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Publisher’s Note

On behalf of Elsevier, welcome to another exciting year for
Tetrahedron and the Tetrahedron family of publications.
This first issue of 2005 provides an opportunity for us to
reflect on the year just passed, and to touch on the
challenges of the year ahead.

Accessibility and Readership

During 2004 the Tetrahedron journals continued to
experience considerable success. The number of institutes
subscribing to the journals and gaining access to the content
online continued to grow; many thousands of organisations
are now able to access the journals in print or online.

Renewals of ScienceDirect accounts have progressed very
well too, with many high profile institutes renewing their
access to the Tetrahedron family of titles, along with other
leading journals published by Elsevier.

The number of downloads from the Tetrahedron journals
continues to increase—a clear indication of the relevance,
quality and accessibility of the articles published in these
internationally renowned titles. During 2004 alone, an
estimated ten million articles were downloaded from these
journals via ScienceDirect.

Journal Developments

The journal has again seen an increase in both citations and
impact factor.

The journal’s international prestige and the exceptional
service received by authors has also resulted in a further and
substantial increase in submissions, which has necessitated
an increase in rejection rates. As submissions continue to
grow, there is likely to be an increased need to reject more
papers in future, which will result in an overall increase in
quality.

Despite this considerable growth in submissions, production
times have been further improved, providing even faster
publication of authors’ research. Articles are frequently
published online just 3 weeks after acceptance, with many
appearing faster than this.

The journal continues to publish an international mix of

papers from academia and industry, including many
contributions from leading authorities in the field.

doi:10.1016/j.tet.2004.11.033

Recent Developments

In response to feedback from researchers worldwide,
several important developments have been implemented
during the past year, including:

Cover Graphics

Regular readers of the journal will notice the eye-catching
new cover designs, frequently featuring images provided
by authors of papers published in a given issue. This
development allows greater attention to be drawn to
commissioned Symposia-in-Print, reviews and perspec-
tives, or individual articles of particular interest.

New Design of Graphical Abstracts

The contents pages of the journal have been redesigned to
provide a clearer, quicker overview of the contents of each
issue. The new design has made both print and online
browsing more appealing and easier.

Tetrahedron Computer Methodology (TCM)

In September last year, Tetrahedron Computer Method-
ology, a Tetrahedron publication published between 1988
and 1990, became available on ScienceDirect. An inter-
national journal for research in computer chemistry, 7TCM
was the first scientific journal to be published simul-
taneously in print and electronic form, with the latter being
enhanced by supplementary information. It is perhaps
appropriate that this pioneering and somewhat experimental
journal from Tetrahedron Publications becomes accessible,
many years on, through the internet.

Presentation of Figures in ScienceDirect

Functionalities for online browsing on ScienceDirect have
been reviewed and improved: for example, the reader can
now choose whether to view either thumb-nail or full size
graphics when viewing a paper in HTML format.

Tetrahedron Activities

During 2004 there have been a number of significant
activities dedicated to the Tetrahedron Publications.
These have been well supported by the organic
chemistry community, and have proved to be highly
successful events.
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5th Tetrahedron Symposium

Last year’s Tetrahedron Symposium was held in New York
on 18 June 2004. The theme of the meeting was ‘interaction
of chemistry and biology’, and the event was co-sponsored
by Drug Discovery Today. The presentations from the
invited speakers, including Professors Boger, Danishefsky,
Jorgensen, Lipinski, Maryanoff, Posner, Schreiber and
Scolnick, enthralled the many delegates attending this
international event.

Tetrahedron Chair 2004

The Tetrahedron Chair was awarded to Professor Alois
Fiirstner, Director of the Max-Planck Institut fiir Kohlen-
forschung, Miilheim/Ruhr, Germany. The presentation was
made on the opening day of the Tenth Belgium Organic
Synthesis Symposium, held in Louvain-la-Neuve, Belgium.
As part of the occasion, Professor Fiirstner presented a full
day lecture entitled ‘Metathesis and Beyond’ to an
estimated 500 symposium delegates.

Tetrahedron Prize Symposium

The 2003 Tetrahedron Prize for Creativity was presented
jointly to Professor Robert Grubbs (CALTECH, Pasadena)
and Professor Dieter Seebach (ETH, Ziirich). The associated
Prize Symposium was held at the ACS National Meeting in
Philadelphia on 23 August 2004, with over 1000 conference
delegates attending their scientific presentations, and those
of their co-presenters, Professor Seeberger and Professor
Swager.

Tetrahedron Young Investigator Awards

Following the annual meeting of the Executive Board of
Editors for Tetrahedron Publications, two new awards were
created. These two awards are intended to recognise
exceptional creativity and dedication to the scientists’
field of research, covering ‘Organic Synthesis’ and
‘Bioorganic & Medicinal Chemistry’, respectively. In
addition to a cash prize, the two awardees will be invited
to present a plenary lecture at the 6th Tetrahedron
Symposium being held in Bordeaux (29 June—1 July
2005). A call for nominations is already underway, with a
closing date for nominations of 15 January 2005.

2005—The year Ahead

2005 will also see some exciting new developments and
activities, several of which are focussed on further
improving services to authors, reviewers and readers.

New Chairman

As we enter 2005, Professor Bruce Ganem of Cornell

University takes over as Chairman of the Executive Board
of Tetrahedron Publications. We congratulate Professor
Ganem on his appointment and wish him an enjoyable term
as Chairman.

New Online Submission System

Author services will be further improved through the launch
of Elsevier’s next generation e-submission system. The new
system promises improved functionality, stability, and
technical support for both authors and reviewers. Publi-
cations times are expected to continue to decrease as the
benefits of this new submission system are realised.

6th Tetrahedron Symposium—Challenges in Organic
Chemistry

The 6th Tetrahedron Symposium will be held in Bordeaux,
29 June—1 July 2005. Previous symposia have been held in
Munich, Kyoto, Shanghai, Oxford and New York. Already
an impressive list of speakers has been confirmed, and a
‘Call for Abstracts’ is underway for the symposium poster
sessions. Further details may be found at: www.tetrahedron-
symposium.elsevier.com

Tetrahedron Prize for Creativity in Organic Chemistry, 2004

The Tetrahedron Prize for 2004 will be presented to
Professor Nakanishi at the Fall ACS National Meeting in
Washington. The provisional date for the Prize Symposium
and presentation of the Award is Monday 29 August 2005.

ScienceDirect and Scopus

ScienceDirect will continue to be enhanced in response to
feedback from the community, and new search tools such as
Scopus™ promise great advancements in the identification
and evaluation of the best articles from all parts of the
publishing world. During the year, we plan to launch
clickable graphical abstracts within ScienceDirect.

On behalf of Elsevier and the journal Editors, I would like to
thank our authors, reviewers and Editorial Board members
for their continued support during 2004, and we look
forward to 2005 being another successful year for Tetra-
hedron Publications.

Wishing you all a Happy New Year.

lain Craig

Senior Publishing Editor
Organic Chemistry Group
Elsevier Ltd

E-mail: i.craig@elsevier.com
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1. Introduction

In this report, we review recent dynamic supramolecular
porphyrin systems in which weak and exchangeable
interactions are used for their structure formation. Even
though each interaction is weak and easily exchangeable,

Keywords: Porphyrin; Supramolecule; Non-covalent bond; Dynamic

system.

* Corresponding author. Tel.: +81 743 72 6110; fax: +81 743 72 6119;
e-mail: kobuke @ms.naist.jp

0040-4020/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.10.073

their accumulation provides thermodynamically stable
structures of multi-porphyrins. The functional targets may
include, for example, ligand-induced molecular switch,
sensor, chiral recognition, and many others. Porphyrins
have strong absorption bands in the visible light region, and
their remarkable photoelectronic properties provide various
molecular devices. In particular, since free base, zinc, and
magnesium porphyrins have long singlet excited lifetimes,
various systems directed toward artificial photosynthesis
have been demonstrated. Zinc and magnesium porphyrins
are coordinated by nitrogen ligands, and the coordination
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bond can exchange rapidly. This feature has been applied to
the formation of dynamic supramolecular porphyrin com-
plexes. Other stable metal porphyrins, such as Fe(IIl),
Co(IIl), and Ru(I)CO porphyrins, also bind nitrogen
ligands strongly. They are not, however, suitable for
dynamic systems because their exchange rates are too
slow. We therefore concentrate here on zinc and magnesium
porphyrins allowing rapid dynamic processes. Other non-
covalent interactions using the large 7t-plane of porphyrin
and peripheral functional groups with outer functional
molecules are also rapidly exchangeable and can therefore
be used for the dynamic supramolecular porphyrin systems.

Several excellent reviews of supramolecular porphyrin
systems have already been published.'™® Here, we will
focus on how dynamic interactions are assembled to obtain
functional expressions of reasonable stability just by mixing
in solution. In Section 2, non-covalent bonds which can be
used in dynamic supramolecular porphyrin systems are
classified and illustrated with their association constants.
In Section 3, the formation and characterization of supra-
molecular multi-porphyrins are introduced. In Section 4,
recent functionalized supramolecular porphyrin systems in
which a non-covalent bond plays an important role are
described.

2. Association constants of non-covalent bonds in
supramolecular porphyrin systems

How large an association constant is required for supramo-
lecular porphyrin systems? The answers depend certainly on
the concentration of supramolecules to be evaluated.
Various spectroscopic methods are used to examine
supramolecular porphyrin systems. The concentration limits
are determined by the detection limit of each method.
In porphyrin systems, the concentration range is generally
1072-10"*M for high-field NMR, 107*-10"’M for
UV-vis spectra, and 10710 * M for steady-state fluor-
escence spectra. Although the equilibrium between associa-
tion and dissociation can be shifted if one side of the
component is added in excess amounts, it produces
problems in that the excess molecules affect the supramo-
lecular structure and properties. Ideally, it is desirable that
the porphyrin and its partner are mixed as an exact ratio to
give their composite quantitatively. In these cases, we can
treat the composite as a single component, and various
analyses are simplified. For example, if two components
having an association constant K;=10"M~" for 1:1

Table 1. Association constants of ZnOEP with pyridine derivatives’*

complexation are mixed in a ratio of 1:1, the percentages
of the composite are 90.5, 73, and 38.2% in concentrations
of 1073,10™*, and 10> M, respectively. In order to obtain
the composite in more than 99% yield, 2, 20, and 200 equiv
of the partner must be added in concentrations of 1072,10™ %,
and 10> M, respectively. If the formation of the composite
is required in more than 99% yield by mixing in a 1:1 ratio,
K;=10", 10%, and 10° M~ ! are required in concentrations
of 10_3, 10_4, and 1077 M, respectively. It is very
important to obtain association constants higher than 10°
or 10° M ™! by elaborate molecular designs. Association
constants of supramolecular composites constructed using
more than two components have different dimensional units,
such as M~ ?and M. In the case of self-organized trimeric
porphyrin systems, more than 99% will exist as composites
in concentrations of 1073, 10™% and 107°>M if the
association constants K> (K> (M~ ?)=[trimer]/[monomer]?)
are larger than 10'2, 10", and 10'® M2, respectively.
Similarly, in the case of self-organized tetrameric systems,
the association constants K5 (K3 (M~ >) = [tetramer]/[mono-
mer]4) for the concentrations of 1073, 1074, and 1077 M,
are required to be larger than 1017, 1020, and 103 M_3,
respectively, to obtain the same yield.

In Section 2.1, the association constants of zinc porphyrin
with nitrogen ligands are summarized. Zinc porphyrin is one
of the most frequently used and important templates for
dynamic supramolecular systems. Having a so-called ‘labile
bond’, the zinc porphyrin/nitrogen composite is generally
considered to be unstable and difficult to isolate. Tactics for
stabilizing ‘labile bonds’, however, have recently been
reported. Many examples are described in order to under-
stand the methods for obtaining high association constants.
In Section 2.2, the interaction of porphyrins and fullerenes is
described. Relatively strong interactions have been reported
recently, and their applications are developing. In Section
2.3, the formation of other labile non-covalent bonds and
exchangeable covalent bonds is described.

2.1. Zinc porphyrin/nitrogen ligand coordination

2.1.1. Monotopic interactions. Nitrogen ligands form
relatively stable complexes with zinc porphyrin. Since the
ligands have no d-orbitals, there is no stabilizing of back
donation of electrons from the metal to the ligand. The
association constant is therefore determined primarily by
the electron donating ability of the ligand. In Table 1, the
association constants of substituted pyridines with Zinc
octaethylporphyrin (ZnOEP) are listed (see also Fig. 1).

Run Porphyrin Ligand® PK.¢ log K KM
1 ZnOEP 3,5-CL,Py 0.67¢ 2.10 1.26 X 10?
2 ZnOEP 4-CNPy 1.90 3.01 1.02%10°
3 ZnOEP Pyridine 5.17 3.37 2.34%10°
4 ZnOEP 2-MePy 5.96 1.84 6.93x10"
5 ZnOEP 4-MePy 6.00 3.67 4.68x10°
6 ZnOEP 2,4-Me,Py 6.74 2.25 1.78 X 10°
7 ZnOEP 4-NMe,Py 9.714 4.66 4.57%10*
8 ZnOEP Piperidine 11.1 4.55 3.56x10*

% Conditions: 298 K, toluene, UV—vis.
® Abbreviations: see Figure 1.

¢ Lange’s Handbook of Chemistry, 5th ed. Dean, J. A. McGraw-Hill, 1999.

4 Ref. 7.
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CN
O OO
N/ I N/ N/ | N/

3,5-Cl,Py 4-CNPy Pyridine  2-MePy
N/
N
Sy O 0O O
N N N H
4-MePy  24-MePy 4.NMe,Py  piperidine

Figure 1. ZnOEP and pyridine derivatives in Table 1.

Except for the 2-substituted pyridines, the association
constants increase with increase of the pK, values (3,5-
Cl,Py <4-CNPy < Pyridine <4-MePy <4-NMe,Py). In the
case of the 2-substituted pyridines (2-MePy, 2,4-Me,Py),
the association constants decrease significantly, because of
steric repulsion between the porphyrin plane and the
substituent o to the N atom.’

In Table 2, the association constants of aromatic and
aliphatic amines with zinc tetraarylporphyrins (TPP and
TTP) are listed (see also Fig. 2). The relative magnitudes
of the association constants of aromatic amines can be

Table 2. Association constants of ZnTPP and ZnTTP with amines®

15

estimated from their pK, values. The more basic (larger
pK.) imidazole has an order of magnitude larger association
constant than that of pyridine. In the case of aliphatic
amines, the steric effect becomes significant rather than the
basicity for determining the association constant. The
aliphatic primary amine, n-BuNH,, has almost the same
association constant as that of imidazole because of its high
basicity and low steric hindrance. The association constants
decrease significantly, however, for the secondary and
tertiary analogues. Cyclic amines have larger association
constants than those of non-cyclic amines because of
decreased repulsion between the substituents and the
porphyrin plane. In particular, dabco has a very large
association constant, even though its pK, is smaller than
those of the other aliphatic amines.

Association constants in non-coordinating solvents decrease
in the order cyclohexane>benzene=toluene=CH,Cl, >
CHCl; (Table 3). Commercially available CHCI; includes a
small amount of coordinating ethanol as a stabilizer and its
removal or not must be noted. In weakly coordinating
solvents, such as benzonitrile, DMF, and THF, the
determination of association constants becomes difficult.
A coordination interaction having strong association

Run Porphyrin Ligand pK.° log K KM Solvent Reference
1 ZnTTP Pyridine 5.17 3.52 33%10° Toluene 8
2 ZnTTP 1-MeIm 7.06 4.66 4.6x10* Toluene 8
3 ZnTPP 1-MeIm 7.06 4.73 5.4x10° Toluene 9
4 ZnTPP Im 6.99 4.73 5.4x10* Toluene 10
5 ZnTTP n-BuNH, 10.64 4.4 2.5%10* Toluene 8
6 ZnTTP Et,NH 10.8 3.15 1.4x10° Toluene 8
7 ZnTPP Et;N 10.72 1.1 1.3% 10" Benzene 11
8 ZnTTP Azetidine 11.29 5.51 32%10° Toluene 8
9 ZnTTP Pyrrolidine 11.3 3.32 2.1X10° Toluene 8
10 ZnTTP Piperidine 11.1 4.84 6.9%x10* Toluene 8
11 ZnTPP Dabco® 8.60, 2.90 52 1.6X10° Benzene 11

# Conditions: 298 K, UV-vis.
b Lange’s Handbook of Chemistry, 5th ed. Dean, J. A. McGraw-Hill, 1999
¢ dabco=1,4-diazabicyclo[2.2.2]octane.

1»l\<e|m Im
SRR
AN NH, A”/\
y

N

¢ T
@

Figure 2. ZnTPP, ZnTTP, and amines in Table 2.

R R =H; ZnTPP
R = Me; ZnTTP

Table 3. Association constant of ZnTPP with pyridine in various solvents®

constants is, however, sometimes observed in such coordi-
nating solvents.

2.1.2. Ditopic interactions. Ditopic interactions, in which
two porphyrins linked by appropriate spacers interact with
a bisnitrogen ligand, raise the association constant by the
operation of proper cooperativity.” The magnitude of the
association constants depends on the mutual agreement of
distance and orientation between the host (bisporphyrin)
and guest (bisnitrogen ligand), and their rigidity. Sanders
examined the association constants of bisporphyrins linked

Run Solvent log K KM Reference
1 Cyclohexane 44 2.51x10* 12
2 CH,Cl, 3.84 6.92%x10° 13
3 Toluene 3.78 6.03x10° 10
4 Benzene 3.7 5.01%x10° 14
5 CHCl4 2.79 6.17x10* 15

% Conditions: 298 K, UV—-vis.
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by rigid acetylene bonds. The association constant of
bipyridine and bisporphyrin 2 linked by one bisacetylene
bond is 6X 10° M~ !, which is three orders of magnitude
larger than that of the monotopic system 1. In the case of
bisporphyrin 3 linked by two bisacetylene bonds, the
association constant increases to 1X10° M~ ! (Fig. 3).

Et Et
Et Et

Py:K=5x10°M"’
logk = 3.70

Bipy: K=8x10° ™"
logK = 3.90

3
Sy K= 9 -1
Bipy: K =6 x 10° M"! Bipy: K=1x10"M
logK = 6.78 logK =9
CH,Cl,, 303 K
Figure 3. Mono- and bisporphyrins linked by bisacetylene.’
Ar Ar

K=7x10" M, toluene, UV-vis, Flu
logK = 7.85

Figure 4. V-shaped bisporphyrin and bispyridyl(naphthalenediimide).'®

K =2.6x10° M, CH,Cl,, UV-vis
logK = 6.41

Figure 5. Zinc porphyrin dimer and bispyridylpyromellitimide.'’

