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… has finally met its match. An
avenue of neem trees flanks an
outline of the Ley azadirachtin
synthesis road map. The neem tree
is the natural source of azadirach-
tin—a potent insect-feeding sup-
pressant that is widely used in pest
control. The highly complex natu-
ral product contains sixteen contig-
uous stereogenic centres, seven of
which are tetrasubstituted carbon
atoms. Full details of the chemistry
used to shape a route to this fasci-
nating target are discussed by S. V.
Ley et al. on page 10683 ff. Photo-
graphs: William M. Ciesla,
www.forestryimages.com; design:
Alistair Boyer.
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Helicates
In their Communication on page 10535 ff., L. F. Lindoy
et al. describe the microwave synthesis of a rare example of
a dinuclear helicate, [Ru2L3]


4+ (L =5,5’’’-dimethyl-
2,2’ : 5’,5’’ : 2’’,2’’’-quaterpyridine). They showed that it can be
separated efficiently into its P and M enantiomers by
DNA-based affinity chromatography.


Solid-State Reactions
In their Full Paper on page 10570 ff. , S. Nishikiori et al. dis-
cuss the self-assembly of simple building units in the solid
state. Grinding of metal acetates with bis(3-cyanopentane-
2,4-dionato) afforded a range of mononuclear and poly-
meric complexes.


Salen-Templated Synthesis
On page 10520 ff., in his Concept article A. W. Kleij
describes how metallosalen scaffolds have become increas-
ingly important in templated synthetic events (salen=N,N’-
bis(salicylidene)ethylenediamine dianion). Interesting
developments may be expected in various applications that
focus on structural and catalytic complexity.
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Introduction


Proper modulation of the process parameters of chemical
reactions provides a means towards selective synthesis.
Within the fields of organic synthesis and homogeneous cat-
alysis precise control over the reactivity of the involved spe-
cies leads to the desired target molecules, usually at mm to
m concentration regimes. However, when multiple reaction
partners are present in the same phase, substrate selectivity
becomes a crucial factor to control. Nature, in contrast to
synthesis carried out by chemists, takes advantage of a dif-
ferent approach towards selective synthesis under much
more dilute conditions (nm to mm). The control over the re-
activity of particular molecules is directed through macro-
molecular templation. The involved macromolecule brings
together certain combinations of reactive molecules which
enables biomolecular synthesis of the required products as a
result of the increase in the effective molarity (EM) and
hence efficient and selective conversions are achieved.[1]


Salen scaffolds are popular ligand structures that are of
great value to the homogeneous catalysis community.[2] Ever
since the pioneering work of Jacobsen and Katsuki in the
enantioselective epoxidation of unfunctionalised olefins,[3]


metallosalen complexes (salen= N,N’-bis(salicylidene)ethy-


lenediamine dianion) have been utilised as efficient catalysts
in various organic conversions. However, the use of salen
scaffolds in applications that go beyond their conventional
use in homogeneous catalysis has recently aroused much in-
terest.[4] In particular, new multimetallic, macrocyclic and
supramolecular systems have emerged in which salen frag-
ments largely dictate the material properties. The ease with
which the salen structure can be derivatised makes it an
ideal building block for sophisticated assembled constructs.
Clear advantages over similar planar, tetradentate dianionic
ligands such as porphyrins are: a) the access to relative large
amounts of a diverse library of synthetic intermediates that
can be obtained in few steps, b) the straightforward intro-
duction of chiral modules within the salen unit, and c) the
flexibility of changing either one or both phenyl side groups
(both sterically as well as electronically)[5] and the bridging
unit. This creates a large potential for fine-tuning the inter-
actions of the (metallo)salen unit with other molecules, and
the construction of new materials with interesting catalytic[6]


and/or photophysical features.[7] Typical examples of new
composites that comprise one or multiple salen frameworks
include DNA-salen hybrids,[8] alkaloid adsorption materi-
als[9] and interesting allosteric catalyst systems.[10] Here, we
explicitly focus on the use of (metallo)salen-containing
structures in which the salen unit is actively involved in di-
rected, templated synthesis. Intriguing illustrations of the ef-
fective use of salen groups as molecular templates in syn-
thetic strategies will be presented, and the role of the metal
ion in the templating events is also highlighted.


