange process
turns out in fact as slightly slower in the presence of the Al
additive than in its absence. For the [MoI3(PMe3)3]/BEB


Figure 2. EPR study of complex [Mo(Cp)Cl2(iPr2dad)] (1.6 � 10�2
m) in


toluene. a) After 50 min at 808 with one equivalent of BrEA; b) same
conditions as in a), except for the presence of one equivalent of Al-
(OiPr)3.


Figure 3. Examples of 1H NMR spectra obtained during the halide ex-
change between [MoCl3(PMe3)3] (4 � 10�2


m) and BEB (1 equiv) at 65 8C
in C6D6: a) after 20 min; b) after 450 min.


Figure 4. Results of the halide-exchange monitoring in the absence (solid
line, squares) or presence (broken line, diamonds) of Al(OiPr)3 at 65 8C
in C6D6. a) [MoCl3(PMe3)3] (4 � 10�2


m) and BEB (1 equiv). b) [MoI3-
(PMe3)3] (1.4 � 10�2


m) and BEB (1 equiv).
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system, on the other hand, the exchange is marginally faster
for the experiment carried out in the presence of Al(OiPr)3.
The observed variations are probably caused by concentra-
tion errors, due to the need to measure rather small quanti-
ties of the reagents in each experiment.


We can therefore conclude that the halide-exchange pro-
cess between the 15-electron [MoX3(PMe3)3] complexes and
BEB is not catalyzed by Al(OiPr)3 and that this process
probably occurs by the same mechanism as for [RuCl2-
(PPh3)3], which is different than the mechanism operating
for the 17-electron [Mo(Cp)X2(iPr2dad)] system. The elec-
tronic configuration of the 15-electron [MoX3(PMe3)3] com-
plexes is different from that of the 16-electron [RuCl2-
(PPh3)3] complex, as shown in Figure 5. The RuII complex,


which has a diamagnetic ground state, possesses a metal-
based, low-energy, empty orbital (which is only tied up in a
weak Mo�Cl p interaction), to be used to host the two elec-
trons donated by the RX ligand, see Figure 5a. The MoIII


complex, on the other hand, is characterized by a spin quar-
tet ground state (pseudo-(t2g)


3 for the approximately octahe-
dral geometry) and no empty metal orbital is available.
However, such a necessary orbital may be generated by a
process of electron pairing, to yield a spin doublet configu-
ration, see Figure 5b.


Calculations of R�X coordination, atom transfer, and halide
exchange with model compounds : On the basis of the results
presented above and our previously formulated hypothe-
sis,[14] the initiator molecule should be able to coordinate to
the 15-electron [MoX3(PMe3)3] and 16-electron [RuCl2-
(PPh3)3] complexes, but not to the 17-electron [Mo(Cp)Cl2-
(iPr2dad)] complex. This proposition was investigated with


the help of DFT calculations on model compounds. For the
15-electron species, we used PH3 in place of PMe3 and we
limited our study to the trichloride complex. For the 16-elec-
tron species, we used again the model PH3 ligand. Finally, in
order to model the 17-electron system, we elected to use
again a phosphine-substituted complex, [Mo(Cp)Cl2(PH3)2].
This choice was suggested by the fact that the isoelectronic
complex [Mo(Cp)Cl2(PMe3)2] was also shown to catalyze
the polymerization of styrene by ATRP,[19] and by the fact
that the product of atom transfer, the 18-electron organome-
tallic MoIV species [Mo(Cp)Cl3(PMe3)2] is also a well-char-
acterized compound,[20] whereas analogues containing dad-
type ligands have not been reported so far. All optimized
compounds were obtained from starting geometries adapted
from crystallographically characterized analogues: [RuCl2-
(PPh3)3],[21] [MoCl3(PMe2Ph)3],[22] [MoCl4(PMe2Ph)3],[23]


[Mo(Cp)Cl2(PMe3)2],[24] and [Mo(Cp)Cl3(PMe2Ph)2].[25] No
structural data seem to be available for RuIII complexes with
the stoichiometry [RuX3(PR3)3] with X= any halogen. How-
ever, crystallographically characterized [RuCl3(L)3] com-
plexes exist, for instance with L=MeCN[26] or L3 = terpy.[27]


The optimized geometrical parameters compared quite well
with the experimental data in all cases. Since this work fo-
cuses on the conceptual aspect of the Al(OiPr)3 effect in
ATRP, we shall not dwell on the detailed comparison of ex-
perimental and calculated structures. Our analysis will be
limited to the energetic results, whereas the optimized geo-
metric parameters will be commented only when relevant to
the mechanistic discussion.


Starting with the RuII species, we have carried out the co-
ordination study of two models of initiator molecules: com-
pound CH3CHClCOOCH3 (as a model of the real BrEA in-
itiator used in the Ru-catalyzed polymerization) and the
simpler model CH3Cl. The addition is found as slightly
exoergic in both cases, see Figure 6. The 2.0 kcal mol�1 dif-
ference in favor of CH3Cl is certainly associated to the posi-
tive inductive effect of the CH3 group, relative to the CH-
(CH3)(COOCH3) group, on the C�Cl bond, raising the
energy of the Cl lone pair involved in the coordinative
bond. Adding the zero-point energy and the kT correction
to the data, the computed enthalpy changes for the coordi-
nation reactions at 298 K become �4.6 and �6.5 kcal mol�1,
respectively. Thus, both reactions are predicted to be slightly
exothermic by the calculations. An alternative geometry can
be envisaged for the adduct, namely that containing the
halide initiator ligand in an equatorial position (trans to a Cl
ligand). This could be conceived as deriving from the addi-
tion to a vacant site in an isomeric molecule in which a Cl
ligand, rather than a PH3 ligand, occupies the apical posi-
tion. For both initiator molecules, such an isomer was com-
puted as slightly less stable relative to the isomer shown in
Figure 6, the additions to this site being exoergic by only
�1.6 and �3.5 kcal mol�1, respectively.


Because of computational expense, representative points
at fixed C�Cl distances along the atom-transfer coordinate
were calculated only for the CH3Cl initiator, as shown in
Figure 6. The transition state along the curve was located at


Figure 5. Schematic representation of the electronic structure evolution
during the process of RX coordination to a) [RuCl2(PPh3)3] and
b) [MoX3(PMe3)3].
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about 33.6 kcal mol�1 from the sum of the free [RuCl2-
(PH3)3] and CH3Cl molecules (41.4 kcal mol�1 from the
adduct), while the sum of the two reaction products are lo-
cated at 31.8 kcal mol�1 from the separated reagents
(39.6 kcal mol�1 from the adduct). The C�Cl distance at the
transition state is 2.80 �, whereas the Ru�Cl distance is
2.45 �, closer to the value of the same distance in the final
RuIII product (2.39 �) than to that in the RuII–CH3Cl
adduct (2.68 �). For comparison, the other two Ru�Cl dis-
tances (trans to each other) are 2.41 � in the the final prod-
uct and 2.46 � in the RuII precursor. This transition state is
located only 1.8 kcal mol�1 higher in energy than the sum of
the free radicals [RuCl3(PH3)3] and CH3, thus the reverse
atom-transfer process (radical deactivation) is predicted to
be very fast. This is a necessary condition for good control
in ATRP.


Two halide-exchange processes have been investigated
computationally. Once again, in order to limit the computa-
tional time factor, the transition states were calculated only
for the CH3-containing initiator molecules. The results for
both processes are illustrated in Figure 7. The first process is
a degenerate exchange in which the axially coordinated
CH3Cl ligand in the 18-electron adduct transfers its methyl
group to one of the two equatorial Cl ligands, leading to the
isomeric [RuCl2(PH3)(eq-CH3Cl)] adduct. The transition
state for this process is located at 40.2 kcal mol�1 relative to


the CH3Cl adduct. This is mar-
ginally higher in energy rela-
tive to the atom-transfer prod-
ucts (39.6 kcal mol�1), but
slightly lower than the transi-
tion state leading to them
(41.4 kcal mol�1). The geometry
of this transition state (TS),
shown in Figure 7, is signifi-
cantly different than that of
the TS leading to the atom-
transfer product, which is
shown in Figure 6. Notably, the
methyl C atom is exactly at the
same distance from the two Cl


atoms (2.63 �), it retains a more pyramidalized geometry
(sum the H-C-H angles=352.18 ; compare with 359.58 in the
other TS), and the Ru coordination geometry is more dis-
torted in order to bring both Cl atoms involved in the ex-
change closer to the methyl group (Cl-Ru-Cl angle =82.98,
compare with 92.18 in the atom-transfer TS). The Cl-ex-
change TS structure was verified to contain only one imagi-
nary frequency (380i cm�1), which corresponds to the move-
ment of the CH3 group from the axial to the equatorial Cl
atom.


The second computed exchange process consisted of a
closer model of the experimentally observed Cl/Br ex-
change. Starting from [RuCl2(PH3)3], a molecule of CH3Br
was added to the vacant apical position to obtain [RuCl2-
(PH3)3(ax-CH3Br)], a process that is exoergic by 13.9 kcal
mol�1 (exothermic by 12.6 kcal mol�1 at 298 K). Thus, CH3Br
is a stronger ligand than CH3Cl for the RuII center. From
this adduct, transfer of a Me group to one of the two equiva-
lent Cl atoms leads to [RuClBr(PH3)3(eq-CH3Cl)], with the
stereochemistry illustrated in Figure 7, a process which is en-
doergic by 3.8 kcal mol�1. This process occurs via a TS locat-
ed 38.7 kcal mol�1 higher in energy, whose geometric charac-
teristic are quite analogous to those of the TS for the degen-
erate Cl exchange. The single imaginary frequency has in
this case the value of 366.9i cm�1, while the Cl-Ru-Br angle
is 89.48. The wider value of this angle relative to the TS for


the degenerate Cl exchange is
related to the larger radius of
the Br ligand (Br�C=2.79 �;
Cl�C=2.68 �). This diminish-
ed distortion is probably the
main reason for the slightly
lower activation barrier in this
case. We have not carried out,
in this case, calculations at
frozen Br�C distances along
the atom-transfer coordinate.
However, the final point of
this curve (sum of the free
[RuCl2Br(PH3)3] and CH3 radi-
cals) is 38.8 kcal mol�1 higher
in energy relative to the


Figure 6. DFT energetic results for the coordination of CH3CHClCOOCH3 and CH3Cl to [RuCl2(PH3)3], and
for the Cl atom transfer from CH3Cl.


Figure 7. DFT energetic results for the halide-exchange process between [RuCl2(PH3)3] and CH3Cl (degenerate
exchange, left) or CH3Br (right).
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[RuCl2(PH3)3(ax-CH3Br)] adduct. As for the case of the Cl
atom transfer from CH3Cl, a slight overbarrier will probably
be present along the Br atom-transfer pathway. Therefore,
the halide-exchange TS is located lower in energy than the
atom-transfer TS. The methyl group in transit has developed
a carbocationic character at the TS level according to the
calculations. An NBO (NBO=natural bond order)[28] local-
ized charge-density analysis shows that the charge of the
CH3 group increases from 0.135 in [RuCl2(PH3)3(ax-CH3Cl)]
to 0.304 in the TS, and then decreases back to 0.152 in
[RuCl2(PH3)3(eq-CH3Cl)]. For the Cl/Br exchange pathway,
the values are 0.076 for [RuCl2(PH3)3(eq-CH3Br)], 0.280 for
the TS, and 0.140 for [RuClBr(PH3)3(eq-CH3Br)]. On the
other hand, a spin unrestricted calculation on the transition-
state geometries yield zero spin densities for all atoms, indi-
cating that neither the Ru complex nor the migrating CH3


group develop any radical character. In conclusion, this
computational study validates the hypothesis that coordina-
tion of the halide initiator molecule to the RuII center in
[RuCl2(PPh3)3] activates the halogen-carrying C atom to-
wards an internal nucleophilic substitution, SNi.


Moving on to the next system, the interaction between
the 17-electron model system [Mo(Cp)Cl2(PH3)2] and com-
pound CH3Cl, which was chosen again as a model of an
ATRP initiator, did not lead to any stable local minima for
a 19-electron adduct. This is certainly not the result of a
steric problem, because compounds with an analogous coor-
dination sphere are known for MoIV, which has a smaller
ionic radius than MoIII. Any attempt to place the CH3Cl
ligand either in the axial position or in an equatorial posi-
tion of a putative [Mo(Cp)Cl2(PH3)(CH3Cl)] molecule, by
using a starting geometry adapted from [Mo(Cp)Cl3(PH3)2],
inevitably led to the expulsion of the CH3Cl molecule far
away from the coordination sphere, ultimately yielding
energy and geometries corresponding to the sum of free
[Mo(Cp)Cl2(PH3)] + CH3Cl.


The energetic pathway corresponding to the Cl atom-
transfer process is shown in Figure 8. In this case, stretching
of the CH3�Cl bond must start when the initiator is still
quite far away from the metal
center. The curve therefore ac-
quires a rather repulsive char-
acter, while the Mo�Cl dis-
tance is still rather long. The
best approach of the initiator
is found from the same side as
the Cp ring. An abrupt change
in orientation occurs when the
CH3�Cl bond is stretched
beyond 2.35 �, corresponding
to the incipient formation of
the new Mo�Cl bond. The
highest energy along the atom-
transfer pathway (44.5 kcal
mol�1) corresponds to a C�Cl
distance of 2.4 �, whereas the
final products are at 39.8 kcal


mol�1 relative to the starting materials. Therefore, the over-
barrier is worth 4.7 kcal mol�1 in this case. This is significant-
ly higher than for the Ru case examined above, meaning
that the [Mo(Cp)Cl3(PH3)2] system should lead to a slower
deactivation rate than the RuCl3(PH3)3 systems. However,
these values are not highly significant, since the substituents
in the real systems may have a rather large effect on these
barriers.


The last system to be examined, the 15-electron [MoCl3-
(PH3)3], gives the results shown in Figure 9. The coordina-
tion of either CH3Cl or CH3CHClCOOCH3 affords a 17-
electron species with a spin-doublet ground state. In contrast
to the 16-electron [RuCl2(PH3)3] system, the coordination
reaction is endoergic. This is due to the energetically costly
electron-pairing process that must accompany the ligand ad-
dition. Taking this into account, the bond formation is ener-
getically more favorable by 3.2 kcal mol�1 for CH3Cl than
for CH3CHClCOOCH3, similar to the difference found for
the coordination to [RuCl2(PH3)2]. In spite of the endoergic


Figure 8. DFT energetic results for the Cl atom transfer from CH3Cl to
[Mo(Cp)Cl2(PH3)2].


Figure 9. DFT energetic results for the Cl atom transfer from CH3Cl to [MoCl3(PH3)3].
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character of this coordination process, a stable local mini-
mum is found, contrary to the 17-electron [Mo(Cp)Cl2-
(PH3)2] system. The geometry of this ligand adduct is related
to that of the product of atom transfer, the 16-electron
[MoCl4(PH3)3] complex, namely a capped octahedron in
which one Cl atom acts as the capping ligand of a triangular
(PH3)3 face. The initiator molecule occupies one of the posi-
tions of the opposite, uncapped triangular face together with
the other two Cl atoms. The Mo�Cl distances to the coordi-
nated initiator molecule (3.02 � for CH3CHClCOOCH3)
are significantly longer than the other Mo�Cl distances
(2.40–2.56 �), but still compatible with a genuine coordina-
tive interaction.


As for the previously investigated systems, the atom-
transfer process was investigated only for the addition of
CH3Cl. Unlike the 16-electron [RuCl2(PH3)3], we were
unable to locate the TS of the SNi process. All attempts led
again to the atom-transfer TS shown in Figure 9.


Calculations of Al(OCH3)3 interaction with model spin
traps : The isopropoxide groups of Al(OiPr)3 were modeled
by methoxide. The Al(OiPr)3 compound is known to exist in
solution as a mixture of trinuclear and tetranuclear spe-
cies.[29] However, species with lower nuclearity (dimers and
even monomers) are known for analogous molecules with
bulkier substituents. To learn more about the relative ener-
getics of the various nuclearities, geometry optimizations
were carried out on [Al(OMe)3]n with n=1, 2, 3 and 4. The
guess geometries were taken from the X-ray structures of
compounds Al[O(C6H2tBu2--2,6-Me-4)]3,


[30] [Al(OtBu)2(m-
OtBu)]2,


[31] [Al(OCy)2-(m-OCy)2]2Al(OCy),[32] and [Al-
(OiPr)2(m-OiPr)2]3Al,[29] The energetic results are shown in
Figure 10. In agreement with the known behavior, the tetra-
nuclear and trinuclear forms were found as the most stable
ones, stabilized by 42.3 and 38.6 kcal mol�1 (per Al atom)


relative to the monomer. The greatest energetic gain is ex-
perienced on going from monomer to dimer, in which the
coordination number around the Al center goes from three
to four. This is because the electronic unsaturation of the Al
center in the monomer (relieved only by the O lone pairs
via a p-donation mechanism) is eliminated by the formation
of a fourth Al�O s bond per each Al ion in the dimer. On
going from dimer to trimer, one Al ion out of three increas-
es further its coordination number from four to five, where-
as the other two Al ions maintain the same coordination en-
vironment. On going from dimer to tetramer, one Al ion
out of four increases its coordination number from four to
six, whereas the other three Al atoms remain four-coordi-
nate. It is to be kept in mind that, for steric reasons, the en-
ergetic gains associated to the oligomerization of Al(OiPr)3


are probably smaller relative to those calculated for Al-
(OMe)3.


Since we are interested in evaluating the energetic effect
of Al(OiPr)3 on the atom-transfer equilibrium, we have cal-
culated models of the interaction between Al(OiPr)3 and
the species carrying the halogen atom involved in the trans-
fer process. As shown in Figure 10, the interaction of the
model Al compound with the model initiator affords an
adduct, (MeO)3Al-ClMe, whose energy is lower relative to
the sum of the separated species by 7.6 kcal mol�1. The
weakness of this interaction is signaled by the rather long
Al�Cl distance (2.572 �) and by the small pyramidal distor-
tion of the Al(OMe)3 unit (sum of the three O-Al-O
angles= 355.78). The Cl natural charge decreases only slight-
ly from �0.083 in free CH3Cl to �0.037 in the adduct with
Al(OMe)3, reflecting the weak charge transfer upon coordi-
nation to the Al center. The interaction of Al(OMe)3 with
the models of the spin traps [RuCl3(PH3)3] and [Mo(Cp)Cl3-
(PH3)2] affords adducts that are stabilized by 17.3 and
20.0 kcal mol�1, respectively. The stronger interaction is ex-


perienced with the equatorial
Cl ligands for both complexes,
as shown in Figure 10, the in-
teraction at the axial positions
being exoergic only by 9.0 and
7.8 kcal mol�1, respectively.
This choice reflects the differ-
ent polarization of the differ-
ent M�Cl bonds, as indicated
by the natural charges in the
free RuIII and MoIV complexes:
(�0.420 vs �0.392 in the RuIII


complex, �0.450 vs �0.277 in
the MoIV complex, for equato-
rial and axial positions, respec-
tively). These charges are
greater than in the CH3Cl mol-
ecule, as may be predicted
from the greater electroposi-
tive character of the metal cen-
ters. Upon coordination to the
Al center, there is again a de-Figure 10. DFT energetic results for the interaction between [Al(OCH3)3]n and various compounds.
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crease of natural charge at the Cl atom (from �0.420 to
�0.344 for the RuIII complex; from �0.450 to �0.419 for
the MoIV complex). The energetically stronger Lewis acid–
base interaction is also consistent with the shorter Al�Cl
distance relative to the CH3Cl�Al(OMe)3 adduct (2.337 �
in the RuIII complex, 2.335 � in the MoIV complex) and with
the greater degree of pyramidalization at the Al center (sum
of the three O-Al-O angles=345.468 in the RuIII complex,
344.298 in the MoIV complex).


Local minima in which the Al centers establishes bonds
simultaneously with two Cl ligands could not be located.
Any attempt to optimize such type of structure collapsed to
one of the isomeric adducts with the Al(OMe)3 molecule
bonded to a single Cl ligand. Thus, although the Al center is
capable of increasing its coordination number up to six with
bridging OMe ligands, it does not seems favorable to go
beyond four-coordinate with more than one bridging Cl
ligand. In summary, the calculations support the idea that
the atom-transfer equilibrium shifts in favor of the higher
oxidation state complex plus free radical in the presence of
the Lewis acid. This phenomenon is sufficient to explain the
catalytic effect of aluminum triisopropoxide on ATRP and
on the halide-exchange process for the MoIII(Cp) system,
which follows the same atom-transfer mechanism.


The above picture should be considered only at the quali-
tative level. There are several phenomena that affect the
quantitative value of the atom-transfer energetics. Firstly,
the aluminum compound is not present in solution in the
monomeric form. Even at the high temperatures used for
the ATRP process, the entropic factor is not sufficiently
high to generate a significant amount of monomeric species
at equilibrium (by application of ZPVE, kT, and entropy
corrections from the gas-phase calculation, the DG for the
tetramer to monomer conversion affords 31.7 kcal mol�1 at
298 K and 29.1 kcal mol�1 at 398 K). Although the real iso-
propoxide system certainly has lower values because of the
steric effect, the catalytic action is not likely to be exerted
by the mononuclear species. However, the Al center is capa-
ble of expanding its coordination up to six as show by the
structures of the trimer and tetramer. Therefore, the lateral,
four-coordinate Al centers in the trimer and tetramer can
exert their Lewis acidic action for the energetic stabilization
of the atom-transfer products, though with a reduced ener-
getic effect, along the same line shown above for the mono-
mer. A DFT calculation for the interaction products of
trimer and tetramer was not attempted given its complexity.
A second complicating phenomenon is that the Al centers
can also interact with the Cl atoms of the transition-metal
catalyst, the RuII and MoIII complex, whose natural charge is
relatively high (�0.535 and �0.448, respectively). This inter-
action would play against the catalytic effect. However,
analogous additional interactions may also occur with a
second Cl ligand in the atom-transfer product. At a constant
number of Al centers, therefore, the effect favors the atom-
transfer products. Thirdly, the use of a simplified model for
the DFT calculations may affect the value of the interaction
energy. As a notable example, the close inspection of the


optimized geometries of the RuIII and MoIV adducts with Al-
(OMe)3 reveals the presence of one close contact between
an H atom of a PH3 ligand and an O atom of a methoxy
group (2.143 � in the RuIII complex; 2.033 � in the MoIV


complex). However, the arrangement of the Al(OMe)3


moiety (M-Al-O angles, M-Al-O-C dihedral angles) and
PH3 ligands (M-P-H angles, M-P-H-O dihedral angles) do
not give any clear evidence of distortions that may be asso-
ciated to the formation of a hydrogen bond. Therefore,
these interactions probably do not contribute significantly to
the stabilization energy of the Al(OMe)3 adducts, which
seems to be mostly related to the strengths of the new Al�
Cl bonds. The steric effect associated with the ligand simpli-
fication probably generates a greater energetic change on
going from the computed model compounds to the real sys-
tems.


Discussion


The results presented above, which are subject to several ap-
proximations and assumptions, point nevertheless to a
simple rationalization of the accelerating effect exerted by
Al(OiPr)3 on ATRP. The origin of this effect is a shift of the
atom-transfer equilibrium (Scheme 1) caused by a stronger
interaction between the Lewis acidic Al centers (probably
the four-coordinate centers in the trimer and tetramer) with
the halogen atoms in the spin trap, relative to the organic in-
itiator. This is in turn related to the greater polarity of the
metal–halogen bond in the spin trap than the carbon–halo-
gen bond in the initiator molecule. Because of the relative
weakness of these interactions, the Lewis acid–base adducts
is likely to be present in solution in equilibrium with the
separated species. This equilibrium is likely to be very rapid.
Furthermore, because of the nature of these interactions,
which involve primarily Al and Cl atoms, the spectroscopic
properties probably do not change dramatically on going
from the separate species to the adduct. This explains the
difficulty in determining the presence of these interactions
experimentally by 1H NMR spectroscopy or by examining
properties that are directly associated with the metal center
(e.g., cyclic voltammetry, EPR for the paramagnetic com-
plexes, …).


The appealing feature of this interpretation is that it is
generally applicable to all transition-metal catalysts, since
M�X bonds in the spin trap will always be more polarized
than the corresponding C�X bonds in the initiator. On the
basis of this interpretation, it can be easily predicted that
the accelerating effect of Al(OiPr)3 should be greater when
the catalyst has more polarized M�X bonds. For the same
halogen X, this in general occurs for higher oxidation state
complexes. Indeed, the calculated strength of the Al(OMe)3


interaction is greater with [Mo(Cp)Cl3(PH3)2], an MoIV com-
plex, than with [RuCl3(PH3)3], an RuIII complex.


The selective catalytic action exerted by Al(OiPr)3 on the
halide-exchange reaction between the ATRP catalyst and
the initiator, which is function of the electronic configura-
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tion of the metal, see Scheme 4, has been interpreted by the
presence of two alternative halide-exchange pathways, one
involving atom transfer, the second involving coordination
of the initiator to an available coordination site of the tran-


sition-metal complex, followed by an internal nucleophilic
substitution (SNi), Scheme 5. The absence of a catalytic
effect by Al(OiPr)3 on the SNi mechanism is not surprising.


The Lewis acidic Al(OiPr)3 can in principle interact only
with nucleophilic centers, such as the negatively polarized
halogen ligands. The SNi pathway involves transfer of elec-
tron density from the initiator molecule to the metal center,
whose sterically crowded coordination sphere does not facil-
itate an electronically stabilizing interaction with the Lewis
acid. The halide lone pairs need to be available to accom-
plish the SNi process, thus their involvement in a Lewis
acid–base interaction with Al(OiPr)3 would, if anything,
exert a negative effect on the halide-exchange process. Fi-
nally, the sterically exposed migrating alkyl group has carbo-
cationic character and is not expected to interact with the
Lewis acid.


According to our interpretation, when the SNi pathway
occurs at lower energy than the ATRP pathway, the halide-
exchange process is faster than the atom-transfer process
and is not catalyzed by Al(OiPr)3. Conversely, when the SNi
pathway occurs at higher energy than the ATRP pathway,
both the halide-exchange and the atom-transfer processes
follow the same mechanism and are both accelerated by Al-
(OiPr)3. The proposed SNi mechanism is expected to take
place under two conditions: 1) the initiator molecule must


be capable of entering the coordination sphere of the transi-
tion metal complex, and 2) the SNi pathway must have a
lower energy transition state than the atom-transfer path-
way. The first condition cannot be satisfied by all transition-
metal complexes: those with a 17-electron configuration are
unlikely to coordinate weakly coordinating ligands such as
organic halides and lead to 19-electron adducts, as we have
verified here by DFT calculations for the model [Mo-
(Cp)Cl2(PH3)2] compound. The same situation is expected
to occur for 18-electron complexes, which generally do not
yield stable 20-electron adducts. However, 18-electron com-
plexes cannot function as ATRP catalysts either, because
they cannot accept the transfer of a halogen atom (a 1-elec-
tron ligand) unless another ligand dissociates first. The
second condition, also, is not necessarily valid in general. It
is expected to depend on the relative proximity of the two
halogen atoms that are involved in the exchange (i.e., on
the coordination stereochemistry) and on the nucleophilicity
of the M�X bond that attacks the C atom (i.e. on the M�X
bond polarity). It may be safely assumed that, if the halide-
exchange process is not catalyzed by Lewis acids, as is the
case here for the [MoX3(PMe3)3] species, then this condition
is satisfied.


This scheme appears more satisfying than the outer-
sphere/inner-sphere mechanism proposed by Sawamoto
et al. (Scheme 3). According to this proposal, it would be
necessary to assume that the “inner-sphere” {M�Y,RC} spe-
cies has a sufficiently long lifetime to accomplish the uncata-
lyzed halide exchange, before being transformed to the
“outer-sphere” counterpart under the action of Al(OiPr)3,
only for the 16-electron [MoX3Y(PMe3)3] and the 17-elec-
tron [RuCl2Y(PPh3)3], but not for the 18-electron [Mo-
(Cp)Cl2Y(iPr2dad)]. A notable difference between those
species is that the 18-electron MoIV(Cp) complex is diamag-
netic, whereas the others have radical character (S= 1/2 for
the 17-electron RuIII complex and S=1 for the 16-electron
MoIV tetrahalide complex). Thus, one would need to assume
that the organic radical escapes the transition-metal rapidly
when this has no spin density and slowly when it has one or
more unpaired electrons. In addition, one would have to
assume that halide exchange, like monomer insertion, is
faster for the “outer-sphere” complex, but only when using
the 17-electron ATRP catalyst. Although we have no con-
crete experimental data to exclude this scenario, we cannot
find any simple argument to support it. The energetic com-
parison of the computed transition states for atom transfer
and for SNi halide exchange for the [RuCl2(PH3)3] model
system persuades us that the uncatalyzed halide exchange
occurs through the SNi pathway.


It is evident that, according to the SNi mechanism, the
halide exchange should be accompanied by 100 % retention
of the absolute configuration, whereas exchange via a radi-
cal species should lead to partial loss of the enantiomeric
excess, depending on the radical lifetime in the “inner-
sphere” complex. Unfortunately, we could not test the ste-
reochemistry of this halide exchange by using optically
active molecules such as CH3CH(X)Ph or CH3CH-


Scheme 4.


Scheme 5.
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(X)COOEt, because of the need to carry out these process-
es under conditions (i.e. , 65 8C) in which racemization
would easily occur, at least for the more fragile bromide sys-
tems, according to the literature.[33,34] It is interesting to note
that, in a previous investigation on a CuI system, Matyjas-
zewski et al. found that the rates of halide exchange, activa-
tion, and racemization were exactly the same.[35] This obser-
vation is perfectly in line with our proposed model, since
the electronically saturated CuI complex would not allow
easy access to the initiator molecule (a weak 2-electron neu-
tral ligand) to open access to the SNi pathway. Thus, halide
exchange can only occur through the atom-transfer pathway
(Scheme 2).


Conclusion


Our calculations on model compounds suggest that the ac-
celerating effect exerted by the Al(OiPr)3 additive on
ATRP is related to the establishment of a stronger Lewis
acid–base interaction with the halogen atom after this is
transferred from the organic initiator to the more electro-
positive transition-metal catalyst. As a result, the atom-
transfer equilibrium is slightly shifted toward the formation
of the active radical and the spin trap. This phenomenon is
also responsible for the acceleration of the halide-exchange
process between the initiator and the catalyst, when the
latter is a 17-electron half-sandwich MoIII compound. This
acceleration phenomenon has been experimentally verified
for the halide exchange between [Mo(Cp)Cl2(iPrN=CH�
CH=NiPr)] and the CH3CH(X)COOEt (X= Br, I) initiators.
On the other hand, the absence of an acceleration by Al-
(OiPr)3, which was reported previously[13] for the halide ex-
change between the 16-electron [RuCl2(PPh3)3] and
(CH3)2C(COOMe)CH2C(Br)(COOMe)CH3, is also found
for the halide exchange between the 15-electron [MoX3-
(PMe3)3] (X=Cl, I) complexes and PhCH(Br)CH3. A ra-
tionalization of this dichotomy has been presented on the
basis of a nonradical, competitive halide-exchange mecha-
nism, which is favored over the atom-transfer mechanism
depending on the electronic structure of the transition-metal
complex. The new mechanism consists of an internal nucleo-
philic substitution (SNi) that requires activation of the initia-
tor C�X bond by coordination to the metal center. The fea-
sibility of this coordination process for the [RuCl2(PPh3)3]
and [MoCl3(PMe3)3] complexes (as well as its unfeasibility
for the 17-electron half-sandwich MoIII complex) was veri-
fied by DFT calculations on model systems. Furthermore,
the reaction profile of the SNi process has been identified,
including the geometry and energy of the transition state.
This mechanistic dichotomy for the halide-exchange process
is at variance with the previous proposition[13] of an inner-
sphere/outer-sphere equilibrium, and appears to be broadly
applicable to the interpretation and prediction of the Al-
(OiPr)3 effect (as well as to the effect of related Lewis
acidic additives) on atom-transfer and halide-exchange reac-
tions involving transition-metal halides and organic halides.