A combination of a bisporphyrin and a bisnitrogen ligand
having an electron acceptor can form a stable supra-
molecular photo-excited electron transfer system. In the
case of the composites 4/5 and 6/7, the association
constant exceeds 10°M ™' (Figs. 4 and 5), and photo-
physical measurements are possible by mixing the two
components under dilute conditions around 10~ °M. In
both exam6ples, fast electron transfer rates (> 10'° sfl) are
reported.'®!”

2.1.3. Tritopic and tetratopic interactions. Tritopic
systems, in which three porphyrins are linked to one
another, can interact with trisnitrogen ligands with very
large association constants (>10°M™"). In such systems,
only the mixing of hoste.g. 8, 10 and 12 and guest 9, 11, and
13 in a 1:1 ratio is enough to afford a complete composite,
even in micromolar concentrations. Various sizes of ring
were synthesized by the choice of spacers between the zinc
porphyrins (Figs. 6-8).>'%1°

Further, tetratopic systems 14 and 16 have also been

K =10""M", CH,Cl,, 303 K
logk =10

Figure 6. Trisporphyrin 8 linked by bisacetylene and a guest 9.°

K=3x108 M, toluene, UV-vis
logK = 8.48

Figure 7. Cyclic porphyrin hexamer 10 and a tripyridyl guest 11.18
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K =2.6x10° M", CH,Cl,, 293 K, UV-vis
logK = 9.41

Figllgre 8. Cyclic porphyrin hexamer 12 and star-shaped porphyrin array
13.

K=4x10"M", CH,Cl,, Flu
logK =7.60

Figure 9. Zinc tetraporphyrin square 14 and tetrapyridylporphyrin 15.%°

K=2x10""M", 303 K, CH,Cl,, UV-vis

Figure 10. Tetraporphyrin 16 linked by bisacetylene.>?'

reported with high association constants. meso-Tetra-
(4-pyridyl)porphyrin 15 was used as a rigid tetratopic
guest (Figs. 9 and 10).2%%2

2.1.4. Complementary coordination. Zinc porphyrins
appended with nitrogen ligands interact with each other to
form complementary dimers or multi-composites, more
than two participating. In general, a large association
constant is expected by the complementary nature.

When the coordination angle of the nitrogen ligand is
adjusted to approximately 90° from the zinc porphyrin
plane, an ideal geometry for dimer formation is expected.
The stability of the dimer depends mainly on the directional
angle of the lone pair and the rigidity of the spacer linking
the ligand and porphyrin. Porphyrins to which 2-imidazolyl
and 2-pyridyl groups are directly attached can afford
complementary dimers. In the dimer, two porphyrins take
a slipped co-facial form, and the Soret band is characteristic-
ally split by excitonic coupling between two porphyrin
chromophores. The characteristic bands are a good indicator
of dimer formation, and are useful for effective light-
harvesting of visible light by expanded absorption bands
and play a key role in photoinduced charge separation.*
The dimer structure has a very close similarity to that of a
special pair in photosynthetic bacteria. Schugar reported dimer
formation of a 2-pyridylporphyrin 17 in a 5.2X10"° M
solution of CH,Cl,,>* without mentioning its self-associ-
ation constant (Fig. 11). Although we tried to follow the
dimer formation by use of 5-(2-pyridyl)-10,20-(4-ethoxy-
carbonylphenyl)porphyrin, the characteristic split Soret
band was not observed at a concentration of 5X 107> M
in CHCI;. We concluded that the self-association constant
of 2-pyridylporphyrin was not very high and its dimer
formation might be sensitive to the substituents and
experimental conditions. On the other hand, various

Ar = 3,5-F,CgHy4-, and others
concentration 5.2 x 107 M, CH,Cly, rt

Figure 11. Self-coordinating Zn 2-pyridylporphyrin dimer 17.%*

Z/
\—/

Wz

z z
AY
z 2

18

dimer was observed under conditions: 10™° M, CHCl,

Figzure 12. Complementary coordination dimer of Zn imidazolylporphyrin
s

18.
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2-imidazolylporphyrins afford complementary dimers 18
almost completely even in 10~ ¢ M or more dilute solutions
of CHCl5 (Fig. 12).* Competitive titration by 1-methyl-
imidazole indicated the self-association constant was over
10'°M™ !, and dilution experiments (up to 10~8 M) also
supported this order of values. There are some differences
between 2-pyridyl- and 2-imidazolyporphyrins. In the
former, the coordination angle from the porphyrin plane
should be 60° and 72° in the latter (Fig. 13). Strain from
the ideal coordination angle, 90° and steric hindrance of the
hydrogen atom at o to the nitrogen atom on coordination
should decrease significantly the association constant of
2-pyridylporphyrin.

Figure 13. Comparison of coordination angle of dimers 17 and 18.

The geometry of the imidazolyl group affects also the
association constant.”® The association constants for
2-imidazolyl- and 4-imidazolylporphyrins 19 and 20 in
CHCI; were determined as 3.3X10'" and 8.1X10°M ™",
respectively, by competitive UV—vis titration with N-methyl-
imidazole (Fig. 14) and a stereoelectronic effect is
considered to be operating. In any event, zinc 2-imidazol-
ylporphyrin (ZnImPor) is one of the strongest self-
assembly units, and its dimer motif is employed as a useful
scaffold for further applications, which are described in the
later parts of this report.

logk = 11.5, K=3.3x 10" M’
in CHCl3, UV-vis

logk = 9.9, K=8.1 x 10° M
in CHCl3, UV-vis

Figure 14. Comparison between dimers of Zn 2- and 4-imidazolylporphyr-
ins 19 and 20.%°

When pyridine is linked at the 4-position through appro-
priate spacers to porphyrin to satisfy the angle requirement,
stable complementary dimers are formed. Hunter reported
stable dimers 21 by linking with pyridineamide spacers.*”**
Since the two porphyrins are separated from each other, no
excitonic coupling is observed (Fig. 15).

Other complementary dimers are reported for anilino-
zincporphyrins 22 and 23,%° diaza-18-crown-6-zinc por-
phyrins 24,°° pyridine-3-boronic acid derivatives 25,

Qo =
\
o
HN
N =
> |
| NS
Z N
NH B
o
N
7N\

K> 108 M7, CH,Clp, UV-vis 21
logK > 8

Figure 15. Macrocyclic porphyrin dimer 21.2"%

ferrocene derivatives,’” and amine-tethered zinc porphyrins
26 (Figs. 16-19).* Although complementarity was
observed to some extent, the association constants were
not very high. The dimer of amine-tethered zinc porphyrins

K=1.08x10°M", CDCl;, NMR
logK = 3.03

K=1.6x10>M", cDCl;, NMR
logK =2.20

Figure 16. Complementary coordination dimer of Zn anilino-porphyrins 22
and 23.%°

dimer was observed under conditions: 10°° M, 185 K,
UV-vis. monomer 298 K

Figure 17. Dimerization of azacrownoporphyrin 24.%

K=1.1x10*M", logK = 4.04,
CH,Cl,, UV-vis

Figure 18. Self-assembled dimer composed of Zn catechol porphyrin and
pyridine-3-boronic acid.*!
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Ar Ar

Ar
26
observed under conditions:
4.3x10° M, CHCI3, 298 K,
UV-vis (path length 0.0027 cm).
Figure 19. Amine-tethered porphyrin dimer 26.%*
Ph
N\ N
Ph \ /N Ru(CO),Cl,

concentration independent in the
range from 102 t0 10 M in CHCI3
and CDCls.

Figure 20. Dimerization of bis 4-(pyridylporphyrin) 27.%*

26 showed excitonic coupling in the Soret band. Alessio
reported dimerization of bis(4-pyridy1pou;phyrin) 27 linked
by a ruthenium/pyridine bond (Fig. 20).?

When the coordination angle of the nitrogen ligand is
adjusted to 120 and 180°, cyclic trimers 287’ and
tetramers 29°¢ are formed, respectively (Figs. 21 and 22).
Although Fleischer and Shachter™® reported the formation of
a linear polymer of 4-pyridyltriphenylporphyrin 30 in the

Ar

S

exists as trimer in >107* M
K =5x 10" M? in CH,Cl,, UV-vis/NMR

Figure 21. Cyclic trimer of 28.%°

K =9x10"M?in CH,Cl,, UV-vis/NMR

Figure 22. Cyclic tetramer of 29.%°

solid state, Hunter,3 6 Imamura,39 and Ercolani*® concluded
that 30 gave a cyclic tetramer exclusively in solution.
Computer simulation by Hunter predicted that the linear
polymer should appear at a high concentration range
(>1M).* Osuka reported an X-ray crystal structure of
the cyclic tetramer of 31 (Fig. 23).*' As the number of
components increases, the formation of a cyclic multi-
porphyrin in solution becomes unfavorable and the cyclic
hexamer of 26 was obtained only as crystals (Fig. 24).*?
Osuka developed the cyclic tetramer strategy to meso—meso
linked bis(Pyridylporphyrin) 32 to give box-type porphyrins
(Fig. 25).*

2.1.5. Combination with other interactions. The associ-
ation constants of zinc porphyrin and pyridine in CHCl; are
approximately of the order of 10° M~ '. Combination with
other interactions increases an association constant
significantly.
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exists as tetramer at >107> M in CHCl3
K=1.4x10" M3 CHCl;, UV-vis

Figure 23. Cyclic tetramer of 31.%!

Figure 24. Cyclic hexamer of amine-tethered porphyrin 26.33

Hydrogen bonding between zinc porphyrin and a ligand
assists the coordination. D’Souza prepared zinc porphyrin
having carboxylic acid (33) and amide groups (34), and
examined the interaction with nicotine and cotinine. The
association constant of 33 and the nicotine composite was
60-fold larger than that of ZnTPP and nicotine. In the case
of 34, 2- to 9-fold larger values are observed (Fig. 26 and
Table 4).*

A porphyrin clip 35 derived from diphenylglycoluril
(Fig. 27) interacts with some guests by a variety of
interactions, namely by hydrogen-bonding with the carbo-
nyl functions, by —m interactions with the aromatic walls,
by hydrogen-bonding and dipole interactions with the crown
ether moieties, and by coordination to the zinc metal ion.
The association constant with pyridine was two orders of
magnitude larger than that of ZnTPP. Coordination of 3-
hydroxypyridine is further assisted by hydrogen bonding to
a carbonyl group to bring a 300-fold increase over that of
pyridine.** A cavity effect of Zn(II) picket fence porphyrin
was also reported by Kyuno. The association constant of

K > 10%° M in CHCl,
concentration independent up to 10%Mm

Figure 25. Self-assembled porphyrin box (32),.%'

acid 33 : Xx=OH

amide 34 : X=NH, N”  cotinine

Figure 26. Structure of acid 33, amide 34, nicotine, and cotinine in Table
4.4

pyridine was enhanced by a CH-mt interaction between
pivalamide groups and pyridine.**

Ikeda noticed the assistance of hydrogen bonding between
ester porphyrins and pyrazole.®” The association constant of
pyrazole with the ester porphyrin 36 is 10-fold larger than
that with ZnTTP. This system was applied to the
stabilization of the cyclic trimer of 37, and the structure
could be analyzed by "H NMR (Fig. 28).

In water, a hydrophobic interaction among alkyl chains
affects the association constant significantly. Mizutani
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Table 4. Association constants of nicotine and cotinine to porphyrins 33 and 34"
Run Porphyrin Ligand log K KM™h
1 ZnTPP Nicotine 3.84 6.9%10°
2 ZnTPP Cotinine 3.85 7.0X10°
3 Acid 33 Nicotine 5.65 45%10°
4 Acid 33 Cotinine 4.62 42x10*
5 Amide 34 Nicotine 4.80 6.3x10*
6 Amide 34 Cotinine 4.23 1.7x10*

* Conditions: 298 K, toluene, UV—vis.

3-OH-Py

K=11x10°M" K=3x10"M"’
logK = 5.04 logK =7.48
CHCl,, UV-vis

Figure 27. Binding of porphyrin clip 35 with pyridines.**

Ar = 4-tolyl
3 = atol

K=51x10*mM" logK = 4.71 K=35x10°M", logK = 3.54
275 K, CH,Cl,, UV-vis

K =2.3x 10" M?, 275 K, CH,Cl,, UV-vis

Figure 28. Binding of ester porphyrin 36 with pyrazole, and self-assembled
trimer of 37.%7

reported association constants of 4-alkylpyridines with
amphiphilic zinc porphyrin (Table 5). In the case of
4-pentylpyridine with porphyrin 38, the association constant
increases by > 150-fold, compared with simple pyridine.
This hydrophobic interaction almost disappears in por-
phyrin 39 (Fig. 29).°

2.2. Fullerene/porphyrin interactions

Fullerenes are known as excellent electron acceptors
because of their small re-organization energy. Various
reports are available for photo-excited electron-transfer
systems of fo%hyrins and fullerene by covalent*® and
coordination*’~>° methodologies. A direct Tt—t interaction
of porphyrins and fullerene was first resported in the crystal
of a covalently linked composite,”'”> and a strong
interaction of bisporphyrins with fullerenes has subse-
quently been reported in solution. The association constant
of the relatively flexible bisporphyrins 40, 41, and 42 with
Ceo was approximately 5X10°M ™' (in toluene).’*>°
When two porphyrins were tightly connected by two pillars,
the value increased to 6 X 10° M~ ' (43, M=Zn) (Figs. 30—
33).5%%7 Interestingly, the association constants are altered
by changing the central metal ion of the porphyrin. The
strongest association constant, 2.5 X 10’ M~ !, was obtained
with Rh(III) porphyrin (Table 6).°” In general, the
association constant of C;q is larger than that of Cg. It
arises from an oval shape of Cy, since a larger contacting
area of the m—m interaction is obtained by a side-on
conformation of Cy.

The strength of the interaction between porphyrin and
fullerene is affected by peripheral substituents on the
porphyrin. Shirai reported that the association constant of
the monoporphyrin 44 having dendritic substituents with
Ceo was 2.57X10°M ™1, although no interaction was
observed in the first-generation dendrimer 45 (Fig. 34).®

Porphyrin/fullerene composites having amide or carboxylic
acid groups gave one-dimensional wires by self organi-
zation. Shinkai reported that a 2:1 composite of an octa-
amide porphyrin 46 and Cg, grew perpendicularly to give a
linear wire by a hydrogen-bonding interaction (Fig. 35).
SEM and TEM showed direct images of the fibrous
structures.” Aida synthesized bisporphyrin 47 having six
carboxylic acid groups and large dendritic substituents
(Fig. 36).%° In this case, the composite with Cgq is extended
horizontally by hydrogen-bonding interactions. The TEM
image shows uniform fibers with a diameter of 15 nm
corresponding to supramolecular wire, as shown in Figure
36. The fiber is only formed in the presence of both Cg( and
carboxylic acid groups.
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Table 5. Association constants of alkylpyridines to 38 and 39 in water™*’

Run Pyridine Porphyrin 38 Porphyrin 39

log K KM™h log K KM™h
1 Py 3.8 6.31X10° 2.5 3.16X 107
2 4-MePy 42 1.58X10* 2.9 7.94% 10%
3 4-EthylPy 47 5.01x10* 3.0 1.00x10°
4 4-PropylPy 53 2.00X 10° 32 1.58x 10°
5 4-ButylPy 6.0 1.00X 10° 32 1.58%10°
6 4-PentylPy >6 >1.00X10° 3.1 1.26X10°

# Conditions: 298 K, pH 7 phosphate buffer, UV-vis.

Ph

Ph
38 PEO = poly(ethylene oxide) 3,1

K=2.7x10% M for Cg,
logK = 3.43
K =3.7 x 10* M for C7o,

0 logK = 4.57

NH HN, .
PEC PEO 298 K, toluene, UV-vis
Figure 29. Binding of porphyrins 38 and 39 with alkylpyridines in water.*’ Figure 31. Association of bisporphyrin 41 with fullerenes.>*

K;=58x10°M" Ky=2x10°M",
K=5.2x10°M", , toluene, '>C NMR logK, = 3.76, logK, = 3.30

logK =3.72 298 K, toluene, UV-vis

Figure 30. Association of bisporphyrin 40 with Cg.> Figure 32. Association of tetraporphyrin 42 with two fullerenes.’



A. Satake, Y. Kobuke / Tetrahedron 61 (2005) 13-41

23

Figure 33. Association of bisporphyrin 43 (M=2H, Co(II), Rh(III), Ni(II),
Cu(Il), Ag(II), or Zn(II)) with fullerenes (see Table 6.’

Table 6. Association constants of porphyrins 43 with fullerenes™>’

Figure 35. Structure of octa-amide porphyrin 46 and its supramolecular

aggregate in the presence of Cgo.”

Run Porphyrin 43 Fullerene log K KM™Y
1 M=2H Ceo 5.9 7.9%10°
2 M=2H Coo 7.2 1.6X 107
3 M= Co(Il) Ceo 6.3 2.0%10°
4 M= Co(Il) Cro 7.1 1.3%x107
5 M = Rh(III) Ceo 7.4 2.5%107
6 M =Rh(III) Cro 8.0 1.0x10°%
7 M=Ni(Il) Ceo 5.4 25%10°
8 M =Ni(I) Cro 6.3 2.0%10°
9 M= Cu(Il) Ceo 5.7 5.0%10°
10 M= Cu(II) Cro 6.7 5.0%10°
11 M= Ag(Il) Ceo 5.1 1.3%x10°
12 M=Ag(Il) Coo 6.5 3.2%10°
13 M =Zn(II) Ceo 5.8 6.3%10°
14 M=Zn(Il) Cro 73 2.0X107

% Conditions: 298 K, benzene, UV-vis.