Salen-Templated Catalysis


One of the earliest examples of a salen template effect in
homogeneous catalysis was reported by Rebek and co-work-
ers.[11] They designed and utilised a ZnIIsalen-modified cavi-
tand structure (Scheme 1) for the directed synthesis of ace-
tylcholine from choline and acetic anhydride. The ZnACHTUNGTRENNUNG(salen)
unit was positioned on the periphery of the cavitand struc-
ture in such a way that it could template the catalytic pro-
cess making use of the binding pocket. The proposed cata-
lytic process starts off with the encapsulation of the choline
substrate by the cavitand structure and the simultaneous ac-
tivation of the acetic anhydride by the ZnACHTUNGTRENNUNG(salen) fragment.
In the absence of the Zn ACHTUNGTRENNUNG(salen) complex, the acylation of
choline is very slow, but the reaction is significantly promot-
ed by the presence of the Zn ACHTUNGTRENNUNG(salen) unit (2 mol %) with a
rate enhancement of 1900-fold compared to the background
reaction. Additionally, it was demonstrated that a combina-
tion of non-modified cavitand and “free” ZnACHTUNGTRENNUNG(salen) complex
gives a lower acylation rate, which demonstrates the comple-
menting nature of both modules. If sterically more demand-
ing substrates (i.e., anhydrides) were used, slower kinetics
were observed, which can be reasoned by assuming a
weaker interaction with the ZnII metal centre.


Abstract: Templated approaches towards selective or-
ganic synthesis is a common feature in nature in which
nucleic acid templated synthesis plays a crucial role in
various fundamental biological processes. The key fea-
ture that allows control over the amazing selectivity
found in natural processes is evidently the effective mo-
larity of the reaction partners that is mediated by the
macromolecular templation event. An ongoing chal-
lenge within many chemical sciences is to exploit similar
templating principles and make use of synthetic systems
that are designed for specific chemical conversions.
Here, we describe the recent developments that involve
(metallo)salen scaffolds that are used for diverse tem-
plating events (salen= N,N’-bis(salicylidene)ethylenedi-
amine dianion).
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In another contribution, Reek et al. have shown that
hetero-bidentate ligands based on the combination of vari-
ous phosphites and phosphines may be accessed by using a
bimetallic Zn ACHTUNGTRENNUNG(salphen) template (salphen =N,N’-1,2-phenyl-
enebis(salicylideneimine)).[12] The ZnII centres within the
N2O2 cavities of the salen units here serve as a Lewis acid
sites that can be axially coordinated by pyridine donors.
Thus, phosphites and phosphines equipped with such donor
fragments were prepared and equimolar mixtures (2 equiv
of the mixed ligand species) were combined with the bis-Zn-ACHTUNGTRENNUNG(salphen) template. Surprisingly, in all reported cases the ex-
clusive formation of the heterocombination was observed
(Scheme 2). In the absence of the bis-Zn ACHTUNGTRENNUNG(salphen) template,
or by simply using mono-Zn ACHTUNGTRENNUNG(salphen)/phosphine or mono-
ZnACHTUNGTRENNUNG(salphen)/phosphite combinations only formation of the
homocomplexes was noted. The main argument put forward


by the authors for the formation of heterobidentate templat-
ed structures is that there exists a delicate relationship be-
tween the reorganisation energy (going from non-templated
to templated) and the steric impediment of the involved li-
gands. A series of phosphite/phosphine ligands were then
combined with the bis-Zn ACHTUNGTRENNUNG(salphen) template and a suitable
RhI precursor to allow the formation of a range of different
(pre)catalysts that were screened in the asymmetric hydro-
formylation of styrene (Scheme 2). Without the bis-Zn-ACHTUNGTRENNUNG(salphen) template, both phosphite as well a phosphine li-
gands proved to be inferior to the templated heterobiden-
tate system, and particularly in terms of enantioselectivity.
A very low chiral induction was observed in these non-tem-
plated homocombinations, whereas for a number of templat-
ed heterobidentate systems asymmetric induction of up to
72 % could be achieved.


Following a similar strategy, Reek and co-workers also
communicated the template-assisted formation of bidentate
systems based on homo-couples of pyridine-derived phos-
phine or phosphite ligands.[13] A rigid bis-Zn ACHTUNGTRENNUNG(salphen) com-
plex was used as a molecular template (Scheme 3), onto
which two equivalents of the respective pyridine phosphorus
ligands were immobilised following complexation with a
suitable transition metal precursor. The resultant supra-
molecular complexes were tested in the (asymmetric) hydro-
formylation and hydrogenation and compared to the non-
templated catalysts and catalysts derived from the 2:2:1
combination mono-Zn ACHTUNGTRENNUNG(salphen)/phosphorus ligand/metal
precursor. The catalytic results with the templated catalysts
affirmed that in nearly all cases a typical bidentate behav-
iour was operative. Only marginally better results were ob-
tained in terms of conversion rate and linear to branched
ratios (L/B ratio) for the hydroformylation of 1-octene
(Scheme 3), whereas the asymmetric hydroformylation of
styrene (see Scheme 2) provided a few examples with a
slight increase in enantiomeric excess (ee) upon templation.
The same holds for the asymmetric hydrogenation of a-
methylcinnamic acid using these supramolecular catalysts;
some minor improvement of the enantioselectivity (maxi-
mum Dee�10 %) was noted for the templated catalysts
though at a very low conversion stage. The similar results
for the non-templated and templated catalysts seem to indi-
cate that for the derived RhI complexes comparable inter-
mediates (i.e. , geometries) are involved in the different cata-
lytic reactions. A major advantage of this approach is that
the available amount of building blocks may be extended
with relative ease allowing for the formation of a larger set
of self-assembled catalysts. In this way, optimisation of or-
ganic conversions can be foreseen by using high-throughput
experimentation methods.