Experimental Section


General : All operations were carried out under an atmosphere of pre-pu-
rified argon. Solvents were dried by conventional methods, deoxygenat-
ed, and distilled under dinitrogen. NMR spectra were recorded in CDCl3


on a Bruker 300 Avance instrument. The spectra were calibrated with the
residual solvent peaks and all resonances are reported with positive shifts
downfield from SiMe4. EPR measurements were carried out at the X-
band microwave frequency on a Bruker ESP300 spectrometer. The spec-
trometer frequency was calibrated with diphenylpicrylhydrazyl (DPPH,
g= 2.0037). Compounds [Mo(Cp)Cl2(iPr2dad)],[16] [MoCl3(PMe3)3],[36] and
[MoI3(PMe3)3]


[37] were prepared following published procedures. Com-
pounds CH3CH(Br)COOEt (BrEA) and CH3CH(Br)Ph (BEB) were pur-
chased from Aldrich and used as received. Ethyl 2-Iodopropionate (IEA)
was obtained according to a previously described synthetic procedure.[38]


Reaction between [Mo(Cp)Cl2(iPr2dad)] and CH3CHICOOEt : A so-
lution containing [Mo(Cp)Cl2(iPr2dad)] (8.1 mg, 2.1 � 10�2 mmol) and
CH3CHICOOEt (3.0 mL, 5.0 mg, 2.2 � 10�2 mmol) in toluene (1.5 mL)
was split into two equal portions. To one of them was added Al(OiPr)3


(2.4 mg, 1.2� 10�2 mmol). The two solutions were transferred into 4 mm
Pyrex tubes, which were flame sealed and then placed together in a
heated oil bath (80 8C). The progress of the reaction was monitored by
EPR spectroscopy (see Results section).


Reaction between [Mo(Cp)Cl2(iPr2dad)] and CH3CH(Br)COOEt : Fol-
lowing a procedure analogous to that described above, a solution contain-
ing [Mo(Cp)Cl2(iPr2dad)] (90 mg, 0.24 mmol) and CH3CH(Br)COOEt
(31.2 mL, 43.4 mg, 0.24 mmol) in toluene (15 mL) was split into two equal
portions. To one of them was added Al(OiPr)3 (24.7 mg, 0.12 mmol). Por-
tions of the two solutions were transferred into 4 mm Pyrex tubes, which
were flame sealed and then placed together in a heated oil bath (80 8C).
The progress of the reaction was monitored by EPR spectroscopy (see
Results section).


Reaction between [MoCl3(PMe3)3] and CH3CH(Br)Ph with Al(OiPr)3 :
[MoCl3(PMe3)3] (10.7 mg, 2.49 � 10�2 mmol), BEB (3.4 mL, 4.61 mg, 2.49 �
10�2 mmol), and Al(OiPr)3 (5.0 mg, 2.45 � 10�2 mmol) were dissolved in
C6D6 (0.6 mL). The resulting solution was transferred into an NMR tube
and introduced into the NMR probe maintained at 65 8C. The progress of
the reaction was followed by monitoring the decrease of the iPr methyne
resonance for BEB (PhCHBrCH3, d= 4.85 ppm) against the increase of
the methyl resonance for the chloride analogue (PhCHClCH3 d=


1.58 ppm). This was necessary because the methyne resonance for
PhCHClCH3 overlapped with one of the iPr methyne resonances of Al-
(OiPr)3.


Reaction between [MoCl3(PMe3)3] and CH3CH(Br)Ph without Al-
(OiPr)3 : [MoCl3(PMe3)3] (12.7 mg, 2.95 � 10�2 mmol) and BEB (4 mL,
5.42 mg, 2.93 � 10�2 mmol) were dissolved in C6D6 (0.6 mL). The resulting
solution was transferred into an NMR tube and introduced into the
NMR probe maintained at 65 8C. The progress of the reaction was fol-
lowed by monitoring the iPr methyne resonance (PhCHXCH3: d=4.85
and 4.75 ppm for X =Br and Cl, respectively).


Reaction between [MoI3(PMe3)3] and CH3CH(Br)Ph with Al(OiPr)3 :
[MoI3(PMe3)3] (6.1 mg, 8.6� 10�3 mmol), BEB (1.2 mL, 1.63 mg, 8.8�
10�3 mmol), and Al(OiPr)3 (2.0 mg, 9.8� 10�3 mmol) were dissolved in
C6D6 (0.6 mL). The resulting solution was transferred into an NMR tube
and introduced into the NMR probe maintained at 65 8C. The progress of
the reaction was followed by monitoring the iPr methyne resonance
(PhCHXCH3: d=4.85 and 5.02 ppm for X=Br and I, respectively).


Reaction between [MoI3(PMe3)3] and CH3CH(Br)Ph without Al(OiPr)3 :
[MoI3(PMe3)3] (11.2 mg, 1.59 � 10�2 mmol) and BEB (2.2 mL, 2.98 mg,
1.61 � 10�2 mmol) were dissolved in C6D6 (0.6 mL). The resulting solution
was transferred into an NMR tube and introduced into the NMR probe
maintained at 65 8C. The progress of the reaction was monitored by
1H NMR spectroscopy as described above.


DFT calculations : All DFT calculations were carried out with the Gaus-
sian 03 program suite[39] by using the B3 LYP functional.[40] The 6–31G*
basis set was used for all C, H, O, N, Cl, and Br atoms. The Mo atom was
described by the LANL2DZ basis set, to which an f polarization function
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(a= 0.8) was added. All molecules were optimized with the spin-unre-
stricted formalism. The mean value of the S2 operator was always very
close to the theoretical value of 0.75 for spin doublets, 2 for spin triplets,
and 3.75 for spin quartets for all optimized geometries corresponding to
energy minima. A major spin contamination was only found for the TS
relating the spin doublet [MoCl3(PMe3)3(ClMe)] to the sum of spin trip-
let [MoCl4(PMe3)3] and spin doublet CH3 (hS2i=1.48), a consequence of
the near degeneracy of the parallel (S =3/2) and antiparallel (S= 1/2) ar-
rangements. The S2 mean value rapidly tends to 0.75 as the C�Cl distance
decreases to that of the [MoCl3(PMe3)3(ClMe)] minimum. All geometry
optimizations were performed without symmetry constraints (C1 symme-
try). The nature of the resulting stationary points as energy minima was
verified by a frequency analysis in each case. All energies were corrected
for zero-point vibrational energy and for thermal energy to obtain the re-
action enthalpies at 298 K.
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Mixed-Valence, Mixed-Spin-State, and Heterometallic [2 � 2] Grid-type
Arrays Based on Heteroditopic Hydrazone Ligands: Synthesis and
Electrochemical Features


Lindsay H. Uppadine,[a] Jean-Paul Gisselbrecht,*[b] Nathalie Kyritsakas,[c]


Kalle N�ttinen,[d] Kari Rissanen,[d] and Jean-Marie Lehn*[a]


Introduction


A potentially very powerful approach to smart electronic
materials relies on the self-organisation of metallosupramo-
lecular complexes demonstrating multistable behaviour.[1]


For eventual applications in information storage technology,
the multistable system should be addressable by means of
an external perturbation (e.g., temperature, pressure or
light) and possess a readable response function (such as
magnetic susceptibility or optical absorption). The require-
ment for multistability can be achieved by manipulating a
variety of intrinsic molecular features, including redox
level,[2] spin state[3] and protonation state.[4] Such switchable
molecular or supramolecular domains are often accompa-
nied by hysteresis effects, which confer molecular memory
properties on the system.


Gridlike arrays of metal ions are potential candidates for
information storage devices, because of their well-defined
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Abstract: An extended family of het-
erometallic [M1


2M
2
2(L�)4]


n+ [2 �2]
grid-type arrays 1–9 has been prepared.
The three-tiered synthetic route en-
compasses regioselective, redox and
enantioselective features and is based
on the stepwise construction of hetero-
ditopic hydrazone ligands A–C. These
ligands contain ionisable NH and non-
ionisable NMe hydrazone units, which
allows the metal redox properties to be
controlled according to the charge on
the ligand binding pocket. The 2-pyri-
midine (R) and 6-pyridine (R’) sub-
stituents have a significant effect on
complex geometry and influence both
the electrochemical and magnetic be-
haviour of the system. 1H NMR spec-
troscopic studies show that the FeII


ions in the grid can be low spin, high
spin or spin crossover depending on
the steric effect of substituents R and
R’. This steric effect has been manipu-
lated to construct an unusual array pos-
sessing two low-spin and two spin-
crossover FeII centres (grid 8). Electro-
chemical studies were performed for
the grid-type arrays 1–9 and their re-
spective mononuclear precursor com-
plexes 10–13. The grids function as
electron reservoirs and display up to
eight monoelectronic, reversible reduc-


tion steps. These processes generally
occur in pairs and are assigned to
ligand-based reductions and to the
CoIII/CoII redox couple. Individual
metal ions in the heterometallic grid
motif can be selectively addressed elec-
trochemically (e.g., either the CoIII or
FeII ions can be targeted in grids 2 and
5). The FeII oxidation potential is gov-
erned by the charge on the ligand bind-
ing unit, rather than the spin state, thus
permitting facile electrochemical dis-
crimination between the two types of
FeII centre in 7 or in 8. Such multista-
ble heterometallic [2� 2] gridlike arrays
are of great interest for future supra-
molecular devices incorporating multi-
level redox activity.


Keywords: cyclic voltammetry ·
grid-type complexes · hydrazone
ligands · spin crossover ·
supramolecular chemistry
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architecture and intriguing physical characteristics.[5] Exam-
ples to date illustrate the rich chemistry of this metallosu-
pramolecular motif and include complexes displaying spin-
crossover phenomena,[3a,b] antiferromagnetic[6,2e] and ferro-
magnetic coupling,[6c,7] multilevel redox properties[2a–e] and
pH-dependent optical switching.[4a] In particular, heterome-
tallic gridlike arrays promise interesting physicochemical
features due to precise positioning of different metallic cen-
tres.[2b,c] Thus, information can be written at specific sites in
the array by addressing individual metal ions with an exter-
nal stimulus.[8]


Self-assembly is an invaluable strategy for the synthesis of
metallosupramolecular complexes[1a,9] and has proved partic-
ularly useful for the preparation of grid-type arrays.[5] This
highly convergent approach allows intricate structures to be
fabricated without recourse to tedious nanofabrication tech-
niques.[1a] The advantages of metal ions in the self-assembly
process are manifold and include 1) a wide range of coordi-


nation numbers and geometries, 2) tunable ligand exchange
kinetics (e.g., by varying the metal oxidation state), 3) pho-
tophysical, magnetic and redox properties, 4) control of as-
sembly–diassembly (e.g., by electrochemical interconversion
between different metal oxidation states[10]) and 5) access to
chiral assemblies (e.g., for applications in chiral host–guest
recognition).


Homometallic [2� 2] grids are usually constructed by
means of simple high-yielding self-assembly reactions in-
volving the appropriate ditopic ligand and metal ion.[11] In
contrast, the synthesis of [M1


2M
2
2L4]


n+ heterometallic grids
requires special procedures, since anti- or syn-arrangements
of the metal ions could theoretically exist.[2b,c] One successful
synthetic strategy utilises sequential self-assembly coupled
with a protection/deprotection step.[2b,c] Thus, two bis-
(terdentate) homoditopic ligands can be used to generate a
mononuclear “corner complex” [M1L2]


2+ (M1 = RuII or
OsII), containing two free binding sites. The [M1L2]


2+ com-
plexes are subseqently combined with a second type of
metal ion to assemble the heterometallic [M1


2M
2
2L4]


8+ grid
exclusively as the anti-topoisomer. These metalloarrays are
capable of exhibiting multistable redox behaviour, as exem-
plified by electrochemical studies of [Fe4L4]


8+ , [Ru2Os2L4]
8+


and [Ru2Fe2L4]
8+ .[2b]


An alternative approach to mixed metal motifs has re-
cently been reported and relies on a heteroditopic ligand
with an electronically “soft” bidentate site coupled to a
“hard” terdentate unit.[12] These binding pockets are pro-
grammed to discriminate between metal ions on the basis of
preferred coordination geometry and hard/soft nature. A
single-step self-assembly reaction with zinc(ii) and copper(i)
ions affords the [2� 2] heterometallic array [ZnII


2CuI
2-


(L�)4]
2+ , containing “hard” ZnII octahedrally coordinated by


two tridentate units, and “soft” CuI in a tetrahedral bis-
(bidentate) pocket.


We now report a novel methodology for the generation of
mixed-valence, mixed-spin-state and heterometallic [2 � 2]
grid-type arrays 1–9.[13] The synthetic pathway utilises a
three-level strategy involving 1) steric control of regioselec-
tivity, 2) protonic modulation of redox state and 3) chirose-
lective–toposelective self-assembly. This approach allows
two types of octahedral metal centres to be introduced,
while circumventing the need for protection/deprotection
steps.


The grid scaffold is based on the stepwise construction of
heteroditopic ligands A–C (Scheme 1), composed of both
ionisable NH hydrazone and nonionisable NMe hydrazone
terdentate sites. This feature allows redox properties to be
controlled according to the charge on the ligand binding
pocket. The 2-pyrimidine substituent R is sandwiched be-
tween two opposing ligands in the grid structure and there-
fore plays an important role in the overall geometry of the
complex. This in turn has significant effects on both the
electrochemical and magnetic properties of the system. The
R’ group on the grid periphery influences the coordination
environment around the metal ion M2


, and is used to tune
the spin state when M2 = FeII (Scheme 1).


Abstract in French: Une famille de complexes h�t�rom�talli-
ques [M1


2M
2
2(L�)4]


n+ du type grille [2 � 2] 1–9 a �t� pr�pa-
r�e. Les trois approches synth�tiques multi�tapes des ligands
hydrazone h�t�roditopiques A–C poss�dent chacune des ca-
ract�ristiques r�gio-, r�dox-, �nantio-s�lectives. Ces ligands
poss�dent un groupement NH ionisable et un groupement hy-
drazone non-ionisable NMe, qui permettent un contr�le des
propri�t�s r�dox du m�tal complex� en fonction de la charge
de la cavit� coordinante. Les substituants 2-pyrimidine (R) et
6-pyridine (R’) influencent de mani�re significative la g�om�-
trie des complexes form�s ainsi que leurs propri�t�s �lectro-
chimiques et magn�tiques. Les �tudes par spectroscopie RMN
1H montrent que les ions FeII, dans ces complexes, poss�dent
une configuration �lectronique soit de bas spin, soit de haut
spin ou encore de transition de spin en fonction de l�encom-
brement st�rique du substituant. Cet effet st�rique a �t� utilis�
pour construire des grilles originales poss�dant deux cations
FeII de bas spin et deux cations FeII � transition de spin (grille
8). Des �tudes �lectrochimiques d�taill�es ont �t� r�alis�es
pour les assemblages du type grille 1–9 et leurs pr�curseurs
mononucl�aires 10–13. Ces grilles fonctionnent comme r�ser-
voir � �lectrons. Jusqu�� huit �tapes de r�duction mono�lec-
tronique r�versibles peuvent Þtre observ�es. Ces transferts d��-
lectrons se font g�n�ralement par paire et interviennent sur le
ligand � l�exception des deux premi�res r�ductions correspon-
dant aux couples CoIII/CoII. Chaque cation m�tallique d�une
grille peut Þtre sollicit� s�lectivement par voie �lectrochimique
(les ions CoIII ou FeII peuvent Þtre cibl�s dans les grilles 2 et
5). Le potentiel d�oxydation du FeII est tributaire de la charge
des ligands et non de l��tat de spin, permettant une discrimi-
nation �lectrochimique parmi les deux types de FeII dans 7 ou
8. De telles grilles [2 � 2] h�t�rom�talliques ont des niveaux
de stabilit� multiples et pr�sentent un grand int�rÞt pour des
syst�mes supramol�culaires poss�dant une multiplicit� de ni-
veaux d�oxydo-r�duction.
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The monometallic corner complexes 10–13 were con-
structed by using cobalt(iii) or iron(ii) ions (Scheme 1).
These metals were selected in order to prepare grids with a
CoIII


2CoII
2 mixed-valence structure (grids 1 and 4), or a


mixed-spin-state (FeII
LS)2(FeII


SC)2 composition (grid 8 ; LS=


low spin, SC= spin crossover). To complete the series, we
also synthesised grid systems based on CoIII


2FeII
2, CoIII


2ZnII
2,


(FeII
LS)2(FeII


LS)2 and (FeII
LS)2ZnII


2 heterometallic motifs. This
extended family reveals correlations between the physical
properties of the metalloarray and the type of primary
metal ion M1, secondary metal M2 and ligand substituents
R/R’. We describe here the synthetic approach to the het-
erometallic complexes, together with an in-depth analysis of
their electrochemical behaviour.


Results and Discussion


Synthesis of the heterometallic [2 �2] grid-type complexes :
The key intermediates in the synthesis of the [2� 2] grid
arrays 1–9 are the cobalt(iii) and iron(ii) corner complexes
10–13 (Scheme 1). A stepwise route was used to prepare
these complexes, as illustrated in Schemes 2 and 3.


Both the cobalt(iii) and iron(ii) corner complexes are con-
structed with terdentate ligands containing only one metal


binding site (compounds 18 or 19, Schemes 2 and 3). These
ligands were prepared by a regioselective synthetic ap-
proach, as outlined in Scheme 2. Thus, 4-chloro-6-hydrazino-
pyrimidine (14)[14] or 4-chloro-6-hydrazino-2-phenylpyrimi-
dine (15)[15] were reacted with N-methylhydrazine to yield
compounds 16 and 17, respectively, which were subsequently
condensed with one equivalent of 2-acetylpyridine
(Scheme 2). The condensation reaction occurs at the


Scheme 1. Self-assembly of the heterometallic [2� 2] grid-type arrays 1–9
from the corner complexes [M1(L�)2]


n + (M1 =CoIII, n=1; M1 =FeII, n=


0). (HS, LS and SC designate high spin, low spin and spin crossover, re-
spectively.)


Scheme 2. Synthesis of the cobalt(iii) corner complexes 10,11.
a) MeNHNH2, MeOH; b) 2-acetylpyridine, MeOH; c) CoII(OAc)2·4 H2O,
MeOH (20) or H2O:MeOH (7:3 v/v) (21); d) 2-pyridinecarboxaldehyde,
MeOH (10) or H2O:MeOH (7:3 v/v) (11), then NH4PF6(aq).


Scheme 3. Synthesis of the iron(ii) corner complexes 12,13. a) Fe-
(BF4)2·6 H2O, MeOH; b) 2-pyridinecarboxaldehyde, MeOH, then Al2O3


(1:1 CH2Cl2/MeCN) (12); 6-methyl-2-pyridinecarboxaldehyde, MeOH,
then Al2O3 (2:1 CH2Cl2/MeCN) (13).
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NHNH2 site rather than the MeNHNH2 site of 16,17 to
afford ligands 18,19, respectively. This site selectivity avoids
an unfavourable 1,3-steric interaction between the methyl
groups of 16 or 17 and the 2-acetylpyridine reagent.


The route to cobalt(iii) complexes 10,11 uses the ionisable
NH hydrazone sites of 18,19 to promote a redox reaction at
the metal centre (Scheme 2). Thus, CoII(OAc)2·4 H2O reacts
with 18,19 to afford the deprotonated CoIII complexes 20
and 21, respectively. This reaction depends on a synergistic
coupling between the deprotonation of ligands 18,19 by the
AcO� ion, and the aerial oxidation of CoII to the + 3 oxida-
tion state, which is stabilised by two negatively charged li-
gands.[16]


Condensation of complexes 20,21 with 2-pyridinecarboxal-
dehyde generates the corner complexes 10,11 that contain
two additional binding pockets (Scheme 2). These sites are
constructed from neutral hydrazone units, which cannot be
deprotonated because the hydrazone group is protected by
N-methylation. This enables cobalt(ii) ions to be introduced
at the neutral sites without further oxidation to cobalt(iii).


The cobalt(iii) centres in 10,11 are inert towards substitu-
tion; this prevents scrambling when a second metal is added
to assemble the grid (Scheme 1). As previously discussed,
this last step is enantioselective, because the grid array can
only be constructed from two corner complexes of the same
chirality (e.g., (R)-10 + (R)-10, but not (R)-10 + (S)-10).[2c,13]


Three types of secondary metal ion M2 (ZnII, CoII, FeII)
were employed to assemble the target [2 �2] grid arrays
[CoIII


2M
2
2(L�)4]


6+ 1–6 (Scheme 1). The self-assembly reac-
tion was performed by stirring the M2 ion (as its hydrated
BF4


� salt) with CoIII complexes 10 or 11 in acetonitrile,
either at room temperature or at reflux. For example, the
room-temperature reaction between complexes 10,11 and
Co(BF4)2·6 H2O in acetonitrile generated mixed-valence
complexes 1 and 4, respectively. These complexes were re-
crystallised from MeCN/Et2O as mixed hexafluorophosphate
tetrafluoroborate salts in yields of 75 % (1) and 67 % (4).


The second type of grid motif (7–9) is based on the low-
spin iron(ii) corner complexes 12 and 13 (Scheme 1). The
approach to these grid arrays is similar to the cobalt(iii)-con-
taining systems, but with subtle changes in the structural
design and synthetic strategy. The main goal was to adapt
the synthetic route to afford a grid complex containing FeII


ions in two different spin states, with a view to studying the
magnetic properties of the system. To this end, the heterodi-
topic ligand C was designed as a suitable scaffold for a
mixed-spin-state (FeII


LS)2(FeII
SC)2 grid (Scheme 1). Ligand C


possesses two types of site: 1) a deprotonated terdentate
unit with no bulky substituents a to the coordinating nitro-
gen atoms and 2) a neutral binding site with a methyl group
(R’) a to the pyridine nitrogen. Metal scrambling should be
prevented during the final self-assembly stage (Scheme 1),
since the corner complex 13 can be constructed with FeII


strongly coordinated at site 1.[17]


The route to iron(ii) corner complex 13 is illustrated in
Scheme 3. Ligand 18 is coordinated to iron(ii) by reaction
with FeII(BF4)2·6 H2O in MeOH, and the mononuclear com-


plex is then condensed with 6-methyl-2-pyridinecarboxalde-
hyde to afford two additional binding sites. The crude red
product is simultaneously purified and deprotonated by
means of column chromatography on alumina (eluent: 2:1
CH2Cl2/MeCN), to give the green neutral complex 13 (47 %
yield based on 18).[18, 19] The 1H NMR spectrum of 13 in
CDCl3 was assigned by a combination of COSY and
NOESY experiments and is consistent with a fully depro-
tonated, diamagnetic (low-spin FeII) complex. The FeII site
in 13 is stable with respect to aerial oxidation, in contrast to
the proton-coupled electron-transfer reaction (PCET) seen
for CoII(OAc)2 and ligands 18–19.[20] Unfortunately, attempts
to synthesise the FeII analogue of [CoIIIB2]


+ were unsuccess-
ful, since the iron(ii) complex of ligand B decomposes on
alumina. This may be due to the destabilising steric effect of
the phenyl group, which is in the a-position relative to the
donor pyrimidine nitrogen atom.


The [(FeII
LS)2(FeII


SC)2C4]
4+ grid 8 is assembled by heating


complex 13 and FeII(BF4)2·6 H2O in MeCN at reflux temper-
ature (Scheme 1). The 1H NMR spectrum of the product at
298 K (400 MHz, [D3]MeCN) clearly illustrates the presence
of two types of iron(ii) spin state: a diamagnetic site and a
paramagnetic centre (vide infra). The [(FeII


LS)2ZnII
2C4]


4+


grid 9 was prepared in an analogous fashion from complex
13 and zinc(ii). This grid system is fully diamagnetic and
serves as a useful reference for grid 8 in the 1H NMR spec-
troscopic and electrochemical studies.


The effect of ligand structure on iron(ii) spin state was
confirmed by preparing the tetrairon(ii) grid based on ligand
A (R’= H, Scheme 1). Thus, self-assembly of [FeII


LSA2] (12)
and FeII(BF4)2·6 H2O in MeCN generates grid 7 containing
four low-spin iron(ii) centres (vide infra).


X-ray crystallographic studies : Crystals of the corner com-
plex [CoIIIA2]PF6 (10) were grown from Et2O/MeCN and
characterised by X-ray crystallography (Figures 1 and 2). As
seen from Scheme 1, ligand A possesses both neutral and
negatively charged terdentate binding pockets. The crystal
structure of complex 10 shows that only the negatively
charged site of each ligand coordinates to the cobalt(iii)
centre, leaving two free metal binding sites per complex.
The CoIII ion exhibits distorted octahedral coordination
(average Npyr-Co-Npym bite angle= 164.28), provided by two
pyridine (dCo�N =1.932, 1.929 �), two pyrimidine (dCo�N =


1.917, 1.909 �) and two hydrazone nitrogen atoms (dCo�N =


1.879, 1.858 �). Thus, the axial Co�N bond lengths to the
hydrazone donor atoms are shorter than the Co�N distances
to the equatorially coordinated pyrimidine and pyridine
rings. These bond lengths are roughly consistent with the
average axial and equatorial Co�N bond lengths found for
[CoIII(terpy)Cl3(H2O)11] (dCo�N = 1.859 (ax), 1.928 � (eq)).[21]


The metal-free terdentate binding sites (defined by N25,
N27, N28 and N5, N7, N8, respectively) display different
conformations from the two sites coordinated to CoIII (N1,
N2, N4 and N21, N22, N24). This is due to the strong prefer-
ence for anti-conformations for N5–N7, N7–N8, N25–N27
and N27–N28.[22]
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Four complex molecules 10 assemble through a series of
p–p interactions to generate a curved tetrameric structure in
the solid state (Figure 2). This interdigitation of ligand
planes is reminiscent of the well-known edge-to-face and
offset-face-to-face interactions that occur between the outer
pyridine rings in many [M(terpy)2]


n+ complexes.[23] Since
compound 10 crystallises in the acentric space group I4̄2d, a


spontaneous resolution of the
enantiomers has occurred and
all the complexes have the
same handedness.[24] A probable
reason for this phenomenon is
the packing of the molecules
into a curved tetrameric struc-
ture.


Crystals of the heterometallic
[2� 2] grid-type array [CoIII


2-
ZnII


2B4](PF6)3(BF4)3 (6) were
obtained from Et2O/MeCN and
the structure was determined
by X-ray crystallography
(Figure 3). The complex cation
consists of an approximately
square array of alternating
cobalt(iii) and zinc(ii) ions
(average inner angles: Zn-Co-
Zn= 84.58, Co-Zn-Co=95.68),


with each metal displaying distorted octahedral coordination
to two perpendicularly oriented ligand fragments. The


Figure 1. Solid-state structure of cobalt(iii) corner complex 10 (single molecule plot with thermal ellipsoids).


Figure 2. Packing plot for the solid-state structure of cobalt(iii) corner
complex 10, illustrating the p–p assembled curved tetramer (space filling
and stick representations, top and bottom, respectively).


Figure 3. Top and side views of the solid-state structure of [2� 2] grid
array [CoIII


2ZnII
2B4](PF6)3(BF4)3 (6) (50 % thermal ellipsoids).
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Co�N bond lengths fall into three groups according to the
type of donor N atom, with the shortest distances between
CoIII and the hydrazone moieties (pyridine dCo�N = 1.942–
1.955 �; pyrimidine dCo�N =1.974–1.991 �; hydrazone dCo�N =


1.874–1.888 �). The Zn�N bond lengths are significantly
longer than the Co�N bonds, reflecting weaker coordinative
interactions at the d10 zinc(ii) centre compared to the low-
spin d6 cobalt(iii) ion (pyridine dZn�N =2.186–2.196 �; pyri-
midine dZn�N =2.193–2.233 �; hydrazone dZn�N = 2.098–
2.147 �). Interestingly, slow crystallisation over a period of
two weeks generated crystals with three PF6


� and three
BF4


� counterions; the complex was originally prepared as
the bis(hexafluorophosphate) tetrakis(tetrafluoroborate) salt
from [CoIIIB2]PF6 and ZnII(BF4)2.


The [2� 2] grid complex [FeII
2ZnII


2C4](BF4)4 (9) was crys-
tallised from Et2O/MeNO2 and its structure investigated by
X-ray diffraction (Figure 4). The cation possesses the antici-


pated grid-type array of alternating iron(ii) and zinc(ii) ions,
each coordinated in a distorted N6 octahedral environment
by two mer-N3 donor sets from a pair of perpendicularly ori-
ented ligands. The iron(ii) coordination site shows a marked


tetragonal distortion and displays shorter Fe�N bonds to the
hydrazone moieties relative to the pyridine and pyrimidine
rings (hydrazone dFe�N =1.895–1.906 �; pyridine dFe�N =


1.934–1.957 �; pyrimidine dFe�N =1.933–1.971 �). These dis-
tances are comparable to the Fe�N bond lengths in low-spin
iron(ii) terpyridine complexes and therefore confirm the
low-spin assignment for the two iron(ii) centres.[25] As ex-
pected, the Zn�N bond lengths are significantly longer than
the Fe�N distances (hydrazone dZn�N =2.161–2.162 �; pyri-
dine dZn�N = 2.182–2.205 �; pyrimidine dZn�N = 2.128–
2.137 �). The longest Zn�N bond lengths correspond to the
6-methyl-substituted pyridine rings, since the methyl group
presents a steric barrier to coordination and prevents close
approach of the pyridine donor atom to zinc(ii).[26] This at-
tenuates the ligand field and explains why the ZnII centres
can be substituted by FeII ions that exhibit thermally in-
duced spin crossover (grid 8). The four ligands divide into
two sets, with one pair situated above and the other below
the FeII


2ZnII
2 mean plane. Viewed from the centre of the


grid, the first two ligands are concave (centroid–centroid
distances between two pyrimidine rings or an unsubstituted
pyridine and a 6-methylpyridine ring =5.48, 4.86, 4.88 �, re-
spectively), and are canted towards each other. The remain-
ing two ligands are convex (centroid–centroid distances be-
tween two pyrimidine rings or an unsubstituted pyridine and
a 6-methylpyridine ring=4.82, 6.19, 6.19 �, respectively),
and are tilted away from each other. In contrast, the ligands
are nearly parallel within each pair in the solid-state struc-
ture of [CoIII


2ZnII
2B4](BF4)3(PF6)3 (6) (centroid–centroid dis-


tances between two pyrimidine or two pyridine rings= 6.36,
6.44, 6.74 � (pair 1); 6.36, 6.43, 6.46 � (pair 2)). This is due
to the 2-pyrimidine phenyl substituent in 6 (absent in 9),
which inserts between two parallel ligands and stabilises the
structure through p–p stacking interactions.


1H NMR spectroscopy : Both the nature of the R group at
the pyrimidine 2-position and the type of secondary metal
ion M2 have a profound influence on the magnetic proper-
ties of the CoIII-based grids 1–6. The magnetic features can
be investigated in solution by means of 1H NMR spectrosco-
py, and a preliminary discussion of the results for grids 1–3
has already been presented.[13] The 1H NMR spectra of
mixed-valence grids 1 and 4 were analysed by two-dimen-
sional experiments (COSY and ROESY) and the proton T1


relaxation times were recorded. These grid complexes exhib-
it similarities in their 1H NMR spectra: 1) both display a set
of broad, paramagnetically shifted peaks over a large chemi-
cal shift range (d=207 ppm (1), 250 ppm (4)), attributed to
the influence of the paramagnetic CoII ion on the local mag-
netic field and proton relaxation rate;[27,28] 2) both possess a
set of five sharper peaks in the region 0–15 ppm, assigned to
the pyridyl and methyl protons adjacent to the diamagnetic
CoIII centre. In addition, five distinct signals are observed
for the phenyl protons in 4, indicating that rotation about
the pyrimidine–phenyl bond is sterically hindered in the
complex.[29] In contrast, the CoIII


2ZnII
2-based complexes 3


and 6 both contain four diamagnetic metal centres and


Figure 4. Top and side views of the solid-state structure of [2� 2] grid
array [FeII


2ZnII
2C4](BF4)4 (9) (50 % thermal ellipsoids).
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therefore display diamagnetic 1H NMR spectra over a limit-
ed chemical shift range of approximately 5.5 ppm.