(CH2)11CH3

DN
e

(CH2)11CH3 (CHg)11CH3

Ar

K =257 x 104 M, logK = 4.41, toluene, UV-vis

HaClHCut (CH2)11CH3

s
oMo

HaC(H2C)11 45 (CHz)11CH3

Ar

Figure 34. Structures of dendritic porphyrins 45 and 45.%

Figure 36. Structure of dendritic hexacarboxylic aci

its supramolecular aggregate in the presence of Ceo.°

dobisporphyrin 47 and
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2.3. Other interactions

2.3.1. Hydrogen bonding. There are many examples of
non-covalently linked porphyrin/acceptor systems.'=>¢!62
Hayashi and Ogoshi reported a strong hydrogen-bonding
interaction between o,o,0L,0l- hydroxynaphthylporphyrln 48
and tetramethoxy-p-benzoquinone (2X10* M~ ! in CHCl,
at 298 K, UV-vis) (Fig. 37). This value is 670-fold larger
than that of p-benzoquinone.™

MeO OMe

(¢} o

MeO OMe
—

K=2x10*M", 298 K, CHCl,
logK = 4.30
Figure 37. o,a,0,0-Hydroxynaphthylporphyrin 48 and tetramethoxy-p-

- 3
benzoquinone.®

Carboxylic acids tend to form dimers in less polar solvents.
The association constant of the porphyrin-carboxylic acid
49 and dinitrobenzoic acid is 5.5X10°M™" (Fig. 38).
Although this value is not very large, it is noteworthy that

NO,
0---H-Q
¢ / NO
0-H---0
49

K=55x10°M", CH,Cl,
IogK =274

K=11x10°M" CH,Cl,
logK = 3.04

0---H-Q

O,N ¢ /

0-H---0
K=2x10°>M", CH,Cl,

logK =2.30

Figure 38. Porphyrin-carboxylic acid 49 and dinitrobenzoic acid.**

the electron-transfer rate through the non-covalent bond is
of a high magnitude (>10'"s~").%*

The heterolinking of two different carboxylic acids is
always accompanied by the formation of two different
homodimers. The use of a complementary pair elegantly
selects the heterodimer formation. Nocera reported the
selective formation of heterocomposite of amidine por-
phyrin and 3,4-dinitrobenzoic acid (3.5X10°M~ ! in
DMSO-dg at 23.5°C).%5 Other heterocomposites were
synthesized by the use of a Watson—Crick base pair 50/51
(Fig. 39)°® and a barbiturate/bisdiamidopyridine system
52/53. In the latter case, a large association constant was
obtained by the use of a multi-hydrogen bonding interaction
(Fig. 40).%” Sapphyrin 54, an energy acceptor of porphyrin,
can form a hetero-composite with the carboxylic acid 55
(Fig. 41).%%

O
H 0 OR
N
H A
Bu Bu o | fo)
NN OR
e
N "
O Lo=snd.
N N/ NH 51
Bu BuROy H
50

OR OR

K=9x10°M", CH,Cl,, 298 K, Flu
logK = 3.95

Figure 39. Heterocomposites 50/51 by Watson—Crick base pair.®®

The a,0,a,0-tetra-urea-functionalyzed porphyrin 56 inter-
acts strongly with sugars in non-polar solvents. Since the
addition of water and methanol decreases the association
constant, hydrogen bonding between the urea and hydroxyl
groups is considered to stabilize their complex (Fig. 42).%

The tetrahydroxy-calix[4]arene 57 and tetra(2-pyridyl)por-
phyrin 58 give a complex by a tetratopic hydrogen bonding
interaction (Fig. 43).”°

Branda synthesized a stable porphyrin/ferrous-terpyridine
complex 59/60 by the use of two hydrogen-bonding couples
between the urea and carboxylic acid (Fig. 44).”"

The zinc a,a,a,0-tetra(2-carboxyphenyl)porphyrin 61 forms
a very stable dimer (K> 10" M~ ") by cooperative hydrogen
bonding (Fig. 45). Since the zinc complex 61 interacts
strongly with pyrazine (K>10"M™"), this system was
applied to non-covalent light-harvesting antenna, as will be
described later.”

Drain has reported the cyclic tetramers (62), and (62),/(63),
by the use of self dimerization of 2,6-diacetamidopyridine
and a complementary interaction with uracil (Fig. 46).”>"*

Lehn synthesized a cyclic hexaporphyrin 64 based on a
strategy of complementary hydrogen bonding among
three triaminotriazines and three dialkylbarbituric acids
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Figure 40. Heterocomposites 52/53 by barbiturate/bisdiamidopyridine pair.®’

K=25x10® M, DMSO, isothermal
titration calorimetry (ITC)
logK = 6.40

K=26x10°M", CD,Cl,, NMR Figure 44. Porphyrin/ferrous terpyridine complex 59/60.”"
logK = 3.41

Figure 41. Sapphyrin 54 and porphyrin benzoic acid 55.%%

\
NH \NH HN HN HOH’O
o)
¢< >: Ho&@ocmm1
H OH

B-galactoside

K=8x10°M"
298 K, CH,Cl,

Figure 42. o,a,a,a-Tetraurea-functionalyzed porphyrin 56 and B-
galactoside.®’

Figure 45. Dimer of a0, 0-tetra(2-carboxyphenyl)porphyrin 61.72

57 (Fig. 47).”> The cyclic structure was observed in a
R = -(CHp)7Me concentration of > 100 uM in CH,Cl,.

2.3.2. Crown ether derivatives. Several non-covalent

multi-porphyrin’®~"® and phthalocyanine®**' systems have
K=15x10°M" employed crown ethers as units interacting with various
298 K, CDCl3, NMR cationic ions and molecules, such as ammonium and

pyridinium derivatives. When an electron acceptor having
a cationic moiety is used, a non-covalent donor/acceptor

Figure 43. Tetrahydroxy calix[4]arene 57 and tetra(2-pyridyl)porphyrin . -
0 system can be constructed by using a crowned porphyrin.

58.7
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K =2.1x10° M3, CDCl3, NMR

K=6x10"2M?3 THF-dg, NMR

Figure 46. Cyclic tetramers (62), and (62/63), by self-dimerization of 2,6-diacetamidopyridine and complementary interaction with uracil.”>*

Ar Ar
Ar Ar AT Ar
Ar
A AL

.

Al
operation conditions 64
0.122 mM, CH,Cl,,
UV-vis, NMR VAN

Ar Ar
Ar Ar

Figure 47. Cyclic hexaporphyrin 64 with three triaminotriazines and three
dialkylbarbituric acids.”

The association constant of fullerene derivatives 65 having
an ammonium group with the crowned porphyrin 66 was
enhanced by 100-fold (K=3.7X 10> M~ ") compared with
the non-porphyrin system 67 (K=3.5X10°M~") by the
additional porphyrin/Cg interaction (Fig. 48).82

Nolte synthesized porphyrin clips using a diphenylglyco-
luril 35Fb unit to form stable charge transfer complexes
with viologens. In particular, the association constant with
(dihydroxyethyl)viologen (HEV) is 10-fold larger than that
with methylviologen (MV) by incremental hydrogen-
bonding interactions between the hydroxy and carbonyl
groups (Fig. 49).%

2.3.3. Interactions in water. Although the interaction
energy of hydrogen bonding weakens in protic solvents, the
electrostatic interaction remains effective, even in aqueous
solutions. In addition, the large hydrophobic 7t-plane of the
porphyrin plays significant roles in molecular recognition in
water. Mizutani synthesized a m-phenylene bridged bis-
porphyrin 68 having 12 carboxylic acids which interact

OCi2H2s

C
C12H250 f )
o0

By
s
‘B

K= 3.7 x 10° M, CH,Cl,, 298 K, Flu
logK = 5.57

OCi2Hzs

K =3.5x 10> M™,CDCl;, 298 K, NMR
logK = 3.54

Figure 48. Crowned porphyrin 66 and ammonium fullerene 65.5>

= =\ +

=N, /—\ N )
2PFg
K=6.0x10°M"
logKk =5.78
00 = —, 2PFs
N N'Uh HOJ_N/\\:/>_<\:'/\N_\_OH
HEV
G Q 35Fb K=74x10°M"
logK = 6.87

CHCIy/MeCN (1:1), 298 K

Figure 49. Porphyrin clips 35Fb using diphenylglycoluril and Viologens.43



A. Satake, Y. Kobuke / Tetrahedron 61 (2005) 13-41 27

R =-(CHy)1oCO-K 68
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Ky =3.16 x 10°, logk; = 8.5 K;=1.00x 10’, logK; =7.0
Ko =5.01x 107, logk,= 7.7 K;=1.00x 10’, logK, = 7.0
borate buffer pH 9, 298 K, Flu

Figure 50. 12-Carboxylate porphyrin 68 and cationic 7t-aromatics.®®

strongly with cationic 7t-aromatics to give 1:1 and 1:2
complexes (Fig. 50).%

Jux et al. reported stable 1:1 complex formation between an

K=35x108M" logk = 8.54
water, pH 7.2, Flu

Figure 51. Octa-anionic fullerene 69 and octapyridinium zinc porphyrin
7034

71: X=CO, K*, 72: X=CONH(CH2)oN*"Me;

Figure 52. Porphyrins with 32 anions and cations, 71 and 72.%°

octa-anionic dendritic fullerene oligocarboxylate 69 and
an octapyridinium zinc porphyrin salt 70 (Fig. 51). The
association constant was 3.5 X 108 M~ ! in de-ionized water,
and decreased when the ionic strength of the solution was
increased.®

Aida examined electrostatic assembly between porphyrins
having 32 dendritic anions 71 and cations 72 (Fig. 52).85
An equimolar mixture of 71 and 72 generated large
infinite aggregates (10-20 pum), which were detectable by
fluorescence microscope.

2.3.4. Exchangeable covalent bonds. Reversible covalent
bonds, the exchange rate of which is relatively rapid, are
used in dynamic supramolecular systems. Boronic acid and
a diol form a boronic ester, and they are in equilibrium in
protic solvents, such as water and methanol (Fig. 53). These
systems were used in cooperative molecular recognition,
details of which will be described later (Section 4.2).

OH HO - 2H,0 0

/ _ > /
@B\ * j\ @B\ :L

OH HO” R 07Ny

Figure 53. Equilibrium among a boronic acid, a diol and a boronic ester.

Disulfides are exchangeable with each other in the presence
of a catalytic amount of thiol (Fig. 54). The S-S bond is also
used in dynamic systems. Sanders demonstrated the
selective formation of a dimer, trimer and tetramer of
porphyrin 73 in the presence of dabco, tripyridyltriazine,
and tetrapyridylporphyrin, respectively (Fig. 55).%

RSH (catﬁ S—R, S—R,
/

/

Figure 54. Exchange between disulfides.

Linear trimer
-—

Figure 55. Template synthesis of cyclic dimer (72), and trimer (72);.

Cyclic trimer

cyclic (73);

86
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3. Dynamic formation and characterization of polymeric
porphyrins

In Section 2, reversible non-covalent and covalent bonds
for obtaining supramolecular porphyrins were introduced.
If molecules A and B form a strong non-covalent bond, their
combined molecules A-B in which A and B cannot interact
intramolecularly produce polymeric porphyrins (Fig. 56).

K
[(ab + Ho] —= [2aF>s]

—_—

{benimn

o ;

Figure 56. Schemes of formation of dimer and polymer.

We demonstrated this concept with the use of the
complementary dimer of zinc imidazolylporphyrin
(ZnImPor) 74, which has a very large self-association
constant > 10" M ™! (19 in Section 2). When two
ZnIlmPor 74 units are linked at their meso-positions
(BisZnImPor 75), a huge porphyrin array was formed
reflecting the large association constant in CHCl,
(Fig. 57).%7 Since the coordination bond can be cleaved in
coordinating solvents, the polymer can be dissociated to
monomer units via oligomers by the addition of methanol
and pyridine. When the coordinating solvent is removed, the
long polymer can be regenerated. The reversible feature can
be applied to synthesize oligomers with appropriate
terminal units. When ZnImPor 74 is added as a terminator
to BisZnImPor 75, oligomers 76 are obtainable (Fig. 58).

Figure 58. Porphyrin oligomer 76 terminated by ZnImPor.*”

In the case of meso—meso-linked BisZnImPor 75, linear
polymers and oligomers were formed by successive
complementary coordination. When two zinc imidazolyl-
porphyrins are linked by a spacer with the appropriate angle,
cyclic oligomers are obtained by the re-organization
method. m-Gable porphyrin 77, in which two imidazolyl-
porphyrins are linked with an angle of 120°, gives a polymer
immediately after zinc insertion. The polymer is dissociated
into monomers and a few oligomers in the presence of a
coordinating solvent, such as methanol, in dilute concen-
trations. Gradual evaporation then causes reformation of the
oligomers on decreasing the coordinating solvent and
increasing the total concentration. Since complementary
coordination is thermodynamically favored, free zinc
imidazolylporphyrin terminals attempt to find their counter-
parts. When the number of oligomeric units reaches to five
or six, intramolecular coordination is more favored than
intermolecular coordination under high dilution conditions
to afford the cyclic pentamer 78 and hexamer 79 (Fig. 59).%
The cyclic heptamer has no chance to form for kinetic
reasons. A similar methodology was applied to the
trisporphyrins 80, in which three porphyrin units were
connected by two m-phenylene moieties. In this case, the
cyclic trimer 81 was the sole product, because angle strain
does not allow dimer formation (Fig. 60).%

3.1. Purification and characterization

In supramolecular systems, separation and characterization
methods are, in general, limited because of the lability of the
bond. Adsorption chromatography based on SiO, or Al,O3
is not applicable in most cases. Even if the association
constant is very large, dissociated species are adsorbed on
supports during chromatography, and the supramolecular
structure gradually loses its relative contribution during the
purification. Size exclusion chromatography (SEC) or gel
permeation chromatography (GPC) can be applied when the
supramolecular structure has unusually large association
constants and when the components are not adsorbed on the
supporting polymer. GPC analyses are reported for two
types of multiporphyrin systems by Hunter®® and by our
group.®” In both cases, calibration plots were prepared by
oligomers to estimate the molecular weight and the
assembly number.

Various characterization methods have been applied to
determine or estimate the supramolecular structure. Since
each method has its own characteristics and limitation on
determining the molecular weight and the size as the most
basic information, some of these must be combined based
on the multi-facets principle with due consideration of the
analytical conditions, and the resolution.

In Table 7, analytical methods applied or applicable to the
characterization of the supramolecular structures are listed.
When the exact molecular or assembly number is not
obtained from normal mass spectroscopy, appropriate
methodologies must be attempted. The following analytical
methods are available: (1) vapor phase osmometry (VPO),
(2) analytical ultracentrifugation (AUC), (3) NMR diffusion
experiments, (4) small angle X-ray scattering (SAXS), and
(5) dynamic light scattering (DLS). Since they are operated
in solution phases, dynamic behavior of the supramolecules
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Figure 59. Re-organization procedure of m-gable porphyrin 77.5

can be directly obtained by changing various conditions,
such as concentration, temperature, and pH. (1) The VPO
method can be applied most generally to self-assembled
porphyrin systems. Although the accuracy is not high
(ca.10%) enough to estimate especially high-molecular-
weight samples, this method may be the best to try first.
Many examples are reported from dimeric to nonameric
porphyring, 2>-28:31:36.37.41.74.75.92°94 - 9y Apalytical ultra-
centrifugation (AUC) can analyze molecular weight and
the distribution in the sample of relatively large molecular

Zn(ll)

Figure 60. Trisporphyrin 80 and cyclic trimer 81.%
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weights (MW 1500~ 107). The association of large proteins
or polymers is generally examined, but there are also
examples of relatively small molecular weights
(1600 Da).”® The sedimentation velocity method is sensitive
to the heterogeneity of the sample, and gives the distribution
of the sedimentation coefficient. The molecular weight of a
single component is obtained by the sedimentation equi-
librium method with a knowledge of the partial specific
volume of the sample. The accuracy of the molecular weight
determined depends on the accuracy of the partial specific




30

A. Satake, Y. Kobuke / Tetrahedron 61 (2005) 13—41

Table 7. Estimation methods of molecular weight or size of supramolecular systems

Method Appropriate Accuracy Separation ability Limitation for measure- References
MW or size for mixture ment
Mass CSI-mass ~10° Da <0.01% Excellent Cleavage to component 37,41,74,91
under ionization
VPO ~10*Da +10% No (number- Solubility; sensitivity 25,28,31,
averaged MW) 36,37,41,
74,75,92,
93,94
GPC ~10° Da Depending on reliability Very good Adsorption of sampleon  41,87,88,
of standards supporting polymer; 90,92,95
indirect estimation
AUC 1,500~ 107 Da 3-20% Depending on Good Requirement of sample 96,97,98,99
accuracy of partial enough to determine the
specific volume partial specific volume
SAXS 1-100 nm nm order Possible by Sensitivity 88,95
deconvolution of data
DLS 1-6 pm nm order Possible by No fluorescent sample 31,92,100
deconvolution of data
NMR diffusion Low ~10°Da Depending on reliability Good Sensitivity 90,101,102
DOSY of standards
SEM 50 nm-pm order 1 ~several nm Good Decomposition by elec- 59,103
tron beam; no height
information
TEM 10 nm-pm order <1 nm resolution Good Decomposition by elec- 59,60,100,
tron beam; no height 104
information
AFM 1 nm-pum order <1 nm (height) 20 nm (width) Good Fixation on substrate 88,92,105,
106
ST™M nm order <1 nm resolution Good Fixation on substrate; 107,108

sample preparation from
solution; narrow sweep
area

volume. A mixture gives a weight-averaged molecular
weight. (3) For the NMR diffusion method, the peak
resolution is generally large and various nuclei can be
selected. A mixture of components can therefore be directly
analyzed and, additionally, a DOSY (diffusion-ordered
spectroscopy) method gives a spectrum of each com-
ponent.'® (4) Small angle X-ray scattering (SAXS) in
solution can be applied to nm sizes of molecules and the
scattering profile also includes information on the molecular
shape and conformation. (5) Dynamic light scattering (DLS)
has been used to estimate the size and the distribution of the
sample as a particle and the suitable range of particle sizes is
large (1 nm-several pm). Unfortunately, a fluorescent
sample is not applicable because of its interference.
Nonetheless, mass spectrometry is certainly one of the
best methods to obtain direct evidence of the exact
molecular weight. Recent mild and soft ionization methods,
such as cold spray ionization (CSI), or electrospray
ionization (ESI), sometimes enable the detection of the
supramolecular structure.®”*"""**! There are some excellent

P,

CliRi—

&Ry R
PCy;

Figure 61. Covalent linking of complementary dimer by ring-closing
metathesis.'"”

examples where supramolecular assemblies were identified.
Even so, the ionization conditions are still too harsh for
many supramolecular assemblies employing labile non-
covalent bonds and only dissociated species are detected.
When mass spectrometry gives information different from
other evidence obtained in solution, suitable alternative
methodologies must be sought. This may be a major
drawback of supramolecular assembly formation. In the
case of the complementary dimer of ZnlmPor 74, all the
data suggests the complete dimerization in solution, but

Figure 62. Covalently linked multiporphyrins on gold nanocluster.'"!
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only a dissociated monomeric peak is observed in MALDI-
TOF and ESI mass spectrometry. In order to prove the
supramolecular structure by mass spectrometry, we recently
developed a covalent linking of the complementary
dimer."® Allylic groups introduced at appropriate positions
in 82 were subjected to a ring-closing metathesis reaction in
the presence of a Grubbs catalyst to give the covalently
linked porphyrin dimer 83 in excellent yields (Fig. 61). This
method is applicable to the macrocyclic pentamer 78 and
hexamer 79, affording the exact mass number.''% It is
interesting to note that a combination of self organization
and covalent linking of supramolecular porphyrins may be
applicable not only to structural proof, but also to develog
coordination-assisted structure formation reactions.®”!!

Konishi has reported the metathesis linking of multi-
porphyrins 84 assembled on a gold nanocluster (Fig. 62).""

If the supramolecular structure has a characteristic shape
like a wire, rod, and ring and it is large enough to observe by
various microscopes, single-molecule observation is an
interesting methodology to estimate the real form. Scanning
electron microscopy (SEM) and transmittance electron
microscopy (TEM) have a very high resolution. A one-
or two-dimensional aggregate composed of a porphyrin
and ;)hthalocyanine was observed by SEM and
TEM.>?-00:100:103.104 pservation of the detailed molecular
structure by magnification is associated with difficulties
because of structure destruction by the focused electron
beam. Scanning probe microscopy (SPM) is a milder
method compared with electron microscopy and has
frequently been used to estimate the supramolecular
aggregation structure. Atomic force microscopy (AFM)
can analyze the molecular height with <1 nm resolution,
but information along the lateral directions, such as the
width and length, probe curvature (diameter: ca. 20 nm),
which should not be identical for each experiment. Scanning
tunnel microscopy (STM) can provide high-resolution
images at the atomic level. Kawai has successfully observed
covalently linked multiporphyrin sheets,''*'"? tapes,''* and
rings'® by a pulse injection technique'' and this may be
applied to supramolecular porphyrin systems. In SPM
methods, the samples interact fairly strongly with the
substrate and the stability of the non-covalent bond and
immobilization of the sample on the substrate are critical for
successful observations.

4. Recent functionalized supramolecular porphyrin
systems

4.1. Mimics of photosynthesis

4.1.1. Light-harvesting antenna and energy/electron
transfer. Mimics of photosynthetic functions, such as
light harvesting and charge separation by the use of a
supramolecular assembly of porphyrins, have been reported,
and good reviews have been published in the field."' In this
section, we introduce mimics of light-harvesting antenna
assembled by relatively strong non-covalent bonds.

Hunter reported self-assembly of the free base porphyrin 85
having four pyridinyl groups and two biszincporphyrins
linked by pyridine dicarboxylic amide.”® In their molecular

design, hydrogen bondings were effectively used to fix the
conformation and to raise the association constants. The
pentaporphyrin composite 85 (Fig. 63) was formed by
mixing two components as a 1:2 complex with an
association constant K=2X10°M~"' for each dimer
formation. When zinc porphyrin was selectively excited,
fluorescence from the free base porphyrin was observed.
The rate of energy transfer kgnt Was obtained as 2 X 10°s7!
by steady state and fluorescence lifetime measurements, and
the quantum yield @gnt was 73%.

Ar N= Ar—N
\_7 Energy N
o Transfer /N Ar
BN =
H (@)
N-

Figure 63. Energy transfer in pentaporphyrin composite 85.%*

Kuroda reported self-assembly of zinc porphyrin dimer 61
formed by four hydrogen bondings and free base porphyrin
86 having eight pyrazines (Fig. 64)."'"''"® The large
association constant between the dimer 61 and pyrazine
(K=4x10"M" 1) gave a 1:8 complex of (86/61) quanti-
tatively. Excitation of the Zn porphyrin part (564 nm)
enhanced the fluorescence emission from the central free
base porphyrin by 77-fold.

Figure 34. A composite of 16 zinc porphyrins 61 and one Fb porphyrin
86 11711
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We have introduced supramolecular light-harvesting
antenna into a lipid bilayer.""® Three complementary
ZnImPor dimers were attached to free base porphyrin and
the former were directed to the membrane surface by the
terminal carboxylate substituents (Fig. 65). The porphyrin
heptamer 87 incorporated in large unilamellar vesicles
(LUVs) showed energy transfer from zinc porphyrin to
the free base porphyrin by selective excitation of the
ZnImPor dimer.

Figure 65. Energy transfer in porphyrin heptamer 87 incorporated in large
unilamellar vesicles.'!

The cyclic oligomers 78 and 79 (Fig. 59) were synthesized as
mimics of light-harvesting antenna complex IT (LH IT).%%-12°
In the complex (Fig. 66), six pairs of slipped co-facial
dimers are arranged in a large ring with close Zn-to-Zn
distances similar to natural LH II. To evaluate the energy
delocalization in the ring, fluorescence quenching with
benzoquinone was carried out. The quenching efficiency
referred to TPP was proportional to the surface area and

p-benzoquinone

Figure 66. Energy migration in cyclic porphyrin dodecamer 79 as a model
of B850 in LH2.%%12°

suggested a rapid excited energy migration in the ring
within the life time of 2.0 ns.

The formation of the cyclic oligomer does not decrease the
inherent fluorescence quantum yield. In the case of the
cyclic trimer 81, the fluorescence quantum yield (?=5.1%,
toluene) was almost same as that of the dimer ZnlmPor
(©=4.9%, toluene).89 No decrease of fluorescence was
observed by assembling nine porphyrins and this indicated
that the non-covalent coordination is suitable to construct a
supramolecular light-harvesting complex. Compound 81
can accept one tetrapodal guest 88 in the cavity with a high
association constant, K=8X 10% M™!, in toluene. This
composite is expected to mimic the LH I/reaction center
composite (Fig. 67).

K=8x108 M7, 298 K, toluene, UV-vis

Figsgre 67. Composite of cyclic porphyrin nonamer 81 and tetrapodal guest
88.

The complementary ZnImPor dimer is useful as a mimic of
a special pair in the photosynthetic reaction center, in
addition to a fundamental unit of light-harvesting antenna in
bacterial photosynthetic systems. When ZnImPor 89
having an electron acceptor was dimerized by complemen-
tary coordination (Fig. 68), the photo-induced charge
separation rate was accelerated, while the charge recombi-
nation rate was decreased, compared with those of the
corresponding monomer. This is regarded as direct chemical

dimer 89D

O
MeO™O OMe

Figure 68. Mimic of special pair in reaction center.”
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proof that Nature employed the special pair arrangement to
increase the charge separation efficiency.?

4.1.2. Photocurrent generation. Supramolecular growth of
porphyrins on the self-assembled monolayer (SAM) on
an appropriate electrode surface is one of the interesting
methods to introduce the antenna effect for photocurrent
generation. Here, recent applications to photocurrent
generation systems are introduced.

We applied a self-assembling system of BisZnImPor 75
on a gold surface. First, the linker porphyrin 90 was
attached to the gold surface by a thiol/gold interaction,
and BisZnImPor 75 was successively grown by a
coordination bond (Fig. 69). Responding to the growth of
the porphyrin layer, the photocurrent gradually increased.
This antenna feature is desirable to absorb incident light
effectively.'?!

Figure 69. Complementary coordination assembly of antenna porphyrins
on gold surface."?!

In order to increase the efficiency of photocurrent
generation, the vectorial arrangement of donor, porphyrin,
and acceptor is essential. Thompson reported the ordered
assembly of porphyrin and acceptor by a selective
interaction of thiol/Cu(Il) and phosphonic acid/Zr(IV)
(Fig. 70).'** We introduced vectorially an acceptor
molecule by an imidazole/zinc coordination bond.'* An
increase of the photocurrent was observed by the introduc-
tion of acceptor molecules in both cases.

Ar
O Pl O~ Gom) oy o,
: 7" \po,
Ar
Ar
O P O oG omgsy op
- = P03
LA
BB AD Do cn,
. #" \-po,
Ar

Figure 70. Ordered assembly of porphyrin and acceptor.122

Electrostatic interaction is convenient to assemble the
components. Ikeda reported the electrostatic accumulation
of fullerenes encapsulated in a cationic calixarene 91 and
porphyrins supported by an anionic polymer 92 on indium-
tin oxide (ITO) by a layer-by-layer accumulation method
(Fig. 71).'**

ITO

Figure 71. Electrostatic assembly of encapsulated fullerenes 91 and
porphyrins 92.'%*

Guldi and co-workers have reported the electrostatic
assembly of four components by electrostatic forces. They
prepared the anionic fullerene 69 (9—) as an electron
acceptor, the cationic free base porphyrin 70 (8+) as an
energy acceptor and photosensitizer, the anionic zinc
porphyrin 93 (8 —) as a photosensitizer, and the cationic
ferrocene 94 (1+) as a donor. They were assembled

.o‘g ;?O‘é.
o (3 )JD@(e) ) (e )1
©)

Figure 72. Electrostatic assembly of fullerene 69, porphyrins 70 and 93,
and ferrocene 94.'%
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Figure 73. Photocurrent generation across the lipid bilayer membrane.'?®

stepwise as shown in Figure 72. As the assembled
components increased, the IPCE (incident-photon-to-con-
verted-electron efficiency) increased effectively, indicating
that multistep electron transfer is occurring.'*

Drain reported photocurrent generation across the lipid
bilayer membrane.'*® Two kinds of porphyrins (95 and 96)
having diacetoamidopyridines and uracils as hydrogen
donor/acceptor pairs were incorporated into a membrane
(Fig. 73), and K4Fe(CN)¢ and anthraquinone sulfate
solutions were placed at both ends as electron donor and
acceptor, respectively. A clear on/off response was observed
in response to white light irradiation. In the system,
electrons are expected to pass through the four porphyrins
by a hopping mechanism.

4.2. Sensing chirality

Porphyrin has a large extinction coefficient (e=5X 10> M !
cm ™ ! at the Soret band for ZnTPP), and excitonic coupling
between two porphyrins reaches a 50 A distance.'?” These
features enable a highly sensitive detection of chirality by
the use of two porphyrins. Here, some applications for chiral
sensing are introduced.

Berova and Nakanishi have developed a method to
determine the absolute configuration of chiral diamines,
amino acids, and aminoalcohols for practical use. A zinc
porphyrin tweezer 97 (Fig. 74)-two zinc porphyrins
connected by an alkyl chain-can coordinate chiral diamine,
amino acid and aminoalcohol derivatives as ditopic

Figure 74. Zinc porphyrin tweezer 97 to determine the absolute
configuration.

coordination.'?*"*! Based on the absolute configuration of
the guest molecules, a positive or negative Cotton effect is
observed. Various a-chiral amino acids can be analyzed, but
the systems containing N, O, or halogens at the chiral center
did not obey the rule. Recently, a Mg porphyrin tweezer was
reported to exclude the exception.'?

Inoue introduced another chiral sensing molecule by the use
of bisporphyrin 98 bridged by an ethane group (Fig. 75).'*
The bisporphyrin 98 interacts with two chiral monoamines
cooperatively. In the absence of a guest amine, the
bisporphyrin takes a 7t-stacked conformation. When the
first chiral amine coordinates to one of the zinc porphyrins, a
strong CD is induced by the change to a chiral open
conformation. This system has been developed to include a
determination of the absolute configuration of a chiral
secondary alcohol by using the highly oxophilic Mg
bisporphyrin.'**

Figure 75. Interaction of metal bisporphyrin 98 bridged by ethane group
with chiral guest.'?*!3

Aida has reported sensing of the helicity of peptides by the
use of Zn bisporphyrin 99 connected by two helical peptides
100 (Fig. 76)."3% In the absence of the guest diamine, no CD
activity of the bisporphyrin 99 is observed, because of the
presence of equal amounts of p- and L-helices. When the
chiral helical diamine is coordinated in a ditopic manner to
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Figure 76. Bisporphyrin linked by helical posts and a helical guest.'>

Figure 77. Cooperative binding of four chiral diacids by double-decker porphyrin 10

Figure 78. Cooperative binding of oligosaccharides by double-decker porphyrin 10!

chiral diacid
—_—

zinc porphyrins, the helicity of the pillars are harmonized
with that of the guest, and induced CDs are observed for
both the porphyrin and peptide parts.

Shinkai reported cooperative chiral sensing of chiral diacids
and oligosaccharides by a double-decker porphyrin.'*® In
this system, peripheral functional groups, such as pyridine
and boronic acid, are used to interact with guest molecules.
Electrostatic interaction was used in the former case, and
reversible covalent bond formation between boronic acids
and diols in the latter. The double-decker porphyrin 101
interacts with four chiral diacids cooperatively assisted by a
twist motion to generate an induced CD (Fig. 77).

The double-decker porphyrin 102 interacts with oligosac-
charides (Fig. 78). Various lengths of oligosaccharides'?’
and Lewis oligosaccharides (Fig. 79)138 were examined. It is
interesting that the CD signals are inverted by the difference

OH NHAc
HO OH O OH HO 0% OH
d (26 lo} (e}
NHAc OH
OH “OH o OH o oH OH
OH
OH
OH
OH Lewis® OH Lewis®

Figure 79. Structures of Lewis oligosaccharides.138
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of oligosaccharide lengths and Lewis oligosaccharide
structures and this can be applied as a selective sensor for
detecting oligosaccharides.

4.3. Specific extraction of carbon materials

As described in Section 2, porphyrin has been shown to
interact with large m-conjugated materials such as full-
erenes. Recently, the specific extractions of higher full-
erenes and semiconducting carbon nanotubes were reported.
Carbon soot contains higher fullerenes, >Cy¢, along with
Ceo and C,. Although structure—property relationship of
each discrete fullerene is interesting, the lack of a practical
isolation method hampered such studies. Aida synthesized
the bisporphyrin 103 (Fig. 80), the association constant of
which with higher fullerenes was 10- tol16-fold larger than
those with Cgy and C;o. They demonstrated the selective

Q Q

K=1.3x10" M’
logK 7.1

toluene/THF (1:1), 298 K, UV-vis

K=1.1x10°M"kK=7.9x10°Mm"
logK 5 logK 5.9

Figure 80. Association constants of Cgg, C79, and Cog with bisporphyrin
103.'%

extraction of higher fullerenes, Cos—Cp19, by a 3-fold
repetitive process.'>’

Carbon nanotubes show excellent electronic properties and
high tensile strengths, and various applications have been
attempted. Since they are obtained as a mixture of metallic
and semiconducting nanotubes, a practical separation
method is highly desirable. Sun reported that tetra(hexa-
decyloxyphenyl)porphyrin extracts a semiconducting nano-
tube selectively.'* Although the detailed mechanism of the
selective interaction is not clear, this non-disruptive
extraction is advantageous for the use of carbon materials.

4.4. Molecular switch

Coordination of ligands can induce a structural change in
multi-porphyrin systems followed by a change in their
electronic states. Reversible coordination can therefore be
applied to molecular switch. Osuka examined the electronic
properties of a meso—meso-linked zinc bisporphyrin 104
by coordination of various diamines in 1:1 complexation
(Fig. 81)."*" In this system, the dihedral angle between the
two porphyrins is changed by coordination of diamines with
different separation distances. When heptamethylene-
diamine was used, the most distorted conformation was
obtained. The Soret and Q-bands in the absorption spectrum
are red shifted significantly and the fluorescence intensity is
increased. These spectral changes were recovered on
decomplexation by the addition of acetic acid.

We have reported a specific interaction of zinc hexapor-
phyrin 105, produced by Ru coordination to the central
bipyridyl part, with triamines (Fig. 82). The hexaporphyrin
105 has two tritopic binding pockets, and accepts two
triamines accompanied by molecular motion. In a series of
triamines, the association constants of triaminoethylamines
106 were the largest, and a specific spectral change was
observed in the 1:2 complex formation. Structural analysis
by NMR indicates that a distorted and rigid structure is
formed by coordination of the two triamines 106."*?

Figure 82. Distortional change of zinc hexaporphyrin 105 by coordination of triamine 106.'*?
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Figure 83. Reversible switching of intramolecular energy transfer in
bisporphyrin 107.'43

Reversible coordination of an external ligand is useful for
the replacement of functional ligands coordinated originally
or guest interacted by other non-covalent bonds. Otsuki
reported a switching system based on the difference of
association constants and pK,s between azopyridine and
dimethylaminopyridine (DMAP). Azopyridine (1 mM) is
coordinated to the zinc porphyrin part in 107 (10 pM) in
CH,Cl, almost completely (K,=1.2X10*M~") (Fig. 83).
Since coordination of azopyridine inhibits energy transfer
from Zn porphyrin to the free base porphyrin, fluorescence
from the free base porphyrin by excitation of the Zn
porphyrin is suppressed. When 0.3 mM DMAP is added,
azopyridine was replaced by DMAP having a larger
association constant (K,=2.9X 10> M '), and fluorescence
from the free base porphyrin was recovered. Since the pK,
value of DMAP (10.1) is much larger than that of
azopyridine (3.5), DMAP was protonated selectively by
the addition of 1 equiv of dichloroacetic acid (0.3 mM),
followed by coordination of azopyridine. The reversibility
was confirmed several times by monitoring the fluorescence
change.'®

Yagi reported a dual-mode interaction of bisporphyrin 108
linked by two diarylureas (Fig. 84). The bisporphyrin 108
interacts strongly with a heptylviologen known as an
electron acceptor (K =5.46X10°M~! in CHCIly/DMSO
(10/1) at 293 K), and its fluorescence is quenched. A

K=5.46 x 10°M"
CHCI5/DMSO (10/1)
293 K, UV-vis
fluorescence quenching

fluorescent

Figure 84. Dual-mode receptor of hexylviologen and dabco.'*

charge—dipole interaction between heptylviologen and
bisporphyrin 108 is supposed to be a major force to
maintain the stable composite. When dabco was added to
the composite, heptylviologen was replaced and fluor-
escence from the bisporphyrin 108 was recovered.'**

5. Conclusions

We have reviewed various supramolecular porphyrin
motifs constructed by using zinc porphyrin/nitrogen ligand
coordination and other non-covalent bonds. Multiple and
complementary coordination, associated with other inter-
molecular interactions, afford varieties of stable composites
with large association constants of over 10° M~ '. Compo-
site constructed by ‘labile bonds’ does not necessarily mean
that they are observed only transiently, or as one of the
composite mixtures, or that they are difficult to be isolated.
If appropriately designed, an exchangeable property of the
labile bond becomes a valuable method to construct
dynamic systems, which cannot be achieved otherwise
by covalent and inert coordinating bonds. In this review,
we have introduced recent examples of dynamic supra-
molecular porphyrin systems. Such systems will
undoubtedly be developed further in molecule-based
devices for the advancement of science. Even so, the
isolation and purification of supramolecular systems are still
a tough target, and accurate determination of the molecular
weight and the structure is successful only in limited
cases. The development of technologies relevant to
supramolecular sciences is definitely required for further
progress in dynamic supramolecular systems.
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Abstract—Treatment of substituted 1,3-oxathiolanes with ethyl (triethylsilyl)diazoacetate in the presence of a copper catalyst effects one-
carbon ring expansion to the corresponding 3-triethylsilyl-1,4-oxathiane-3-carboxylates. Subsequent desilylation can be brought about by

treatment with tetrabutylammonium fluoride.
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1. Introduction

The metal-catalysed reaction of diazo compounds with
sulfides is a well-established method for the generation of
sulfur ylides.' The sulfur ylides generated in this fashion can
undergo a variety of rearrangement reactions, the most
common of which are [1,2]-and [2,3]-rearrangements.
Alternatively, intermolecular reaction of the sulfur ylide
can take place, for example reacting with an aldehyde to
form an epoxide.”