The CoIII
2FeII


2 complex 2 (R=H) also possesses a diamag-
netic 1H NMR spectrum, signifying that the two iron(ii) cen-
tres are in the low-spin state. However, introduction of a
phenyl group at the pyrimidine 2-position generates a grid
complex that contains two high-spin iron(ii) sites. Literature
precedents reveal a variety of factors that can be used to de-
termine the iron(ii) spin state, including 1) inter- and intrali-
gand steric effects,[25a, 26,30] 2) electronic effects of ligands and
their substituents,[31] 3) the ligand protonation state[32] and 4)
the type of counterion.[33] For example, both the complex
stability and spin state of iron(ii) polyimine complexes are
influenced by the steric effect of substituents a to the donor
nitrogen atoms. A clear demonstration of this phenomenon
occurs with tris(1,10-phenanthroline)iron(ii) compounds: the
unsubstituted phenanthroline complex is low spin, the tris(2-
methyl-1,10-phenanthroline) version is less stable and exhib-
its spin crossover, while the tris(2,9-dimethyl-1,10-phenan-
throline) complex is high spin.[26, 30a] This behaviour is attrib-
uted to the steric effect of methyl groups adjacent to the
donor nitrogen atoms, which weakens the FeII�N coordina-
tive interactions and makes the high-spin state more ther-
mally accessible. The correlation between spin state and 2-
pyrimidine substituent has previously been noted for
[FeII


4L4]
8+ [2� 2] grid complexes (L=4,6-bis(2’,2’’-bipyrid-6’-


yl)pyrimidine and derivatives), and is ascribed to a steric
effect that distorts the iron(ii) coordination sphere.[3b] Varia-
ble-temperature experiments performed on 5 (2:1 [D3]MeC-
N/[D6]Me2CO, 338–203 K) show that iron(ii) remains high
spin over the entire temperature range.


The tetrairon(ii) grid 8 possesses two types of binding
site: a pocket formed by negatively charged ligand units and
a neutral site possessing sterically bulky methyl groups a to
the donor pyridine nitrogen atoms. Both steric and electron-
ic factors therefore suggest a strongly bound, low-spin FeII


centre at the first site, and a more weakly bound, high-spin
or spin-crossover complex at the second site. Figure 5 illus-
trates the 1H NMR spectrum of grid 8 at 343 K and 298 K
([D3]MeCN) and at 213 K (2:1 [D3]MeCN/[D6]Me2CO). At
298 K, the complex displays two sets of signals that can be
attributed to protons adjacent to the diamagnetic and para-
magnetic FeII sites, respectively. The protons surrounding
the paramagnetic FeII centre are broadened and paramag-
netically shifted up to 48 ppm. In contrast, the four relative-
ly sharp pyridyl peaks at the low-spin site occur in the “dia-
magnetic region” at d= 7.1 (pyr4), 6.9 (pyr6), 5.9 (pyr3) and
5.7 ppm (pyr5). The spectrum expands to 88 ppm upon heat-
ing to 343 K, while a contraction of the spectroscopic
window is observed upon cooling the sample. In fact, the
1H NMR spectrum at 213 K does not extend above 10 ppm
and is almost completely diamagnetic, suggesting that all
four iron(ii) sites are in the low-spin state. Thus, 1H NMR
solution studies show spin crossover occurring selectively at
the FeII centres coordinated to neutral, sterically hindered
terdentate sites. Detailed solid-state magnetic studies of grid
8 are in progress and will be reported elsewhere.[34] As ex-


pected, diamagnetic complexes are obtained by replacing
the spin-crossover FeII ions by ZnII (to give grid 9), or re-
moving the steric effect of the methyl groups R’ (to afford
low-spin tetrairon(ii) grid 7, R’= H).


Electrochemical studies : The redox behaviour of corner
complexes 10–13 and grid arrays 1–9 was investigated in
acetonitrile/0.1 m Bu4PF6 by using a variety of electrochemi-
cal techniques, including cyclic voltammetry, square-wave
voltammetry, rotating-disk voltammetry and spectroelectro-
chemistry. The redox properties of neutral corner complexes
12,13 were analysed in dichloromethane for solubility rea-
sons. Most of the grid arrays gave well-defined cyclic vol-
tammograms showing pairs of overlapping one-electron
transfers (see Experimental Section and Figure 8 later).
Analysis of peak shapes and characteristics with scan rate
shows that the first reduction is composed of two overlap-
ping reversible reduc-
tion waves separated by 40–70 mV. The remaining electron
transfers have either similar characteristics to the first re-
duction, or can be resolved as two one-electron transfers, in-
dicative of redox potential differences higher than 70 mV.
Table 1 summarises the redox behaviour of the [CoIII(L�)2]


+


precursors 10 and 11 and the corresponding grid complexes
1–3 and 4–6, respectively. The data for iron(ii) corner com-
plexes 12,13 and associated grids 7–9 are collected in
Table 2. The redox potentials of all complexes are displayed
graphically in Figure 6.


Reduction processes for cobalt(iii) corner complexes 10,11
and grid arrays 1–6 : The cobalt(iii) corner complexes 10,11
each display two one-electron reversible reduction steps.


Figure 5. 1H NMR spectra (400 MHz) of grid complex 8 : 298 K,
[D3]MeCN, full spectrum (top left); 298 K, [D3]MeCN, high field region
(top right); 343 K, [D3]MeCN, full spectrum (bottom left); 213 K, 2:1
[D3]MeCN/[D6]Me2CO, full spectrum (bottom right). ([D6]Acetone was
added to obtain spectra at temperatures below the freezing point of
[D3]MeCN at 228 K.)
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The first reduction process
occurs at �1.07 V (10) and
�0.84 V (11), while the second
step is observed at significantly
more negative potentials
(�1.98 V and �1.93 V for 10
and 11, respectively). Spectro-
electrochemical experiments
were performed for complex 11
in order to ascertain the site of
reduction (Figure 7). The band
at 488 nm in the unreduced
complex is assigned to a ligand-
centred (LC) p–p* transition,
since an absorption twice the
intensity is observed at 483–
485 nm for grids 4–6, and be-


cause bands at 485/495 nm occur in mononuclear cobalt(ii)
complexes that contain deprotonated pyridylhydrazone li-


Table 1. Redox potential E [V] of corner complexes 10,11 and grid complexes 1–6 in MeCN (0.1 m Bu4NPF6,
glassy carbon electrode, versus Fc+/Fc, scan rate 0.1 Vs�1).


10 11 1 2 3 4 5 6


Eox [V][a] +0.82[b,d] +1.22[g] +0.31[g] +0.92 +1.30[c,d] +1.46[b] +1.46[f] +1.34[b,d]


+0.98[g] +0.27[g] +0.85 +1.14[b,d] +0.97 +1.18
+0.73[b,d] +0.89 +1.12


Ered [V][a] �1.07 �0.84 �0.63 �0.61 �0.65 �0.38 �0.38 �0.40
�1.98 �1.93 �0.71 �0.70 �0.74 �0.45 �0.44 �0.46


�1.18 �1.54 �1.60 �1.31 �1.44 �1.60
�1.27 �1.61 �1.67 �1.37 �1.50 �1.66
�1.84 �1.80[b,e] �1.83 �1.78 �1.84
�1.90 �1.91 �1.87 �1.97
�2.20[b,e] �2.20 �2.17


�2.29 �2.25


[a] One-electron process unless otherwise stated. [b] Two-electron process. [c] Four-electron process. [d] Irre-
versible oxidation: anodic peak potential. [e] Irreversible reduction: cathodic peak potential. [f] Electrode in-
hibition. [g] Small amplitude signal.


Table 2. Redox potential E [V] of corner complexes 12,13 in CH2Cl2 and
grid complexes 7–9 in MeCN (0.1 m Bu4NPF6, glassy carbon electrode,
versus Fc+/Fc, scan rate 0.1 Vs�1).


12 13 7 8 9


Eox [V][a] +0.81[d] +1.03[d,g] + 0.97 +1.77[c,d] +1.40[c,d]


�0.29 +0.74[d] + 0.83 +1.08 +0.15
�0.27 + 0.15 +0.93 +0.10


+ 0.08 +0.16
+0.10


Ered [V][a] �2.40[c,e] �2.25 �1.54 �1.30 �1.58
�1.59 �1.34 �1.62
�1.83[b,e] �1.90[b,f] �1.84[c,e]


�2.31[b,f]


[a] One-electron process unless otherwise stated. [b] Two-electron proc-
ess. [c] Multielectron process: no. of electrons cannot be determined with
accuracy. [d] Irreversible oxidation: anodic peak potential. [e] Irreversible
reduction: cathodic peak potential. [f] Reversible reduction seen for scan
rates > 2 V s�1. [g] Small amplitude signal.


Figure 6. Summary of the redox potentials (E/V) for the redox steps in
complexes 1–13. Corner complexes 10–13 are represented by triangles.
The corresponding grid complexes [CoIII


2M
2


2(L�)4]
6+ (1–6) or


[(FeII
LS)2M


2
2(L�)4]


4+ (7–9) are denoted by circles. Black, white or grey cir-
cles correspond to M2 =CoII, FeII or ZnII, respectively. (Small amplitude
signals due to electrogenerated species are omitted for clarity.)


Figure 7. Time-resolved UV-visible spectra for the first (top) and second
reduction steps (bottom) of cobalt(iii) corner complex 11 in MeCN +


0.1m Bu4NPF6 (spectra recorded every 5 s).
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gands.[35] The LC band undergoes a blue shift to 460 nm
during the first reduction step, while the absorption at
322 nm decreases and exhibits a small bathchromic shift of
7 nm. The fact that the LC band at 488 nm shifts hypso-
chromically but retains its intensity suggests that the first re-
duction is metal-centred. In contrast, a hyperchromic effect
is seen for the band at 460 nm during the second reduction
step, accompanied by a hypsochromic shift of 16 nm. In ad-
dition, a new spectroscopic feature appears around 600 nm,
together with a severely broadened absorption extending
across the visible and near-IR regions. A decrease of the un-
reduced ligand p–p* band at 460 nm is predicted if the
second reduction is ligand-centred, while the two new low-
energy bands are probably intraligand p*–p* transitions
from the SUMO of the monoreduced ligand to the first and
second ligand-based LUMOs.[36] Similar spectroscopic evolu-
tions were noted for the ligand-based reductions of
[MII


4L4]
8+ complexes (MII = CoII, FeII; L=4,6-bis(2’,2’’-bipyr-


id-6’-yl)-2-phenylpyrimidine).[2a]


The cyclic voltammogram of grid 5 is presented as an il-
lustrative example of the reduction behaviour in a
[CoIII


2M
2
2(L�)4]


6+ grid complex (Figure 8). The site of reduc-


tion in these grids was confirmed by spectroelectrochemical
investigations similar to those described for complex 11. The
reduction properties of [CoIII


2M
2
2(L�)4]


6+ grids (1–6) display
two salient features: 1) an initial pair of overlapping, re-
versible, one-electron reduction steps occurring on the two
CoIII centres; 2) one to three pairs of overlapping reversible
one-electron reductions at more negative potentials
(�1.18 V to �2.29 V), occurring on the ligand (Figure 6,
Table 1).


Grids 1–3 (R=H) exhibit a pair of metal-centred reduc-
tions in the range �0.61 V to �0.74 V, while the correspond-
ing values for grids 4–6 (R= Ph) appear between �0.38 V
and �0.46 V. The cobalt(iii) ions are diagonally opposed and
therefore too far apart to communicate electronically; this is
reflected by the small separation between the two reduction
steps (60–90 mV).[37] As expected, the CoIII/CoII reduction


potentials for grids 1–6 are shifted to less negative potentials
relative to the mononuclear precursor complexes 10,11
(DE1/2 =420–460 mV). Coordination of the metal ion M2 to
the second site of the bridging ligand stabilises the orbitals
of the CoIII ion, thus facilitating the CoIII/CoII reduction
process.[2b,38]


The two metal-centred reductions are followed by pairs of
ligand-based reduction steps (Figure 6). The separation be-
tween the first two ligand-based reductions is typically small
(DE1/2 =60–90 mV), indicating that the reduction sites are
situated on parallel ligands (average centroid–centroid dis-
tance for parallel pyrimidine rings in 6=6.35 �; Figure 3). It
should be noted that the reduction potential depends on
both the secondary metal ion M2 and the 2-pyrimidine sub-
stituent. For example, the redox potentials are more positive
for the first two ligand-based reductions when M2 = CoII


rather than FeII or ZnII, indicating that the metal ion M2 has
a significant effect on the ligand-based LUMOs. Similarly,
the first reduction potential is less negative for [CoII(tpy)2]


2+


complexes relative to [FeII(tpy)2]
2+ (tpy= 2,2’:6’,2’’-terpyri-


dine and derivatives).[39]


A second pair of reversible monoelectronic ligand-based
reductions is observed for grids 1 and 4–6 (�1.78 V to
�1.97 V, Figure 6). Again, the two redox steps occur in close
proximity and are assigned to reduction of the second set of
parallel ligands in the complex. There is a substantial poten-
tial shift between the first and second pairs of ligand-based
reductions, which varies in magnitude according to the type
of metal ion M2. Thus, large potential shifts of 570 mV (1)
and 460 mV (4) separate the second and third monoelec-
tronic ligand-based reductions when M2 = CoII, while DE1/2


spans 280 mV for grid 5 (M2 = FeII) and only 180 mV for 6
(M2 =ZnII).


Only grids 5 and 6 display a third pair of reversible one-
electron ligand-based reductions (�2.17 V to �2.29 V,
Figure 6). This redox behaviour is assigned to further reduc-
tion of two already dianionic parallel ligands, with negligible
interaction across the grid.


Oxidation processes for cobalt(iii) corner complexes 10,11
and grid arrays 1–6 : Irreversible oxidation processes have
previously been noted for keto–aryl and keto–steroid hydra-
zones, whereby loss of two electrons and a proton from the
hydrazone group generates a reactive intermediate suscepti-
ble to nucleophilic attack.[40] The cyclic voltammograms of
cobalt(iii) corner complexes 10 and 11 also display an irre-
versible two-electron oxidation step (+ 0.82 V and + 0.73 V,
respectively), attributed to the negatively charged hydra-
zone moiety.


The [CoIII
2FeII


2(L�)4]
6+ grids 2 and 5 both exhibit a pair of


reversible, overlapping, one-electron oxidation processes
centred around +0.9 V, assigned to FeIII/FeII redox couples
on noninteracting iron centres. The average oxidation poten-
tial is only slightly more positive when the FeII ions are in
the high-spin state (5) relative to the low-spin version in 2
(av E1/2(5)�av E1/2(2)=++45 mV). This relative insensitivity
to spin state may reflect counterbalancing steric and elec-


Figure 8. Cyclic voltammogram of [CoIII
2FeII


2B4]
6+ (5)+ ferrocene in


MeCN (0.1 m Bu4NPF6, Pt electrode, scan rate 0.1 Vs�1, vs Fc/Fc+). a,b :
CoIII reduction; c–h : ligand reduction; i,j FeII oxidation.
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tronic effects in 5. Thus, the phenyl electron-releasing effect
would lower the FeII oxidation potential, while the phenyl
steric influence would lengthen the Fe�N bonds relative to
2, so destabilising FeIII relative to FeII and raising the oxida-
tion potential.[25a,41]


The oxidation steps in [CoIII
2ZnII


2L4
�]6+ grids 3 and 6 are


assigned to ligand-based oxidations,[42] since the ZnII centres
are redox inactive and literature precedents for reversible[43]


and irreversible[40] hydrazone-based oxidations are known.
The oxidation potentials of [CoIII


2CoII
2B4]


6+ (4) are similar
to those of 6, although the irreversible oxidation at + 1.14 V
results from partial decomposition of the grid complex.


The oxidation of mixed-valence grid 1 is an unusual case.
The cyclic voltammogram of this complex exhibits a quasi-
reversible small amplitude oxidation signal when the scan
rate is 0.1 V s�1 (E1/2 =++0.29 V). However, the peak ampli-
tude increases on lowering the scan rate and at 20 mV s�1 is
comparable to the amplitude of each two-electron reduction
step. In addition, the peak potential difference Epa�Epc de-
creases with scan rate. These observations are consistent
with a slow electron-transfer process occurring on the two
cobalt(ii) ions, as confirmed by spectroelectrochemistry.
Slow electron-transfer kinetics may result from CoII oxida-
tion accompanied by a spin change from CoII


HS to
CoIII


LS.
[44,45]


The failure to observe a similar metal-centred oxidation
process for 4 is surprising, since both 1 and 4 contain a
mixed-valence CoIII


2CoII
2 motif. However, no cobalt(ii) oxi-


dation was detected for a homometallic [CoII
4L4]


8+ hydra-
zone grid under identical experimental conditions (the CoII


ions possess the same coordination environment as the CoII


centres in 4).[2d] Electrochemical analysis of dicobalt(ii)
triple helicates showed that the CoIII/CoII oxidation potential
depended on steric constraints.[46] Thus, cobalt(ii) cannot be
oxidised to cobalt(iii) when methyl groups are located a to
the donor pyridine nitrogen atoms in the helicate. This is be-
cause oxidation from CoII


HS to CoIII
LS would result in a sig-


nificant Co�N bond contraction (0.19 � for [Co(bpy)3]
2+),[47]


which is effectively precluded by the methyl–methyl steric
interaction. In contrast, the complex possessing methyl
groups b to the pyridine N atoms is less sterically hindered
and exhibits a CoII oxidation wave at +0.37 V versus SCE.
The absence of a CoII oxidation step in 4 may therefore re-
flect a phenyl steric effect, which hampers any geometric re-
organisation. Ligand-imposed geometric constraints have
been shown to affect the oxidation level of tetranuclear
manganese and cobalt systems.[48]


Reduction processes for iron(ii) corner complexes 12,13 and
grid arrays 7–9 : The electrochemical data for the iron(ii)
precursor complexes 12,13 and their corresponding grid
complexes 7–9 are collected in Table 2 and presented sche-
matically in Figure 6. The redox properties of grid 8 are il-
lustrated by the cyclic voltammograms in Figure 9. The
corner complexes 12 and 13 both display a reduction step at
very negative potentials, assigned to a ligand-based process
(by analogy to the second reduction step in cobalt(iii) com-


plexes 10,11). It should be noted that the first reduction at
�1.07 V in complex 10 and �0.84 V in 11 is absent in 12,13,
which strongly supports the CoIII/CoII assignment for this
step (vide supra).


Two ligand-based reduction waves are observed at low
scan rates (0.1 V s�1) for grids 7–9 (Table 2 and Figure 9,
top). The first step is reversible and comprises two overlap-
ping monoelectronic reductions at �1.54/�1.59 V (7), �1.30/
�1.34 V (8) and �1.58/�1.62 V (9), while the second reduc-
tion is irreversible. This latter step yields a deposit on the
electrode surface, which is reoxidised on the reverse scan to
give sharp peaks characteristic of anodic redissolution pro-
cesses.


The redox properties of 8 were studied at different scan
rates and the cyclic voltammograms are presented in
Figure 9 (bottom). When the scan rate is increased above
2 V s�1, the second step at �1.90 V becomes reversible and a
third reversible reduction is observed at �2.31 V. This re-
flects the shorter reduction time, which results in a lower
concentration of the four-electron reduced species at the
electrode surface, thus preventing precipitation at the elec-
trode surface.


Figure 9. Top: Cyclic voltammograms of grids 8 (bold) and 9 (thin) over
the potential range �2.1 V to +1.6 V (MeCN+ 0.1m Bu4NPF6, Pt elec-
trode, scan rate 0.1 V s�1, vs Fc/Fc+). Bottom: Effect of scan rate on the
cyclic voltammograms of grid 8 (potential range: �2.5 V to +1.48 V vs
Fc/Fc+ ; scan rate V�1 s�1 =5, 2, 0.5; peak amplitude increases with scan
rate).
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Oxidation processes for iron(ii) corner complexes 12,13 and
grid arrays 7–9 : The mononuclear precursor complexes 12
and 13 display a reversible one-electron oxidation at nega-
tive potential (�0.29 V and �0.27 V, respectively), followed
by an irreversible oxidation at positive potential (+ 0.81 V
and +0.74 V, respectively). The oxidation wave at positive
potential is ligand-centred, while the process at negative po-
tential is ascribed to the FeIII/FeII redox couple. This rela-
tively low iron(ii) oxidation potential is attributed to the
presence of two negatively charged deprotonated ligands,
which stabilise the iron(iii) oxidation state.[49] A further irre-
versible oxidative step is observed at +1.03 V for 13, whose
peak amplitude is smaller than the other two oxidation sig-
nals. This step is assigned to oxidation of an electrogenerat-
ed species, presumably originating from an EC process at
+0.74 V.


The two tetrairon(ii) grids 7 and 8 exhibit similar oxida-
tive properties attributed to the FeIII/FeII redox couples. For
example, the (FeII


LS)2(FeII
SC)2 grid 8 displays two pairs of re-


versible, monoelectronic metal-centred oxidations at +0.10/
+0.16 V and +0.93/+ 1.08 V, respectively. The pair at lower
potential is assigned to the two FeII


LS centres, which are
each surrounded by two negatively charged terdentate units.
In contrast, the FeII


SC sites are coordinated by neutral hydra-
zone moieties and the oxidation potential is therefore shift-
ed to more positive values. The above electrochemical as-
signment is confirmed by the cyclic voltammogram of the
(FeII


LS)2ZnII
2 grid 9, which exhibits only one pair of overlap-


ping monoelectronic iron-centred oxidations at + 0.10/
+0.15 V (Figure 9, top).


The FeIII/FeII redox potential of iron imidazole complexes
shifts negatively upon deprotonation, with E1/2 decreasing by
235–345 mV per dissociated proton.[49] The 770 mV gap sep-
arating the second and third oxidation potentials in 8 re-
flects double deprotonation at the FeII


LS site, supplemented
by a potential shift due to electronic communication be-
tween FeII


SC and two adjacent FeIII centres. Interestingly, the
electronic interaction between two diagonally opposed iron
sites depends on the oxidation state of the remaining metal-
lic centres. Thus, DE1/2(2nd�1st)=60 mV, while DE1/2-
(4th�3rd) is significantly larger at 150 mV. This behaviour is
mimicked by the tetrairon(ii) grid 7 and has previously been
reported for a [FeII


4L4]
8+ grid array based on a neutral bis-


(terdentate) scaffold.[2b]


The major influence on the iron(ii) oxidation potential is
the charge on the ligand binding pocket, rather than the FeII


spin state in the grid. This can be seen by a comparison of
the FeIII/FeII redox couples in complexes 2, 5, 7, 8 and 9.
Grids 2, 5, 7 and 8 exhibit similar redox potentials for FeII


oxidation at the neutral binding site, regardless of iron(ii)
spin state. In contrast, only the grids 7–9 possessing FeII ions
coordinated to a negatively charged site present a negative
shift in the FeII oxidation potential.


Conclusion


A three-tiered synthetic route has been used to contruct an
extended family of heterometallic [2� 2] [CoIII


2M
2


2(L�)4]
6+


grid-type arrays (M2 = CoII, FeII, ZnII). This approach en-
compasses regioselective, redox and enantioselective fea-
tures and is based on the stepwise construction of bis-
(terdentate) hydrazone ligands. These ligands contain both
ionisable and nonionisable compartments, thus allowing
modification of the cobalt oxidation state according to the
charge on the hydrazone moiety. The physical properties of
the metalloarrays can be tuned by changing the type of 2-
pyrimidine substituent.


The synthetic strategy can be adapted to prepare a series
of [(FeII


LS)2M
2


2(L�)4]
4+ complexes incorporating two diago-


nally located low-spin FeII ions situated in negatively charg-
ed octahedral binding sites. The secondary metal ion M2 was
selected as FeII or ZnII and is located at the neutral, N-me-
thylated hydrazone site. The steric effect of the peripheral
6-pyridine substituent governs the iron(ii) spin state at the
neutral binding pocket. This allows an unusual mixed-spin-
state grid to be assembled, which features two low-spin and
two spin-crossover FeII centres across the grid diagonals.


The secondary metal ion M2 and the pyrimidine/pyridine
substituents strongly influence the magnetic properties of
the grid. This was revealed by 1H NMR spectroscopic stud-
ies conducted in [D3]acetonitrile. As expected, the 1H NMR
spectra were diamagnetic for M2 =ZnII or FeII


LS (M1 =dia-
magnetic, low-spin CoIII or FeII), but paramagnetically shift-
ed when paramagnetic ions CoII or FeII


HS were present. In-
terestingly, the FeII ions can be low-spin, high-spin or spin-
crossover centres depending on the central 2-pyrimidine (R)
and external 6-pyridine (R’) groups. For example, the
[CoIII


2FeII
2(L�)4]


6+ complex is diamagnetic when R=H (low-
spin FeII), but paramagnetic when R=Ph (high-spin FeII).


Electrochemical studies were performed for all the het-
erometallic grid arrays and their respective mononuclear
precursor complexes. The grids act as electron reservoirs
and exhibit a series of monoelectronic reversible ligand-
based reduction steps, which generally occur in pairs. The
stability towards reduction crucially depends on the type of
2-pyrimidine substituent (R), with up to six reversible
ligand-based reductions observed for grids 5 and 6 (R= Ph).
Oxidation of the ligand is usually irreversible, although a
notable exception is the reversible behaviour displayed by 4.


Although all reduction steps below �1.0 V are formally
centred on the ligand, it is clear that the metal ion modu-
lates both the redox potential and the potential shift (DE1/2)
separating each pair of reductions. This is readily seen by a
comparison of [CoIII


2M
2
2B4]


6+ grids 4–6, in which DE1/2 fol-
lows the M2 sequence CoII>FeII>ZnII. A similar trend has
been noted for homometallic [MII


4L4]
8+ grids based on ho-


moditopic bis(hydrazone) ligands (MII =CoII, FeII, ZnII).[2d]


Individual metal ions can be targeted electrochemically in
the heterometallic grid motif. For example, grids 2 and 5
each incorporate two CoIII and two FeII centres that can be
selectively reduced or oxidised, respectively. The metal-cen-
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tred redox properties of mixed-valence grid 1 and tetra-
iron(ii) grids 7,8 are particularly intriguing. Both these ex-
amples show how the redox potential of the MIII/MII couple
can be controlled according to the charge on the ligand
binding pocket. This feature allows selective electrochemical
switching between [MII


2M
II


2], [MIII
2M


III
2] and multiple


mixed-valence electronic configurations.
In conclusion, heterometallic grids based on hydrazone li-


gands possess a range of desirable physicochemical and
structural features, including: 1) two types of metal ion that
can be introduced at specific sites in a [2� 2] array; 2) mag-
netic properties that can be tuned according to the type of
metal and ligand substituent; 3) local addressability through
external stimuli, such as temperature or electrochemical po-
tential ; 4) thermally induced spin crossover and 5) electron-
ic multistability, whereby the grid can exist in “on” or “off”
states by manipulating the redox levels of the ligand and/or
the metal. This type of metalloarray offers a wide palette of
locally tunable features for supramolecular electronics. It
thus represents a promising model for the development of
future information storage devices incorporating multilevel
redox and magnetic activity.


Experimental Section


General : Reagents were obtained from commercial suppliers and used
without further purification unless otherwise noted. Chromatography was
carried out on Merck silica gel 60 (0.063–0.200 mm) or Merck aluminium
oxide 90 standardised. 4,6-Dichloropyrimidine, 97 % (Aldrich) was puri-
fied by chromatography on silica gel (eluent: CHCl3) prior to use. 4,6-Di-
chloro-2-phenylpyrimidine,[50] 4-chloro-6-hydrazinopyrimidine[14] and 4-
chloro-6-hydrazino-2-phenylpyrimidine[15] were prepared according to lit-
erature procedures.


Electrochemistry : All compounds were studied in CH2Cl2 +0.1 m


Bu4NPF6 and in CH3CN+0.1m Bu4NPF6, respectively. The electrochemi-
cal measurements were carried out at room temperature (20 8C) in
CH2Cl2 containing 0.1 m Bu4NPF6 in a classical three-electrode cell. The
electrochemical cell was connected to a computerised multipurpose elec-
trochemical device (Autolab, Eco Chemie BV, The Netherlands) control-
led by a GPES software (v. 4.7) running on a PC computer. The working
electrode was a glassy carbon (GC) disk electrode (diameter: 3 mm)
used either motionless for cyclic voltammetry (10 mV s�1 to 10 Vs�1) or
as a rotating disk electrode. The auxiliary electrode was a platinum wire,
and the reference electrode was an aqueous Ag/AgCl/KCl (sat.) elec-
trode. All potentials are referred to the ferrocenium/ferrocene (Fc+/Fc)
couple used as the internal standard in agreement with the IUPAC rec-
ommendation.[51] Under our experimental conditions, ferrocene was oxi-
dised at +0.40 V versus Ag/AgCl. The accessible potential domain
ranged from + 1.4 to �2.4 V versus Fc+/Fc. CH2Cl2 (Merck, spectroscop-
ic grade) was dried over molecular sieves (4 �) and stored under argon.
Bu4NPF6 (Fluka, electrochemical grade) was used as received. The elec-
trolyte was degassed by bubbling argon through the solution for at least
5 min, and an argon flow was kept over the solution during measure-
ments.


Studies carried out in CH3CN were made in a glovebox under drastic ex-
clusion of water and oxygen (less than 2 ppm). The classical three-elec-
trode cell was connected to a Princeton Applied research potentiostat
263, controlled by a Powerlab/Echem electrochemical system (ADInstru-
ments, USA). The working electrode was a platinum disk (2 mm in diam-
eter), the auxiliary electrode a platinum wire, and the pseudo-reference
electrode was also a platinum wire. Ferrocene, used as an internal stan-
dard, was introduced to the solution at the end of the study. All given po-


tentials are therefore given versus ferrocene. CH3CN (Merck, spectros-
copic grade) and Bu4NPF6 (dried at 65 8C for 24 h) were introduced in
the glove box. Bu4NPF6 was solubilised in CH3CN inside the glove box
and the solution was then percolated over activated alumina. The avail-
able potentials on a platinum working electrode ranged from �2.5 to
+ 2.1 V/Fc.


Square-wave voltammetry was carried out at 75 Hz, by using a square-
wave amplitude of 25 mV and a potential step of 2.5 mV. Cyclic voltam-
metry was carried out at scan rates ranging from 0.1 to 10 V s�1. Evolu-
tion of the peak current and the peak potential with scan rate indicated
that most electron transfers were reversible, as shown by a peak current
ratio equal to unity and constant peak potentials for scan rates up to
1 Vs�1. Careful analysis of the peak characteristics and log-plot slopes of
the waves obtained by rotating disk voltammetry allowed us to determine
the individual redox potentials for overlapping electron transfers.[52]


The number of exchanged electrons for each step was determined by
comparison of the wave amplitudes, observed by rotating disk voltamme-
try, of known concentrations of grids and ferrocene. In our experimental
conditions, the first reduction step of the corner complexes involves one
electron, whereas the first reduction of the grid arrays involves two elec-
trons.


Spectroelectrochemical experiments were carried out as described else-
where.[53]


Instrumentation : UV/Vis spectra were recorded for 6 � 10�6
m solutions in


MeCN or CH2Cl2 by using a Varian Cary 3E UV/Vis spectrophotometer.
1H and 13C NMR spectra were recorded on a Bruker Avance 400 MHz
spectrometer by using the residual solvent peak as reference. The nota-
tion system used to assign the 1H NMR spectra is shown in Figure 10.