As part of a project aimed towards the synthesis of the RNA
polymerase inhibitor tagetitoxin,” we wished to develop a
new method for the synthesis of 1,4-oxathianes such as 4.
We postulated that such compounds would be accessible
through rearrangement of sulfur ylides derived from 1,3-
oxathiolanes such as 1. Thus, treatment of 1 with ethyl
diazoacetate in the presence of a metal catalyst was
expected to generate a sulfur ylide 2, which would undergo
a [1,2]-shift to produce the corresponding 1,4-oxathiane 4
(Scheme 1). This rearrangement could proceed via either the
zwitterion 3 shown, or a diradical intermediate. The
conversion of 1 to 4 corresponds to an overall insertion of
the CH-CO,Et unit into a C-S bond, and thus a one-carbon
ring-expansion of the original substrate. In this paper we
provide full details* of our studies into this ring-expansion
reaction.

Previous related studies have shown that sulfur ylides
derived from §,S-, O,S-, and N,S-acetals undergo this type of

Keywords: Ring expansion; Heterocycles; Sulfur ylides; Diazo compounds;

Silicon.
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Scheme 1. Proposed ring expansion reaction. Reagents: ethyl diazoacetate,
metal catalyst.

1,2-shift to form new carbon—carbon bonds.! A ring
expansion of 1,3-dithianes to 1,4-dithiepanes has been
reported by Doyle,” and Kametani has shown that reaction
of the ribose-derived thioglycoside 5 with dimethyl
diazomalonate in the presence of rhodium(II) acetate
gives rise to the C-glycoside 6, which was used as an
intermediate in a synthesis of showdomycin (Scheme 2).6

Iy Lo I
o o
N\ 4SPh e CO,Me
. \ TN CO,Me
AcO  OAc AcO  OAc
5 6

Scheme 2. Kametani’s C-glycoside synthesis. Reagents and conditions:
(MeO,C),CN,, Rhy(OAc), CH,Cl,, reflux, 71% yield.
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2. Results and discussion

2.1. Ring expansion with ethyl diazoacetate

Initial investigations into the ring expansion reaction were
carried out using 2-phenyl-1,3-oxathiolane (7), which was
prepared by acid-catalysed reaction of benzaldehyde with
2-mercaptoethanol. A range of conditions were investigated
for the reaction of this substrate with ethyl diazoacetate.

Under the best conditions found, conversion of 7 to the
desired ring-expansion products 8 and 9 could be effected
by slow addition of ethyl diazoacetate to a solution of 7 and
copper(Il) acetylacetonate in benzene under reflux
(Scheme 3). Under these conditions, a 2:1 mixture of 8
and 9 was obtained, and this mixture could be isolated in
19% yield. However, in addition to the desired products,
substantial amounts of diethyl maleate, diethyl fumarate and
unreacted starting material were observed in the crude
reaction mixture (although they were not isolated). Attempts
to ensure the consumption of all the starting material by
addition of further diazo compound led to complex,
intractable mixtures. This result we attribute to a lack of
discrimination shown by the metal carbene between the
sulfur atom of the 1,3-oxathiolane 7 and those of the 1,4-
oxathianes 8 and/or 9; if all three heterocycles react with the
metal carbene at a similar rate, addition of a large excess of
diazo compound will lead to consumption of the desired
products 8 and 9, giving the corresponding sulfur ylides
which decompose to unidentified side-products. Similar
results were obtained with other 2-aryl-1,3-oxathiolanes.

S/—\O /—\O S/—\O
YT , —
Ph EtO,C g o EtO,C o

7

Scheme 3. Reagents and conditions: EtO,CCHN, (1.2 equiv), Cu(acac),
(12 mol%), benzene, reflux, 16 h, 19% yield (8:9 2:1).

When an alkyl-substituted 1,3-oxathiolane, 10, was sub-
jected to the same conditions, no products of ring expansion
were observed; however, enol ether 12 could be obtained in
27% yield as a mixture of geometric isomers (Scheme 4). In
this case it appears that the intermediate sulfur ylide 11,
rather than undergoing ring expansion, suffers an elimin-
ation reaction to produce the observed products.

[\ LN d %

S_O __|oc. ‘sHo | > &W
H/ LH(jﬁ/ Eo,c N <
10 11 12

Scheme 4. Reagents and conditions: EtO,CCHN, (1.2 equiv), Cu(acac),
(12 mol%), benzene, reflux, 24 h, 27% yield (E:Z 3.3:1).

2.2. Ring expansion with (trimethylsilyl)diazomethane

In 1999, Aggarwal’ and Van Vranken® independently
reported that (trimethylsilyl)diazomethane offers marked
advantages over ethyl diazoacetate in the formation and
subsequent [2,3]-rearrangement of sulfur ylides from allylic

sulfides. In particular, this diazo compound shows less of a
tendency to form dimeric side-products (cf. diethyl maleate
and diethyl fumarate from ethyl diazoacetate), and, more
importantly, the desired products of the reaction do not react
further with any excess diazo compound. A large excess of
the diazo compound can thus be used with impunity.

Use of this diazo compound in the present study led to a
marked improvement in the efficiency of the ring expansion
reaction. Thus slow addition of an excess of (trimethyl-
silyl)diazomethane to a refluxing solution of 2-phenyl-1,3-
oxathiolane (7) and copper(Il) acetylacetonate9 in benzene
resulted in a clean ring expansion taking place, with
complete consumption of starting material, and no apparent
over-reaction of the 1,4-oxathiane products (Scheme 5). The
desired compounds 13 and 14 could be isolated in 29% and
21% yield respectively by silica gel chromatography. Once
again, however, isobutyl-substituted compound 10 yielded
only the product of ring opening, enol ether 15 (Scheme 6).

SYO 0 s ©
Ph MesSi©  Ph  MesSi Ph
7 13 14

Scheme 5. Reagents and conditions: Me;SiCHN, (3.7 equiv), Cu(acac),
(10 mol%), benzene, reflux, 5.5 h, 29% 13, 21% 14.

10 15

Scheme 6. Reagents and conditions: Me;SiCHN, (3.8 equiv), Rhy(OAc),
(1.5 mol%), benzene, reflux, 17 h, 37% yield (E:Z 2.6:1).

2.3. Ring expansion with silylated diazoesters

The success of the ring expansion with a silylated diazo
compound, combined with our desire to synthesise com-
pounds containing an ester group, led us to consider the use
of a silylated diazoester (16) in the ring expansion reaction.
Such compounds, first reported by Schéllkopf in 1967,
have found use recently in a range of transition-metal
catalysed reactions, including intermolecular cyclopropana-
tion,'" cyclopropenation,'® carbonyl ylide formation,'"
oxazole synthesis,'*™'* N-H insertion'” and deoxygenation
of epoxides.'® In addition, a range of intramolecular
reactions of compounds with the general structure 16 have
been reported, including insertion into C—H bonds'®'” and
reactions with tethered alkenes'® and alkynes."”

Ethyl diazo(trimethylsilyl)acetate (17) and its triethylsilyl
analogue (18) (Fig. 1) are readily prepared by reaction of

ROgCYSiR'g EtOzCYSiMeg EtOzCYSiEtg
\P) N2 N2
16 17 18

Figure 1. Silylated diazoesters.
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ethyl diazoacetate with the corresponding trialkylsilyl
triflate in the presence of Hiinig’s base.?’

Treatment of phenyl-substituted oxathiolane 7 with ethyl
diazo(trimethylsilyl)acetate (17) in the presence of
copper(Il) acetylacetonate led to a clean ring expansion,
giving 1,4-oxathianes 19 and 20 in a 6:1 ratio (Scheme 7).
After initial purification by passing the reaction mixture
through a short plug of silica, recrystallisation from ethanol
afforded the major diastereomer 19 in 46% yield. The
minor isomer 20 could be obtained in 10% yield by
chromatography of the mother liquors.

s o ()or(i)
Et02C') ( R3Si-~ } (
Ph R3Si EtO,C
7 R=Me 19 20
R=Et 21 22

Scheme 7. Reagents and conditions: (i) 17 (1.04 equiv), Cu(acac),
(2 mol%), benzene, reflux, 29 h, 46% 19, 10% 20; (ii) 18 (1.2 equiv),
Cu(acac), (10 mol%), benzene, reflux, 22 h, 67% yield (21:22 8:1).

This ring expansion proved somewhat capricious; in
particular, variable amounts of desilylation took place
during the course of the reaction to give 8 and 9 in the crude
reaction mixture. For this reason, our attention turned to the
use of ethyl diazo(triethylsilyl)acetate (18), bearing the
more robust triethylsilyl group. Treatment of 7 with
1.2 equiv of 18 and Cu(acac), gave reproducibly the ring-
expanded products 21 and 22; the proton NMR spectrum of
the crude reaction mixture showed this to be a 4:1 mixture of
diastereomers, with no evidence of concomitant desilyl-
ation. These compounds proved resistant to purification by
crystallisation, but chromatography on Florisil® allowed
isolation of good yields of oxathiane products (67%, as an
8:1 mixture of stereoisomers). Markedly lower yields (ca.
30%) were obtained if the chromatography was carried out
using either silica or alumina as the stationary phase.

Table 1. Ring expansion of 1,3-oxathiolanes using 18

/—\ 18 (1.2 equiv.)

oO—
Y Cat. (0.1 equiv.),

benzene, reflux

The relative stereochemistry of compounds 21 and 22 was
assigned with the aid of "H NMR and NOE experiments.
The key NOE enhancements are shown in Figure 2. For both
compounds, the coupling constants for the CH,CH, portion
of the six-membered ring were consistent with the adoption
of a chair conformation. Irradiation of the ortho-protons of
the phenyl ring in 21 led to NOE enhancements of the axial
proton at C-6 and the methylene protons of the triethylsilyl
group. Taken together, these indicate the relative configur-
ation and conformation of 21 to be as depicted in Figure 2. It
is noteworthy that in this structure, both the phenyl group
and the ethyl ester occupy axial positions, with the silyl
group residing equatorially. For compound 22, NOE
enhancements were observed between the axial C-6 proton
and the benzylic proton, indicating an equatorial situation of
the phenyl group in this compound.

21 22

Figure 2. Selected NOE enhancements in compounds 21 and 22.

A range of other 2-substituted 1,3-oxathiolanes was
subjected to the optimised ring expansion conditions, and
the results are summarised in Table 1. While good results
were obtained with aryl substituents (compounds 23 and
24), the yield of ring expansion products from the alkyl-
substituted oxathiolane 10 was low and not entirely
reproducible. Better results with this substrate were
obtained when a copper(I) catalyst, Cu(MeCN), PF¢, was
used;*" with this catalyst, a reproducible yield of 30% could
be obtained. tert-Butyl oxathiolane 25 and unsubstituted
oxathiolane 26 also underwent ring expansion in the
presence of the copper(I) catalyst, although the product in
the latter case proved unstable to chromatography, even on
Florisil®

TESH Etoch

EtO,C TES
Substrate R Catalyst® Time (h) Product ratio® Yield® (%)
7 Ph Ccu!! 24 4:1 674
23 p-NO,CeH, Cu" 22 4:1 62°
24 p-MeOC¢H, Cu" 24 20:1 62
10 i-Bu cu"” 2 —f 7
Cu! 25 —f 30
25 +-Bu Cu! 4 —f 12
26 H Cu' 2.5 n/a 0¢

 Catalysts: Cu''=Cu(acac),, Cu'=Cu(MeCN),PF;.
" Determined by integration of "H NMR signals in crude reaction mixture.

¢ Isolated yields after chromatography on Florisil®. Unless otherwise stated, yields are of a single stereoisomer.

48:1 mixture of diastereoisomers.

¢ 3:1 mixture of diastereoisomers.

 Minor isomer not observed.

€ Compound decomposed on attempted purification.
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2.4. Desilylation of ring-expansion products

Having achieved the ring expansion of 7 in good yield by
the introduction of a trialkylsilyl group, we now turned our
attention to the removal of this extraneous substituent.
Treatment of the major 1,4-oxathiane stereoisomer 21 with
a solution of tetra-n-butylammonium fluoride in THF
effected rapid desilylation, affording 8 and 9 as a 2:1
mixture, in quantitative yield (Scheme 8). All attempts to
improve the ratio of stereoisomers, through variation of
temperature, solvent or fluoride source,22 were unsuccess-
ful. Presumably, the silicon-bearing chiral centre in 21 is
converted to a planar carbanion intermediate in the course of
the reaction, leading to the loss of stereochemical purity.

i) &0
=

/N . /N
S O ﬂ» S 0]

EtOQC‘H

Et3Si Ph EtO,C Ph Ph
21 8 trans 7
9 cis

Scheme 8. Reagents and conditions: (i) BuyNF, THF, 0 °C, 100% yield (8:9
2:1); (ii) 18 (1.2 equiv), Cu(acac), (0.1 equiv), benzene, reflux, 16 h then
BuyNF, THF, 0 °C, 87% yield (8:9 2:1).

Desilylation could alternatively be carried out immediately
after the ring expansion reaction, without purification of the
intermediate silylated oxathiane. In this case, the desilylated
products were obtained in an overall yield of 87% for two
steps (Scheme 8).

3. Discussion

In this work, we have developed an efficient method for the
ring expansion of 2-aryl 1,3-oxathiolanes. The poor yields
obtained when ethyl diazoacetate is used for this reaction
arise from its tendency to form alkene by-products, but more
pertinently to its lack of discrimination between the sulfur
atoms in starting material (7, Scheme 9) and product (27,
R=H). The complete conversion and high yields observed
when the same substrates are treated with silylated
diazoacetates 17 and 18 are indicative of an attenuation of
both of these problems when the silylated reagents are used,
and we ascribe both effects to the steric bulk of the silyl
group; thus reaction of the bulky silylated metal carbene
with the sterically hindered sulfur of 1,4-oxathiane 27 (R=
SiEt;) is markedly slower than its reaction with the starting
material, 1,3-oxathiolane 7 (Scheme 9).

sterically
hindered if
unhindered R=SiEt;

< <ﬁ fast g, —
s/—\o fast 's o _(R=H) R>—s\ o)

E slow —<

1 en (R=siety B ‘en
7 27 28

Ph

Scheme 9. Abbreviation: E=CO,Et.

Mechanistically, the ring expansion reaction is presumed to
proceed via a sulfur ylide intermediate 29, or a metal-bound

equivalent thereof (Scheme 10). Following formation of the
ylide, the benzylic C-S bond breaks, either heterolytically
to give zwitterion 30, or homolytically to give a diradical
31. In either case, a subsequent C—C bond formation
completes the ring expansion. The lower yields obtained in
the ring expansion of alkyl-substituted 1,3-oxathiolanes
may be attributable, in part, to the lack of additional
stabilisation which is afforded to intermediate 30 or 31 by an
aromatic substituent.

S /o*
Etozcﬁ* {

Et:Si 'd ¢ { }
N~-S_ O S 0
EtO é Y EtOZC’? <
2 R — Et;si R
29 ~ S o~ 32
EtOZC%' <
Et3Si
31
Scheme 10.

4. Conclusion

The ring expansion of 1,3-oxathiolanes can be carried out by
treatment with a diazo compound in the presence of a metal
catalyst. While ring expansions with ethyl diazoacetate
proceed with poor yield due to the relatively non-selective
nature of the corresponding metal carbenoid, use of a silyl-
substituted diazoester leads to cleaner reactions and
higher yields of the desired products. Subsequent desilyl-
ation of the ring-expansion products can be carried out in
quantitative yield.

5. Experimental
5.1. General

Reactions were performed under an atmosphere of nitrogen
or argon. THF was distilled from sodium/benzophenone,
and benzene was distilled from calcium hydride,
immediately prior to use.

1,3-Oxathiolanes 7, 10, 23, 24, 25 and 26 were prepared
from the corresponding aldehydes®* and 2-mercaptoethanol
in the presence of p-toluenesulfonic acid®* or zirconium
(IV) chloride™ as acid catalyst. All other reagents were used

as obtained from commercial sources.
5.2. Experimental procedures

5.2.1. Ring expansion with ethyl diazoacetate: ethyl
trans-2-phenyl-1,4-oxathiane-3-carboxylate (8) and ethyl
cis-2-phenyl-1,4-oxathiane-3-carboxylate (9). A solution
of 2-phenyl-1,3-oxathiolane (7, 0.29 g, 1.7 mmol) and
copper(Il) acetylacetonate (54 mg, 0.21 mmol) in benzene
(2.5mL) was heated to reflux. A solution of ethyl
diazoacetate (0.24 g, 2.1 mmol) in benzene (1.6 mL) was
added dropwise over a period of 3.5h, and reflux was
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continued for a further 16 h. The solvent was evaporated
under reduced pressure to afford a yellow oil, which was
purified by flash chromatography (SiO,; Et,O/hexanes
30:70) to afford a 2:1 mixture of 8 and 9 (98 mg, 19%)
(see below for spectroscopic data).