4-Hydrazino-6-(N-methylhydrazino)pyrimidine (16): N-Methylhydrazine
(1.70 mL, 0.032 mol) was added to a suspension of 4-chloro-6-hydrazino-
pyrimidine (0.928 g, 6.42 mmol) in MeOH (15 mL) and the mixture
heated to reflux under argon for 4 h. The volatiles were evaporated to
afford a white solid, which was triturated with Et2O and then suspended
in ice cold MeOH (2 mL). The mixture was stirred for 0.5 h, filtered (to
remove MeNHNH2 contaminants) and washed carefully with cold
MeOH. The product was obtained as a white solid, which was dried
under vacuum (0.782 g, 79%). It was used in the subsequent step without
further purification. 1H NMR (400 MHz, [D6]DMSO): d =7.90 (s, 1H;
pym2), 7.58 (br s, 1H; NH), 6.27 (s, 1 H; pym5), 4.40 (br s, 4 H; NH2),
3.18 ppm (s, 3 H; Me); 13C NMR (100 MHz, [D6]DMSO): d= 166.1, 165.1,
156.7, 80.3, 37.4 ppm; HR-FAB-MS: m/z : calcd for C5H11N6: 155.1045;
found: 155.1046 [M+H]+ .


4-Hydrazino-6-(N-methylhydrazino)-2-phenylpyrimidine (17): N-Methyl-
hydrazine (2.76 mL, 0.052 mol) was added to a solution of 4-chloro-6-hy-
drazino-2-phenylpyrimidine (0.763 g, 3.46 mmol) in MeOH (15 mL) and
the mixture heated to reflux under argon for 23 h. The volatiles were
evaporated and the residue triturated with Et2O. The crude white solid
was dried under vacuum and used in the subsequent step without further
purification. 1H NMR (400 MHz, [D6]DMSO): d =8.30 (m, 2H; o-Ph),
7.56 (s, 1 H; NH), 7.42 (m, 3 H; m-Ph, p-Ph), 6.28 (s, 1 H; pym5), 4.60
(br s, 2H; NH2), 4.19 (br s, 2H; NH2), 3.32 ppm (s, 3 H; Me); 13C NMR
(100 MHz, [D6]DMSO): d= 167.0, 165.8, 161.3, 139.3, 130.0, 128.3, 128.0,
79.3 ppm; HR-FAB-MS: m/z calcd for C11H15N6: 231.1358; found:
231.1357 [M+H]+ .


Ligand 18 : 2-Acetylpyridine (561 mL, 5.00 mmol) in MeOH (10 mL) was
added dropwise over 15 mins to a solution of 16 (0.771 g, 5.00 mmol) in
MeOH (20 mL) cooled in an ice bath. The mixture was stirred for 1.5 h


Figure 10. Ligand numbering system used to assign 1H NMR spectra.
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in the ice bath and then 18 h at room temperature. The precipitate was
isolated by filtration, washed with MeOH and Et2O, and then dried
under vacuum to yield the product as a white solid (0.553 g, 43%).
1H NMR (400 MHz, [D6]DMSO): d=11.23 (br s, 1 H; NH), 8.64 (m, 1 H;
pyr6), 8.40 (s, 2H; pyr3, pym2), 7.91 (m, 1H; pyr4), 7.45 (dd, J =7.3 Hz,
J’= 4.9 Hz, 1H; pyr5), 6.78 (br s, 1H; pym5), 5.34 (br s, 2H; NH2), 3.41 (s,
3H; NMe), 2.49 ppm (s, 3 H; CMe); 13C NMR (100 MHz, [D6]DMSO):
d=154.5, 152.0, 151.8, 150.4, 150.3, 148.9, 137.3, 124.7, 121.4, 81.2,
13.1 ppm; HR-FAB-MS: m/z calcd for C12H16N7: 258.1467; found:
258.1471 [M+H]+ ; elemental analysis calcd (%) for C12H15N7·2H2O: C
49.1, H 6.5, N 33.4; found: C 49.2, H 5.7, N 33.2.


Ligand 19 : Synthesis as for ligand 18, but with 2-acetylpyridine (197 mL,
1.76 mmol) in MeOH (5 mL), and 17 (0.405 g, 1.76 mmol) in MeOH
(2 mL). The product was obtained as a white solid (0.255 g, 43%).
1H NMR (400 MHz, [D6]DMSO): d =10.68 (s, 1 H; NH), 8.64 (d, J =


4.9 Hz, 1H; pyr6), 8.49 (d, J =6.3 Hz, 2 H; o-Ph), 8.26 (d, J=8.3 Hz, 1 H;
pyr3), 7.93 (t, J =7.8 Hz, 1 H; pyr4), 7.57 (m, 3H; m-Ph, p-Ph), 7.45 (m,
1H; pyr5), 6.83 (s, 1 H; pym5), 3.45 ppm (s, 3H; NMe); 13C NMR
(100 MHz, [D6]DMSO): d= 163.8, 154.8, 148.6, 137.8, 132.0, 128.9, 128.6,
124.4, 121.0, 81.5, 38.8, 12.8 ppm; HR-FAB-MS: m/z calcd for C18H20N7:
334.1780; found: 334.1776 [M+H]+ ; elemental analysis calcd (%) for
C18H19N7·2.5 H2O: C 57.1, H 6.4, N 25.9; found: C 57.4, H 5.6, N 25.5.


Cobalt(iii) complexes 10 and 20 : Ligand 18 (88.7 mg, 0.345 mmol) and
Co(OAc)2·4 H2O (42.9 mg, 0.172 mmol) were heated at reflux in MeOH
(5 mL) for 1 h to generate cobalt(iii) complex 20 in situ. The solution was
cooled and 2-pyridinecarboxaldehyde (65 mL, 0.689 mmol) added. The
mixture was stirred at room temperature for 18 h and the solvent then
evaporated under vacuum. The residue was purified by column chroma-
tography on alumina, gradually increasing the polarity of the solvent
system from CH2Cl2/MeCN (2:5) to MeCN to MeCN/MeOH (5:1). The
solvent was removed from the red product band to afford the monoace-
tate salt [CoIIIA2]OAc as a brown solid (91.0 mg, 65 %). 1H NMR
(400 MHz, [D4]MeOD): d =8.59 (d, J =3.9 Hz, 1 H; pyr6’), 8.12 (d, J=


7.8 Hz, 1H; pyr3’), 8.03 (td, J =7.8 Hz, J’=1.3 Hz, 1 H; pyr4), 7.95 (td,
J =7.6 Hz, J’=1.7 Hz, 1H; pyr4’), 7.89 (s, 1 H; Him), 7.88 (d, J =8.8 Hz,
1H; pyr3), 7.84 (d, J=4.9 Hz, 1 H; pyr6), 7.46 (s, 1 H; pym2 or 5), 7.43
(ddd, J =7.3 Hz, J’=4.9 Hz, J’’=1.0 Hz, 1H; pyr5’), 7.33 (m, 1 H; pyr5),
7.14 (s, 1 H; pym2 or 5), 3.55 (s, 3 H; NMe), 3.15 ppm (s, 3H; CMe);
13C NMR (100 MHz, [D4]MeOD): d =171.0, 162.2, 160.4, 154.6, 153.7,
149.5, 148.8, 148.4, 140.9, 138.6, 137.2, 125.8, 123.8, 123.2, 120.4, 88.0,
28.7, 13.0 ppm; ES-MS: m/z : 750.8 [CoIIA(A+H)]+ .


Solubility problems in the self-assembly step hindered attempts to pre-
pare grid 1 from Co(BF4)2·6H2O and [CoIIIA2]OAc in MeCN. This diffi-
culty was overcome by changing the [CoIIIA2]


+ counterion from acetate
to hexafluorophosphate according to the procedure below:


[CoIIIA2]OAc was dissolved in the minimum amount of water and treated
with a saturated aqueous solution of KPF6. The precipitate was isolated
by filtration and recrystallised from MeCN/Et2O to afford the hexafluo-
rophosphate salt [CoIIIA2]PF6 (10) as a brown, crystalline solid (81.5 mg,
81% conversion from acetate salt). The 1H NMR spectrum ([D4]MeOD)
and ES-MS: of 10 were identical to [CoIIIA2]OAc. The 1H NMR spec-
trum of 10 was also recorded in [D3]MeCN to allow direct comparison
with the 1H NMR spectra of grids 1–3 in [D3]MeCN: 1H NMR (400 MHz,
[D3]MeCN): d=8.60 (m, 1H; pyr6’), 8.10 (d, J =8.3 Hz, 1 H; pyr3’), 7.93
(td, J=7.8 Hz, J’= 1.0 Hz, 1 H; pyr4), 7.88 (s, 1 H; Him), 7.84 (td, J=


7.8 Hz, J’=1.5 Hz, 1 H; pyr4’), 7.71 (d, J=5.9 Hz, 1H; pyr6), 7.71 (d, J =


7.8 Hz, 1 H; pyr3), 7.39 (s, 1H; pym2 or 5), 7.35 (m, 1H; pyr5’), 7.22 (m,
1H; pyr5), 6.96 (s, 1H; pym2 or 5), 3.49 (s, 3H; NMe), 3.05 ppm (s, 3H;
CMe); UV/Vis (MeCN): lmax (e)=468 (6.9), 320 nm (7.0 �
104 dm3 mol�1 cm�1); elemental analysis calcd (%) for CoC36H34N16PF6·
2H2O: C 46.5, H 4.1, N 24.1; found: C 46.3, H 4.0, N 23.9.


Cobalt(iii) complexes 11 and 21: Ligand 19 (49.4 mg, 0.148 mmol) and
Co(OAc)2·4 H2O (18.5 mg, 0.074 mmol) were heated at reflux in H2O/
MeOH (7:3, 20 mL) for 2 h to generate cobalt(iii) complex 11 in situ. The
solution was cooled and 2-pyridinecarboxaldehyde (28 mL, 0.296 mmol)
added. The mixture was stirred at room temperature for 15 h and the sol-
vent then evaporated under vacuum. The sample was redissolved in the
minimum amount of water and treated with a saturated aqueous solution


of KPF6. The precipitate was removed by filtration, washed with Et2O
and loaded onto an alumina column prepared in MeCN/CH2Cl2 (5:4).
The eluent polarity was gradually increased from CH2Cl2 to MeCN/
CH2Cl2 (1:2) to MeCN/CH2Cl2 (5:4). The solvent was evaporated from
the orange product band to yield complex 11 as red-orange solid
(33.0 mg, 42 %). 1H NMR (400 MHz, [D3]MeCN): d=8.64 (m, 1 H;
pyr6’), 8.02 (d, J=8.2 Hz, 1 H; pyr3’), 7.91 (s, 1 H; Him), 7.86 (m, 2 H;
pyr4, pyr4’), 7.61 (tt, J =7.4 Hz, J’=1.2 Hz, 1H; p-Ph), 7.53 (br m, 1 H;
m-Ph), 7.50 (dd, J =8.2 Hz, J =0.9 Hz, 1 H; pyr3), 7.41 (br m, 1 H, m-Ph’),
7.38 (m, 2 H; pyr5’, pyr6), 7.13 (m, 1H; pyr5), 6.90 (br d, 2 H; o-Ph), 6.72
(s, 1 H; pym5), 3.46 (s, 3H; NMe), 2.47 ppm (s, 3 H; CMe); 13C NMR
(100 MHz, [D3]MeCN): d=172.0, 168.5, 160.8, 160.7, 154.2, 149.8, 149.6,
147.3, 140.7, 140.1, 138.1, 136.7, 129.0, 127.9, 127.8, 127.5, 126.6, 125.3,
123.7, 122.0, 119.8, 87.2, 29.2, 13.6 ppm (slow rotation of the phenyl
group at 298 K results in six separate 13C signals for the phenyl carbon
atoms); UV/Vis (MeCN): lmax (e) =488 (6.6), 362 (sh, 3.1), 322 nm (8.1 �
104 dm3 mol�1 cm�1); ES-MS: m/z : 901.3 [M�PF6]


+ ; elemental analysis
calcd (%) for CoC48H42N16PF6·2 H2O: C 53.2, H 4.3, N 20.7; found: C
53.3, H 4.1, N 20.2.


Iron(ii) complex 12 : Ligand 18 (0.190 g, 0.737 mmol) and Fe(BF4)2·6H2O
(0.124 g, 0.368 mmol) in MeOH (10 mL) were heated at reflux under
argon for 1.5 h. The solution was cooled to room temperature and 2-pyri-
dinecarboxaldehyde (0.140 mL, 1.47 mmol) added. The mixture was stir-
red at room temperature for 3.5 h and then concentrated to about 3 mL.
The solution was added to Et2O (30 mL) to give a red precipitate, which
was isolated by filtration and subjected to chromatography on alumina
(eluent: MeCN/CH2Cl2 1:1) to yield the product as a dark green solid
(0.111 g, 40%). 1H NMR (400 MHz, CDCl3): d=8.55 (d, J =4.1 Hz, 1 H;
pyr6’), 8.14 (d, J =8.0 Hz, 1H; pyr3’), 7.75 (td, J =7.7 Hz, J= 1.2 Hz, 1H;
pyr4’), 7.69 (s, 1 H; Him), 7.43 (d, J =5.3 Hz, 1H; pyr6), 7.35 (td, J=


7.6 Hz, J= 1.2 Hz, 1 H; pyr4), 7.25 (d, J =8.0 Hz, 1H; pyr3), 7.21 (m, 2 H;
pyr5’, pym2 or 5), 7.01 (s, 1H; pym2 or 5), 6.66 (t, J= 6.0 Hz, 1H; pyr5),
3.44 (s, 3 H; NMe), 3.19 ppm (s, 3H; CMe); 13C NMR (100 MHz, CDCl3):
d=162.6, 161.6, 157.5, 154.9, 152.2, 149.1, 136.5, 136.3, 134.6, 122.8, 121.5,
119.8, 118.6, 86.1, 29.4, 13.7 ppm; UV/Vis (MeCN): lmax (e) =609 (0.97),
460 (sh, 4.4), 416 (8.3), 322 nm (5.3 � 104 dm3 mol�1 cm�1); ES-MS: m/z :
746.3 [M]+ , 374.1 [M+2 H]2+ ; elemental analysis calcd (%) for
FeC36H34N16·2 H2O: C 55.3, H 4.9, N 28.6; found: C 55.0, H 4.8, N 28.7.


Iron(ii) complex 13 : Ligand 18 (0.323 g, 1.26 mmol) and Fe(BF4)2·6H2O
(0.212 g, 0.628 mmol) in MeOH (20 mL) were heated at reflux under
argon for 2 h. The solution was cooled to room temperature and 6-
methyl-2-pyridinecarboxaldehyde (0.304 g, 2.51 mmol) added. The mix-
ture was stirred at room temperature for 16 h and then concentrated to
about 5 mL. The solution was added to Et2O (30 mL) to give a red pre-
cipitate, which was isolated by filtration and subjected to chromatogra-
phy on alumina (eluent: MeCN/CH2Cl2 1:2) to yield the product as a
dark green solid (0.230 g, 47%). 1H NMR (400 MHz, CDCl3): d =7.96 (d,
J =7.8 Hz, 1 H; pyr3’), 7.67 (s, 1H; Him), 7.63 (t, J= 7.7 Hz, 1 H; pyr4’),
7.42 (d, J=5.4 Hz, 1H; pyr6), 7.34 (m, 1H; pyr4), 7.24 (d, J =8.0 Hz, 1 H;
pyr3), 7.20 (s, 1H; pym2 or 5), 7.09 (d, J =7.4 Hz, 1H; pyr5’), 6.99 (s,
1H; pym2 or 5), 6.45 (m, 1 H; pyr5), 3.43 (s, 3H; NMe), 3.18 (s, 3 H;
CMe), 2.57 ppm (s, 3H; CMe’); 13C NMR (100 MHz, CDCl3): d=162.6,
161.6, 157.6, 157.4, 154.4, 152.1, 136.7, 136.5, 134.5, 122.3, 121.3, 118.4,
116.8, 86.0, 29.4, 24.3, 13.6 ppm; UV/Vis (MeCN): lmax (e)=609 (0.37),
460 (sh, 4.0), 419 (7.7), 325 nm (4.1 � 104 dm3 mol�1 cm�1); ES-MS: m/z :
774.3 [M]+ ; elemental analysis calcd (%) for FeC38H38N16·1.5 H2O: C
56.9, H 5.2, N 28.0; found: C 57.0, H 5.1, N 27.5.


Grid complex [CoIII
2CoII


2A4](PF6)2(BF4)4 (1): Complex 10 (33.7 mg,
37.6 moml) and Co(BF4)2·6 H2O (12.8 mg, 37.6 moml) were stirred in
MeCN (2.5 mL) at room temperature for 18 h. The product was obtained
as a dark red solid by recrystallisation from MeCN/Et2O (33.3 mg, 75%).
1H NMR (400 MHz, [D3]MeCN): d =213.7, 158.1, 138.5 (pyr6, pym2 and
Him), 75.7 (pyr3’ or 5’), 73.3 (pym5), 54.3 (pyr3’ or 5’), 18.2 (pyr4’), 14.3
(CMe), 12.7 (pyr3), 11.4 (pyr6), 10.7 (pyr4), 7.9 (pyr5), 6.9 ppm (NMe);
UV/Vis (MeCN): lmax (e) =462 (12.3), 364 (5.8), 325 (6.2), 277 nm (7.4 �
104 dm3 mol�1 cm�1); ES-MS: m/z : 1040.2 [M�2BF4]


2+ , 1011.2
[M�PF6�BF4]


2+ , 982.1 [M�2 PF6]
2+ , 749.2 [CoIIIA2]


+ , 672.2 [CoIIA(A+


H)�C5H4N]+ , 664.4 [M�3 BF4]
3+ , 645.1 [M�PF6�2BF4]


3+ , 625.8
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[M�2PF6�BF4]
3+ , 476.6 [M�4 BF4]


4+ , 462.1 [M�PF6�3 BF4]
4+ , 447.6


[M�2PF6�2BF4]
4+ , 352.3 [M�PF6�4BF4]


5+, 340.7 [M�2PF6�3BF4]
5+ ,


269.4 [M�2PF6�4 BF4]
6+ ; elemental analysis calcd (%) for


Co4C72H68N32P2B4F28·6H2O: C 36.6, H 3.4, N 19.0; found: C 36.6, H 3.2,
N 18.7.


Grid complex [CoIII
2FeII


2A4](PF6)2(BF4)4 (2): Complex 10 (8.8 mg,
9.8 moml) and Fe(BF4)2·6H2O (3.3 mg, 9.8 moml) were heated at reflux in
MeCN (7 mL) under argon for 24 h. The product was obtained as a
brown solid by recrystallisation from MeCN/Et2O (7.5 mg, 68%).
1H NMR (400 MHz, [D3]MeCN): d =9.63 (s, 1H; Him), 7.95 (d, J=


7.8 Hz, 1 H; pyr3’), 7.89 (t, J =7.6 Hz, 1 H; pyr4), 7.76 (d, J =7.3 Hz, 1 H;
pyr3), 7.71 (t, J =7.3 Hz, 1 H; pyr4’), 7.56 (d, J =5.4 Hz, 1 H; pyr6), 7.46
(d, J =4.9 Hz, 1 H; pyr6’), 7.22 (t, J=6.1 Hz, 1H; pyr5), 7.00 (t, J =


6.1 Hz, 1H; pyr5’), 6.50 (s, 1 H; pym5), 5.55 (s, 1H; pym2), 4.44 (s, 3H;
NMe), 3.25 ppm (s, 3H; CMe); 13C NMR (100 MHz, [D3]MeCN): d=


168.4, 159.0, 158.4, 158.0, 154.2, 153.4, 151.2, 145.2, 141.7, 138.6, 128.6,
126.8, 126.6, 125.8, 84.8, 35.0, 14.8 ppm; UV/Vis (MeCN): lmax (e) =607
(0.96), 458 (12.4), 349 (9.0), 276 nm (7.1 � 104 dm3 mol�1 cm�1); ES-MS:
m/z : 979.2 [M�2 PF6]


2+ , 749.3 [CoIIIA2]
+ , 623.8 [M�2 PF6�BF4]


3+ , 446.1
[M�2PF6�2BF4]


4+ , 412.1 [CoIIIFeIIA2F]2+ , 339.5 [M�2PF6�3BF4]
5+ ,


268.4 [M�2PF6�4BF4]
6+ ; elemental analysis calcd (%) for Fe2-


Co2C72H68N32P2B4F28·8H2O: C 36.2, H 3.5, N 18.7; found: C 36.6, H 3.3,
N 18.4.


Grid complex [CoIII
2ZnII


2A4](PF6)2(BF4)4 (3): Synthesis as for grid com-
plex 1, using complex 10 (40.0 mg, 44.7 moml) and Zn(BF4)2·x H2O (x ~6–
7) (16.3 mg); brown solid (35.9 mg, 71 %). 1H NMR (400 MHz,
[D3]MeCN): d =8.53 (s, 1H; Him), 8.14 (td, J =7.8 Hz, J’= 1.5 Hz, 1H;
pyr4’), 7.98 (d, J =7.8 Hz, 1 H; pyr3’), 7.95 (td, J =7.8 Hz, J’=1.5 Hz, 1 H;
pyr4), 7.88 (dd, J=4.4 Hz, J’=1.0 Hz, 1 H; pyr6’), 7.69 (dd, J =7.8 Hz,
J’= 1.0 Hz, 1H; pyr3), 7.61 (dd, J =5.8 Hz, J’=1.0 Hz, 1H; pyr6), 7.35
(ddd, J=7.6 Hz, J’=5.3 Hz, J’’=1.1 Hz; pyr5’), 7.29 (m, 1H; pyr5), 6.53
(s, 1 H; pym5), 6.22 (d, J =1.0 Hz, 1H; pym2), 3.93 (s, 3H; NMe),
3.03 ppm (s, 3 H; CMe); 13C NMR (100 MHz, [D3]MeCN): d =169.0,
158.8, 157.3, 154.8, 153.7, 150.9, 149.1, 146.4, 142.1, 141.6, 136.0, 128.3,
127.7, 129.0, 125.8, 86.0, 33.1, 14.6 ppm; UV/Vis (MeCN): lmax (e) =462
(11.4), 439 (11.6), 362 (5.8), 346 (sh, 5.6), 276 nm (6.4 �
104 dm3 mol�1 cm�1); ES-MS: m/z : 1047.1 [M�2BF4]


2+ , 1018.2
[M�PF6�BF4]


2+ , 988.2 [M�2PF6]
2+ , 749.2 [CoIIIA2]


+ , 672.2
[CoIIA(A+H)�C5H4N]+ , 669.1 [M�3BF4]


3+ , 649.8 [M�PF6�2BF4]
3+ ,


630.5 [M�2 PF6�BF4]
3+ , 480.1 [M�4BF4]


4+ , 465.6 [M�PF6�3BF4]
4+ ,


451.1 [M�2PF6�2BF4]
4+, 416.1 [CoIIIZnIIA2F]2+, 355.1 [M�PF6�4BF4]


5+,
343.5 [M�2 PF6�3BF4]


5+ , 271.7 [M�2PF6�4BF4]
6+ ; elemental analysis


calcd (%) for Zn2Co2C72H68N32P2B4F28·8 H2O: C 35.9, H 3.5, N 18.6;
found: C 36.2, H 3.2, N 18.3.


Grid complex [CoIII
2CoII


2B4](PF6)2(BF4)4 (4): Complex 11 (22.5 mg,
21.5 moml) and Co(BF4)2·6H2O (7.3 mg, 21.5 moml) were stirred in
MeCN (2 mL) at room temperature for 18 h. The product was obtained
as a dark red solid by recrystallisation from MeCN/Et2O (18.5 mg, 67%).
1H NMR (400 MHz, [D3]MeCN): d= 216.4, 195.0 (pyr6 and Him), 81.6
(pym5), 64.6 (pyr3’ or 5’), 47.2 (pyr3’ or 5’), 23.3 (NMe), 13.8 (pyr6), 12.7
(pyr5), 10.5 (pyr4), 7.9 (pyr3), 1.6 (CMe), 1.4 (pyr4’), �0.8 (p-Ph), �4.3
(m-Ph), �4.7 (o-Ph), �6.4 (m-Ph’), �33.5 ppm (o-Ph’); UV/Vis (MeCN):
lmax (e) =483 (12.8), 458 (12.7), 367 (5.5), 347 (6.0), 275 nm (7.7 �
104 dm3 mol�1 cm�1); ES-MS: m/z : 1192.2 [M�2BF4]


2+ , 1163.2
[M�PF6�BF4]


2+ , 1134.3 [M�2PF6]
2+ , 766.2 [M�3 BF4]


3+ , 746.5
[M�PF6�2 BF4]


3+ , 727.2 [M�2PF6�BF4]
3+ , 552.9 [M�4 BF4]


4+ , 538.4
[M�PF6�3 BF4]


4+ , 523.6 [M�2 PF6�2 BF4]
4+ , 413.3 [M�PF6�4BF4]


5+ ,
401.7 [M�2 PF6�3BF4]


5+ , 320.3 [M�2PF6�4BF4]
6+ ; elemental analysis


calcd (%) for Co4C96H84N32P2B4F28·6H2O: C 43.2, H 3.6, N 16.8; found: C
43.4, H 3.5, N 16.4.


Grid complex [CoIII
2FeII


2B4](PF6)2(BF4)4 (5): Complex 11 (41.2 mg,
39.4 moml) and Fe(BF4)2·6H2O (13.3 mg, 39.4 moml) were heated at reflux
in MeCN (10 mL) under argon for 26 h. The product was obtained as a
dark red-brown solid by recrystallisation from MeCN/Et2O (37.6 mg,
75%). 1H NMR (400 MHz, [D3]MeCN): d= 219.5, 150.4, 87.0, 56.2, 33.9,
21.2, 18.8, 10.2, 8.2, 8.0, 7.4, 2.7, 2.5, �4.2, �11.2, �13.5, �36.1 ppm (a
full 1H NMR spectroscopic assignment was not possible for 5 because of
the fast T1 relaxation times, which were generally considerably shorter


than the corresponding T1 values for grid 4); UV/Vis (MeCN): lmax (e)=


485 (14.0), 461 (14.5), 369 (5.5), 350 (5.9), 274 nm (8.2 �
104 dm3 mol�1 cm�1); ES-MS: m/z : 1189.2 [M�2BF4]


2+ , 1160.3
[M�PF6�BF4]


2+ , 1131.3 [M�2PF6]
2+ , 763.8 [M�3 BF4]


3+ , 744.5
[M�PF6�2 BF4]


3+ , 725.2 [M�2PF6�BF4]
3+ , 551.4 [M�4BF4]


4+ ,
536.9m�PF6�3BF4]


4+, 522.1 [M�2PF6�2BF4]
4+, 412.1 [M�PF6�4BF4]


5+,
400.5 [M�2 PF6�3BF4]


5+ , 319.3 [M�2PF6�4BF4]
6+ ; elemental analysis


calcd (%) for Co2Fe2C96H84N32P2B4F28·6H2O: C 43.3, H 3.6, N 16.9;
found: C 43.7, H 3.7, N 16.9.


Grid complex [CoIII
2ZnII


2B4](PF6)2(BF4)4 (6): Synthesis as for grid com-
plex 4, from complex 11 (26.4 mg, 25.2 moml) and Zn(BF4)2·xH2O (x~6–
7) (9.2 mg); dark red solid (23.5 mg, 73%). 1H NMR (400 MHz,
[D3]MeCN): d =7.99 (t, J =7.6 Hz, 1 H; p-Ph), 7.89 (td, J =7.8 Hz, J’=
1.5 Hz, 1H; pyr4’), 7.86 (t, J =7.6 Hz, 1H; m-Ph), 7.82 (td, J =7.7 Hz,
J’= 1.3 Hz, 1H; pyr4), 7.72 (s, 1 H; Him), 7.58 (d, J =7.8 Hz, 1H; pyr3’),
7.47 (dd, J=7.8 Hz, J’=1.5 Hz, 1 H; pyr3), 7.42 (d, J =4.4 Hz, 1H; pyr6’),
7.35 (t, J =7.6 Hz, 1 H; m-Ph’), 7.21 (m, 1H; pyr5), 7.16 (ddd, J =7.6 Hz,
J’= 5.1 Hz, J’’=1.0 Hz, 1 H; pyr5’), 7.05 (dd, J=5.9 Hz, J’=1.0 Hz, 1 H;
pyr6), 6.62 (d, J =7.3 Hz, 1H; o-Ph), 6.22 (s, 1 H; pym5), 5.66 (d, J=


7.3 Hz, 1H; o-Ph’), 3.49 (s, 3H; NMe), 2.56 ppm (s, 3 H; CMe); 13C NMR
(100 MHz, [D3]MeCN): d=168.9, 168.8, 159.1, 156.9, 154.2, 150.9, 148.0,
145.0, 141.3, 141.2, 135.0, 134.4, 131.7, 129.6, 129.2, 128.4, 127.6, 126.9,
126.6, 125.1, 124.0, 86.8, 32.9, 14.8 ppm; UV/Vis (MeCN): lmax (e) =482
(15.1), 457 (15.1), 363 (6.9), 349 (7.3), 269 nm (8.7 � 104 dm3 mol�1 cm�1);
ES-MS: m/z : 1199.2 [M�2BF4]


2+ , 1169.7 [M�PF6�BF4]
2+ , 1140.3


[M�2PF6]
2+ , 770.5 [M�3 BF4]


3+ , 751.2 [M�PF6�2BF4]
3+ , 731.5


[M�2PF6�BF4]
3+ , 556.1 [M�4BF4]


4+ , 541.6 [M�PF6�3 BF4]
4+ , 527.1


[M�2PF6�2BF4]
4+ , 415.9 [M�PF6�4BF4]


5+, 404.3 [M�2PF6�3BF4]
5+ ;


elemental analysis calcd (%) for Co2Zn2C96H84N32P2B4F28·6H2O: C 43.0,
H 3.6, N 16.7; found: C 43.2, H 3.5, N 16.5.


Grid complex [(FeII
LS)2(FeII


LS)2A4](BF4)4 (7): Complex 12 (11.2 mg,
15.0 moml) and Fe(BF4)2·6 H2O (5.1 mg, 15.0 moml) were heated at reflux
in MeCN (12 mL) under argon for 5 d. The product was obtained as a
dark brown solid by layering a concentrated MeCN solution (2 mL) with
Et2O (9.1 mg, 62 %). 1H NMR (400 MHz, [D3]MeCN): d=9.38 (s, 1H;
Him), 7.79 (d, J =8.3 Hz, 1H; pyr3’), 7.60 (t, J =7.8 Hz, 1H; pyr4’), 7.44
(m, 2H; pyr3, pyr4), 7.34 (d, J =4.9 Hz, 1H; pyr6’), 7.20 (d, J =4.9 Hz,
1H; pyr6), 6.89 (t, J=6.4 Hz, 1H; pyr5’), 6.71 (t, J =6.1 Hz, 1 H; pyr5),
6.10 (s, 1H; pym5), 5.30 (s, 1H; pym2), 4.35 (s, 3 H; NMe), 3.28 ppm (s,
3H, CMe); 13C NMR (100 MHz, [D3]MeCN): d =168.6, 161.0, 158.6,
158.0, 155.7, 154.2, 152.6, 151.9, 141.2, 137.8, 136.5, 125.4, 124.2, 121.5,
82.5, 34.4, 13.6 ppm; UV/Vis (MeCN): lmax (e)= 611 (0.65), 460 (6.5, sh.),
395 (12.1), 330 (5.0), 273 nm (4.4 � 104 dm3 mol�1 cm�1); ES-MS: m/z :
401.1 [M�4BF4]


4+ ; elemental analysis calcd (%) for Fe4C72H68N32B4F16·8-
H2O: C 41.3, H 4.0, N 21.4; found: C 41.1, H 3.9, N 21.6.