5.2.2. Ethyl 9-methyl-6-oxa-3-thiadec-7-enoate (12). A
solution of 2-(2-methylpropyl)-1,3-oxathiolane (10, 0.30 g,
2.0 mmol) and copper(Il) acetylacetonate (66 mg,
0.25 mmol) in benzene (2.5 mL) was heated to reflux. A
solution of ethyl diazoacetate (0.29 g, 2.5 mmol) in benzene
(1.6 mL) was added dropwise over a period of 3.5 h, and
reflux was continued for a further 24 h. The solvent was
evaporated under reduced pressure to afford a yellow oil,
which was purified by flash chromatography (SiO,; Et,O/
hexanes 5:95) to afford 12 as an inseparable 3.3:1 mixture of
(E) and (Z) isomers (0.13 g, 27%); Viax (ﬁlm)/cmf1 2959,
2869, 1731, 1651, 1298, 1270, 1176, 1156, 1126 and 1032;
on (300 MHz; CDCls; signals reported for (E)-isomer only)
1.00 (6H, d, J=6.7 Hz, CH(CH3),), 1.30 (3H, t, J=7.1 Hz,
OCH,CH3), 2.19-2.30 (1H, m, CH(CH3),), 2.90 2H, t, J=
6.5 Hz, SCH,CH,0), 3.30 (2H, s, SCH,CO,Et), 3.85 (2H, t,
J=6.5Hz, SCH,CH,O), 421 (2H, q, J=7.1Hz,
OCH,CH,3), 4.79 (1H, dd, J=12.6, 7.5 Hz, OCH=CH),
6.22 (1H, d, J=12.5 Hz, OCH=CH).

5.2.3. trans-2-Phenyl-3-trimethylsilyl-1,4-oxathiane (13)
and cis-2-phenyl-3-trimethylsilyl-1,4-oxathiane (14). A
mixture of 2-phenyl-1,3-oxathiolane (7, 0.23 g, 1.4 mmol)
and copper(Il) acetylacetonate (37 mg, 0.14 mmol) in
benzene (2 mL) was heated to reflux. (Trimethylsilyl)-
diazomethane (2 M in hexanes, 2.6 mL, 5.2 mmol) was
added via syringe pump over a period of 4 h. Reflux was
continued for a further 90 min, then the mixture was cooled
and loaded directly onto a short column of flash silica.
Elution with Et,O/hexanes 20:80 afforded 0.37 g of a
yellow oil. Flash chromatography (SiO,; Et,O/hexanes
3:97—10:90) afforded 13 (99 mg, 29%) and 14 (73 mg,
21%) as pale yellow oils.

Compound 13. vy, (liquid film)/em ™" 2951, 2853, 1250,
1086, 847, 700; 0y (300 MHz; CDCl;) —0.26 (9H, s,
Si(CH,)3), 2.32 (dt, J=13.3, 2.0 Hz, SCHH,,), 2.69 (1H, d,
J=10.3 Hz, TMSCH), 3.06 (ddd, J=13.2, 12.0, 3.5 Hz,
SCHH,,), 391 (td, J=11.9, 2.1 Hz, OCHH,,), 4.31 (1H,
ddd, J=11.8, 3.4, 2.0 Hz, OCHH,,), 450 (1H, d, J=
10.3 Hz, PhCH), 7.30 (1H, br s, CeHs); o, (75.4 MHz;
CDCly) —2.7, 27.5, 33.2, 69.5, 84.3, 127.3, 128.5, 128.6,
141.5; m/z (FAB) 252.0994 (M™", C,3H00SSi requires
252.1004), 252 (31%), 154 (100).

Compound 14. v, (liquid ﬁlm)/cm_1 2953, 2853, 1604,
1249, 1096, 846, 698; oy (300 MHz; CDCl;) —0.17 (9H, s,
Si(CH;)3), 2.06 (1H, d, J=3.0 Hz, TMSCH), 2.27 (1H, br d,
J=13.6 Hz, SCHH,), 3.03 (1H, ddd, /=13.7,11.4, 3.6 Hz,
SCHH,,), 3.93 (1H, td, J=11.6, 2.5 Hz, OCHH,,), 4.43 (dt,
J=11.7,3.0 Hz, OCHH,,), 5.14 (1H, d, /=3.1 Hz, PhCH),
7.18-7.39 (5H, m, C¢Hs); 6c (75.4 MHz; CDCl3) 0.2, 24.9,
31.8, 69.6, 82.1, 125.5, 127.2, 128.1, 142.0; m/z (EI)
252.1006 (M™*, C,3H,,0SSi requires 252.1004), 252
(22%), 179 (29), 105 (53), 73 (100).

5.2.4. 2-Methyl-9-trimethylsilyl-5-oxa-8-thianon-3-ene

(15). A mixture of 2-(2-methylpropyl)-1,3-oxathiolane
(10, 0.11 g, 0.8 mmol), rhodium acetate dimer (5 mg,
12 umol) and (trimethylsilyl)diazomethane (2 M in
hexanes, 1.5 mL, 3.1 mmol) in benzene (2.5 mL) was
heated to reflux for 17 h. The solvent was evaporated
under reduced pressure to give an oil which was purified by
flash chromatography (SiO,; Et,O/hexanes 5:95) to afford
15 as an inseparable 2.6:1 mixture of (E) and (Z) isomers
(66 mg, 37%); Vimax (liquid ﬁlm)/cm_l 2957, 1653, 1261,
1250, 843; 6y (400 MHz; CDCl;) (signals quoted for (E)-
isomer only) 0.12 (9H, s, Si(CH3)3), 1.00 (6H, d, J=6.7 Hz,
(CH3),CH), 1.87 (2H, s, SiCH,S), 2.21-2.27 (1H, m,
(CH3),CH), 2.77 (2H, t, J=6.9 Hz, SCH,CH,0), 3.83
(2H, t, J=6.9 Hz, SCH,CH,0), 4.79 (1H, dd, J=12.7,
7.6 Hz, OCH=CH), 6.24 (1H, dd, J=12.7, 0.7 Hz,
OCH=CH); o0c (75.4 MHz; CDCl3;) —1.8, 23.7, 27.5,
35.0, 68.0, 112.4, 144.1; m/z (FAB™") 233 (MH ™", 4%), 147
(37), 73 (100).

5.2.5. Ethyl diazo(trimethylsilyl)acetate (17).2° A stirred
solution of ethyl diazoacetate (1.14 g, 10.0 mmol) and
ethyldiisopropylamine (1.75 mL, 10.0 mmol) in diethyl
ether (50 mL) was cooled to —78 °C, and trimethylsilyl
triflate (1.80 mL, 9.9 mmol) was added dropwise over
10 min. The reaction was stirred at — 78 °C for 20 min then
allowed to warm to room temperature. After a further 16 h,
the white precipitate of ammonium salt was removed by
filtration and washed with ether. The combined ether
solutions were concentrated in vacuo to afford 17 as a
yellow oil (1.55 g, 83%) which was used without further
purification; oy (300 MHz; CDCl3) 0.26 (9H, s, Si(CH3)3,
1.27 (3H, t, J=7.1 Hz, CH,CH5), 4.19 (2H, q, J=7.1 Hz,
CH,CH3); 0c (75.4 MHz; CDCl3) 0.0, 15.9, 62.1, 97.0,
170.8.

5.2.6. Ethyl diazo(triethylsilyl)acetate (18).>° A stirred
solution of ethyl diazoacetate (3.48 g, 30 mmol) and
ethyldiisopropylamine (4.1 mL, 30 mmol) diethyl ether
(100 mL) was cooled to —78 °C, and triethylsilyl triflate
(6.5 mL, 30 mmol) was added dropwise over 20 min. The
mixture was stirred at —78 °C for 30 min then allowed to
warm to room temperature. After a further 18 h, the white
precipitate of ammonium salt was removed by filtration and
washed with ether. The combined ether solutions were
concentrated in vacuo to afford a yellow oil. Flash
chromatography (alumina; Et,O/hexanes 1:99) afforded 18
as a yellow oil (5.29 g, 77%); 6y (300 MHz; CDCl5) 0.72
(6H, q, J=8.8 Hz, Si(CH,CHj3)3), 0.93 (9 H, t, J=8.8 Hz,
Si(CH,CH3)3), 1.23 (3H, t, J=7.1 Hz, OCH,CH;), 4.15
(2H, q, J=7.1 Hz, OCH,CH3); 6c (75.4 MHz; CDCl;) 3.5,
6.8, 14.7, 60.9, 96.7, 169.6.

5.2.7. Ethyl 2-t-phenyl-3-trimethylsilyl-1,4-oxathiane-3-
r-carboxylate (19) and ethyl 2-c-phenyl-3-trimethylsilyl-
1,4-oxathiane-3-r-carboxylate (20). To a mixture of
2-phenyl-1,3-oxathiolane (7, 0.24 g, 1.4 mmol) and
copper(Il) acetylacetonate (8 mg, 31 pmol) was added
ethyl diazo(trimethylsilyl)acetate (17, 0.28 g, 1.5 mmol) as
a solution in benzene (2.5 mL). The mixture was heated to
reflux for 29 h then cooled and applied directly to a short
column of flash silica. Elution with Et,O/hexanes 30:70 and
concentration of the appropriate fractions gave a white solid
(0.39 g). Recrystallisation from ethanol afforded 19 as a
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white solid (0.21 g, 46%); mp 108-110 °C; dy (500 MHz,
CDCls) —0.10 (9H, s, Si(CH3)3), 1.35 (3H, t, J=7.1 Hz,
CH,CH3), 2.41 (1H, br d, J=13.3 Hz, SCHH,,), 3.24 (1H,
ddd, /=134, 11.3, 3.8 Hz, SCHH,,), 3.69 (1H, dt, J=12.0,
3.4 Hz, OCHH,), 4.12 (1H, td, J=11.8, 2.9 Hz, OCHH,,),
4.26 (dq, J=10.8, 7.1 Hz) and 4.34 (dq, J=10.8, 7, 1 Hz,
OCH,CH5), 5.53 (1H, s, PhCH), 7.33-7.37 (3H, m) and
8.04-8.05 (2H, m, C¢Hs); oc (75.4 MHz, CDCl;) —2.3,
14.3,25.6,47.8,59.9,61.9,78.2,127.8, 128.7, 131.4, 137.3,
172.8; m/z (FAB) 325.1306 (MH", C;6H,505SSi requires
325.1294), 325 (100%), 247 (47), 235 (80), 226 (77), 218
(86).

Flash chromatography of the mother liquors (SiO,; CH,-
Cl,/hexanes 70:30) afforded 20 as a colourless oil (45 mg,
10%); 6y (300 MHz, CDCls) 0.02 (9H, s, Si(CH3)3), 1.27
(3H, t, J=7.1 Hz, CH,CH3), 2.33 (1H, dt, J=13.2, 2.6 Hz,
SCHH.,), 3.52 (1H, ddd, /=132, 11.6, 3.6 Hz, SCHH,,),
394 (1H, td, J=11.7, 2.4 Hz, OCHH,,), 4.23 (2H, q, J=
7.1 Hz, OCH,CHs;), 4.38 (1H, ddd, J=11.7, 3.4, 2.8 Hz,
OCHH,y), 4.90 (1H, s, PhCH), 7.28-7.35 (3H, m) and 7.37-
7.42 (2H, m, CgHs); 6c (75.4 MHz, CDCl;) —1.8, 14.0,
24.6, 42.3, 60.8, 69.1, 84.0, 128.2, 128.3, 128.4, 140.0,
172.0.

5.2.8. Ring expansion with ethyl diazo(triethylsilyl)-
acetate (18): general procedure. A mixture of 1,3-
oxathiolane (1.5 mmol) and copper catalyst (0.15 mmol)
in benzene (2 mL) was heated to reflux. A solution of 18
(0.41 g, 1.8 mmol) in benzene (1 mL) was added dropwise
over 5 min. Reflux was continued for a further 22 h, then the
mixture was allowed to cool to room temperature. The
solvent was removed under reduced pressure and the residue
purified by flash chromatography on Florisil®.

5.2.9. Ethyl 2-t-phenyl-3-triethylsilyl-1,4-oxathiane-3-r-
carboxylate (21) and ethyl 2-c-phenyl-3-triethylsilyl-1,4-
oxathiane-3-r-carboxylate (22). The general procedure
was carried out with 2-phenyl-1,3-oxathiolane (7, 0.25 g,
1.5 mmol), copper(Il) acetylacetonate (40 mg, 0.15 mmol)
and ethyl (triethylsilyl)diazoacetate (18, 0.41 g, 1.8 mmol).
Flash chromatography (Florisil®; petroleum ether/diethyl
ether 9:1) afforded 21 and 22 as an 8:1 mixture of isomers
(0.37 g, 67%); Vmax (film)/cm ™' 2954, 2877, 1726, 1631,
1193; 6y (500 MHz, CDClj3; signals quoted for 21 only)
0.47-0.58 (6H, m, Si(CH,CHj3)3), 0.85 (9H, t, J=7.9 Hz,
Si(CH,CHj3)3), 1.40 (3H, t, J=7.2 Hz, OCH,CH3), 2.31
(IH, br d, J/=13.4 Hz, SCHH,,), 3.30 (1H, ddd, J=13.3,
12.3, 4.0 Hz, SCHH,,), 3.65 (1H, ddd, /=12.3, 4.0, 2.2 Hz,
OCHH,,), 4.10 (1H, td, J=12.2, 2.7 Hz, OCHH,,), 4.31
(1H, dq,J=10.8,7.2 Hz) and 4.37 (1H, dq, /=10.8, 7.2 Hz,
OCH,CH3), 5.57 (1H, s, PhCH), 7.37-7.39 (3H, m) and
8.14-8.16 (2H, m, Ar-H); 6c (75.4 MHz; CDCls; signals
quoted for 21 only) 2.8, 7.5, 14.1, 25.6, 59.1, 61.7, 77.9,
127.6, 128.4, 131.6, 137.3, 172.6 (one signal too weak to be
detected); m/z (FAB): 366 (M ™", 92%), 175 (100), 159 (91).

5.2.10. Ethyl 2-(4-nitrophenyl)-3-triethylsilyl-1,4-
oxathiane-3-carboxylate. The general procedure was
carried out with 2-(4-nitrophenyl)-1,3-oxathiolane (23,
0.32 g, 1.5 mmol), copper(Il) acetylacetonate (40 mg,
0.15 mmol) and ethyl diazo(triethylsilyl)acetate (18)
(0.41 g, 1.8 mmol). Flash chromatography (Florisil®;

petroleum ether/diethyl ether 4:1) afforded ethyl 2-(4-
nitrophenyl)-3-triethylsilyl-1,4-oxathiane-3-carboxylate
(0.38 g, 62%) as an 4:1 mixture of isomers. A pure sample
of ethyl 2-t-(4-nitrophenyl)-3-triethylsilyl-1,4-oxathiane-3-
r-carboxylate was obtained as an orange solid by
recrystallisation from methanol, mp 62 °C (from MeOH);
[Found: C, 55.4, H, 7.1, N, 3.4, S, 8.2. C;9H,oNOsSSi
requires C, 55.45, H, 7.1, N, 3.4, S, 7.8%]; v (CHCl3
cast)/em ' 2955, 2877, 1725, 1519, 1193, 1016; oy
(300 MHz; CDCl3) 0.44-0.61 (6H, m, Si(CH,CHs;)3), 0.87
(9 H, t, J=7.9 Hz, Si(CH,CH3)3), 1.40 3H, t, J=7.1 Hz,
OCH,CH3), 2.39 (1H, dt, J=13.3, 2.5 Hz, SCHH,,), 3.27
(1H, ddd, J=11.6,4.0, 1.8 Hz, SCHH,,,), 3.69 (1H, ddd, /=
12.3, 3.8, 1.0 Hz, OCHH,,), 3.96 (1H, dt, J=11.7, 3.0 Hz,
OCHH,,), 4.29-4.40 (2H, m, OCH,CH3), 5.64 (1H, s,
OCHAr), 8.14-8.37 (4H, m, Ar-H); oc (75.4 MHz; CDCl3)
3.1, 7.7, 14.2, 25.6, 48.0, 59.9, 62.1, 122.1, 132.4, 144.6,
147.8, 172.3; m/z (FAB) 411 (M™, 100%), 280 (74), 175
(55), 159 (61), 154 (76).

5.2.11. Ethyl 2-(4-methoxyphenyl)-3-triethylsilyl-1,4-
oxathiane-3-carboxylate. The general procedure was
carried out with 2-(4-methoxyphenyl)-1,3-oxathiolane (24,
0.30 g, 1.5 mmol), copper(Il) acetylacetonate (40 mg,
0.15 mmol) and ethyl diazo(triethylsilyl)acetate (18)
(0.41 g, 1.8 mmol). Flash chromatography (Florisil®;
petroleum ether/diethyl ether 7:3) afforded ethyl 2-7-(4-
methoxyphenyl)-3-triethylsilyl-1,4-oxathiane-3-r-carboxyl-
ate (0.37 g, 62%) as a colourless 0il; ¥,,x (ﬁlm)/cmf1 2953,
28717, 1725, 1511, 1250, 1180; 6y (300 MHz; CDCl3) 0.48—
0.58 (6H, m, Si(CH,CHj);), 0.85 (9 H, t, J=7.9 Hz,
Si(CH,CH3)3), 1.39 (3H, t, /J=7.2 Hz, OCH,CH3;), 2.28
(1H, br d, J=13.2 Hz, SCHH,,), 3.30 (1H, ddd, J=13.2,
12.5, 4.0 Hz, SCHH,,), 3.62 (1H, ddd, /=12.1, 4.0, 2.0 Hz,
OCHH,,), 3.85 (3H, s, OCH3), 4.08 (1H, td, J=12.1,
2.4 Hz, OCHH,,), 4.32 (1H, q, J=7.2, 1 Hz of OCH,CH3),
435 (1H, q, J=7.2, 1 Hz of OCH,CHj3), 5.54 (1H, s,
OCH(MeOPh)), 6.89-6.92 (2H, m) and 8.08-8.11 (2H, m,
Ar-H); oc (75.4 MHz; CDCl,) 2.8, 7.7, 14.3, 25.7, 49.0,
55.2, 58.8, 61.8, 112.9, 129.5, 133.1, 159.7, 172.7; m/z
(FAB) 397.1883 (M™, C,0H3,0,4SSi requires 397.1869),
397 (15%), 131 (82), 115 (100).