Grid complex [(FeII
LS)2(FeII


SC)2C4](BF4)4 (8): Complex 13 (60.0 mg,
77.5 moml) and Fe(BF4)2·6 H2O (26.1 mg, 77.5 moml) were heated at
reflux in MeCN (10 mL) under argon for 21 h. The product was obtained
as a dark brown solid by recrystallisation from MeCN/Et2O (65.0 mg,
84%). 1H NMR (400 MHz, [D3]MeCN, 298 K): d=48.0 (s, 1 H), 25.6 (s,
1H), 17.0 (s, 1H), 15.3 (m, 2H), 7.7 (s, 1H), 7.1 (t, J= 7.1 Hz, 1H; pyr4),
6.9 (d, J=4.8 Hz, 1 H; pyr6), 6.6 (s, 3 H), 5.9 (d, J =9.5 Hz, 1H; pyr3), 5.7
(m, 1H; pyr5), 5.6 (s, 3 H), 4.2 ppm (s, 3H); UV/Vis (MeCN): lmax (e)=


610 (0.60), 460 (sh, 7.0), 407 (11.5), 274 nm (12.1 � 104 dm3 mol�1 cm�1);
ES-MS: m/z : 582.5 [M�3 BF4]


3+ , 415.4 [M�4 BF4]
4+ ; elemental analysis


calcd (%) for Fe4C76H76N32B4F16·8 H2O: C 42.4, H 4.3, N 20.8; found: C
42.2, H 4.1, N 20.6.


Grid complex [(FeII
LS)2ZnII


2C4](BF4)4 (9): Complex 13 (50.0 mg,
64.5 moml) and Zn(BF4)2·x H2O (x~6–7) (23.6 mg) in MeCN (10 mL)
under argon were stirred at room temperature for 17 h and then heated
at reflux for 26 h. The mixture was filtered and purified by recrystallisa-
tion from MeCN/Et2O to yield a black solid (59.2 mg, 90%). 1H NMR
(400 MHz, [D3]MeCN): d =8.27 (s, 1H; Him), 7.91 (t, J =7.6 Hz, 1 H;
pyr4’), 7.71 (d, J=7.3 Hz, 1H; pyr3’), 7.47 (m, 2 H; pyr3, pyr4), 7.31 (d,
J =5.4 Hz, 1 H; pyr6), 7.18 (d, J=7.3 Hz, 1H; pyr5’), 6.79 (m, 1 H; pyr5),
6.12 (s, 1H; pym5), 5.84 (s, 1H; pym2), 3.97 (s, 3 H; NMe), 3.20 (s, 3H;
CMe), 2.17 ppm (s, 3H; CMe’); 13C NMR (100 MHz, [D3]MeCN): d=


169.0, 161.1, 160.2, 154.5, 153.6, 153.4, 152.0, 146.5, 141.3, 136.4, 131.7,
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127.8, 124.1, 121.5, 82.3, 32.6, 22.4, 13.7 ppm; UV/Vis (MeCN): lmax (e)=


608 (0.61), 455 (sh, 8.0), 407 (15.3), 344 (6.0), 273 nm (5.9 �
104 dm3 mol�1 cm�1); ES-MS: m/z : 420.1 [M�4 BF4]


4+ ; elemental analysis
calcd (%) for Fe2Zn2C76H76N32B4F16·6 H2O: C 42.8, H 4.2, N 21.0; found:
C 42.5, H 4.3, N 21.4.


Single-crystal X-ray analyses


Corner complex [CoIIIA2]PF6 (10): Single crystals of complex 10 were ob-
tained from vapour diffusion of Et2O into MeCN. Measurements at
173.0(1) K by Enraf Nonius Kappa CCD diffractometer, MoKa radiation,
l= 0.71073 �. The data were processed with Denzo-SMN v0.93.0.[54] The
structure was solved in acentric tetragonal space group I4̄2d (no. 122) by
using direct methods with SHELXS.[55] Refinement on F2 with SHELXL-
97.[56] These procedures were run under Wingx program[57] suite. The hy-
drogen atoms of the complex were calculated to their idealised positions
with isotropic temperature factors and refined as riding atoms. The very
heavily disordered solvent acetonitrile and water molecules could not be
properly located and the residual electron density was modelled as
carbon, nitrogen and oxygen atoms without any attempt to build chemi-
cally reasonable solvent molecules. No attempts were made to localise
hydrogen atoms on the disordered parts of the structure.


Grid complex [CoIII
2ZnII


2B4](PF6)3(BF4)3 (6): Single crystals of grid com-
plex 6 were obtained by liquid diffusion of Et2O into MeCN. The crystal
data were collected at 173 K on a Kappa CCD diffractometer using
monochromated MoKa radiation (l=0.71073 �). The structures were
solved by direct methods. Hydrogen atoms were introduced as fixed con-
tributors at calculated positions (C�H=0.95 �, B(H) =1.3 Bequiv). Final
difference maps revealed no significant maxima. All calculations were
done using the Nonius OpenMoleN package.[58] Neutral atom scattering
factor coefficients and anomalous dispersion coefficients were taken
from a standard source.[59]


Grid complex [FeII
2ZnII


2C4](BF4)4 (9): The crystals were obtained by
vapour diffusion of Et2O into MeNO2. The single-crystal X-ray diffrac-
tion was performed using a Nonius KappaCCD diffractometer with
graphite monochromatised MoKa (l =0.71073 �) radiation. Collect soft-
ware was used for the measurement and DENZO-SMN[54] for the pro-
cessing of the data. The structure was solved and refined by full-matrix
least-squares on F2 using the WinGX-software package[57] which utilises
the SHELXS-97[60] and SHELXL-97[56] modules. Hydrogen atoms were
refined using a riding model. Neither the second BF4 anion nor the disor-
dered solvent molecules of the asymmetric unit could be localised. The
disordered solvent treatment SQUEEZE/BYPASS[61] was applied to the
structure.


Details of the data collection and refinement for complexes 6, 9 and 10
are given in Table 3.


CCDC-256044 (complex 10), CCDC-256045 (grid 6) and CCDC-256886
(grid 9) 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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A Study of [Co2(alkyne)(binap)(CO)4] Complexes (BINAP= (1,1’-
Binaphthalene)-2,2’-diylbis(diphenylphosphine))


Susan E. Gibson,*[a] Karina A. C. Kaufmann,[a] Jennifer A. Loch,[a]


Jonathan W. Steed,[b] and Andrew J. P. White[a]


Introduction


Methods of simultaneously introducing multiple functional
groups and asymmetry are highly valued in organic synthe-
sis. Ideally, the agent inducing the enantioselectivity is used
in a catalytic quantity. The Pauson–Khand reaction (PKR),
that is, the cyclocarbonylation of an alkyne and an alkene to
form a cyclopentenone, is able to fulfil each of these goals.[1]


Given the molecular complexity that the PKR generates, it
has proven to be an invaluable tool in many total syntheses.
These syntheses range from prostaglandins with a cyclopen-
tenone core to more complex natural products in which the
cyclopentenone ring is further manipulated during the
course of the synthesis.[1a,d,e]


Since its initial discovery more than 30 years ago,[2] when
stoichiometric amounts of cobalt were employed for cyclo-
pentenone formation, there has been significant progress to-
wards making the PKR either catalytic or asymmetric. Sys-
tems that are both catalytic and enantioselective, however,


have only been reported since the late 1990s. The first
report of a catalytic, asymmetric PKR came from Buch-
wald[3] in 1996. By using 5–20 mol % of complex 1, which is
generated in situ from (S,S)-[Ti-
(ebthi)(Me)2] (EBTHI = ethyl-
ene-1,2-bis(h5-4,5,6,7-tetrahy-
dro-1-indenyl) under a CO at-
mosphere, he could obtain
enantiomeric excesses (ee�s) as
high as 96 % with intramolecu-
lar PKR substrates (Scheme 1).


The bulky EBTHI ligand was, however, incompatible with
some more highly substituted enynes. Buchwald[4] later went
on to study the catalytic, asymmetric PKR of nitrogen-con-
taining enynes, which proved to show large variations in ee
depending on the substituent attached to the nitrogen atom.


The C2 symmetry found in the EBTHI ligand has contin-
ued to play a role in subsequent reports of catalytic, asym-
metric PKRs by Buchwald and others. In fact, to date, reac-
tions giving the highest selectivities for catalytic, enantiose-
lective PKRs all employ axially chiral ligands. Hiroi[5] was
the first to use cobalt in these types of PKRs. He found the


Abstract: Understanding the interac-
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mechanism of the catalytic, asymmetric
Pauson–Khand reaction. We have suc-
cessfully characterized complexes of
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Scheme 1. The catalytic, asymmetric PKR employing chiral complex 1.[3]
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axially chiral ligand (S)-BINAP (2 ; BINAP= (1,1’-binaph-
thalene)-2,2’-diylbis(diphenylphosphine)) to be superior to
other diphosphines and obtained high enantiomeric excesses
with some standard intramolecular PKR substrates at
20 mol % [Co2(CO)8] loading (Scheme 2). Buchwald[6] has


also reported conditions for the asymmetric, [Co2(CO)8]-cat-
alyzed PKR using the binaphthyl-based phosphite 3. He
could only obtain good enantioselectivities with two intra-
molecular PKR substrates, however. Both Hiroi and Buch-
wald suggest that the bidentate phosphine ligands bridge the
two cobalt centers. A recent report by Consiglio[7] extends
the trend of axially chiral ligands in the PKR. The use of
catalytic amounts of [Co2(CO)8] or CoII salts with a reducing
agent and ligand 4 generates intramolecular PKR products
with good enantiomeric excesses. Our own report[8] in which


we used [Co4(CO)12], an easier to handle and more reliable
substitute for [Co2(CO)8], has recently shown that catalytic,
enantioselective PKRs can be carried out with lower load-
ings of catalyst and ligand than those reported by Hiroi to
give good to excellent yields and enantiomeric excesses
(Scheme 3). Again, high selectivities were only achieved
with C2-symmetric diphosphines, ligands 2, 5, and 6.


Initial reports of rhodium and iridium complexes being
used in asymmetric, catalytic PKRs appeared in 2000.
Jeong[9] found that by using [{RhCl(CO)2}2] in combination
with (S)-BINAP and AgOTf, good enantioselectivities could
be obtained (Scheme 4). Even higher selectivities were ach-


ieved by Shibata[10] by using [{Ir(cod)Cl}2] and (S)-tolBINAP
(tolBINAP=2,2’-bis(di-p-tolylphosphine)-1,1’-binaphthyl).
In this same account, Shibata reports the first, and to date
only, example of a catalytic, asymmetric, intermolecular
PKR. Although the cyclocarbonylation of 1-phenyl-1-pro-
pyne and norbornene gave only a 32 % yield, the enantiose-


lectivity was high (93 %; (Scheme 5). Both Jeong and Shiba-
ta tested a number of other chiral diphosphines, but found
the binaphthyl ligands to be the best. Chung[11] studied the
effectiveness of catalytic [{Rh(cod)Cl}2] and (S)-BINAP in a
water/dioxane solvent system. Use of a surfactant, sodium
dodecylsulfate, leads to acceleration of the PKR.


Recently, methods for the catalytic, enantioselective PKR
that depend on aldehydes as a CO source rather than toxic
CO gas have been developed. By using [{Rh(cod)Cl}2] and
(S)-tolBINAP, Shibata[12] found moderate to good enantiose-
lectivity with standard intramolecular PKR substrates
(Scheme 6). Interestingly, he was able to achieve better re-


Scheme 2. Hiroi�s[5] report of the cobalt-catalyzed, enantioselective PKR.


Scheme 3. Our report of improved conditions for the asymmetric, cobalt-
catalyzed PKR.[8]


Scheme 4. The enantioselective, catalytic PKR with rhodium.[9]


Scheme 5. The only example of an intermolecular, catalytic, asymmetric
PKR.[10]


Scheme 6. The enantioselective, rhodium-catalyzed PKR with cinnamal-
dehyde as the CO source.[12]
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sults with cinnamaldehyde as the CO source under solvent-
free conditions than with CO gas and solvent. Finally,
Jeong[13] has recently reported that the catalytic, asymmetric
PKR can be used for the desymmetrization of meso-dien-
ynes (Scheme 7). Rhodium- and iridium-based catalysts


were used in combination with BINAP and BINAP deriva-
tives under 1 atm of CO or with cinnamaldehyde as the CO
source. Different catalyst systems give the best enantioselec-
tivities and diastereoselectivities for different dienyne sub-
strates.


Given the importance of developing new PKR catalysts
and the success of axially chiral ligands in this chemistry, we
initiated an investigation into how C2-symmetric diphos-
phines direct and sustain the catalytic, enantioselective
PKR. We chose to start by examining the coordination of
BINAP to different cobalt carbonyl sources, cobalt carbon-
yls being employed in a vast majority of PKRs. We have
gone on to synthesize a number of BINAP–cobalt–carbonyl
complexes with coordinated alkynes, alkenes, and enynes to
probe subsequent steps of the PKR mechanism. Some of the
results described here have been presented in a preliminary
communication.[8]


Results and Discussion


Axially chiral diphosphines coordinate to both [Co2(CO)8]
and [Co4(CO)12] to form enantioselective PKR catalysts in
situ,[5–8] and so it was of interest to us to establish the nature
of their interactions. Experimentation with various reaction
conditions eventually allowed us to isolate the complex
formed on mixing [Co2(CO)8] and (� )-BINAP
(Scheme 8).[8] Complex 7 is very air sensitive and must be
carefully handled under an inert atmosphere. A small
number of dark red crystals of 7 were obtained and X-ray
analysis revealed that BINAP is bound to just one of the
two cobalt atoms (Figure 1). Phosphorus NMR analysis of
crystals of complex 7 revealed a single resonance at


43.1 ppm. Application of these same reaction conditions to
[Co4(CO)12] and (� )-BINAP gave a complex also exhibiting
this same 31P NMR peak at 43.1 ppm. Bands in the CO
region of the IR spectra of the products formed on mixing
either [Co2(CO)8] or [Co4(CO)12] with (� )-BINAP were
identical.


Complex 7, along with the structures that will be dis-
cussed later in this paper, is the only example of a molecular
structure of a Co–BINAP complex with a chelating BINAP
ligand. The one literature example of a Co–BINAP complex
with a bridging BINAP will be discussed later in this section.
The asymmetry induced by the BINAP ligand on the struc-
ture of 7 is evident upon comparison with other analogous
[Co2(diphosphine)(CO)6] structures (see Table S1 in the
Supporting Information): the difference in lengths between
the two Co�P bonds is greater than in [Co2(dppe)(CO)6]


[14]


and [Co2(dppp)(CO)6] (DPPE= 1,2-bis(diphenylphosphino)-
ethane, DPPP =1,3-bis(diphenylphosphino)propane).[15]


There is also distortion in the binding of the two bridging
CO ligands. The difference in lengths between the longest
Co�CObridging bond length and the shortest is 0.53 �, com-
pared with 0.29 and 0.16 � for the two previously men-
tioned [Co2(diphosphine)(CO)6] examples, respectively. The
trans influence of BINAP phosphorus atom, P(1), can also
be seen in the fact that the Co(1)�C(3) bond is longer than
those of Co(1)�C(1) or Co(1)�C(2). Given that there are
few examples of crystallographically characterized transi-
tion-metal–BINAP complexes and that excellent PKR activ-
ity has been observed with rhodium complexes as described
in the introduction, it is interesting to note that as a result
of his interest in BINAP oxidation by dioxygen, Po�[16] has
recently reported a structurally characterized [Rh-
(binap)(CO)(Cl)] complex, in which the BINAP occupies cis
coordination sites in the square-planar complex.


We next wished to probe whether 7 plays a role in a typi-
cal catalytic, asymmetric PKR.[8] The enantioselective, cata-
lytic PKR shown in Scheme 9 was repeated, but just prior to
adding the intramolecular PKR substrate, a sample of the
solution formed from mixing [Co4(CO)12] and (S)-BINAP
was removed. Removal of solvent from this sample and
analysis by 31P NMR spectroscopy in [D8]THF gave a spec-
trum containing a peak at 43.1 ppm (alongside peaks corre-


Scheme 7. Desymmetrization of meso-dienynes by asymmetric Pauson–
Khand catalysis.[13]


Scheme 8. Synthesis of [Co2(binap)(CO)6].


Figure 1. The molecular structure of 7.
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sponding to (S)-BINAP and (S)-BINAP monoxide), identi-
cal to the peak obtained from crystals of 7. Addition of the
enyne substrate to the remaining precatalyst solution and
running the reaction with our standard PKR conditions gave
a yield of 45 % and an ee of 88 % (compared to 55 % yield
and 88 % ee when no sampling is conducted). This strongly
suggests that 7 is a PKR precatalyst.


Having established the precatalytic nature of 7, we started
to investigate how 7 interacts with alkynes to begin to un-
derstand the early part of the PKR catalytic cycle. After


combining [Co2(CO)8] and (� )-BINAP as shown in
Scheme 8, alkynes 8 a–f were added and the reaction was
stirred for a further 0.5–2 h at 40 8C (Scheme 10). Workup of
the product mixtures gave air-sensitive brown powders that
were characterized by IR, 1H, 13C, and 31P NMR spectrosco-
py, mass spectrometry, and elemental analysis, and identified
as the BINAP-containing alkyne complexes 9 a–f (Table 1).


In addition, complexes 9 c and 9 e were characterized by
X-ray crystallography.


The two diastereomers formed on mixing alkyne 8 c and
complex 7 can be separated by column chromatography. Iso-
lated reaction yields and inverse gated 31P NMR spectrosco-
py both give a 9 cmaj/9 cmin ratio of 2:1. These isomers can be
crystallized individually and both 9 cmaj and 9 cmin show that
the chelating mode of coordination of the BINAP is pre-
served. If the chirality of the BINAP is arbitrarily selected
to be R, the different configurations of the tetrahedral cores
of 9 cmaj and 9 cmin can be readily observed (Figure 2).
Figure 2 also shows schematically how the orientation of the
alkyne differs between the two isomers.


Alkyne complex 9 e serves as a model of a typical enyne
substrate interacting with the dicobalt species (Figure 3).
One would expect a similar complex to form with the analo-
gous enyne, 8 f, but crystallographic studies of 9 f were
plagued by disorder problems (see Figures S5, S6, and S7 in
the Supporting Information). Although isomer separation
was not possible by column chromatography, an isomer


Scheme 9. A typical Pauson–Khand reaction (top) and the same reaction conducted with sampling of the precatalyst solution (bottom).


Scheme 10. Synthesis of [Co2(alkyne)(binap)(CO)4].


Table 1. Conversion of alkynes 8 a–f into cobalt–BINAP complexes 9 a–f.


Entry Alkyne t Isomer Yield
[h] ratio [%][a]


1 8 a 0.5 - 52
2 8 b 2 - 30
3 8 c 1 2:1 50[b]


4 8 d 2 1:0 29
5 8 e 2 2:1 66
6 8 f 2 2:1 45


[a] Some samples were contaminated with a trace of BINAP. [b] Sum-
mation of yield of separated diastereoisomers (34 % + 16%).
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ratio of 2:1 was again observed for both 9 e and 9 f by
31P NMR spectroscopy.


Complexes 9 a–f, in which the BINAP ligand acts as a che-
late, are different from the bridging structures predicted by
Hiroi[5] and Buchwald[6] to be intermediates in their catalyt-
ic, asymmetric PKRs. Their predictions were consistent with
Laschat�s[17] isolation of the bridging structure 10 from the
reaction between [Co2(3,3-dimethylbutyne)(CO)6] and (R)-
BINAP.[18] Bridging structure 10 proved to be inert, howev-
er, to typical PKR conditions (Scheme 11).[17] In contrast, re-
action of chelating complex 9 d from this study with norbor-
nene gave the expected PKR product. To probe whether the
order of addition of BINAP and alkyne dictated whether
the chelated or bridged BINAP structure formed, 9 c was
synthesized following Laschat�s protocol of alkyne addition
before BINAP addition. The resulting product gave a
31P NMR spectrum with Co�P peaks identical to those origi-
nally obtained for 9 c. No evidence of any bridged product
was detected.


It is interesting to compare the low diastereoselectivity
exhibited by the BINAP system (apart from with phenylace-
tylene) with the high selectivities seen with some reactions
pertaining to the stoichiometric, asymmetric PKR. For ex-
ample, Verdaguer and Riera[19] report that coordination of a


chiral, bidentate phosphorus–sulfur ligand to [Co2(3,3-dime-
thylbutyne)(CO)6] occurs with a diastereomeric coordina-
tion ratio of 20:1. This is the highest obtained for the com-
plexation of a chiral phosphine to a dicobaltcarbonyl com-
plex containing a monosubstituted alkyne. Nicholas[20] also
reports that, depending on the chiral alkyne used, essentially
complete selectivity can be achieved when complexing tri-
phenylphosphine to [Co2(chiral alkyne)(CO)6].


Nevertheless, the BINAP system does of course lead to
PKR products with high enantioselectivities in many cases.
Although a ratio of only 2:1 was obtained with complexes
9 c, and most importantly 9 e and 9 f, the enantiomeric ratio
of the cyclopentenone produced from the enyne is 94:6
(88 % ee) as shown in Scheme 9. This discrepancy in ratio
could be explained by the fact that the syntheses of 9 take
place at 40 8C rather than the PKR temperature of 75 8C.
We therefore became interested in how 9 cmaj and 9 cmin


would behave at 75 8C under a CO atmosphere. These iso-
mers were selected for study as they were readily separated
by column chromatography.


Samples of either 9 cmaj or 9 cmin were heated in DME at
75 8C for 1 h (under either a CO or nitrogen atmosphere),
cooled, the DME was removed in vacuo, and the 31P NMR
spectrum measured in CDCl3 to reveal mixtures containing
both 9 cmaj and 9 cmin in all four experiments. The time re-
quired for diastereomer interconversion to lead to the equi-
librium isomer ratio of 2:1 was measured at 75 8C in DME
in the NMR spectrometer. We have found that more time is
required for 9 cmaj to reach this 2:1 ratio under a nitrogen at-
mosphere than under an atmosphere of CO (Figure 4). This
same trend is observed at 60 8C though, as expected, isomer-
ization rates are slower. Variable-temperature 31P NMR ex-
periments reveal that peaks corresponding to 9 cmin first start
to emerge at 50 8C when an NMR sample of 9 cmaj in DME
is prepared under CO and slowly heated in the spectrometer
from room temperature. When the same sample is heated
under nitrogen, 9 cmin does not appear until 65 8C.


The fact that diastereomer interconversion does not pro-
hibit high enantiomeric excesses in the intramolecular
BINAP–enyne system is in contrast to many literature stud-
ies of intermolecular, stoichiometric systems in which


Figure 2. The molecular structures of 9cmaj (left) and 9cmin (right).


Figure 3. The molecular structure of 9e.


Scheme 11. Laschat�s[17] report of the inactivity of [Co2(3,3-dimethyl-
butyne)(CO)6] in the stoichiometric PKR (top). Our example of 9d in
the stoichiometric PKR (bottom).
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[Co2(phosphine)(alkyne)(CO)x] complexes have had to be
used at relatively low temperatures to avoid interconversion
and to enable high enantiomeric excesses to be obtained in
the PKR. Reports by Pauson,[21] Brunner,[21,22] and Kerr[23]


using the chiral phosphine glyphos (11) in the asymmetric
PKR with external alkenes state
that diastereomer interconver-
sion of the [Co2(glyphos)-
(alkyne)(CO)5] complex takes
place at elevated temperatures,
thereby lowering the ee. Activa-
tion of the asymmetric dicobalt
species possessing either chiral


phosphines or chiral alkynes in the range of 0 8C to room
temperature is achieved using an N-oxide, such as N-methyl-
morpholine N-oxide or trimethylamine N-oxide, and thus
limits epimerization and allows for increased enantiomeric
excesses.[19,23,24] Other literature reports note how the dia-
stereomeric ratios of dicobaltcarbonyl–alkyne complexes
containing bidentate phosphorus–sulfur ligands can be en-
riched through heating. For instance, heating a 1:1 isomer
mixture of [Co2(chiral-P�S)(3,3-dimethylbutyne)(CO)4] in
toluene at 90 8C for 2 h, followed by heating under CO at
80 8C for 66 h, lead to a final ratio of 2:1.[19] In another ex-


ample, heating a 1:1 isomer mixture of [Co2(chiral-P�S)(2-
methyl-3-butyn-2-ol)(CO)4] with a different chiral P�S
ligand gave a final ratio of 4.5:1 after 17 h at 70 8C.[24c,d]


Since heating 9 cmaj under CO allows for faster isomeriza-
tion than heating under a nitrogen atmosphere, we propose
that the mechanism of isomerization begins with an associa-
tive addition of CO (Scheme 12). This can then be followed
by dissociation of alkyne or phosphorus. The alkyne can
rotate and recoordinate to generate the other diastereomer
or the other isomer can be generated through a bridging
BINAP species. We have never obtained any evidence of a
bridging BINAP complex, but it could be present in solution
in amounts too small to be detected.


Having examined the behavior of [Co2(alkyne)-
(binap)(CO)4], we next wished to probe how alkenes react
with this species during the next phase of the catalytic cycle.
We hoped to isolate a complex containing bound BINAP,
alkyne, and alkene ligands to model a potential PKR inter-
mediate. Though not crystallographically characterized,
Itami and Yoshida[25] have reported extensive NMR spectro-
scopic data for a ruthenacyclopentene PKR intermediate.
Their approach of attaching a pyridylsilyl group to the
olefin allowed them to characterize this complex, which has
a five-membered ring derived from the metal, an alkene,
and an alkyne. It was less important to us at this point to
use alkynes and alkenes that are typical PKR substrates,
since it was likely that these would turnover to give cyclo-
pentenone product. Regardless of whether we added di-
methyl maleate, styrene, or cyclopentene as the alkene com-
ponent, the same deep red solid was isolated in low yield.
X-ray crystallography confirmed that alkene had not coordi-
nated and revealed that cobaltacyclopentadiene 12 had
formed (Figure 5). Not adding alkene and increasing the
equivalents of alkyne or the reaction temperature for pro-
longed periods of time did not improve the yield of 12
(Scheme 13).


Non-BINAP-containing cobaltacyclopentadiene com-
plexes have been isolated as intermediates of cyclotrimeriza-
tion reactions. Knox and Spicer[26] report that the yields of
some cobaltacyclopentadienes can be increased by isolating
[Co2(alkyne)(CO)6] and then adding one additional equiva-


Figure 4. Inverse gated 31P NMR isomerization experiments with 9cmaj (^
c, CO/75 8C; ~ b, N2/75 8C; & a, CO/60 8C; + d, N2/60 8C).


Scheme 12. Two possible isomerization pathways for complexes of type 9.
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lent of alkyne in the presence of Me3NO at room tempera-
ture. We, too, tried adding an N-oxide, N-methylmorpholine
N-oxide, because we thought this might generate a vacant
coordination site to which the alkene could bind. As the
structure of complex 13 shows, methyl maleate did indeed
bind to the metal, but the five-membered cobaltacyclopenta-
diene ring derived from two equivalents of alkyne was still
formed (Scheme 14, Figure 5). The core structure of 13 is
very similar to that of 12 and other cobaltacyclopentadiene
complexes.[26, 27] Analogues of 12 and 13 with alkynes more
electron-rich than 8 c could not be synthesized. Presumably
this is a function of the propensity of electron-poor alkynes
to cyclize.


Conclusion


Complexes of the type [Co2(alkyne)(binap)(CO)4] have
been synthesized and shown to isomerize under Pauson–
Khand reaction conditions. The ease of isomerization sug-
gests that the selectivity of initial alkyne coordination is not
critical in determining the enantioselectivity of PKR prod-
ucts. The influence of CO on the interconversion of [Co2-
(binap)(HC�CCO2Me)(CO)4 has prompted us to propose
two possible isomerization pathways. Attempts to synthesize
alkene-coordinated PKR intermediates have led to the iso-


lation of small amounts of cobaltacyclopentadiene com-
plexes.


Experimental Section


Syntheses were carried out under an atmosphere of nitrogen in oven-
dried glassware using standard Schlenk techniques. THF and DME were
distilled from sodium/benzophenone and dichloromethane was distilled
from calcium hydride. Enyne 8 f was prepared according to literature
procedures;[28] the synthesis of 8 e was based on these same procedures.
All other reagents are commercially available and were used as received.
NMR spectra were recorded on Bruker AM500 or Avance 360 instru-
ments. Some 31P NMR spectra were collected in the inverse gated mode
to enable peak integration. Melting points were recorded in open capilla-
ries on a Sanyo Gallenkamp melting-point apparatus and are uncorrect-
ed. IR spectra were recorded on a Perkin–Elmer Spectrum RX FT-IR
spectrometer. Mass spectra were recorded on a Micromass AutoSpec-Q
instrument. Elemental analyses were performed by the London Metro-
politan University microanalytical service. HPLC analysis was performed
by using a Unicam Crystal 200 pump, a Unicam Spectra 100 UV/Vis de-
tector (set at 210 nm), and a CHIRALPAK AS column.


Synthesis of 7: In a Schlenk flask, anhydrous THF (10 mL) was added to
[Co2(CO)8] (50 mg, 0.15 mmol). After adding (� )-BINAP (93 mg,
0.15 mmol), the solution was stirred for 30 min at room temperature and
30 min at 40 8C in the dark. After cooling, nitrogen-saturated hexane
(20 mL) was added and red solid precipitated. The filtrate was removed
by cannula, additional hexane (10 mL) was added, and the filtrate was re-
moved again. The red solid was dried in vacuo. IR (CHCl3): ñ =2053 (s),
1985 (s), 1890 (w), 1796 cm�1 (m; CO); 31P NMR (162 MHz, [D8]THF):
d=43.1, 25.4, �13.8 ppm (BINAP monoxide). On one occasion, a small
sample of 7 suitable for a single-crystal structure determination was ob-
tained by slow diffusion of petroleum ether into a solution of 7 in CH2Cl2


at �20 8C. IR (CHCl3): ñ =2053 (s), 1986 (s), 1890 (w), 1850 (sh),
1795 cm�1 (m; CO); 31P NMR (146 MHz, [D8]THF): d=43.1 ppm. All at-
tempts to characterize by other methods were unsuccessful due to the in-
stability of 7.


PKR sampling experiment as shown in Scheme 9 : [Co4(CO)12] (16.1 mg,
0.028 mmol) and (S)-BINAP (35.0 mg, 0.056 mmol) were dissolved in
CO-saturated DME (3 mL) in a 10 mL round-bottomed flask fitted with
a reflux condenser and stirred at room temperature under a CO atmos-
phere (1.05 atm) for 15 min. A sample (1 mL) of this solution was re-
moved by syringe and injected into a different round-bottomed flask
where it was dried in vacuo. 31P NMR (146 MHz, [D8]THF): d=43.1,
25.5, �13.8 (BINAP monoxide), �14.3 ppm (BINAP). A solution of the
enyne (125 mg, 0.5 mmol) in CO-saturated DME (2 mL) was added to
the original precatalyst solution and heated to 75 8C for 5 h under CO.
The resulting brown mixture was cooled, filtered through a short pad of
Celite, and concentrated in vacuo. The brown residue was redissolved in
CDCl3, and the extent of the reaction was calculated from 1H NMR spec-
troscopy (82 %). Purification of the residue by flash column chromatogra-
phy (hexane/ethyl acetate, 7:3, Rf =0.12) gave the known cyclopentenone
product[29, 30] as a white solid (62 mg, 45% yield, 88 % ee). IR (CHCl3):
ñ= 1715 (s, C=O), 1652 (m, C=C), 1600 (w, C�C(Ar)), 1351, 1162 cm�1 (s,
NSO2); 1H NMR (360 MHz, CDCl3): d=2.06 (dd, 3J(H,H) = 4 Hz, 2J-
(H,H) =18 Hz, 1H; CHHCO), 2.44 (s, 3H; CH3), 2.56–2.65 (m, 2 H;
CHHCO, NCHHC=), 3.16 (m, 1 H; CHCH2CO), 4.00–4.05 (m, 2H;
NCHHC=, NCHHCH), 4.34 (d, 2J(H,H) =17 Hz, 1 H; NCHHCH), 5.99
(s, 1H; C=CH), 7.35 (d, 3J(H,H) =8 Hz, 2H; m-ArH), 7.73 ppm (d, 3J-
(H,H) =8 Hz, 2 H; o-ArH); 13C NMR (75 MHz, CDCl3): d =21.6 (CH3),
39.8 (CH2CO), 43.9 (CHCH2CO), 47.6 (NCH2CH), 52.4 (NCH2C=),
126.2 (C=CH), 127.4 (Cortho), 130.0 (Cmeta), 133.3 (Cpara), 144.2 (Cipso),
178.8 (C=CH), 207.4 ppm (C=O).