5.2.12. Ethyl 2-t-(2-methylpropyl)-3-triethylsilyl-1,4-
oxathiane-3-r-carboxylate. A solution of 2-(2-methyl-
propyl)-1,3-oxathiolane (10, 0.22 g, 1.5 mmol), tetrakis-
(acetonitrile)copper(I) hexafluorophosphate (50 mg,
0.15 mmol) and ethyl diazo(triethylsilyl)acetate (18,
0.34 g, 1.5 mmol) in 3 mL dry benzene was heated to reflux
for 2.5h under nitrogen atmosphere. The solvent was
removed under reduced pressure and the residue purified by
flash chromatography on Florisil® (petroleum ether/diethyl
ether 9:1) to afford ethyl 2-r-(2-methylpropyl)-3-triethyl-
silyl-1,4-oxathiane-3-r-carboxylate (0.16 g, 30%) as a
colourless oil; oy (500 MHz; CDCls) 0.71 (6H, m, Si(CH5-
CHs)3), 0.95 (3H, s) and 1.00 (3H, s, CH(CHs3),), 0.98 (9H,
t, J=7.2 Hz, Si(CH,CHs)3), 1.07 (1H, ddd, J=14.5, 10.6,
2.9, 1Hz of CH,(CHMe,)), 1.32 (3H, t, J=7.2 Hz,
OCH,CH3), 1.75 (1H, m, CHMe,), 2.06 (1H, ddd, J=
13.2, 2.8, 1.9 Hz, SCHH,,), 2.73 (1H, ddd, /=144, 12.2,
3.2, 1 Hz of CHy(CHMe,)), 3.17 (1H, ddd, /=13.2, 12.3,
4.0 Hz, SCHH,,), 3.65 (1H, ddd, J=12.1, 4.1, 1.9 Hz,
OCHH,,), 3.94 (1H, dt, J=12.2, 2.7 Hz, OCHH,,), 4.22
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(1H, dq) and 4.30 (1H, dq, J=12.2, 2.7 Hz, OCH,CH),
4.54 (1H, ddd, J=12.2, 2.9, 1.2 Hz, OCH(Pr)); ic
(75.4 MHz; CDCl3) 3.0, 7.8, 14.3, 21.3, 24.1, 25.5, 30.8,
38.1, 49.9, 59.1, 61.4, 74.1, 172.6; mlz (FAB): 346 (M™,
42%), 317 (48), 289 (75), 215 (100), 175 (63), 159 (99).

5.2.13. Ethyl 2-t-tert-butyl-3-triethylsilyl-1,4-oxathiane-
3-r-carboxylate. A solution of 2-fert-butyl-1,3-oxathiolane
(25, 0.22 g, 1.5 mmol), tetrakis(acetonitrile)copper(I) hexa-
fluorophosphate (50 mg, 0.15 mmol) and ethyl diazo-
(triethylsilyl)acetate (18, 0.34 g, 1.5 mmol) in 3 mL dry
benzene was heated to reflux for 4 h under nitrogen
atmosphere. The solvent was removed under reduced
pressure and the residue purified by flash chromatography
on Florisil® (petroleum ether/diethyl ether 9:1) to afford
ethyl 2-t-tert-butyl-3-triethylsilyl-1,4-oxathiane-3-r-car-
boxylate (0.06 g, 12%) as a colourless oil; [Found: C,
59.2; H,9.8; S, 9.0. C;7H3405SSi requires C, 58.9; H, 9.9; S,
9.25%); ¥max (film)/cm ™' 2955, 1732, 1102; 6 (300 MHz;
CDCl;) 0.97 (9H, s, C(CH3)3), 1.03—1.06 (15H, m, Si(CH,-
CHs)3), 1.29 (3H, t, J="7.2 Hz, OCH,CH3), 2.68 (1H, ddd,
J=13.7,5.17,5.4 Hz, SCHH,,), 3.04 (1H, ddd, J=13.7, 7.8,
5.1 Hz, SCHH,,), 3.95 (1H, dt, J=10.5, 5.1 Hz, OCHH,,),
4.09 (1H, s, OCH'Bu), 4.11-4.20 (3H, m, OCHH,, and
OCH,CH,); oc (75.4 MHz; CDCl;) 6.4, 9.0, 13.9, 23.8,
27.9, 37.4, 61.4, 68.7, 87.2; m/z (FAB) 346 M ™", 8%), 317
(30), 289 (75), 215 (24), 175 (30), 159 (38), 131 (90), 115
(100).

5.2.14. Ethyl 3-triethylsilyl-1,4-oxathiane-3-carboxylate.
A solution of 1,3-oxathiolane (26, 0.14 g, 1.5 mmol),
tetrakis(acetonitrile)copper(I) hexafluorophosphate (50 mg,
0.15 mmol) and ethyl diazo(triethylsilyl)acetate (28, 0.34 g,
1.5 mmol) in 3 mL dry benzene was heated to reflux for
2.5 h under nitrogen atmosphere. The solvent was removed
under reduced pressure to give ca. 0.1 g of a light yellow oil.
Attempted purification by flash chromatography on
Florisil® led to decomposition of the product. Data for
crude ethyl 3-triethylsilyl-1,4-oxathiane-3-carboxylate. oy
(300 MHz; CDCl3) 0.62 (6H, q, J=7.6 Hz, Si(CH,CH;)3),
0.90 (9H, t, J=7.6 Hz, Si(CH,CH;)3), 1.22 (3H, t, J=
7.2 Hz, OCH,CH3), 3.0 (1H, ddd, J=11.0, 10.0, 7.6 Hz,
SCHH.,), 3.29 (1H, ddd, J=11.0, 6.2, 1.4 Hz, SCHH,,),
4.02 (2H, q, /=7.2 Hz, OCH,CH3), 4.39 (1H, ddd, J=1.4,
7.6, 10.5Hz, OCHH,,), 4.70 (1H, d, J=5.7, 1Hz of
OCH,C(CO,Et)(SiEt3)), 4.85 (1H, dt, /J=10.0, 6.2 Hz,
OCHH,,), 491 (1H, d, J=5.7, 1 Hz of OCH,C(CO,-
Et)(SiEt3)), contaminated with triethylsilyl residue at 0.52
(q, J=8.1Hz, Si(CH,CH3);) and 0.93 (t, /J=8.1 Hz,
Si(CH,CH3)3).

5.2.15. Desilylation of ring-expanded products: ethyl
trans-2-phenyl-1,4-oxathiane-3-carboxylate (8) and ethyl
cis-2-phenyl-1,4-oxathiane-3-carboxylate (9). A solution
of ethyl 2-z-phenyl-3-triethylsilyl-1,4-oxathiane-3-r-car-
boxylate (21, 0.35g, 0.95 mmol) in tetrahydrofuran
(5mL) was cooled to 0°C and treated with tetra-n-
butylammonium fluoride (1.0 M in tetrahydrofuran,
1.23 mL). After 30 min the reaction mixture was poured
into ice/water overlaid with 5 mL diethyl ether. The
aqueous layer was extracted with 3 X5 mL diethyl ether.
The combined extracts were dried using magnesium sulfate,
and the solvent was evaporated under reduced pressure,

affording 8 and 9 as a 2:1 mixture of isomers (0.24 g,
quantitative). Recrystallisation from methanol afforded pure
8 as a white solid; v,,x (CHCl; cast)/cmf1 3435, 1728,
1307, 1159; oy (300 MHz; CDCl3) 0.87 (3H, t, J=7.6 Hz,
OCH,CH3), 2.46 (1H, dt, J=13.8, 2.4 Hz, SCHH.), 3.07
(1H, ddd, J=13.8, 11.9, 3.3 Hz, SCHH,,), 3.75 (1H, d, J=
9.5 Hz, SCHCO,Et), 3.85 (2H, q, J=7.2 Hz, OCH,CH3;),
3.87-3.97 (1H, m, OCHH,,), 4.30 (1H, ddd, J=11.9, 3.3,
2.4 Hz, OCHH,), 4.65 (1H, d, J=9.5 Hz, OCHPh), 7.23-
7.27 (5H, m, Ar-H); 6c (75.4 MHz; CDCl5) 13.7,27.1, 48.6,
61.2,69.2, 82.3, 125.4, 127.0, 128.3, 139.0, 168.9.

Compound 9 (colourless oil). oy (300 MHz; CDCl3) 0.87
(3H,t,J=7.6 Hz, OCH,CH>), 2.17 (1H, brd, J=13.8, 1 Hz
of SCH,), 3.29 (1H, d, J=2.9 Hz, SCH(CO,Et)), 3.58 (1H,
ddd, /=119, 3.8, 3.3, 1 Hz of SCH,), 3.85 (2H, q, J=
7.2 Hz, OCH,CH3), 3.87-3.97 (1H, m, 1 of OCH,), 4.47
(1H, dt, J=11.9, 2.4, 1 Hz of OCH,), 4.88 (1H, d, J=
2.9 Hz, OCHPh), 7.23-7.27 (5H, m, Ar-H); oc (75.4 MHz,
CDCl;) 13.7, 23.1, 42.1, 60.5, 69.6, 79.4, 127.7, 128.2,
128.6, 139.6, 170.0.

5.2.16. One-pot ring-expansion/desilylation: ethyl trans-
2-phenyl-1,4-oxathiane-3-carboxylate (8) and ethyl cis-2-
phenyl-1,4-oxathiane-3-carboxylate (9). 2-Phenyl-1,3-
oxathiolane (7) (0.25 g, 1.5 mmol) was subjected to ring
expansion with 18 (0.58 g, 2.5 mmol) under the conditions
outlined above. After 24 h, the reaction was cooled to 0 °C,
and tetra-n-butylammonium fluoride (1 M in THF, 2.0 mL,
2.0 mmol) was added dropwise over 5 min. The mixture
was stirred at 0 °C for 1 h then poured into an ice/water
mixture (5 mL) overlaid with diethyl ether (5 mL). The
aqueous phase was extracted with diethyl ether (4 X5 mL),
then the combined organic extracts were dried (MgSQO,) and
concentrated in vacuo. Flash chromatography (SiO,;
petroleum ether/diethyl ether 8:2) afforded 8 and 9 as a
2:1 mixture of isomers (0.33 g, 87%).
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Abstract—Grace-Davidson silica pellets (SMR-057-015) are found to be optimal for surface grafting of (RO);Si(CH,);FG reagents. While
loadings of up to 2.1 mmol %_1 can be attained (ca. 0.05 mmol per pellet) access of further reagents to the graft sites is problematic above
1

loadings of 0.8 mmol g~ .

C CPMAS NMR studies may be carried out on individual pellets (using natural abundance substrates) and the

resulting spectra are diagnostic in identifying successful subsequent coupling reactions.

© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Combinatorial chemistry has heralded a near exponential
growth in interest in applications of Solid-Phase Organic
Synthesis (SPOS) in the last decade.! While considerable
innovation has been achieved, the majority of this chemistry
is still carried out on organic supports, mainly cross-linked
polystyrene (and related species).” Approaches using
alternative supports (especially silica and alumina, Fig. 1)
have been investigated much less frequently, and often only
in specialist areas. For example, silica powders serve as the
basis for several commercial solid-phase scavenger reagents
especially morpholine and related amines.? Use of these and
related reagents is well documented.* A further significant
number of reports deal with the attachment of metal
complexes or organo-functions to silica surfaces to yield
heterogeneous catalysts and sensors.” Finally, a few
publications detail actual multi-step syntheses carried out
on silica, notably Sucholeiki’s Claisen rearrangement
chemistry.® All of these investigations have used powdered
supports. The powdered nature of such materials can make
them difficult to handle, especially when drying under
vacuum due to ‘bumping’. Attempts have been made to
overcome these problems through the use of glass beads,
and related technologies,7 but these have the limitation that
only low levels (in mmol g~ ') of functionalisation have
been attained. We believed that the alternative use of fused

Keywords: Supported reagents; Silica; Coupling reactions.
* Corresponding author. Tel.: +44 115951 3541; fax: +44 115951 3564,
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Figure 1. Schematic representation of silica and alumina surfaces.

silica and alumina pellets or spheres, commonly used to
prepare heterogeneous catalysts through salt impregnation,
might offer advantages in chemistry leading to supported
synthesis of ligands and catalyst discovery. The lack of
literature precedent led us to make a full investigation of the
scope and limitations of such approaches using simple
model systems and these are reported here.

Fused silica and alumina materials had not been used
previously for supported reagents at the start of our studies.
As their surfaces are not as innocent as those of polystyrene
(and related) resins we were anxious to find out if the
presence of residual Brgnsted and Lewis acid/bases sites
(Fig. 1) would affect the utility of these materials.
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Table 1. Functionalisation of various inorganic supports 1*

Inorganic support

Silane 2, Y group Loading®/mmol g~

High surface area silica extrudate [Grace-Davidson: SMR-057-015] 1a
High surface area silica extrudate [Grace-Davidson: SMR-057-015] 1a
Low surface area silica extrudate [Criterion Catalysts: KL7200CY] 1b
Low surface area silica extrudate [Criterion Catalysts: KL7200CY] 1b
High surface area alumina spheres [Rhodia (Axens): SPH501a] 1¢
High surface area alumina spheres [Rhodia (Axens): SPH501a] 1¢
Chromatographic silica powder [Fluorochem 35-70u, 60A) 1d

2a, NH, 1.83
2¢, C1 1.71
2a, NH, 0.63
2b, NEt, 0.44
2a, NH, 1.18
2¢, Cl 1.03
2a, NH, 1.06

# Reaction on 1.00 g of support with 22-93 mmol of silane, 1.35-1.42 M silane in toluene, reflux 3 h.
 Mass change per gram assumed due to gain of Si(CH,);Y from 2 and loss of 3H from 1 normalized per gram of final product.

Additional questions to be answered were: (i) are sufficient
reactive sites available to allow the synthetically useful
loadings to be attained? (ii) would diffusion problems (of
reagents into, or out of, the support) be encountered? and
(iii) can the synthesis be monitored by standard diagnostic
methods? Elements of our data have been the subject of a
preliminary communication® in an area in which other
groups have also been attracted to recently.’

2. Functionalisation of inorganic supports

To identify an optimal support, initial trials were made.
Several different types of silica extrudate 1a—b and alumina
spheres 1c¢ were obtained from commercial suppliers
[Criterion Catalysts, Grace-Davidson and Rhodia (Axens)
all via Johnson-Matthey Ltd] and these were screened for
grafting ability by reaction with (RO);Si(CH,)3;Y reagents
(R=Et, Y=NH, 2a, NEt, 2b; R=Me, Y=Cl, 2¢) under
standard conditions (reflux in toluene in the presence of
excess silane®). A chromatographic grade silica powder 1d
was also reacted, under identical conditions, to allow direct
comparison with known approaches. In all cases, derived
loadings were calculated gravimetrically assuming the
weight gain per gram of support was due to the attachment
of Si(CH,)3Y group and loss of 3H (Table 1).

The superiority of the Grace-Davidson high surface area
silica extrudate SMR-057-015 (pellets approximately 6 mm
long by 4 mm in diameter) was very clear from these
preliminary runs. Low surface area extrudate performed
worse than a typical silica powder while alumina spheres
were only a little better. Both the latter support types were
also rather fragile and easily damaged by mechanical
stirring during functionalisation. Investigations on the
optimal SMR-057-015 pellets revealed that the degree of
grafting was essentially independent of the amount (EtO);-
Si(CH,),NH, 2a used at ratios above 20 mmol 2a/g of
pellets used. Commonly, before reaction with silanes, silica
powders are activated by either heating or treatment with
acids prior to heating.' In our case, heating (ca. 130 °C,
0.5 mmHg, 16-24 h) SMR-057-015 had little effect on the
loading realised. However, 6 M HCl,q acid treatment
increased the apparent loading up to 2.15 gprovided excess
2a and long reaction times were employed.” Even when low
amounts of 2a (1.2mmol g~ ') were used, significant
loadings of the Grace-Davidson pellets could be realised
(~0.6 mmol g_l, see Section 7). The Grace-Davidson
SMR-057-015 material is reported as having a total pore
volume of 1.39mL g~ ' with a distribution (based on
mercury intrusion studies) favoring macropores in the

10-20 nm diameter range.'' Because of the apparent

superiority of this material in the initial grafting studies,
further characterisation by BET (Brunauer—Emmett—Teller)
isotherms were carried out both on the initial 1a and with the
pellets (3a) attained after treatment with (EtO)3;Si(CH,)s-
NH; 2a. Typical data are compared in Table 2.

Table 2. Surface area and pore distribution data

Technique Pellet 1a Pellet 3a
(prior to grafting) (grafted)”

BET surface area/m> g~ ! 295 220

Langmuir surface area/m” g~ 280 181

BJH pore distribution/mL g~ " (%)

Under 10 nm 0.11 (9%) 0.10 (12%)

10-20 nm 0.22 (18%) 0.18 (22%)

20-80 nm 0.88 (70%) 0.48 (58%)

Over 80 nm 0.04 (3%) 0.07 (8%)

Total pore volume/mL g~ 1.25 0.83

Hg intrusion pore distribution®’mL g~ ' (%): N

10-25 nm 1.00 (72%)

25-50 nm 0.38 (27%)

50-150 nm 0.10 (1%)

Total pore volume/mL g~ ' 1.39

* After pre-treatment with 6 M HCI and reaction with (EtO);Si(CH,);NH,
2a; gravimetric loading 2.15 mmol g .

® L iterature data (Ref. 11).

¢ Data not available. BJH=Barret-Joyner—Halenda isotherm.

Unfunctionalised pellets 1la typically displayed a BET
surface area of ca. 295 m* g~ ' but occasional batches with
lower surface areas (down to 245 m? gfl) were encoun-
tered. Clearly mesopores predominate in la with the
majority being 20-80 nm in diameter. These pores are of
appropriate dimensions to accommodate Si(CH,);NH,
fragments whose molecular dimensions are of the order of
0.47X0.31 nm (based on molecular modeling studieslz).
Comparison of the BJH pore distribution data for 1a and 3a
indicates: firstly, that it is the 20—80 nm pores that are the
most functionalised (the distribution shifts to lower pore
volumes upon reaction); and secondly, that HCI activation
may operate by increasing the number of macropores
(diameter above ca. 100 nm) in these pellet materials.
Depending on the quality of the pellets 1a used in the
preparation of 3a the pore distribution could be degraded.
For example, when reduced surface area pellets (la,
245m”* g~ ") were used, the fraction of 20-80 nm pores
fell to 40% while those in the range up to 20 nm rose to
57%. Acid treated samples showed a slight rise (1-2%) in
the number of large pores (>80 nm). Acid-treated pellets
and samples with higher distributions of smaller pore sizes
were found to be less effective in subsequent coupling
reactions (see later).
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To test the generality of the apparent ease of silane binding
to 1a a range of derivatives was prepared by reaction with
commercially available silanes (RO)3Si(CH,);Y and in one
case (MeO),Si(Me)(CH,);NH, in refluxing toluene.
Specific conditions for the couplings have already been
reported in a preliminary communication,® so only the
gravimetrically derived final loadings are given in Scheme 1.
Typically, these functionalised materials displayed BET
surface areas in the range 175-280 m” g~ ! regardless of the
anchor function in 3 (e.g. 3e 225; 3 g 174; 3 h 242; 175-280
range over all pellets screened m”* g~ ).

OH o
. tol
OH + (Ro)3s|\M,Y A toluene @ O>Si\M/Y
OH 8 -ROH o 3
1a
(pellet) 2a R=EtY=NH, 3a  0.91-2.15 mmolg™
2b R=Me, Y =NEt, 3b  1.07 mmolg™!
2c R=Me,Y=Cl 3¢ 0.86 mmolg™’
2d R=Et, Y = NH(C=O)NH, 3d 2.30 mmolg”
2e R=EtY=0C(-0)CMe(=CHz) 3¢ (.66 mmolg™
2f R=Me, Y =NCO 3f  1.25 mmolg™
2g R=Me, Y =NHMe 3g 1.70 mmolg™
(MeO)zMeSi\MBNHz 2h o_
0-8i, | NH,
.@ R

3h  1.00 mmolg™

Scheme 1. Silane grafted pellet materials based on SMR-057-015.
3. Pellet loading and characterisation studies

The loadings attained in the silane grafting studies
(Scheme 1) are considerably higher that have been attained
with many other non-powder inorganic supports. For
example, glass beads have been used in combinatorial
studies but here loadings of ~0.1 mmol g~ ' are typical.”
Because the data in Scheme 2 were determined gravi-
metrically there was a worry that the apparent high loadings
may be in fact just due to physisorbed materials (unreacted
starting materials, solvents or byproducts) and have little to
do with the actual formation of 3. To confirm the loadings of
3a derived from weight gain studies we sought a simple
titration approach through protonation of the amine function
and back titration of the remaining free acid with NaOH. As
silica is susceptible to dissolution under alkali conditions we
selected bromocresol purple (pH change at 5.2-6.8) as a
suitable indicator. Pelleted 3a titrated thus gave amine
loadings consistently 10-15% lower than those derived
gravimetrically. We suspected that these reduced values
were indicative of reduced accessibility of amines present in

0=CR'R?
N CHoCly rit /O\ .
- L —0Si, W No_R
03Si, W NHy —
@ o Yt O o LY

R2
4a R'=2-naphthyl, RZ=H
4b R'=2-ferrocenyl, RZ=H
4c R'=4-BulCgHy R? = Me

3a

Scheme 2. Imine formation studies on amino pellets 2a.

the smaller and more inaccessible pores. Grinding 3a to a
powder prior to assay increased the measured loading to the
gravimetric value consistent with this idea. In these cases
the ground silica had to be removed by filtration prior to
titration to avoid erroneous results through alkali silica
dissolution. The extent of pellet loading in 3a (0.63-2.15)
could be also be controlled by limiting the number of
equivalents of 2a (1.2 to 40 equiv) used in the preparation.

To confirm that the weight gains in the pellets 1a after
reaction with (RO)3Si(CH;3),Y 2 reagents were not due to
simple physio adsorption of ROH by-products or toluene
solvent TGA-MA (thermogravimetric analysis—mass
analysis) studies were carried out on 3a and 3c. Pellets
were heated from ambient temperature to 960 °C (at
10°C min~ ") and the off-gas composition monitored by
mass spectrometry in the range m/z 2-97 amu. Pellet 3a
(R=OEt; Y=NH,) lost 2% of its initial weight below
around 100 °C and a further 7% by the end of heating. No
evidence of appreciable toluene or ethanol production was
present in the MS data. Most material was cleaved in the
region 490-560 °C. Pellet 3¢ (R=0Me; Y=Cl) lost 7% of
its weight on heating, the majority being lost at 350-500 °C.
No evidence of thermal expulsion of methanol or toluene
was observed. Tentative assignments for the major fragment
losses are given in Figure 2. Control experiments in which
pellets 1a were placed in toluene or alcohols and then dried
led to no weight gains or losses.

From 3a From 3c

Temp/°C m/z  Fragment m/z  Fragment
up to 500 50/52| Me*®%7Cl

500 16 MeH

550 26 HC=CH

42 | *CH,CH=NH
800 | 55 |“(CHaoNH, | 26 | HC=CH
650 64/66 | MeCH,%37C|

Figure 2. Major fragments detected in TGA-MA analysis of pellets 3a and
3c.

Further confirmation that materials 3 have been correctly
formulated is supplied by '>C cross polarisation magic angle
spinning (CPMAS) NMR spectroscopy. The data collected
from the pellets in this study are summarised in Table 3.
Appreciable background signals are always present in the
spectra of polystyrene supported reagents, due to the resin
itself.'*> However, only one very broad residual signal was
encountered in the carbon spectra of 3 at oc~175. We
believe this to be due to the residue from the organic
formerly used in the sol-gel process to prepare la. The
presence of only this minimal background allowed '*C data
to be attained in 5-20h on single pellets. In general
aliphatic carbons gave sharp, well resolved, signals. A
typical example is given in Figure 3. Poorer dispersion was
obtained for the aromatic carbons due in part to spinning
sidebands observed as expected at multiples of 53.0 ppm
away from the isotropic peak at the MAS rate of 4 kHz
used.'* In some of our samples intrinsically weak signals
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Table 3. Carbon-13 CPMAS NMR data (75.47 MHz, MAS rate 4 kHz) of various pellets 3-11

Pellet 0 SiCH, 6 CHycen. 0 YCH, 6 Other Signals

3a 95 27.0 442 16.7, 58.0 (OEt)*

3b 11.2° 21.8 47.2° 54.1, 56.9 (OEt)*

3c 8.7 259 459 —

3d 10.3 24.0 43.0 161.4 (C=0)

3e 16.3 21.6 49.1 6.5 (Me), 124.1, 137.2 (C=C), 168.4 (C=0)°

3f 8.2 228 2.4 16.6, 58.2 (OEt)?, 160.3 (C=0)

3g 10.1 23.0 34.4 54.9 (NMe)

3h 135 26.7 44.6 —3.2 (SiMe)

4a 10.9 20.0 24.8 127.7, 133.8 (Ar)°, 186.8 (C=NR)

4b —f — — 69.4br (Cp)

4c 9.7 22.8 40.9 9.7 (Bu), 124.8, 124.9 (Ar)°, 174.5 (C=N); 16.7 56.6 (OE1)®
5 10.3 20.0 38.9 32.5 (CH,CO), 53.2sh (CH,0), 174.4 (C=0)"

6 9.4 23.4 _ —i _ 33.6, 43.7, 53.8 (NMe) _ _

8 9.2 21.0,24.8 35.7,42.3 116.4, 124.9, 127.8, 143.5 (Ar%), 162.0/, 169.3 (C=0)

9 8.1 21.9br 44.3br 115.5, 125.9, 128.5, 158.1, (Ar%), 161.8', 167.9', 169.9' (C=0)
11c 10.4 23.1 46.5 126.1 br (Ar®), 179.4 (C=S)°

11d 9.9 19.7 34.4 53.5 (NMe), 126.4 br (Ar°), 174.5 (C=S)°

 Due to residual SiOEt, only observed at partial conversion to 3.

® SilylCH, overlapped by MeCH,N; YCH, signal overlapped by N(CH,Me),.

© A signal at 66.1 could not be assigned.
4 Major product at extended reaction is Y =NHCO,Et.

¢ The major aromatic signals (and carbonyls were indicated) show strong sidebands at £53.0 ppm.
' The (CH,); tether showed only a broad signal at 21 ppm, imine signal not observed.

€ Impurity derived from HC(OEt);.

f‘ A signal at 17.1 could not be assigned.

' Overlapped by NMe signal.

) Ascribed to surface conformers or partial conversion (see text).

(C=0, C=S, and C=N) could not be detected within
acceptable accumulation times (5-20 h).

The spectra confirmed the formation of single silica bound

O\
OO/—Si\/\/NHMe

39

54.9
34.4
23.0
10.1

L

X

T ‘ 7
250 0 -250
ppm

T
500

Figure 3. Typical solid-state '>°C CPMAS NMR spectra (75.47 MHz, MAS
rate 4 kHz) of functionalised pellet 3g (Y =NHMe). The sharp spike and
associated very broad resonance at ca. 175 ppm are inate features of the
silica pellets 1a as supplied.

entities for the most of the materials screened. For 3a
occasional samples showed two extra peaks at 16.7 and
58.0 ppm which disappeared on extended reaction or
storage of the pellets. These are assigned to residual Si-
OEt in partially reacted 2a. Similar features were
encountered in the spectra of 3b although in this case two
residual OCHj, signal were apparent. Nominal 3f (Y =NCO)
showed extra signals at 16.6 and 58.2 ppm revealing that
long reaction times lead to smooth conversion to the
alcoholysis product of 2f, i.e. Si(CH,);NHCO,Et.

4. Coupling studies

As no organic syntheses on pelleted silica materials had
been reported initial coupling studies concentrated on
simple imine formation (Scheme 2). Representative results
are given in Table 4. In general, the coupling efficiencies of
3a having apparently high amine loadings (> 1.0 mmol g~ ')
were not good even when large excesses of aldehyde were
used (compare runs 1 and 2 leading to 4a). This situation
was made worse if the pellets leading to 3a had been acid
pre-treated. Loadings of 0.6-0.8 mmol g~ ' NH, led to the
best, but not quantitative, yields. We speculate that 2a
having the highest loadings (>1.0mmolg~ ') has a
significant fraction of its amine groups in small pores that
are not available for reaction through blocking of the pellet
capillaries through over functionalisation with (EtO)s3-
Si(CH,)NH, 2a. The '*C CPMAS NMR spectra of poorly
coupled 4a are identical to those of high coupling efficiency
indicating that formation of alternative products is not the
cause of the poor performance. Acid pre-treatment also
appears to promote small capillary blocking as very poor
coupling efficiencies were always noted in reactions of 2a
prepared from acid-washed pellets. Ferrocene derivative 4b
was used to probe this idea. The '*C CPMAS NMR spectra
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Table 4. Imine preparations using pellet 2a®

2a Loading/mmol g~ Conditions 4 Loading®mmol g~ Eff.%/%
1.48° 12.5 equiv C;oHgCHO, 0.9 M, 28 h, 1t 4a 0.63 42
0.63 3.1 equiv C,oHsCHO, 0.1 M, 4 h, rt 4a 0.57 90
0.63 3.1 equiv C,oHsCHO, 0.1 M, 1 h, rt 4a 0.50 79
1.05 3.1 equiv C,oHsCHO, 0.07 M, 2 h, rt 4a 0.47 45
1.05 0.63 equiv C;oHgCHO, 0.1 M, 1 h, 1t 4a 0.25 38
2.02° 3.2 equiv FcCHO, 0.15 M, 16 h, 1t 4b 0.45 22
0.63 3.2 equiv FcCHO, 0.02 M, 16 h, 1t 4b 0.56 89
1.35 0.64 equiv 4-Bu'C¢H4C(O)Me and HC(OEt)s, 0.08 M, 1 h, rt 4b 1.08¢ ~60¢

#1In dry dichloromethane under argon.

" Loading based on weight gain. Eff. is coupling efficiency equivalent to chemical yield.

¢ Prepared from acid pre-treated 1a.

4 Contains orthoformate derived by-product, see text. Coupling yield based on NMR ratios.

of derived 4b was uninformative, being rather broad, but it
did confirm the presence of Cp-derived units. (There are
suggestions that supported ferrocenes give inferior spectra
from the limited polystyrene literature available.'”). To
probe if acid induced modification of the pellets does take
place at the pellet surface, or throughout the sample, a pellet
of 4b (derived from acid treated 1a) was cleaved across its
diameter and subjected to EDX-backscatter techniques
under electron microscopy. The pellet was imaged in
250X 180 pm segments across its diameter. Functionalised
silane linkers were detected at an equivalent %Fe density
throughout the pellet indicating that homogeneous solutions
do penetrate the core of the pellet. Within each segment
small clusters (within 10? pm) of high iron concentration
could be found in addition to an essentially random single
Fe background sites across the segment. We interpret these
as indicative of clusters of 4b at pore defects that may block
access to smaller capillaries and pores reducing coupling
efficiency.

Support for these ideas comes from reactions of 4a (ex 3a,
1.05 mmol g~ ') with a second addition of 2-naphthalde-
hyde. Poor coupling yields are still realised as might be
expected if some pores are inaccessible even under mild
conditions. Formation of 4c¢ required the addition of a
dehydrating agent [HC(OEt);] and the loading attained
exceeds that expected from the reaction stoichiometry based
on the weight of pellet 4¢ recovered. However, the '°C
CPMAS NMR spectrum of this material shows ca. 40% of
3a remains. The expected signals for 4¢ are present except
for the acyl methyl and CMe; resonance. In the starting
ketone these signals resonate at 31.2 and 35.2 ppm and it is
possible that they are coincident with the broad CH,N imine
signal observed at oc 40.9. Additionally, an OEt derived
signal is present at 16.7 and 56.6 ppm. This is assigned to
chemisorbed orthoformate (or derived products) on the basis
that no other ethyl source is present in the preparation and it
could not be removed even on extensive drying under high
vacuum.

Propiolactone acylated 3a with excellent coupling
efficiency (Scheme 3) yielding amide 5. Similarly, methyl
iodide alkylations were highly effective to leading to salt 6
(83-96% coupling yield) based on gravimetric yield.
However, additional signals were present in the '°C
CPMAS NMR spectra of pellet 6. Use of '*C-enriched
Mel confirmed the presence of three ammonium methyl
signals. The origin of this effect is unclear but it seems likely

that adsorption of the polar head group onto more than one
site on the silica surface is the likely explanation. The
possibility of 3 g formation (through HI loss) can be
eliminated as this compound has been independently
prepared and its dc (NMe) shift 54.9 ppm is not present in
the spectra of 6.

Acylation of 3a with PhOC(O)CI/NEt; was far less
effective. Initial, gravimetrically determined yields of 7
appeared high but were masked by the the fact that the
NHE{;Cl by-product is strongly absorbed onto the silica and
this could only be removed by washing the pellets in 90 °C
water. The final purified 7 was only attained with coupling
efficiencies of 19-29% no matter what conditions were
employed. Acceptable '*C CPMAS NMR spectra of 7 were
not obtained. To confirm the presence of the carbamate on 7
PhOH was cleaved from the support, in a subsequent step,
by TFA and could be isolated by preparative TLC. We
speculated that the low yields in the formation of 7 are due
to blockage of the pellet capillaries by strongly adsorbed
ammonium salt co-products. Cleavage of a single pellet of 7
after initial acylation and inspection under UV light
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Scheme 3. Further solid-phase reactivity studies on 3a.
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suggested reaction mainly at the pellet surface. This
behaviour appears general and could be visualised easily
in reactions with other coloured charged reagents. For
example, reaction of 3a or 3 g with the diazonium salt [1,4-
Br(N,)C¢H4]BF,, which is yellow in colour, led (under
Brise’s conditions'®) only to a thin surface coating to the
pellets.

In an attempt to overcome these problems amide formation
from 3a was attempted under Lee’s conditions using DIC
and HOBt in NMP (Scheme 3).°® Reaction with 1,4-
hydroxybenzoic acid under these conditions led to some
improvement in coupling efficiencies yieldin% up to 57—
66% of nominal 8 based on weight gain. The *C CPMAS
NMR spectrum of pelleted 8 revealed a doubling up of the
CH,N and carbonyl signals. We tentatively assign this as
due to the partial conversion, but the possibility of different
surface conformers cannot be excluded. Attempts to further
functionalise 8 by reaction with PhOC(O)Cl/pyridine
couplings were ineffective due to the same difficulties
observed in the formation of 7. Again the conditions of
Lee® provided a partial solution to this problem. While the
majority of 8 was converted into a new material, assigned
structure 9, on the basis of '*C CPMAS NMR spectroscopy.
However, three carbonyl signal are present in these spectra.
Again this may be due to the presence of surface conformers
or partial conversion. We attempted to exclude the
possibility of by-product formation but support cleavage
reactions were unsuccessful. It was concluded that synthetic
sequences on the pellets should be kept short and free of
polar by-products.

5. Supported ligand preparation

Due to the problems encountered in reactions of 3a with salt
producing electrophiles, thiocarbonate (S,)-10 was selected
as potentially the most effective route to silica-bound
thiocarbamate ligands 11 (Scheme 4). Such species have
shown some utility in copper-catalysed asymmetric
additions of organozinc and organic aluminum reagents to
enones.'” Compound (S,)-10 was prepared by reaction of
(5,)-BINOL under conditions analogous to those used to
prepare its biphenol analogue.'® Solution '*C NMR
spectroscopy confirmed the symmetrical O—C(S)-O unit
was present a conclusion reinforced by the presence of a
strong v(C=S) stretch at 1262 cm ™~ '. This reaction is
somewhat capricious, and on occasions an uncharacterised
C,; binaphthyl product was formed, apparently a dimer of
(S,)-10. To confirm that (S,)-10 would open cleanly with
amines, and without appreciable racemisation, to the desired
thiocarbamates at the silica surface, the compound was
treated with diethyl amine or pyrrolidine at room tempera-
ture as models for the surface reaction. In both cases, chiral
HPLC confirmed that no appreciable racemisation took
place during thiocarbamate opening. When 3a or 3 g were
reacted with excess (S,)-10 the coupling efficiencies, based
on net mass gain are very encouraging (>90%). However,
extensive washing with dichloromethane led to much lower
final yields (31-44%).

Our initial claim of efficient coupling for this reaction is
therefore in error.® As highly loaded sources of 3

-11a R'=R2=Et

-11b R',R2 = (CHy),

¢ R'=H, R2 = (CHp)s &)
-11d R' = Me, R? = (CH,)3

DO D5
o g0

Scheme 4. Preparation of silica support