Representative procedure for the synthesis of complexes of type 9 and
complex 12


Synthesis of 9c : In a Schlenk flask, anhydrous THF (15 mL) was added
to [Co2(CO)8] (77 mg, 0.225 mmol). After (� )-BINAP (140 mg,


Figure 5. The molecular structures of 12 (left) and 13 (right).


Scheme 13. Synthesis of cobaltacyclopentadiene 12.


Scheme 14. Synthesis of cobaltacyclopentadiene 13.
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0.225 mmol) was added, the solution was stirred in the dark for 30 min at
room temperature and 30 min at 40 8C. Methyl propiolate (28 mL,
0.338 mmol) was added by syringe and stirring continued at 40 8C in the
dark for 1 h. The flask was allowed to cool and neutral alumina (Gra-
de II) was added before removing the solvent in vacuo. The brown solid
was charged onto a chromatography column of silica and eluted under ni-
trogen first with hexane/diethyl ether (9:1) to remove unreacted
[Co2(CO)8] and then with hexane/diethyl ether (7:3; 9 cmin Rf =0.24, 9 cmaj


Rf = 0.18) to collect the two diastereomers of 9 c as dark brown solids
(9cmin : 33 mg, 16%, 9 cmaj : 72 mg, 34%).


Data for 9cmin : Analytically pure 9 cmin suitable for a single-crystal struc-
ture determination was obtained by slow diffusion of pentane into a so-
lution of 9 cmin in CH2Cl2 at �20 8C. M.p. 214–216 8C (decomp); IR
(CHCl3): ñ =2053 (s), 1996 (s), 1947 (m), 1683 cm�1 (m; CO); 1H NMR
(500 MHz, CDCl3): d =3.19 (s, 3H; CH3), 5.66 (d, 3J(P,H)=7.4 Hz, 1H;
HC�), 6.5–7.8 ppm (m, 32H; BINAP ArH); 13C NMR (125 MHz,
CDCl3): d=51.6 (CH3), 70.7 (d, 2J(C,P)= 14.6 Hz, �CC), 80.9 (HC�),
120.3–137.4 (BINAP ArC), 172.8 (CCO2), 201.4, 210.8 ppm (C�O);
31P NMR (202 MHz, CDCl3): d=52.0, 47.2 (CoPPh2Ar); MS (FAB): m/z
(%): 880 (4) [M�2CO]+ , 852 (31) [M�3 CO]+ , 824 (90) [M�4CO]+ , 681
(100) [BINAP+Co]+ , 437 (80) [BINAP�PPh2]


+ ; elemental analysis calcd
(%) for C52H36Co2O6P2 (936.67): C 66.68, H 3.87; found: C 66.51, H 3.75.


Data for 9cmaj : Analytically pure 9 cmaj suitable for a single-crystal struc-
ture determination was obtained by slow diffusion of light petroleum
ether into a solution of 9 cmaj in CH2Cl2 at �20 8C. M.p. 247–250 8C
(decomp); IR (CHCl3): ñ =2054 (s), 1999 (s), 1956 (m), 1687 cm�1 (m,
CO) cm�1; 1H NMR (500 MHz, CDCl3): d= 3.43 (s, 3H; CH3), 5.72 (dd,
3J(P,H)=5.5, 2.5 Hz, 1 H; HC�), 6.4–8.0 ppm (m, 32 H; BINAP ArH);
13C NMR (125 MHz, CDCl3): d=51.7 (CH3), 73.4 (d, 2J(C,P) =22.1 Hz,
�CC), 73.9 (HC�), 120.3–138.2 ppm (BINAP ArC), 172.0 (CCO2), 200.3,
211.3 ppm (C�O); 31P NMR (202 MHz, CDCl3): d=51.9, 40.7 ppm (CoP-
Ph2Ar); MS (FAB): m/z (%): 880 (2) [M�2CO]+ , 852 (12) [M�3CO]+ ,
824 (62) [M�4 CO]+ , 681 (100) [BINAP+Co]+ , 437 (94) [BI-
NAP�PPh2]


+; elemental analysis calcd (%) for C52H36Co2O6P2 (936.67):
C 66.68, H 3.87; found: C 66.66, H 3.79.


Synthesis of 9a : The same procedure as in the synthesis of 9c was fol-
lowed except only 0.5 h of heating was required after the addition of di-
ethyl acetylenedicarboxylate (58 mL, 0.338 mmol) as the alkyne. The
brown solid was charged onto a chromatography column of silica and
eluted under nitrogen first with hexane/ethyl acetate (19:1) to remove
unreacted [Co2(CO)8] and then with hexane/ethyl acetate (8:2; Rf =0.26)
to collect 9a as a dark brown solid (119 mg, 52%). M.p. 175–180 8C
(decomp); IR (CHCl3): ñ =2063 (s), 2010 (s), 1967 (m), 1687 cm�1 (m,
CO); 1H NMR (500 MHz, CDCl3): d =1.08 (t, 3J(H,H) =7.1 Hz, 3 H;
CH3), 1.19 (t, 3J(H,H) =7.1 Hz, 3H; CH3), 4.04–4.22 (m, 4 H; CH2), 6.3–
8.0 ppm (m, 32 H; BINAP ArH); 13C NMR (125 MHz, CDCl3): d=14.1
(CH3), 60.6, 60.7 (CH2), 71.7 (�CC), 78.2 (d, 2J(C,P)=20.0 Hz, �CC),
120.3–139.1 (BINAP ArC), 171.2, 173.1 (CCO2), 198.9, 211.4 ppm (C�O);
31P NMR (202 MHz, CDCl3): d= 48.2, 41.6 ppm (CoPPh2Ar); MS
(FAB): m/z (%): 977 (9) [M�OEt]+ , 966 (2) [M�2 CO]+ , 938 (28)
[M�3CO]+ , 910 (100) [M�4CO]+ , 837 (27) [M�4CO�CO2Et]+ ,
681 (60) [BINAP+Co]+ , 437 (54) [BINAP�PPh2]


+ ; elemental analysis
calcd (%) for C56H42Co2O8P2 (1022.76): C 65.77, H 4.14; found: C 65.59,
H 4.19.


Synthesis of 9b : The same procedure as in the synthesis of 9 c was fol-
lowed except for the following modifications: After allowing the reaction
between the [Co2(CO)8] and (� )-BINAP to cool and closing the Schlenk
tap to nitrogen, acetylene gas was gently bubbled into the reaction so-
lution through a syringe needle for 90 s. The acetylene needle was then
removed, a balloon filled with nitrogen was added, and heating continued
in the dark at 40 8C for 2 h. The flask was allowed to cool and neutral
alumina (Grade II) was added before removing the solvent in vacuo. The
brown solid was charged onto a chromatography column of silica and
eluted under nitrogen first with hexane/diethyl ether (19:1) to remove
unreacted [Co2(CO)8] and then with hexane/diethyl ether (8:2; Rf =0.40)
to collect 9b as a dark brown solid (59 mg, 30 %). M.p. 176–180 8C
(decomp); IR (CHCl3): ñ =2042 (s), 1978 (s), 1923 cm�1 (m, CO);
1H NMR (500 MHz, CDCl3): d=5.22 (d, 3J(P,H)=8.1 Hz, 2 H; HC�),


6.5–7.9 ppm (m, 32 H; BINAP ArH); 13C NMR (125 MHz, CDCl3): d=


72.3 (HC�), 75.6 (d, 2J(C,P) =14.0 Hz, HC�), 125.5–138.1 (BINAP ArC),
203.2, 211.1 (C�O); 31P NMR (202 MHz, CDCl3): d=53.6, 44.9 ppm
(CoPPh2Ar); MS (FAB): m/z (%): 877 (2) [M�H]+ , 849 (1)
[M�H�CO]+ , 822 (6) [M�2 CO]+ , 794 (34) [M�3CO]+ , 766 (88)
[M�4CO]+ , 681 (100) [BINAP+Co]+ , 437 (86) [BINAP�PPh2]


+ ; ele-
mental analysis calcd (%) for C50H34Co2O4P2 (878.63): C 68.35, H 3.90;
found: C 68.43, H 4.09.


Synthesis of 9d : The same procedure as in the synthesis of 9 c was fol-
lowed except 2 h of heating was required after the addition of phenylace-
tylene (35 mL, 0.338 mmol) as the alkyne. The brown solid was charged
onto a chromatography column of silica and eluted under nitrogen first
with hexane/diethyl ether (9:1) to remove unreacted dicobalt octacarbon-
yl and then with hexane/diethyl ether (8:2; Rf = 0.38) to collect the title
compound as a dark brown solid (62 mg, 29%). M.p. 197–200 8C
(decomp); IR (CHCl3): ñ =2040 (s), 1982 (s), 1932 cm�1 (m, CO);
1H NMR (360 MHz, CDCl3): d =5.77 (dd, 3J(P,H) =6.2, 3.5 Hz, 1 H;
HC�), 6.3–8.1 ppm (m, 37 H; ArH, BINAP ArH); 13C NMR (125 MHz,
CDCl3): d=72.5 (HC�), 87.8 (d, 2J(C,P) =20.6 Hz, �CC), 120.3–141.6
(ArC, BINAP ArC), 201.7, 213.7 ppm (C�O); 31P NMR (202 MHz,
CDCl3): d =53.5, 36.7 ppm (CoPPh2Ar); MS (FAB): m/z (%): 870 (1)
[M�3CO]+ , 842 (3) [M�4CO]+ , 681 (6) [BINAP+Co]+ , 655 (22)
[BINAP(O)2]


+ , 453 (7) [BINAP(O)�PPh2]
+ , 437 (7) [BINAP�PPh2]


+ ;
elemental analysis calcd (%) for C56H38Co2O4P2 (954.73): C 70.45, H 4.01;
found: C 70.29, H 4.14.


Synthesis of sulfonamide precursor to 8e (N-(propane)-p-toluene sul-
fonamide):[28a] p-Toluene sulfinic acid sodium salt hydrate (7.12 g, 40 mmol)
was dissolved in water (75 mL) at 5 8C and n-propylamine (1.6 mL,
20 mmol) and glacial acetic acid (1.1 mL, 20 mmol) were added. The re-
action was stirred and sodium hypochlorite (40 mL, 30 mmol) was added
dropwise over 1 h. The flask was then allowed to reach room tempera-
ture and stirred for 16 h. The reaction was acidified to pH 6 with concen-
trated hydrochloric acid. The precipitate was filtered, washed with water
(3 � 30 mL), and dried in vacuo to give the desired product as a white
crystalline solid (4.10 g, 96%). M.p. 54–55 8C; IR (CHCl3): ñ= 3376, 1496
(m, NH), 1328, 1160 cm�1 (s, NSO2); 1H NMR (500 MHz, CDCl3): d=


0.50 (t, 3J(H,H) =7 Hz, 3 H; CH3), 1.47 (tq, 3J(H,H) =7, 7 Hz, 2 H;
NCH2CH2CH3), 2.42 (s, 3 H; CH3), 2.88 (t, 3J(H,H) =7 Hz, 2H;
NCH2CH2CH3), 4.77 (s, 1H; NH), 7.30 (d, 3J(H,H) =8 Hz, 2H; ArH),
7.75 ppm (d, 3J(H,H)=8 Hz, 2H; ArH); 13C NMR (125 MHz, CDCl3): d=


11.1 (CH3), 21.5 (CH3), 22.9 (NCH2CH2CH3), 44.9 (NCH2CH2CH3), 127.1
(Cortho), 129.6 (Cmeta), 137.0 (Cpara), 143.2 ppm (Cipso); MS (FAB): m/z
(%): 214 (100) [M+H]+ , 155 (23) [CH3C6H4SO2]


+ , 91 (19) [CH3C6H4]
+ .


Synthesis of 8e :[28b] N-(Propane)-p-toluenesulfonamide (1.77 g, 8 mmol)
was dissolved in anhydrous DMF (15 mL) at room temperature. Sodium
hydride (0.43 g, 11 mmol) was added with care and the mixture was stir-
red for 30 minutes. Propargyl bromide (1.5 mL, 14 mmol) was added and
the reaction was stirred for 1 h. It was then quenched with water (50 mL)
and the product was extracted with diethyl ether (4 � 30 mL). The ethere-
al extracts were dried over magnesium sulfate and then concentrated in
vacuo. The crude mixture was then loaded onto a chromatography
column of silica and eluted with hexane/diethyl ether (5:1; Rf =0.16) to
collect 8 e, which was then ground in a mortar and dried in vacuo (1.39 g,
67%). M.p. 47–49 8C; IR (CHCl3): ñ=3308 (m, C�CH), 1348, 1159 ppm
(s, NSO2); 1H NMR (500 MHz, CDCl3): d=0.91 (t, 3J(H,H) = 7 Hz, 3 H;
CH3), 1.58 (tq, 3J(H,H) =7, 7 Hz, 2H; NCH2CH2CH3), 2.00 (t, 4J(H,H) =


2 Hz, 1H; NCH2C�CH), 2.40 (s, 3 H; CH3), 3.14 (t, 3J(H,H) =7 Hz, 2 H;
NCH2CH2CH3), 4.11 (d, 4J(H,H) =2 Hz, 2H; NCH2C�CH), 7.27 (d, 3J-
(H,H) =8 Hz, 2 H; ArH), 7.71 ppm (d, 3J(H,H) =8 Hz, 2H; ArH);
13C NMR (125 MHz, CDCl3): d =11.0 (CH3), 20.8 (NCH2CH2CH3), 21.4
(CH3), 36.1 (NCH2C�CH), 47.9 (NCH2CH2CH3), 73.5 (NCH2C�CH),
76.6 (NCH2C�CH), 127.6 (Cortho), 129.4 (Cmeta), 136.0 (Cpara), 143.3 ppm
(Cipso); MS (FAB): m/z (%): 252 (100) [M+H]+ , 155 (18)
[CH3C6H4SO2]


+ , 91 (24) [CH3C6H4]
+ ; elemental analysis calcd (%) for


C13H17NO2S (251.35): C 62.07, H 6.82, N 5.57; found: C 62.25, H 6.98, N
5.54.


Synthesis of 9e : The same procedure as in the synthesis of 9c was fol-
lowed except 2 h of heating was required after the addition of 8 e (57 mg,
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0.226 mmol) as the alkyne. The brown solid was charged onto a chroma-
tography column of silica and eluted under nitrogen first with hexane/
ethyl acetate (19:1) to remove unreacted [Co2(CO)8] and then with
hexane/ethyl acetate (7:3; Rf =0.74) to collect 9e as an air-sensitive
brown solid (159 mg, 66%). Analytically pure 9e suitable for a single-
crystal structure determination was obtained by slow diffusion of pentane
into a solution of 9 e in CH2Cl2 at �20 8C. M.p. 176–178 8C; IR (CHCl3):
ñ= 2044 (m), 1980 (s), 1940 cm�1 (w, CO); 1H NMR (500 MHz, CDCl3):
too broad to interpret; 13C NMR (125 MHz, CDCl3, major diastereomer,
minor diastereomer resonances difficult to assign with confidence): d=


11.1 (CH3), 20.2 (NCH2CH2CH3), 21.4 (CH3), 49.4 (NCH2CH2CH3), 60.3
(NCH2C�CH), 81.6 (NCH2C�CH), 83.8 (NCH2C�CH), 125.6–142.4
(ArC, BINAP ArC), 201.1, 203.2, 211.9 ppm (C�O); 31P NMR (202 MHz,
CDCl3): d=57.9, 51.6, 43.8, 39.9 (CoPPh2Ar), �14.9 ppm (BINAP); MS
(FAB): m/z (%): 1019 (18) [M�3CO]+ , 991 (54) [M�4 CO]+ , 681 (16)
[BINAP+Co]+ , 437 (24) [BINAP�PPh2]


+ ; elemental analysis calcd (%)
for C61H49Co2NO6P2S (1103.92): C 66.37, H 4.47, N 1.27; found: C 66.32,
H 4.41, N 1.17.


Synthesis of 9 f : The same procedure as in the synthesis of 9 c was fol-
lowed except 2 h of heating was required after the addition of 8 f (56 mg,
0.226 mmol) as the alkyne. The brown solid was charged onto a chroma-
tography column of silica and eluted under nitrogen first with hexane/
ethyl acetate (19:1) to remove unreacted [Co2(CO)8] and then with
hexane: ethyl acetate (7:3; Rf =0.73) to collect 9 f as an air-sensitive
brown solid (109 mg, 45%). M.p. 143–144 8C; IR (CHCl3): ñ= 2043, 1980,
1939 cm�1 (s, CO); 1H NMR (500 MHz, CDCl3): too broad to interpret;
13C NMR (125 MHz, CDCl3, major diastereomer, minor diastereomer
resonances difficult to assign with confidence): d =21.3 (CH3), 49.8
(NCH2CH=CH2), 60.2 (NCH2C�CH), 82.0 (NCH2C�CH), 83.9 (NCH2C�
CH), 118.5 (NCH2CH=CH2), 125.4–138.4 (ArCortho,meta,para, BINAP ArC,
NCH2CH=CH2), 142.4 (Cipso), 201.0, 202.9, 211.6 ppm (C�O); 31P NMR
(202 MHz, CDCl3): d=58.9, 53.2, 44.0, 39.2 (CoPPh2Ar), �14.6 ppm
(BINAP); MS (FAB): m/z (%): 1017 (11) [M�3CO]+ , 989 (40)
[M�4CO]+ , 681 (100) [BINAP+Co]+ , 437 (65) [BINAP�PPh2]


+ .


Complex 9d in a stoichiometric PKR : Complex 9d (382 mg, 0.4 mmol)
dissolved in CO-saturated DME was syringed into a 25 mL round-bot-
tomed flask containing norbornene (377 mg, 4.0 mmol) and fitted with a
reflux condenser under CO (1.05 atm). The reaction system was stirred at
75 8C for 5 h under CO. The resulting brown solution was cooled and pu-
rified twice by flash column chromatography (hexane/diethyl ether, 49:1,
Rf = 0.08) to give the known cyclopentenone product[30, 31] as a white solid
(17.1 mg, 25% yield). An inverse gated 31P NMR spectrum of a sample
of the 9d used is this experiment showed that 76 % of the material was
actually 9d ; the remainder of the sample consisted of BINAP,
BINAP(O), and BINAP(O)2. The reported yield is calculated based on
this integration. IR (CHCl3): ñ=1697 (s, C=O) cm�1; 1H NMR (360 MHz,
CDCl3): d=1.00 (d, 2J(H,H) = 11 Hz, 1 H; CHCHHCH), 1.12 (d, 2J-
(H,H) =11 Hz, 1H; CHCHHCH), 1.26–1.43, 1.58–1.72 (m, 4H;
CHCH2CH2CH), 2.28 (br d, 3J(H,H) = 3 Hz, 1H; CH2CHCHCH=), 2.37
(d, 3J(H,H) =5 Hz, 1H; CHCO), 2.50 (br d, 3J(H,H) =3 Hz, 1 H;
CH2CHCHCO), 2.71 (m, 1 H; CHCH=), 7.30–7.40 (m, 3 H; m-ArH, p-
ArH), 7.64 (d, 3J(H,H) =3 Hz, 1 H; CH=), 7.70 ppm (m, 2 H; o-ArH);
13C NMR (90 MHz, CDCl3): d=28.4, 29.1, 31.3 (CHCH2CH2CH,
CHCH2CH), 38.3, 39.4, 47.7, 54.9 (CHCHCH2CHCH), 127.0, 128.4
(Cortho, Cmeta, Cpara), 131.5 (Cipso), 146.1 (PhC=), 160.2 (CH=), 209.0
(C=O).


Isomerization experiments with 9c


Type A (reaction in DME, 31P NMR in CDCl3): Isomer 9cmaj or 9 cmin


(25 mg, 0.027 mmol) was dissolved in DME (3 mL) in a round-bottomed
flask fitted with a reflux condenser under a nitrogen or CO atmosphere.
The solution was stirred at 75 8C for 1 h. The solution was cooled, the
DME removed in vacuo, and the 31P NMR spectrum of the residue mea-
sured in CDCl3.


Type B (31P NMR every 15 min at 75 8C or 60 8C): Isomer 9cmaj (25 mg,
0.027 mmol) was dissolved in DME (0.7 mL) under a nitrogen or CO at-
mosphere and transferred to a screw-cap NMR tube (also kept under a
nitrogen or CO atmosphere) by means of a syringe. With the NMR spec-
trometer set at 75 8C or 60 8C, the NMR tube was inserted and inverse


gated 31P NMR spectra were taken every 15 min until either a 9 cmaj/9cmin


ratio of 2:1 was reached, 7 h elapsed, or decomposition occurred. Rela-
tive amounts of the two isomers were calculated by integrating the peaks
at 47.2 ppm (9 cmin) and 40.7 ppm (9cmaj).


Type C (variable-temperature 31P NMR, RT!75 8C): Isomer 9 cmaj (25 mg,
0.027 mmol) was dissolved in DME (0.7 mL) under a nitrogen or CO at-
mosphere and transferred to a screw-cap NMR tube (also kept under a
nitrogen or CO atmosphere) by means of a syringe. 31P NMR spectra
were taken every 5 8C from room temperature to 75 8C to determine
when peaks corresponding to 9 cmin are first observed.


Synthesis of 12 : The same procedure as in the synthesis of 9c was fol-
lowed except 40 h of heating was required after the addition of methyl
propiolate (60 mL, 0.675 mmol). The dark red solid was charged onto a
chromatography column of silica and eluted under nitrogen first with
hexane/diethyl ether (9:1) to remove unreacted [Co2(CO)8] and then
with hexane/diethyl ether (7:3; Rf = 0.15) to collect 12 as a dark red solid
(16 mg, 7 %). Analytically pure 12 suitable for a single-crystal structure
determination was obtained by slow diffusion of petroleum ether into a
solution of 12 in CH2Cl2 at �20 8C. M.p. 244–248 8C (decomp); IR
(CHCl3): ñ =2020 (s), 1971 (s), 1676 cm�1 (m, CO); 1H NMR (500 MHz,
CDCl3): d=2.19 (s, 3H; CH3), 3.21 (s, 3H; CH3), 5.22 (s, 1H;
CHCHCCO2) 5.87 (d, 4J(P,H)=8.5 Hz, 1H; CHCHCCO2), 6.4–7.9,
8.76 ppm (m, 32 H; BINAP ArH); 13C NMR (125 MHz, CDCl3): d=49.3,
51.0 (CH3), 113.0, 116.4 (CHCHCCO2), 120.3–154.0 (BINAP ArC,
CCO2), 175.1, 178.0 (CCO2), 202.4, 207.0 ppm (C�O); 31P NMR
(202 MHz, CDCl3): d=49.2, 39.5 ppm (CoPPh2Ar); MS (FAB): m/z (%):
908 (1) [M�3CO]+ , 681 (5) [BINAP+Co]+ , 655 (15) [BINAP(O)2]


+ , 639
(6) [BINAP(O)]+ , 437 (70) [BINAP�PPh2]


+ ; elemental analysis calcd
(%) for C55H40Co2O7P2 (992.73): C 66.54, H 4.06; found: C 66.44, H 4.03.


Synthesis of 13 : In a Schlenk flask, anhydrous dichloromethane (15 mL)
was added to [Co2(CO)8] (77 mg, 0.225 mmol). After (� )-BINAP
(140 mg, 0.225 mmol) was added, the solution was stirred in the dark for
30 min at room temperature. After adding a condenser to the Schlenk
flask, the mixture was stirred at 40 8C in the dark for an additional
30 min. Methyl propiolate (28 mL, 0.338 mmol) was added by means of a
syringe and stirring continued at 40 8C in the dark for 1 h. The flask was
allowed to cool and dimethyl maleate (42 mL, 0.338 mmol) and N-methyl-
morpholine N-oxide (158 mg, 1.35 mmol) were added. The reaction stir-
red for 20 h at room temperature in the dark. Neutral alumina (Grade II)
was added before removing the solvent in vacuo. The dark purple-red
solid was charged onto a chromatography column of silica and eluted
under nitrogen first with hexane/ethyl acetate (9:1) to remove unreacted
[Co2(CO)8] and then with hexane/ethyl acetate (6:4; Rf =0.25) to collect
13 as a dark purple-red solid (25 mg, 10%). Analytically pure 13 suitable
for a single-crystal structure determination was obtained by slow diffu-
sion of petroleum ether into a solution of 13 in CH2Cl2 at �20 8C.
M.p. 250–255 8C (decomp); IR (CHCl3): ñ= 2023 (s), 1978 (m), 1725
(m), 1681 cm�1 (m, CO); 1H NMR (500 MHz, CDCl3, broad peaks):
d=2.17 (s, 3H; CHCCO2CH3), 3.21 (s, 3H; CHCCO2CH3), 3.56 (s, 3 H;
maleate CH3), 3.68 (s, 3 H; maleate CH3), 5.23 (s, 1H; CHCHCCO2)
5.74 (s, 1H; CHCHCCO2), 6.3–7.7, 8.65 ppm (m, 34 H; BINAP
ArH, O2CCHCHCO2); 13C NMR (125 MHz, CDCl3): d =44.9, 49.5
(O2CCHCHCO2), 49.3, 51.2, 51.4, 51.7 (CH3), 111.1, 117.7
(CHCHCCO2), 120.3–165.6 (BINAP ArC, CCO2) 173.1, 173.2, 173.8,
176.7 (CCO2), 199.3, 207.1 ppm (C�O); 31P NMR (202 MHz, CDCl3): d=


47.0, 38.2 ppm (CoPPh2Ar); MS (FAB): m/z (%): 1108 (1) [M]+ , 936 (5)
[M�CO�(MeO2CCH)2]


+ , 908 (76) [M�2CO�(MeO2CCH)2]
+ , 681 (14)


[BINAP+Co]+ , 655 (28) [BINAP(O)2]
+ , 437 (72) [BINAP�PPh2]


+ ; ele-
mental analysis calcd (%) for C60H48Co2O10P2 (1108.85): C 64.99, H 4.36;
found: C 64.91, H 4.47.


X-ray crystallography : Table 2 provides a summary of the crystallograph-
ic data for compounds 7, 9cmaj, 9cmin, 9 e, 9 f, 12, and 13. Data were col-
lected by using Nonius Kappa CCD (7), Oxford Diffraction Xcalibur 3
(9cmaj and 13), Bruker P4 (9cmin, 9 e and 12), and Oxford Diffraction PX
Ultra (9 f) diffractometers, and the structures were refined based on F2


by using the SHELXTL and SHELX-97 program systems.[32] CCDC
212506 (7), 248509 (9 cmaj), 248510 (9cmin), 255848 (9 e), 255847 (9 f),
255849 (12), and 255850 (13) contain the supplementary crystallographic


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 2566 – 25762574


S. E. Gibson et al.



www.chemeurj.org





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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Syntheses of Seven-Membered Rings: Ruthenium-Catalyzed Intramolecular
[5+2] Cycloadditions


Barry M. Trost,* Hong C. Shen, Daniel B. Horne, F. Dean Toste,
Bernhard G. Steinmetz, and Christopher Koradin[a]


Introduction


The development of new chemical reactions involving the
serial formation and cleavage of multiple C�C bonds leads
to powerful synthetic tools in organic synthesis. As such, cy-
cloaddition reactions catalyzed by transition metals[1] have
been of continuing interest to us due to their efficiency in
constructing complicated structures from much simpler
starting materials in an atom-economical fashion.[2] Wend-
er�s group pioneered the development of both inter- and in-
tramolecular Rh-catalyzed [5+2] cycloadditions of cyclo-
propyl enynes [Eq. (1)].[3] This reaction involves the formal
cleavage of two bonds and the formation of three new


bonds. Exceptional control over the direction of cyclopro-
pane bond cleavage was exercised through the selection of
substituents and/or catalyst. Inspired by the mechanistic
pathways of the ruthenium catalyzed Alder–ene reaction
[Eq. (2)][4] and the Rh-catalyzed [5+2] cycloaddition, we en-
visioned that the Ru-catalyzed [5+2] cycloaddition reaction
[Eq. (3)] may proceed and thereby generate various mecha-
nistic questions and synthetic opportunities.[5]


In this article we report the scope of Ru-catalyzed intra-
molecular [5+2] cycloadditions regarding the functional
group tolerance of the reaction, and the length and atom
type of the tether between alkyne and vinylcyclopropane.
To probe the reaction mechanism, we systematically studied
the effects of substituents on the regio- and diastereoselec-
tivity of the Ru-catalyzed reaction. The utility of this meth-


Abstract: The Ru-catalyzed intramo-
lecular [5+2] cycloaddition of cyclopro-
pylenynes is investigated with respect
to the regio- and diastereoselectivity as
well as the functional group compati-
bility of the reaction. Evidence for the
mechanism as occurring through a
ruthenacyclopentene intermediate is
elucidated from 1) the study of the dia-
stereoselectivity of the cycloaddition;
2) the effect of variation of substituents


on the regioselectivity of cyclopropyl
bond cleavage in 1,2-trans- and 1,2-cis-
disubstituted cyclopropanes and 3) ex-
amples that clearly do not involve ruth-
enacyclohexene as intermediates as
products still incorporate the cyclo-


propyl moiety. The scope and limita-
tions of the Ru-catalyzed cycloaddition
are discussed and compared with the
Rh-catalyzed reaction. The potential
power of this methodology towards
natural product total synthesis is dem-
onstrated by the formation of several
polycyclic systems with the chosen re-
action conditions and readily available
cyclopropylenyne substrates.
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odology is reflected by the synthesis of the core structures
of several biologically important natural products (Figure 1)
that contain a polyhydroazulene moiety, such as rameswara-
lide 1,[6] dilatriol 2,[7] and grayanotoxin 3,[8] which represent


demanding synthetic challenges. The opportunity to apply
the Ru-catalyzed [5+2] cycloaddition should offer short,
atom-economical routes to such targets. The model systems
as shown in Equation (4) raise a number of reactivity and
selectivity issues that are addressed herein.[5]


Results and Discussion


Substrate synthesis : We initiated our investigation of the
Ru-catalyzed [5+2] cycloaddition by preparation of the vi-
nylcyclopropyl alkyne substrates. Various methods were uti-
lized to access the range of substrates described herein and
are illustrated in detail in the Supporting Information. A re-
curring theme in many of the synthetic sequences was the
utilization of palladium catalyzed allylic alkylation as a key
step for substrate formation. The synthesis of substrate 17 d
is illustrated by this technique (Scheme 1).


Scope and limitations : Cyclopentadienyltris(acetonitrile)
ruthenium(ii) hexafluorophosphate 4,[9] readily available on
a multigram scale following a procedure recently developed
by our group,[9c] was found to catalyze the intramolecular
Alder–ene reaction of enynes.[4d] Based on this observation,


we envisioned that it may also catalyze the [5+2] cycloaddi-
tion of vinylcyclopropyl alkynes, primarily due to the possi-
bility of generating an intermediate ruthenacyclopentene
which may then undergo ring expansion to form the seven-
membered ring [Eq. (3)].


We were pleased to observe that this Ru catalyst can
indeed catalyze the desired intramolecular [5+2] cycloaddi-
tion of a broad range of vinylcyclopropyl alkyne substrates
under ambient conditions (room temperature in acetone or
DMF) (Table 1). All reactions were run with 5–10 % [CpRu-
(CH3CN)3PF6] (4), 0.1–0.2 m in acetone, at room tempera-
ture, unless otherwise noted. Other Ru complexes also ex-


Figure 1. Polycyclic natural products containing seven-membered rings.


Scheme 1. Preparation of vinylcyclopropyl alkyne 17 d : a) CH2I2, Et2Zn,
CH2Cl2, 70%. b) PCC, CH2Cl2, 44 %. c) (EtO)2P(O)CH2CO2Et, nBuLi,
THF, 88 %. d) DIBAL-H, CH2Cl2, 94 %. e) nBuLi, THF; ClCO2Me,
76%. PCC =pyridinium chlorochromate, DIBAL-H = diisobutylalumini-
um hydride.


Table 1. Scope of substrates in the Ru-catalyzed [5+2] cycloadditions.


Entry Substrate Product Yield [%]


1 83


5a 6 a


2 82


5 b 6 b


3 82


5 c 6c


4 87


5 d 6 d


5[a] 83


5e 6 e


6[b] 95


5 f 6 f


7[c] 84


5g 6 g


8[d] 75


5 h 6 h


9[e] 75


5 i 6 i


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 2577 – 25902578



www.chemeurj.org





amined for catalytic activity are [Ru(cod)(cot)], [Ru(h5-
C8H11)2H]BF4, [Ru(h5-C8H11)(CH3CN)3]BF4, and [(bis-inden-
yl)Ru]. In an attempt to “activate” (bis-indenyl)Ru, it was
treated with fluoroboronic acid in acetonitrile to generate in
situ [(indenyl)Ru(CH3CN)3]BF4. The intermolecular reac-
tion between 1-alkoxyvinylcyclopropanes and alkynes was
also examined and found to proceed, albeit only in moder-
ate (50–70 %) yields.[10]


Table 1 shows that the catalyst is compatible with a varie-
ty of functional groups and substitution patterns on the
alkyne, alkene and cyclopropane. Importantly, a number of


Table 1. (Continued)


Entry Substrate Product Yield [%]


10 88


5j 6 j


11[f] 75


5e 6 k


12[g] 73


5 f 6 l


6m13 82 (3.7:1)


5m


6 m’


14 77


5 n 6 n


6 o15 82 (6.2:1)


5 o


6o’


6 o
16 78 (1:14)


5o’


6o’


Table 1. (Continued)


Entry Substrate Product Yield [%]


17 84


5 p 6 p


18[h] 67


5 q 6 q


19 73


5 r 6r


20 72


5 s 6s


21 71


5t 6 t


22 74


5 u 6 u


6 v23 68 (5:1)


5v


6 v’


[a] Reaction performed in 1,2-dichloroethane. [b] Reaction performed in
1,2-dichloroethane and 25% catalyst. [c] Reaction performed in the pres-
ence of water in 1,2-dichloroethane. [d] Reaction run in 1,2-dichloro-
ethane with 30% catalyst. [e] Reaction performed at 50 8C. [f] Reaction
run in dichloromethane with 10% [Ru(cod)(cot)] and HPF6 (aq.) at RT.
[g] Reaction run in dichloromethane with 10 % [Ru(ind)2] and HPF6


(aq.) at RT. [h] Reaction run with 20% catalyst at 50 8C. See Experimen-
tal Section for General Procedure for Ruthenium Catalyzed [5 +2] Cy-
cloadditions.
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trisubstituted alkenes react cleanly at room temperature to
afford cycloadducts without any observable trace of olefin
isomerization (entries 4–8). Bicyclic carbocycles, and O- and
N-containing heterocycles can be obtained in good to excel-
lent yields.


For a few sterically encumbered substrates, the reaction
gave better yields when conducted in dichloroethane (en-
tries 5–8), but required increased catalyst loading (entries 6
and 8). If other highly coordinatively unsaturated ruthenium
complexes were used, such as 10 % [Ru(cod)(cot)] or [Ru-
(ind)2] in the presence of aqueous HPF6 (entries 11 and 12),
the reaction cleanly afforded the seven-membered 1,3-
dienes, which were presumably derived by isomerization of
the initially formed 1,4-dienes. As shown in entries 19–22,
the cycloaddition of alkoxy group substituted cyclopropanes
form useful cycloheptenone derivatives in good yields.
Entry 23 shows a ketal converted in situ to a ketone fol-
lowed by isomerization of the olefin to form a more stabi-
lized conjugated diene 6 v’.


There are two plausible mechanisms for the transition
metal catalyzed [5+2] cycloaddition.[3] Mechanism A in-
volves metallacyclopentene formation followed by ring ex-
pansion to a metallacyclooctadiene (Scheme 2). Subsequent


reductive elimination affords the seven-membered ring
product. In contrast, in mechanism B cleavage of the cyclo-
propane occurs first to form a metallacyclohexene, which
undergoes addition to the alkyne to form a metallacyclooc-
tadiene (Scheme 3). So far mechanism B has been suggested
for the Rh-catalyzed [5+2] cycloaddition in a computational
study by Wender and Houk,[3n] whereas the Ru-catalyzed re-
action most likely proceeds according to mechanism A de-
picted in Scheme 2 according to our study.


The evidence to support mechanism A is first drawn by
comparison with the Ru-catalyzed Alder–ene reaction, in
which a ruthenacyclopentene nicely accommodates all ob-


servations. Clearly, a simple enyne system with an appropri-
ate linker could form a ruthenacyclopentene.


In addition, the contrasting results obtained in entries 15
and 16 can be explained by an intermediate ruthenacyclo-
pentene as follows (Scheme 4). The reaction of E-olefin 5 o


afforded a 6.2:1 mixture of products favoring cycloaddition
product 6 o. Conversely, the reaction of the Z-olefin 5 o’ af-
forded a 78 % yield of products as a 14:1 mixture in favor of
the 1,4-diene 6 o’ which arises from b-hydride elimination.
Examining the ruthenacyclopentene intermediates derived
from E- and Z-olefins, it is apparent that the group that is
trans in the starting olefin is placed in a pseudoequatorial
position on the convex face of the metallacycle intermedi-
ate. The pseudoequatorial group is geometrically better
suited for interaction with the ruthenium center, a situation
similar to what was recently observed in b-hydride elimina-
tion in titanacyclopentenes.[11]


By invoking the same ruthenacycle intermediate, it is also
understandable why substrate 5 b’ bearing a cis-alkene was
far less reactive (Scheme 5) than its trans-counterpart 5 b


Scheme 2. Mechanism A for transition metal-catalyzed [5+2] cycloaddi-
tions.


Scheme 3. Mechanism B for transition metal-catalyzed [5+2] cycloaddi-
tions.


Scheme 4. Proposed ruthenacyclopentenes derived from trans- and cis-
olefins 5 o and 5 o’.
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(entry 2, Table 1). The steric interaction between the Cp
ligand and the cyclopropyl group in intermediate 7 a likely
disfavors the formation of the intermediate that leads to cy-
cloadduct 6 b.


Substrates 5 w–5 z (Figure 2) are not reactive even at 50 8C
for extended periods (such as 14 h), a feature that appears
to be related to the linker length between the alkyne and
the vinyl group. Furthermore, no reaction was observed with
compounds 5 w and 5 x at elevated temperature even in the
presence of a stoichoimetric amount of ruthenium complex
4, ruling out the possibility of forming ruthenenacyclohex-
ene, an irreversible process in mechanism B. Three examples
(entries 13, 15 and 16 in Table 1) led to products containing


the vinylcyclopropyl moiety. These observations suggest that
mechanism B is not likely to be operational in these cases.


Presumably, the 6,5-bicyclic system of the ruthenacyclo-
pentene intermediate is considerably more difficult to form
than the 5,5-bicyclic system. However, a substrate (entry 18,
Table 1) bearing a trimethylsilyl alkyne as well as a nitrogen
atom in the linker was successfully converted to the desired
6,7-fused bicyclic compound in good yield. Substrate 5 zz is
also unreactive under the standard reaction conditions. The
ketone carbonyl group may interact with Ru and inhibit its
catalytic ability in the [5+2] cycloaddition reaction. A more
detailed explanation of the poor reactivity seen with some
substrates bearing proximal carbonyl groups is given later in
the manuscript (see Figure 4, and the corresponding text).


Diastereoselectivity of Ru-catalyzed [5+2] intramolecular
cycloadditions : One major concern in the endeavors to syn-
thesize 5,7-fused bicyclic structures is the diastereoselectivity


of the [5+2] cycloaddition. In particular, we are interested
in how the relative stereochemistry of substituents in the
tether affects the relative stereochemistry of the newly cre-
ated stereogenic center at the bridgehead carbon atom. To
shed light on this issue, we prepared a range of cycloaddi-
tion precursors with one or more substituents in the carbon
tether and subjected them to the Ru-catalyzed [5+2] cyclo-
addition conditions. The results are shown in Table 2. All re-
actions were run with 5–10 % [CpRu(CH3CN)3]PF6 (4), 0.1–
0.2 m in acetone, at room temperature, unless otherwise
noted.


Scheme 5. Cycloaddition of cis-olefin 5b’.


Figure 2. Failed substrates for Ru-catalyzed [5+2] cycloaddition.


Table 2. Diastereoselectivity of the Ru-catalyzed [5+2] cycloadditions.[a]


Entry Substrate Product Yield [%][b]


1 92 (dr 3.1:1)


5aa 6aa


2[c] 73 (dr 5.1:1)


5aa 6aa


3 75 (dr >20:1)


5bb 6bb


4 86 (dr >10:1)


5cc 6cc


5 86 (dr >20:1)


5dd 6dd


6[d] 81 (dr >20:1)


5ee 6ee


7[e] 70 (dr >20:1)[e]


5 ff 6 ff


6gg8 72 (dr >20:1)


5gg


6 gg’
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In all cases, good to excellent yields of the desired hydroa-
zulene products were obtained despite the presence, in all
the substrates, of an ionizable functional group at the allylic
position. Modest to excellent diastereoselectivities were ob-
served. In all cases investigated so far, the bridgehead hy-
drogen atom and the hydroxyl group show a trans relation-
ship, which was revealed by NOE experiments and in one
case, by X-ray crystallography (Figure 3).


The proposed mechanism (Scheme 2) of the cycloaddition
involves the coordination of RuII to both alkene and alkyne
followed by the ruthenacyclopentene formation in which the
RuII is oxidized to RuIV. Presumably, the s-donating ability
of the alkene p bond to cationic Ru species plays a more


important role for the coordination of the alkene to Ru than
the back bonding of the d orbital of the metal to the alkene.
The observation that the angular hydrogen is anti to the ho-
moallylic OR substituent in the major diasteromeric cyclo-
adduct is in agreement with the Stork/Houk–J�ger “inside
alkoxy” model (Scheme 6).[12] In the electrophilic coordina-


tion of the alkene with the cationic Ru catalyst to form ruth-
enacyclopentene, the allylic electron-donor substituent
should stabilize the transition state whereas the electron-
withdrawing substituent such as OR should destabilize the
transition state. If the s*CO orbital overlaps with the alkene
p orbital, the alkene becomes less prone to donate electrons
to cationic Ru and slows down the reaction. Conversely, if
the s*CO orbital is orthogonal to the alkene p orbital
(alkoxy group is “inside”), the overlap of s*CO orbital with
the p orbital of the alkene is minimized. Meanwhile, the
electron-donating sC–R’ or sC–C will stabilize the transition
state. Therefore, the most reactive conformation should
place the allylic alkoxy group inside (Scheme 6) so that the
s-donating effect of the alkene p bond to the Ru species is
maximized. This reactive conformation will then lead to the
formation of the diastereomer with the angular hydrogen
and alkoxy group in a trans relationship.


Regioselectivity of Ru-catalyzed [5+2] intramolecular cyclo-
additions : To further explore the scope and mechanistic de-
tails of Ru-catalyzed intramolecular [5+2] cycloadditions,
we have extensively studied the influence of a substituent R
on the cleavage of disubstituted cyclopropanes (Scheme 7).
For trans disubstituted cyclopropane 8 or cis-disubstituted
cyclopropane 9, either the more- or the less-substituted C�C
bond of the cyclopropane can be cleaved to form two possi-
ble regioisomeric products. We chose the same substrate
system already explored by the Wender group as a probe to
compare the Rh- and Ru-catalyzed [5+2] cycloadditions.
The Wender group found that regioselective cleavage of
either the more-substituted or the less-substituted s bond of
the cyclopropane could be achieved depending on the
choice of catalyst.[3k] However, no rationale is provided to
explain this interesting observation. Our results reveal sever-
al divergent mechanistic aspects for the [5+2] cycloadditions
catalyzed by Ru versus Rh.


The regioselectivity of this cycloaddition reaction was ex-
plored with a variety of trans- and cis-1,2-disubstituted cy-
clopropanes, summarized in Tables 3 and 4, respectively. In
these reactions, Ru-catalyst 4 displays excellent compatibili-


Table 2. (Continued)


Entry Substrate Product Yield [%][b]


9 65 (dr >20:1)


5hh 6hh


10 90 (dr >20:1)


5 ii 6 ii


11 70 (dr >20:1)


5jj 6 jj


[a] Reaction was run with 0.1–0.2 m substrate in acetone at RT from 0.5–
6 h unless otherwise noted. [b] Isolated yield and diastereomeric ratio
were determined by 1H NMR. [c] Reaction was run with 0.1 m substrate
in DMF at RT for 6 h. [d] Reaction was run in dichloromethane at �80
to 15 8C over 2.5 h. [e] 65% product shown +5% desilylated product.


Figure 3. X-ray and NOE data of representative compounds.


Scheme 6. Mechanistic rationale for diastereoselectivity.
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ty with substrates containing various functional groups such
as esters, carboxylic acids, aldehydes, ketones, amides, enals,
sulfonamides, sulfones. The Ru catalyst is able to catalyze
the [5+2] cycloaddition of many substrates at room temper-
ature in a short period of time (30 min to 2 h).


In order to test the possibility of constructing nine-mem-
bered rings by an analogous [7+2] approach, vinylogous al-
dehyde 14 d and vinylogous ester 14 e were examined (en-
tries 9 and 10, Table 3). However, only seven-membered
ring compounds were obtained with moderate regioselectivi-
ty. Vinylogous aldehyde 14 d exhibits a dramatically dimin-
ished bias for migration of the more substituted cyclopropyl
carbon compared to the aldehyde and shows the same pref-
erence as for the vinylogous ester 14 e.


The [5+2] cycloaddition of trans-cyclopropyl alkyne 14 f
proceeds under mild conditions with a regioselectivity of 2.5
to 1 (entry 11, Table 3). Presumably the [5+2] cycloaddition
is so facile that the formation of a ruthenium vinylidene[13]


structure is negligible. However, cis-cyclopropyl alkyne 17 f
failed to react even at elevated temperature (entry 6,
Table 4).


The use of [In(OTf)3] as an additive had an intriguing
impact on the regioselectivity of the reaction of substrate
14 b. This substrate gave a mixture of two regioisomers fa-
voring the formation of 15 b in the absence of any additive
(entry 5, Table 3), but favored the other regioisomer 16 b in
the presence of 10 mol % [In(OTf)3] (entry 6, Table 3). Pre-
sumably, the coordination of [In(OTf)3] to the ketone car-
bonyl in 14 b facilitated the cleavage of the more substituted
C�C bond of the cyclopropane due to the electronic activa-
tion of the C�C bond proximal to the ketone.


Regarding diastereoselectivity, trans cyclopropanes give
trans products, and cis-cyclopropanes, except aldehyde 17 g
(Table 4, entry 7), give cis products (the cis or trans geome-
try of the products refers to the relationship of the angular
hydrogen and the R group, see Scheme 7).


To rationalize the regioselectivity of the cycloaddition of
disubstituted cyclopropanes, both electronic and steric fac-
tors have to be considered (Scheme 8). If R is an electron-
withdrawing group, electronically, path b should be favored
resulting from the s-bond activation by the electron-with-
drawing group. Sterically, path a is favored particularly for
cis-cyclopropanes, since Rcis is distal to the Cp ligand in in-
termediate 21 but proximal to Cp in intermediate 24. For
trans-cyclopropanes, path a should still be favored but only


Scheme 7. Regioselectivity of the Ru-catalyzed intramolecular [5+2] cy-
cloaddition.


Table 3. Regioselectivity of the cycloaddition of trans substrates.


Entry[a] R 15 :16[b] Yield [%]


1 CO2CH3 (14a) 15a :16a 1:2 90
2[c] CO2CH3 (14a) 15a :16a 1:2.5 88
3[d] CO2CH3 (14a) 15a :16a 1:2.3 80
4[e] CO2CH3 (14a) 15a :16a 1:2 78
5 COCH3 (14b) 15b :16b 2:1 83
6[d] COCH3 (14b) 15b :16b 1:1.2 88
7 COOH (14c) 15c :16c 1:3 78
8[f] COOH (14c) NA 0
9 (E)-CH=CH-CHO (14d) 15d :16d 1:1.6 82
10 (E)-CH=CH-CO2Et (14 e) 15e :16e 1:2.5 87
11 C�CH (14 f) 15 f :16 f 1:2.5 85
12 CH2OTBS (14g) 15g :16g 1.5:1 90
13 CH2OTIPS (14h) 15h :16h 3:1 81
14[c] CH2OTIPS (14h) 15h :16h 2:1 88
15 CH2O-4-Br-Bz (14 i) 15 i :16 i 1.6:1 71
16 CN (14j) 15j :16j 1:1.9 87
17 SO2Ph (14 k) 15k :16k 1:1 80
18 CHO (14 l) 15 l :16 l 1:15 78


[a] All reactions performed with 10 % catalyst by using 0.1–0.2 m sub-
strate in acetone unless otherwise noted. [b] Ratio determined by proton
NMR. [c] Reaction performed in DMF. [d] Reaction performed in the
presence of 10–15 % In(OTf)3. [e] Reaction performed in the presence of
10% HMPA. [f] Reaction performed in the presence of 10% Bu4NOH.


Table 4. Regioselectivity of cycloaddition of cis substrates.


Entry[a] R 18 :19[b] Yield [%]


1 CO2CH3 (17a) 18 a :19a > 20:1 87
2 CN (17b) 18 b :19b >20:1 81
3 CH2OTIPS (17 c) 18 c :19c >20:1 85
4 CH3 (17d) 18 d :19d >20:1 87
5 COCH3 (17e) 18 e :19e 2:1 93
6 C�CH (17 f) NA NR
7 CHO (17g) 15 l :16 l[c] 1:12 82


[a] All reactions were performed with 10% catalyst using 0.1–0.2 m sub-
strate in acetone. [b] Ratio determined by proton NMR. [c] See
Scheme 9.
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slightly over path b, because the steric interaction between
Rtrans and Cp in intermediate 21 is slightly more severe than
that in intermediate 24. Therefore, trans cyclopropanes bear-
ing an electron-withdrawing R group, such as an ester,
ketone, carboxylic acid, enal, a,b-unsaturated ester, cyanide
or sulfone (entries 1–10, 16–17 in Table 3) give a mixture of
two diastereomers. This result indicates a small to almost
negligible bias in cleavage of the more substituted cyclo-
propyl carbon bond despite the large differences of the
steric size of the substituents. In contrast, cis-cyclopropanes
bearing an electron-withdrawing R group such as ester or
cyano (entries 1 and 2, Table 4) give one diastereomer
almost exclusively.


If R is not an electron-withdrawing group, path a appears
to be favored for both cis- and trans-cyclopropanes. For cis-
cyclopropane substrate 17 c (entry 3, Table 4), the steric re-
pulsion between Cp and Rcis is much more severe in inter-
mediate 24 than that in 21, so path a is preferred and pro-
ceeds to give product 18 c. In comparison, for trans-cyclopro-
pane substrate 14 g and 14 h (entries 12 and 13 in Table 3),
the steric repulsion between Cp and Rtrans is only moderately
more severe in intermediate 24 than that in 21 so both cy-
cloheptadiene regioisomers were obtained. Furthermore, the
migration of the less substituted cyclopropyl carbon is fa-
vored, in contrast to the case of the trans-cyclopropylester
14 a, where the migration of the more substituted cycloprop-
yl carbon is preferred. Therefore, in cases where R is not an
electron-withdrawing group, steric effects appear to domi-
nate. This conclusion is further supported by the comparison
of entries 12 and 13 in Table 3. As the steric size of R group
increases from tert-butyldimethylsilyloxy methylene to triiso-
propylsilyloxy methylene, the product derived from the less
substituted C�C bond cleavage of the cyclopropane is in-
creased from 1.5:1 to 3:1.


If R is a formyl group, polyhydroazulene 16 l is formed in-
dependent of the relative stereochemistry of the starting vi-


nylcyclopropane (Scheme 9).
The regiochemical preference
of this reaction can be ex-
plained by the presence of an
electron withdrawing group
which should stabilize the in-
termediate cyclooctene 25 :26,
as well as weaken the carbon–
carbon bond bearing the alde-
hyde. To the extent that the re-
giochemistry is determined by
the relative rate of cyclopro-
pane ring opening, this ex-
plains the regiochemical pref-
erence for cleavage of the cy-
clopropane carbon–carbon
bond substituted with the alde-
hyde. Once again, metallacy-
clopentene formation is rever-


sible and the product ratios are determined by the relative
rate of C�C bond breaking to from the metallacyclooctenes.


The diastereoselectivity of the reaction can be explained
by considering the structure of proposed intermediate ruthe-
nacycles 29 and 30 (Scheme 10). These ruthenacycles can
readily equilibrate via an O-bound ruthenium(+4) eno-
late.[13] To the extent that this equilibrium is rapid relative to
the rate of reductive elimination, the diastereoselectivity of
the reaction will depend on the relative rates of reductive
elimination. The remarkable preference to form the trans-
product 16 l (>10:1 dr) regardless of the geometry of the
starting cyclopropane suggests that the rate of reductive
elimination of 30 is greater than that of 29. This behavior is
unique to aldehyde-substituted cyclopropanes. For example,
replacing the aldehyde with an acetyl group has a dramatic
effect on the course of the reaction. Although, the possibili-
ty of equilibration of the intermediate ruthenacycloctadienes
via an O-bound ruthenium enolate remains, the acetyl sub-
stituted-cyclopropanes behave like the siloxymethyl-substi-
tuted cyclopropanes (Scheme 8) rather than the formyl-sub-
stituted cyclopropanes (Scheme 9). This suggests that, in


Scheme 8. Proposed mechanistic rationale for the regio- and diastereoselectivity of cyclopropane ring opening
for disubstituted cyclopropanes.


Scheme 9. RuII-catalyzed regioselective [5+2] cycloadditions of 14 l and
17g.
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order for the equilibration of 29 and 30 to occur, the rela-
tively small steric size of the aldehyde is also necessary. Cal-
culation (MM2) of the relative energies of the product alde-
hydes (16 l and 19 g) shows that 16 l is 1.8 kcal mol�1 (95:5
ratio) more stable than diastereomer (19 g). The difference
may primarily be due to placement of the aldehyde into a
pseudoaxial position in 19 g compared to the pseudoequato-
rial position in 16 l. This energy difference is presumably re-
flected in the transition state for reductive elimination and
therefore in the difference in the relative rates of reductive
elimination.


Three aspects of our observations should be noted. First,
the aldehyde substrate gave different results compared to
other substrates (Scheme 9), perhaps deriving from the com-
bination of both electronic and steric effects. Second, the C�
C bond energy of cyclopropyl appears to be important in
the trans series. All substituents, in particular the electron-
withdrawing substituents, show significant migration of the
more substituted cyclopropyl carbon. The steric effects
appear to be quite variable for these cases. They seem to
play a more significant role in entries 12 and 13 compared
with entries 1 and 15 in Table 3. Third, the steric effects
seem to dominate for the cis substrates. Excellent regiose-
lectivity for migration of the less substituted carbon was ob-
served in this series apart from the examples with formyl or
acetyl substituents.


There are several significant differences between the Rh
and the Ru systems. First, aldehyde substrates 14 l and 17 g
do not lead to the same cycloaddition product with Rh cat-
alysis. With [Rh(CO)2Cl]2, the cycloaddition of 14 l gave 16 l
with the angular hydrogen trans to the aldehyde group. Con-
versely, 17 g afforded a diastereomer of 16 l with the angular
hydrogen cis to the aldehyde group. Second, the siloxy sub-
strate 14 g shows the contrasting regioselectivity with the
two different catalytic systems, leading with Wilkinson�s cat-
alyst to exclusive formation of 15 g, whereas the Ru complex
4 leads to an equimolar mixture of 15 g and 16 g. Third, the
ester substituent influences the regioselectivity of the Rh-
catalyzed reaction by favoring the cleavage of the more sub-
stituted C�C bond of cyclopropane, but does not effect re-


gioselectivity in the cis series
with the Ru catalyst (entry 1,
Table 4).


Construction of tricyclic com-
pounds containing a seven-
membered ring : In order to
showcase the above described
methodology, we also utilized
Ru-catalyzed [5+2] cycloaddi-
tion to construct the core skel-
eton of the natural products
depicted in Figure 1. In all
cases good to excellent yields
and diastereoselectivities were
observed in the key reaction
despite the steric encumbrance


of the cycloaddition substrates increasing from 1,1,2-trisub-
stituted, to 1,2,3-trisubstituted, to tetrasubstituted cyclopro-
panes (entries 2–10 in Table 5). The relative stereochemistry
of the angular substituents was assigned by NOE studies.


The mechanism involving a ruthenacyclopentene again ac-
counts for the observed stereochemistry (Scheme 11). Coor-
dination of the double bond results in a dihedral angle of 08
between Hb and Hc, since the double bond is formed be-
tween the corresponding carbon atoms. This leads to the
propagation of the stereochemistry in a 1,4-manner. It is
particular striking that tetrasubstituted substrates such as
42 i or trisubstituted substrates such as 42 g, h, and j can be
employed, invoking a secondary carbon–ruthenium bond.


An interesting regioselectivity question arises with ketone
42 h. Previous work in entries 5 and 6 of Table 3 showed that
an acetyl substituent in a 1,2-disubstituted cyclopropane pro-
duced nearly equal amounts of the two regioisomers. On the
other hand, in the case of 42 h in which both cyclopropyl
bonds are substituted, a selectivity in favor of 43 h was ob-
served, accompanied by a small amount of 43 h’ (84 % yield,
43/43 h’ 6:1). This observation suggests that electronic fac-
tors can dominate when steric effects are equivalent, but the


Scheme 10. Proposed mechanism to account for selective formation of 16 l.


Scheme 11. Rationale for diastereoselectivity of cycloaddition of 42 i.
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electronic effects are not overwhelming. Interestingly, the
addition of indium triflate as a cocatalyst further increased
the selectivity to favor 43 h (83 % yield) such that none of
isomer 43 h’ was detected. Apparently, Lewis acid complexa-
tion of the carbonyl group activates the adjacent cyclopropyl
bond towards cleavage.


Substrate 42 k, derived from ketoglutamic acid (entry 12
in Table 5), does not react at room temperature but cycload-
dition occurs once heated to 50 8C. The terminal alkyne of
42 k was methylated accompanied with simultaneous diaster-
eoselective methylation of the a carbon of the lactam[14] to
form 42 l. In contrast to substrate 42 k, this substrate
smoothly afforded tricyclic product 43 l in 84 % yield and
10:1 diastereoselectivity at room temperature (entry 13,
Table 4). This observation suggests that reversible formation
of a vinylidene–ruthenium complex by the reaction of the
terminal alkyne with the Ru catalyst slows down but does
not inhibit the cycloaddition pathway when terminal alkynes
are used as substrates.[17]


The diastereoselectivity of the cycloaddition presumably
results from the stability and reactivity of ruthenacyclopen-
tane intermediates 46 and 47 (Scheme 12). Apparently, in-
termediate 47 is disfavored relative to intermediate 46, an
explanation similar to the rationale provided in Scheme 6
can be given. The considerably higher activation energy for
the transformation of 42 kb to 47, compared with that of
42 ka to 46, dictates the stereochemical outcome of the reac-
tion.


Varying the placement of the cyclohexyl ring provides an
entry to alternative tricycles. For example, dienyne 42 m was
exposed to Ru catalyst 4 at room temperature in acetone to


Table 5. Ru-catalyzed intramolecular [5+2] cycloadditions of vinylcyclo-
propyl alkynes.[a]


Entry Substrate Product Yield [%]


1
85
(dr >20:1)


42 a 43 a


2
81
(dr >20:1)


42b 43b


3
80
(dr >20:1)


42c 43c


4
81
(dr >20:1)


42d 43d


5
69
(dr >10:1)


42 e 43 e


6
81
(dr >20:1)


42 f 43 f


7
93
(dr >20:1)


42 g 43 g


8
84
(43 h :43h’
6:1)


42h


43h


43 h’


9[b] 78
(dr >20:1)


42h 43h


10
85
(dr >20:1)


42 i 43 i


Table 5. (Continued)


Entry Substrate Product Yield [%]


11
72
(dr >15:1)


42 j 43 j


12
72
(dr >20:1)


42k 43k


13
84
(dr 10:1)


42 l 43 l


14
91
(dr 10:1)


42 m 43m
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give a 91 % yield of the triene 43 m (dr 10:1) within 4 h
(entry 14, Table 5). The use of a conjugated enyne for the
acetylene segment provides an entry to 1,3-dienes and thus
sets the stage for further elaboration by means of Diels–
Alder reactions.


In sharp contrast to the facile cycloaddition of 42 h, which
was complete within 4 h, aldehyde 42 n and ketone 42 o
failed to react even at elevated temperature (50 8C), longer
reaction time (24 h), and increased catalyst loading
(25 mol %). Previous work clearly established that the func-
tionality present in this substrate is compatible with the cy-
cloaddition reaction, hence we examined the reduced forms
of ketone 42 o (entries 3–6 in Table 5). Gratifyingly, alcohols
42 c and 42 d, and also the more sterically demanding silyl
ethers 42 e and 42 f reacted normally to give tricyclic com-
pounds with excellent diastereoselectivity. One explanation
for these differences in reactivity can be explained by biden-
date coordination of the carbonyl group and the alkene with
ruthenium; a coordination possible in 42 n and 42 o, but not
in 42 c–f, thus resulting in decreased propensity to form the
ruthenacycle intermediate. An alternative explanation
(Figure 4), is that the carbonyl group in ruthenacyclopen-
tene intermediates 46 and 47 may occupy one coordination
site of the Ru catalyst, thus the free coordination site re-
quired for the ring expansion to occur is blocked.


In contrast to substrates 42 k
and l, substrates 42 p–s bearing
a basic nitrogen atom failed to
react even at elevated temper-
ature or in the presence of a
Lewis acid such as MeAlCl2


(Figure 5). This lack of reactiv-
ity most likely results from the
basicity of the tertiary amine
which leads to a Lewis acid–
base interaction with the Ru
catalyst, a rationale already
discussed to account for the
lack of reactivity of a suitably
juxtaposed carbonyl group.


Substrates 42 t and 42 u were unreactive towards cycload-
dition. This presumably is due to the steric demand of the
substrates which precludes formation of the ruthenacyclo-
pentene intermediate. The sensitivity of this family of Ru
catalysts to steric hindrance has been noted in other reac-
tions, notably enyne additions.[17]


Conclusion


Ru-catalyzed intramolecular [5+2] cycloadditions proceed
under very mild conditions and usually the reactions are
complete at room temperature within a few hours. The reac-
tions generally show excellent chemoselectivity. High dia-
stereoselectivities can be achieved in the intramolecular Ru-
catalyzed [5+2] cycloaddition of cyclopropylenynes. A sys-
tematic study of 1,2-trans- and -cis-disubstituted cyclopropy-
lenynes provides tremendous insight towards the under-
standing of the reaction mechanism. Based on our observa-
tions, a mechanism involving a ruthenacyclopentene inter-
mediate is proposed. A ruthenacyclopentene intermediate
nicely explains all the results, particularly regarding the re-
activity of substrates and the stereochemistry of the cycload-
ducts.


A further extrapolation of this methodology led to the
synthesis of 5,7,6-fused, 5,5,7-fused, and 6,5,7-fused ring sys-
tems with high yields and diastereoselectivities. The synthe-
sis of 5,7,6-fused ring systems also serves as a model study
to some biologically important natural products. The high
diastereoselectivity of the reaction is remarkable, likely re-


Figure 4. Ruthenacyclopentene intermediates that failed to undergo cy-
clopropyl ring opening.


Figure 5. Unreactive substrates for the Ru-catalyzed [5+2] cycloaddition.


Scheme 12. Rationale for the diastereoselectivity of the cycloaddition of 42k.
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sulting from the additional ring on the tether between the
alkene and alkyne, which serves to rigidify the substrate to
favor one particular reactive conformation. Given the reac-
tivity of this catalytic system and the breath of its scope, this
atom economical process holds much promise to enhance
the efficiency of the total synthesis of polycyclic natural
products containing seven-membered rings.


Experimental Section


Selected experimental procedures for preparation of 6 h, 6 l, 6q, 6 r, 6ee,
6gg, 6 ii, 16j, 16 l, 18 b, 18c, 43d, and 43 i appear below. Full experimental
details for all substrates and cycloaddition products reported herein are
given in the Supporting Information.


General procedure : Ruthenium catalyzed [5+2] cycloadditions : 10%
[CpRu(CH3CN)3]PF6 was added to a oven-dried test tube and the flask
purged with Ar three times. A solution of eneyne-cyclopropane in freshly
distilled acetone was added via cannula and the solution stirred under Ar
at RT until TLC showed the reaction was complete. The solvent was re-
moved in vacuo, and the residue purified by flash chromatography on
silica gel.


4-Phenyl-8-trimethylsilyl-3,3a,6,7-tetrahydro-1H-azulene-2,2-dicarboxylic
dimethyl ester (6 h) (Table 1, entry 8): Malonate 5h (10.1 mg,
0.025 mmol) and [CpRu(CH3CN)3]PF6 (3.1 mg, 0.0076 mmol) were dis-
solved in dichloroethane (0.25 mL) and stirred under argon at room tem-
perature for 24 h. The solvent was removed in vacuo and the residue pu-
rified by flash chromatography (silica gel, petroleum ether/diethyl ether
3:1) to afford cycloadduct 6h (7.6 mg, 0.019 mmol, 75%) as a pale yellow
oil. Rf =0.43 (petroleum ether/diethyl ether 3:1); IR (film): ñ = 2953,
2180, 1738, 1629, 1435, 1251, 1198, 1163, 1077, 838, 734, 703 cm�1;
1H NMR (300 MHz, CDCl3): d = 7.20 (m, 5H), 5.61 (m, 1H), 4.34 (m,
1H), 3.72 (s, 3H), 3.62 (s, 3H), 3.01 (d, J =15.9 Hz, 2H), 2.59 (m, 2H),
2.32 (m, 2 H), 2.18 (m, 2H), 0.16 (s, 9H); 13C NMR (75 MHz, CDCl3):
d= 171.8, 171.7, 152.3, 145.3, 140.2, 135.6, 131.1, 127.8, 127.4, 125.9, 58.2,
52.7, 52.6, 43.1, 41.7, 40.7, 28.8, 28.5, �0.3; elemental analysis calcd (%)
for C23H30O4Si: C 69.31, H 7.59; found: C 69.17, H 7.50.


8-tert-Butyl-4-trimethylsilyl-3,4,5,6-tetrahydro-1H-azulene-2,2-dicarboxyl-
ic dimethyl ester (6 l) (Table 1, entry 12): A solution of [Ru(ind)2]
(0.8 mg, 2.4� 10�3 mmol) in CH2Cl2 (0.2 mL) under argon was treated
with 0.5 mL of a 5.5 m solution of HPF6 in water (3 � 10�3 mmol). The
yellow solution immediately turned orange-brown. This solution was stir-
red 10 min, before malonate 5 f (9.1 mg, 0.024 mmol) was added and the
solution stirred at room temperature for 12 h. The solvent was removed
in vacuo and the residue purified by flash chromatography (silica gel, pe-
troleum ether/diethyl ether 3:1) to afford cycloadduct 6 l (6.6 mg,
0.017 mmol, 73 %) as a colorless oil. Rf = 0.55 (petroleum ether/diethyl
ether 3:1); IR (film): ñ= 2956, 2871, 2180, 1738, 1436, 1363, 1251, 1200,
1029, 845, 761 cm�1; 1H NMR (300 MHz, CDCl3): d = 5.25 (m, 1 H), 3.73
(s, 6 H), 3.39 (t, J=7.2 Hz, 2H), 2.87 (s, 2H), 2.40 (m, 1 H), 2.08 (m, 2H),
1.91 (m, 2H), 1.01 (s, 9 H), 0.09 (s, 9 H); 13C NMR (75 MHz, CDCl3): d =


170.6, 170.5, 149.7, 149.1, 147.2, 119.4, 57.3, 57.2, 52.7, 52.6, 36.8, 36.7,
31.8, 30.2, 29.4, 22.4, 1.0, �0.1; elemental analysis calcd (%) for
C21H34O4Si: C 66.62, H 9.05; found: C 66.40, H 8.99.


N-(4-Methylbenzenesulfonyl)-5-(trimethyl-silyl)-2,3,4,6,7,9a-hexahydro-
1H-cyclohepta[c]pyridine (6 q) (Table 1, entry 18): A solution of vinylcy-
clopropane 5 q (18 mg, 0.048 mmol) in acetone (0.4 mL) was added to a
test tube containing [CpRu(CH3CN)3]PF6 (4 mg, 0.009 mmol) and the re-
sulting orange solution stirred at 50 8C for 2 h. The reaction mixture was
concentrated in vacuo and purified by chromatography eluting with pe-
troleum ether/diethyl ether 6:1 to afford 6 q (12 mg, 67%) as a clear film.
IR (film): ñ = 2955, 2923, 2852, 1599, 1346, 1248, 1161, 1093 cm�1;
1H NMR (500 MHz, CDCl3): d = 7.68 (d, J =8.0 Hz, 2 H), 7.27 (d, J =


8.0 Hz, 2 H), 5.33 (m, 1H), 5.18 (m, 1 H), 4.82 (m, 1H), 3.89 (m, 1 H),
3.09 (m, 3 H), 2.43 (s, 3H), 2.16 (m, 1 H), 2.05 (m, 2H), 0.09 (s, 9H);
13C NMR (125 MHz, CDCl3): d = 143.9, 139.3, 136.5, 135.2, 129.6, 128.5,


127.4, 127.2, 52.4, 46.4, 31.1, 30.7, 30.3, 25.3, 21.5, �1.7; HRMS (EI+ ):
m/z : calcd for C20H29NO2SSi: 375.1688; found: 375.1689 [M]+ .


8-Trimethylsilyl-2,3,3a,4,6,7-hexahydro-1H-azulen-5-one (6 r) (Table 1,
entry 19): A solution of 5r (74.2 mg, 0.296 mmol) in acetone (2.2 mL)
was added under argon to a test-tube with [CpRu(CH3CN)3]PF6 (9.6 mg,
0.022 mmol). The reaction was stirred at room temperature for 10 h. The
reaction mixture was concentrated in vacuo and the residue purified by
flash chromatography (silica gel, petroleum ether/diethyl ether 10:1) to
yield 6 r (48.4 mg, 0.217 mmol, 73 %) as a clear light yellow oil. Rf =0.68
(petroleum ether/diethyl ether 1:1); IR (film): ñ = 2955, 2851, 1707,
1430, 1319, 1284, 1260, 1204, 1138, 1073, 804 cm�1; 1H NMR (300 MHz,
CDCl3): d = 2.52–2.28 (m, 6H), 1.99 (m, 2H), 1.90 (dd, J= 13.1, 10.3 Hz,
1H), 1.36–1.25 (m, 4H), 0.07 (s, 9H); 13C NMR (75 MHz, CDCl3): d =


210.1, 145.2, 132.4, 41.9, 40.2, 39.8, 36.5, 36.4, 31.1, 21.2, 0.1; elemental
analysis calcd (%) for C13H22OSi: C 70.21, H 9.97; found: C 70.45, H
10.05.


1-Methyl-8-(trimethylsilyl)-1,2,3,3a,6,7-hexahydroazulene-1,3-diol (6 ee)
(Table 1, entry 19): [CpRu(CH3CN)3]PF6 (5 mol %, 52 mg, 0.118 mmol) at
�78 8C was added to a solution of 5ee (600 mg, 2.38 mmol) in dichloro-
methane (12 mL). The solution was warmed to 15 8C over 2.5 h. Without
workup, the reaction mixture was purified by chromatography (silica gel,
petroleum ether/diethyl ether 1:1) to give 6 ee (485 mg, 1.92 mmol, 81%)
as a white solid. M.p. 137 8C; IR (film): ñ= 3277brm, 2919w, 1390w,
1246w, 1072w, 920w, 838w cm�1; 1H NMR (300 MHz, CDCl3): d = 5.72–
5.60 (m, 1H), 5.55–5.50 (m, 1H), 4.11 (br s, 1H), 3.77 (br s, 1 H), 2.60–
2.30 (m, 3 H), 2.30–2.10 (m, 2 H), 2.06–1.88 (m, 1 H), 1.97 (dd, J =13.6,
2.8 Hz, 1 H), 1.72 (dd, J =13.6, 4.0 Hz, 1 H), 1.39 (s, 3H), 0.16 (s, 9H);
13C NMR (75 MHz, CDCl3): d = 162.7, 138.4, 132.2, 125.8, 79.6, 74.1,
51.0, 49.5, 31.8, 28.5, 27.6, 1.3; elemental analysis calcd (%) for
C14H24O2Si: C 66.61, H 9.58; found: C 66.70, H 9.44. See Supporting In-
formation for X-ray data.


(1R*,3R*,10R*)-[3-(4-Methoxy-benzyloxy)-1,4-dimethyl-1,2,3,5,6,8a-hex-
ahydro-azulen-1-yloxy]-trimethylsilyl ether (6 gg) and (1R*,3R*,10R*)-3-
(4-methoxy-benzyloxy)-1,4-dimethyl-1,2,3,5,6,8a-hexahydroazulen-1-ol
(6 gg’) (Table 2, entry 8): [CpRu(CH3CN)3]PF6 (25 mg, 0.057 mmol) at
RT was added to cyclopropane 5 gg (0.44 g, 1.14 mmol) in distilled ace-
tone (2 mL). The solution was stirred for 1.5 h. After removal of the sol-
vent, the residue was separated by flash chromatography eluting with 5
! 20% diethyl ether in petroleum ether to afford 6 gg (140 mg,
0.45 mmol, 39 %) and 6gg’ (144 mg, 0.37 mmol, 33%) both as a colorless
oil. For 6 gg : IR (film): ñ=2960m, 2930m, 1613m, 1514s, 1442m, 1375m,
1302m, 1249s, 1173s, 1150m, 1108s, 1074m, 1036s, 889, 840s, 764m cm�1;
1H NMR (500 MHz, CDCl3): d = 7.27 (d, J =8.5 Hz, 2 H), 6.90 (d, J =


8.5 Hz, 2 H), 5.89 (m, 1H), 5.63 (m, 1H), 4.53 (d, J =11.5 Hz, 1 H), 4.41
(m, 1 H), 4.35 (d, J =11.5 Hz, 1 H), 3.82 (s, 3H), 3.55 (m, 1H), 3.31 (s,
1H), 2.58 (m, 1 H), 2.40–2.15 (m, 4 H), 1.98 (m, 1H), 1.84 (s, 3H), 1.46 (s,
3H); 13C NMR (125 MHz, CDCl3): d = 158.9, 139.4, 135.3, 131.0, 129.0,
128.7, 128.6, 122.3, 78.0, 69.9, 55.2, 54.3, 52.1, 44.5, 32.9, 28.9, 25.9, 20.7;
HRMS: m/z : calcd for C22H31O3Si: 371.2042; found: 371.2041 [M�CH3]


+.


For 6 gg’: IR (film): ñ = 3496b, 2959m, 2929m, 1613m, 1586w, 1514s,
1438w, 1303w, 1249s, 1174m, 1116m, 1089m, 1034s, 923w, 825m cm�1;
1H NMR (500 MHz, CDCl3): d = 7.27 (d, J =8.5 Hz, 2 H), 6.88 (d, J =


8.5 Hz, 2 H), 5.86 (dd, J =1.5, 11.0 Hz, 1H), 5.82 (m, 1 H), 4.53 (d, J=


11.0 Hz, 1H), 4.46 (d, J=4.5 Hz, 1 H), 4.40 (d, J =11.0 Hz, 1H), 3.82 (d,
J =0.5 Hz, 3H), 3.55 (s, 1H), 3.34 (d, J=2.0 Hz, 1H), 2.52 (m, 1 H), 2.32
(m, 1H), 2.20 (m, 2H), 2.00 (dd, J =6.0, 13.0 Hz, 1H), 1.75 (d, J =2.0 Hz,
3H), 1.59 (dd,=4.5, 14.5 Hz, 1H), 1.34 (s, 3 H); 13C NMR (125 MHz,
CDCl3): d = 159.2, 138.4, 138.1, 129.9, 129.8, 128.1, 113.7, 94.1, 79.2, 78.6,
69.8, 55.2, 51.5, 43.0, 32.8, 25.9, 24.7, 21.4; HRMS: m/z : calcd for
C20H26O3: 314.1882; found: 314.1880.


(1S*,3S*,9R*)-7-(2-Hydroxyethyl)-3-(4-methoxybenzyloxy)-1,4-dimethyl-
1,2,3,5,6,8a-hexahydro-azul-en-1-ol (6 ii) (Table 2, entry 10): [CpRu-
(CH3CN)3]PF6 (22 mg, 0.051 mmol) was added under argon at RT to
enyne 5 ii (220 mg, 0.512 mmol) in distilled acetone (3 mL). The reaction
was stirred for 2 h and directly purified by flash chromatography (silica
gel, petroleum ether/diethyl ether 20:1!10:1) to yield 6 ii (183 mg,
0.461 mmol, 90%) as a single diastereomer as a pale yellow oil. IR
(film): ñ = 3407b, 2958s, 2926s, 2856m, 1728s, 1613w, 1514m, 1464m,
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1378w, 1282m, 1249s, 1121m, 1073m, 1037m, 861w, 821w, 773w, 741w
cm�1; 1H NMR (500 MHz, CDCl3): d = 7.29 (d, J= 9.0 Hz, 2 H), 6.88 (d,
J =9.0 Hz, 2 H), 5.52 (s, 1 H), 4.46 (t, J =7.0 Hz, 1H), 4.46 (d, J =11.0 Hz,
1H), 4.39 (d, J =11.0 Hz, 1 H), 3.82 (s, 3H), 3.86 (m, 2 H), 3.50 (m, 1H),
2.47 (t, J =11.5 Hz, 1 H), 2.35 (m, 4 H), 2.08 (m, 2 H), 1.78 (d, J =2.0 Hz,
3H), 1.72 (dd, J =8.0, 13.0 Hz, 1 H), 1.46 (s, 3H); 13C NMR (125 MHz,
CDCl3): d = 159.2, 141.1, 136.9, 130.4, 129.8, 125.5, 124.3, 113.7, 78.5,
70.4, 60.1, 55.3, 51.1, 45.8, 42.6, 33.1, 30.3, 29.5, 25.7, 22.0; HRMS: m/z :
calcd for C22H30O4: 358.2144; found: 358.2143 [M]+ .


trans-6-Cyano-8-methyl-3,3a,6,7-tetrahydro-1H-azulene-2,2-dicarboxylic
dimethyl ester (15 j) and trans-6-cyano-8-methyl-3,3a,6,7-tetrahydro-1H-
azulene-2,2-dicarboxylic dimethyl ester (16 j) (Table 3, entry 16): Malo-
nate ester 14 j (15 mg, 0.052 mmol) in distilled acetone (0.3 mL) was de-
gassed by argon before the addition of [CpRu(CH3CN)3]PF6 (2 mg,
0.005 mmol). The resulting brown solution was stirred at RT for 3 h and
directly purified by flash chromatography (silica gel, petroleum ether/di-
ethyl ether 20:1!10:1) to afford 15j and 16 j as an inseparable mixture
of regioisomers (13 mg, 0.045 mmol, 87%, dr 1:1.9) as a pale yellow oil.
IR (film): ñ = 2921s, 2851s, 2234w, 1733s, 1456m, 1435m, 1270m, 1201m,
1165m, 1072w, 949w, 844w cm�1; 1H NMR (500 MHz, CDCl3) for major
isomer 16j : d = 5.68 (m, 1H), 5.60 (d, J=10.5 Hz, 1H), 3.772 (s, 3 H),
3.766 (s, 3 H), 3.62 (m, 1H), 3.05 (d, J=17.0 Hz, 1 H), 2.95 (d, J =17.0 Hz,
1H), 2.74 (m, 1H), 2.61 (m, 1 H), 2.48 (m, 1 H), 2.30 (m, 1H), 2.04 (t, J=


13.0 Hz, 1H), 1.88 (s, 3 H); 1H NMR (500 MHz, CDCl3) for minor isomer
15j : d = 5.72 (dd, J =11.0 Hz, 1H), 5.60 (d, J =10.5 Hz, 1H), 3.768 (s,
3H), 3.766 (s, 3H), 3.56 (m, 1 H), 3.05 (d, J= 17.0 Hz, 1H), 2.95 (d, J =


17.0 Hz, 1H), 2.74 (m, 2 H), 2.64 (m, 1H), 2.20 (m, 1 H), 2.05 (t, J=


11.0 Hz, 1H), 1.82 (s, 3 H); 13C NMR (75 MHz, CDCl3) for major isomer
16j : d = 171.7, 171.4, 137.3, 133.4, 126.4, 123.2, 120.4, 58.1, 52.9, 41.3,
39.6, 39.2, 33.8, 32.0, 29.7, 22.7; 13C NMR (75 MHz, CDCl3) for minor
isomer 15j : d = 171.8, 171.5, 139.4, 135.6, 127.5, 125.5, 122.7, 58.1, 53.0,
41.2, 39.6, 39.7, 34.9, 30.0, 29.4, 22.0; HRMS: m/z : calcd for C16H19O4N:
289.1314; found: 289.1313.


cis-6-Cyano-8-methyl-3,3a,6,7-tetrahydro-1H-azulene-2,2-dicarboxylic di-
methyl ester (18 b) (Table 4, entry 2): Ester 17 b (21 mg, 0.073 mmol) in
distilled acetone (0.8 mL) was degassed by argon before the addition of
[CpRu(CH3CN)3]PF6 (3.2 mg, 0.007 mmol). The resulting red solution
was stirred at RT for 4 h. Flash chromatography eluting with 5!25% di-
ethyl ether in petroleum ether afforded 18 b (17 mg, 0.059 mmol, 81%)
as a single diastereomer as a pale yellow oil. IR (film): ñ= 2954w, 2855w,
2238w, 1783s, 1435m, 1258s, 1204s, 1165s, 1062m, 756w, 668w cm�1;
1H NMR (500 MHz, CDCl3): d = 5.61 (dt, J=2.5, 11.5 Hz, 1 H), 5.50
(dq, J=4.0, 11.5 Hz, 1 H), 3.76 (s, 3 H), 3.75 (s, 3H), 3.66 (bm, 1H), 3.33
(m, 1 H), 2.98 (d, J=16.5 Hz, 1H), 2.93 (d, J =13.0 Hz, 1H), 2.85 (m, J=


17.0 Hz, 1H), 2.73 (ddd, J =2.0, 8.5, 13.0 Hz, 1 H), 2.24 (dt, J =1.5,
11.5 Hz, 1H), 1.96 (dd, J =11.0, 13.0 Hz, 1H), 1.73 (s, 3H); 13C NMR
(125 MHz, CDCl3): d = 171.61, 171.55, 138.9, 134.4, 126.4, 122.9, 120.8,
58.1, 52.9, 52.8, 41.5, 39.9, 38.9, 36.0, 29.7, 20.8; HRMS: m/z : calcd for
C16H19O4N: 289.1314; found: 289.1320.


2,2-Bis(methoxycarbonyl)-8-methyl-6-(triisopropylsilyloxymethyl)-
1,2,3,3a,6,7-hexahydroazulene (18 c) (Table 4, entry 3): A solution of vi-
nylcyclopropane 17c (33 mg, 0.073 mmol) in acetone (0.7 mL) was added
to a test tube containing [CpRu(CH3CN)3]PF6 (3 mg, 0.007 mmol) and
the resulting orange solution stirred at room temperature for 2 h. The re-
action mixture was concentrated in vacuo and purified by chromatogra-
phy eluting with 5 % diethyl ether/petroleum ether to afford 18 c (28 mg,
85%) as a colorless liquid. IR (film): ñ = 2944, 2865, 1738, 1434, 1256,
1202, 1164, 1111, 1063 cm�1; 1H NMR (500 MHz, CDCl3): d = 5.47 (m,
1H), 5.43 (m, 1 H), 3.75 (s, 3 H), 3.74 (s, 3H), 3.57 (dd, J=9.3, 6.0 Hz,
1H), 3.55 (m, 1 H), 3.47 (dd, J =9.3, 7.5 Hz, 1 H), 3.02 (d, J =16.3 Hz,
1H), 2.89 (dd, J =16.3, 2.1 Hz, 1H), 2.68 (ddd, J= 12.4, 8.5, 1.8 Hz, 1H),
2.44 (t, J=12.4 Hz, 1H), 2.30 (m, 1 H), 1.99 (ddd, J =13.0, 2.0, 1.7 Hz,
1H), 1.95 (dd, J =13.0, 11.0 Hz, 1 H), 1.75 (s, 3 H), 1.08 (m, 21H);
13C NMR (125 MHz, CDCl3): d = 172.0, 136.6, 131.1, 130.6, 129.0, 68.1,
58.5, 52.7, 52.6, 42.0, 40.2, 39.5, 38.8, 37.6, 20.9, 18.0, 12.0; HRMS: m/z :
calcd for C25H42O5Si: 450.2802; found: 450.2837.


trans-2,2-Bis(methoxycarbonyl)-7-formyl-8-methyl-1,2,3,3a,6,7-hexahy-
droazulene (16 l) (Scheme 9): Compound 14 l (72 mg, 0.25 mmol) in distil-


led acetone (0.6 mL) was degassed with argon for 5 min before [CpRu-
(CH3CN)3]PF6 (4 ; 11 mg, 0.025 mmol) was added. The resultant yellow
solution was stirred at RT. for 1 h. Flash chromatography afforded 16 l
(56 mg, 0.19 mmol, 78 %) as colorless oil. It was a mixture of two isomers
with the ratio of 15:1. The relative stereochemistry was determined by
NOE between the angular proton and a-proton of aldehyde. COSY spec-
tra also confirmed the structure of this compound. IR (film): ñ = 2955m,
2850w, 2723w, 1734s, 1437m, 1274s, 1202m, 1163m, 1078m, 953w, 885w,
822w, 804w, 749w cm�1; 1H NMR (300 MHz, CDCl3): d = 9.67 (d, J =


1.8 Hz, 1H), 5.70 (dtd, J=2.7, 6.0, 10.2 Hz, 1 H), 5.61 (dt, J=2.2, 10.5 Hz,
1H), 3.74 (s, 3 H), 3.72 (s, 3H), 3.60 (m, 1H), 3.17 (m, 1 H), 3.06 (d, J=


17.2 Hz, 1 H), 2.91 (d, J =1.8, 17.2 Hz, 1 H), 2.66 (m, 2H), 2.32 (dt, J =


5.7, 15.3 Hz, 1 H), 2.04 (t, J =12.4 Hz, 1 H), 1.66 (s, 3H), 1.08 (m, 1H);
13C NMR (75 MHz, CDCl3): d = 202.8, 172.0, 171.8, 138.4, 134.5, 127.7,
124.3, 58.0, 55.0, 52.9, 52.8, 41.2, 41.0, 39.7, 26.0, 19.9; HRMS: m/z : calcd
for C16H20O5: 292.1311; found: 292.1106.


trans-2,2-Bis(methoxycarbonyl)-7-formyl-8-methyl-1,2,3,3a,6,7-hexahy-
droazulene (16 l): A solution of cis-vinylcyclopropane 17g (20 mg,
0.068 mmol) in acetone (0.7 mL) was added to a test tube containing
[CpRu(CH3CN)3]PF6 (3 mg, 0.007 mmol) and the resulting orange so-
lution stirred at room temperature for 30 min. The reaction mixture was
concentrated in vacuo and purified by chromatography eluting with di-
ethyl ether/petroleum ether 1:1 to afford aldehyde 16 l (16 mg, 82 %) as a
12:1 mixture of diastereomers. The ratio of diastereomers was deter-
mined by 1H NMR integration of the aldehydic proton: for the major dia-
stereomer a doublet at 9.67 ppm (1 H) and for the minor diastereomer a
doublet at 9.62 ppm (1 H). IR (film): ñ = 2954, 2851, 1732, 1434, 1273,
1200, 1163, 1078, 952, 886 cm�1; 1H NMR (500 MHz, CDCl3): d = 9.67
(d, J =1.8 Hz, 1H), 5.70 (dtd, J =10.2, 6.0, 2.7 Hz, 1H), 5.61 (dt, J =10.2,
2.2 Hz, 1H), 3.74 (s, 3H), 3.72 (s, 3 H), 3.60 (m, 1 H), 3.17 (m, 1H), 3.06
(d, J =17.2 Hz, 1H), 2.91 (dd, J= 17.2, 1.8 Hz, 1 H), 2.66 (m, 2 H), 2.32
(m, 1H), 2.04 (t, J =12.4, Hz, 1H), 1.66 (s, 3H), 1.08 (m, 21 H); 13C NMR
(125 MHz, CDCl3): d = 202.8, 172.0, 171.8, 138.4, 134.5, 127.7, 124.3,
58.0, 55.0, 52.9, 52.8, 41.2, 41.0, 39.7, 26.0, 19.9; HRMS: m/z : calcd for
C16H19O5: 291.1232; found: 291.1258 [M�H]+ . Additional signals for
minor diastereomer: 1H NMR (500 MHz, CDCl3): d = 9.62 (d, J=


1.1 Hz, 1H), 5.75 (m, 2H), 3.71 (s, 3 H), 3.32 (m, 1 H), 2.99 (d, J=


16.3 Hz, 1 H), 2.83 (br d, J=16.3 Hz, 1H), 2.16 (m, 1 H), 1.40 (s, 3 H).


5-Hydroxy-10-methyl-3,3a,5,6,7,8,8a,9-octahydro-1H-benzo[f]azulene-
2,2-dicarboxylic dimethyl ester (43 d) (Table 5, entry 4): [CpRu-
(CH3CN)3]PF6 (1.0 mg, 0.0024 mmol) at RT was added to 42d (8.0 mg,
0.024 mmol) in distilled acetone (0.2 mL). The solution was stirred for
4 h. Without further work-up, flash chromatography eluting with 20!
50% diethyl ether in petroleum ether to afford 43d (5.6 mg, 0.017 mmol,
81%) as a colorless oil. IR (film): ñ = 3408b, 2926s, 2855m, 1736s,
1434m, 1268s, 1203s, 1162m, 1121m, 1169m cm�1; 1H NMR (500 MHz,
CDCl3): d = 5.34 (br s, 1H), 4.10 (dd, J= 2.5, 3.0 Hz, 1 H), 3.75 (s, 6H),
3.56 (m, 1H), 2.93 (d, J=1.0 Hz, 2 H), 2.84 (d, J =14.5 Hz, 1H), 2.73
(ddd, J=1.0, 9.0, 13.0 Hz, 1H), 2.65 (m, 1H), 1.97 (dd, J =9.0, 13.0 Hz,
1H), 1.87 (m, 1 H), 1.80 (dd, J =4.0, 14.0 Hz, 1 H), 1.73 (d, J =1.5 Hz,
3H), 1.58 (m, 1H), 1.53 (m, 2 H), 1.44 (m, 1H), 1.32 (m, 2 H); 13C NMR
(125 MHz, CDCl3): d = 172.0, 143.9, 137.4, 128.0, 126.0, 76.1, 58.9, 52.74,
52.66, 42.3, 38.6, 38.5, 37.8, 34.7, 34.6, 33.3, 30.3, 29.7; HRMS: m/z : calcd
for C19H26O5: 334.1780; found: 334.1778.


4-Methyl-5-oxo-3,4a,5,6,7,8,8a,10a-octahydro-1H-benz[f]azulene-2,2-di-
carboxylic acid dimethyl ester (43 h) (Table 5, entry 9): [CpRu-
(CH3CN)3]PF6 (1.5 mg, 0.0036 mmol) and In(OTf)3 (9 mg, 0.018 mmol)
was added under argon at RT to a solution of 42 h (12 mg, 0.036 mmol)
in acetone (0.5 mL). The mixture was stirred for 4 h and purified by flash
chromatography eluting with 5!20% diethyl ether in petroleum ether
without workup, to afford 43h (9.3 mg, 0.028 mmol, 78 %) as a pale
yellow oil. IR (film): ñ = 3008w, 2953m, 2923m, 2852w, 1736s, 1689s,
1437m, 1329w, 1287m, 1246m, 1210s, 1123w, 1066m, 1031w, 967w, 899w
cm�1; 1H NMR (500 MHz, CDCl3): d = 5.76 (dt, J =10.0, 2.5 Hz, 1H),
5.52 (ddd, J =2.5, 6.5, 9.5 Hz, 1H), 3.76 (s, 3 H), 3.75 (s, 3H), 3.55 (br s,
1H), 3.50 (m, 1H), 3.24 (br s, 1H), 3.10 (d, J =17.5 Hz, 1 H), 2.97 (dd, J=


1.5, 17.5 Hz, 1 H), 2.61 (ddd, J =2.0, 8.0, 12.5 Hz, 1H), 2.39 (m, 2H), 2.14
(t, J=12.5 Hz, 1H), 2.08 (m, 2H), 1.90 (m, 1 H), 1.84 (m, 1 H), 1.56 (s,
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3H); 13C NMR (125 MHz, CDCl3): d = 210.5, 172.3, 171.8, 135.2, 134.9,
129.9, 124.6, 59.1, 57.8, 52.8, 52.7, 42.3, 40.7, 40.6, 39.71, 39.65, 30.0, 24.1,
22.3; HRMS: m/z : calcd for C19H24O5: 332.1624; found: 332.1622.


8a-(tert-Butyldimethylsilyloxymethyl)-4-methyl-3,4a,5,6,7,8,8a,10a-octa-
hydro-1H-benzo[f]azulene-2,2-dicarboxylic dimethyl ester (43 i) (Table 5,
entry 10): [CpRu(CH3CN)3]PF6 (2 mg, 0.004 mmol) was added to malo-
nate ester 42 i (19 mg, 0.047 mmol) in acetone (0.5 mL). The resulting red
solution was stirred at RT for 3 h. Without workup, flash chromatography
of the reaction mixture eluting with 5!10 % diethyl ether in petroleum
ether afforded a yellow oil isolated as a single diastereomer of the tricy-
clic compound 43 i (16 mg, 0.040 mmol, 85%). IR (film): ñ = 2930s,
2857s, 1768s, 1462w, 1435w, 1258s, 1197m, 1162m, 1108m, 1076m, 1007w,
939w, 837m, 775m, 667w cm�1; 1H NMR (500 MHz, CDCl3): d = 5.63 (d,
J =11.5 Hz, 1 H), 5.36 (d, J=11.0 Hz, 1H), 3.77 (s, 3 H), 3.75 (s, 3H), 3.35
(d, J=9.5 Hz, 1 H), 3.24 (m, J =11.0 Hz, 1H), 2.99 (d, J =17.5 Hz, 1H),
2.88 (d, J =17.5 Hz, 1 H), 2.53 (dd, J =6.5, 14.0 Hz, 1H), 1.98 (m, 2H),
1.70 (m, J =8.0 Hz, 2H), 1.64 (s, 3H), 1.60 (m, 1 H), 1.51 (m, 2H), 1.22
(m, 4H), 0.89 (s, 9 H), �0.004 (s, 6 H); 13C NMR (125 MHz, CDCl3): d =


172.7, 172.5, 134.7, 130.1, 130.0, 128.3, 66.4, 56.8, 52.79, 52.75, 47.9, 45.3,
42.7, 41.6, 39.7, 36.4, 30.1, 27.3, 25.9, 22.5, 22.2, 18.3, �5.59, �5.72;
HRMS: m/z : calcd for C22H33O5Si: 405.2097; found: 405.2103; elemental
analysis calcd (%) for C26H42O5Si: C 67.49, H 9.16; found: C 67.35, H
9.33.
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