Formation of Functional Macrocycles


The (self)assembly of rigid, shape-persistent macrocycles
into functional materials remains a challenging goal within
the field of supramolecular chemistry. Promising applica-


Scheme 1. Salen-cavitand structure employed by Rebek for the accelerat-
ed formation of acetylcholine.


Scheme 2. Typical example of a template-induced formation of heterobi-
dentate ligands and its RhI complex using a bis-Zn ACHTUNGTRENNUNG(salphen) complex.
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tions that may arise by using
such macrocyclic systems in-
volve synthetic mimics for ion-
conducting channels, tubular
structures and porous materials.
Recently, macrocyclic salen
frameworks[14] have been recog-
nised as interesting structures
that resemble crown ethers to a
certain extent, owing to the
presence of multiple O-donor
atoms arranged in a cyclical
fashion. In particular, the
groups of MacLachlan and Na-
beshima have been involved in
the construction and detailed
studies of triangular shaped tri-
salphen macrocycles
(Scheme 4).


The group of MacLaclan re-
ported the alkali metal induced
or salen macrocycle templated
formation of tubular networks
(Scheme 4).[15] Various cations
(Li+ , Na+ , K+ , Cs+ , Rb+ and
NH4


+) were tested, and titra-
tion experiments (NMR and
UV/Vis spectroscopy) con-
firmed the formation of an as-
sembled superstructure. De-
tailed NMR and ES-MS studies
supported the assembly forma-
tion by interaction of the cat-
ions with the phenolic O-atoms
of the salen units, thereby thus
behaving as crown ether deriva-
tives. In the assembled species,
the different trisalphen units
are stacked with each other and
the size of the cation proved to
be a decisive connecting ele-
ment as observed by the rela-
tive NMR shielding features
upon formation of the tubular
architecture.


A templated approach
toward the synthesis of oxime-
based salen type macrocycles
was reported by Nabeshima
et al.[16] Here, a 32-membered
macrocycle could be produced
by ring-closing methathesis
(RCM) of pendant allyloxy
groups at both ends of a linear
oxime-derived ligand system
(Scheme 5).


Scheme 3. Representative example of a template-induced formation of homobidentate ligands and its RhI


complex using a bis-ZnACHTUNGTRENNUNG(salphen) complex. Catalytic behaviour was tested in the (asymmetric) hydroformyla-
tion and hydrogenation.


Scheme 4. Schematic representation of the salen-mediated formation of stacked, tubular networks in the pres-
ence of cations.


Scheme 5. Templated approach towards the formation of a macrocyclic oxime-based salen-type structure; the
templated approach almost exclusively yields the cis isomer.
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The metalation of the linear oxime-salen ligand (L) with a
2:1 mixture of ZnII and CaII ions selectively affords the
mixed heterotrimetallic synthon (LZn2Ca).[17] The latter
structure preorganises the pendant allyloxy groups in a way
that upon the RCM reaction only the cis isomer (Scheme 5)
is obtained as opposed to the (expected) trans isomer pro-
duced by means of the non-templated reaction.


In a separate contribution,[18] the same authors also re-
ported the [Zn+ La]-mediated templated formation of a 36-
membered macrocyclic hexaoxime salen-type structure
(Scheme 6) using a one-pot procedure. The product was ob-
tained quantitatively by this formal [3+3] condensation re-
action in the presence of the Zn and La cations, whereas the
yield was very low in the absence of these cations. The
oxime-based macrocycle is an interesting platform for the
formation of homometallic (Zn6) or heterometallic (Zn3La)
cluster compounds (vide infra) through either in situ forma-
tion or isolation of the non-
metalated macrocycle
(Scheme 6) and re-metalation
under appropriate conditions.


Templated (In)Organic
Synthesis


Templated organic synthesis, as
briefly discussed in the intro-
duction, is a common feature
encountered in nature to con-
trol chemical reactivity. Con-
temporary chemists intend to
use similar approaches in multi-
ple disciplines to arrive at new
materials that show unusual
properties. In this section, a
focus is made on templated in-
organic/organic synthesis using
a metallosalen-mediated ap-
proach.


An interesting salen template
effect was noted by the groups
of MacLachlan and Nabeshi-
ma[14d, 19] who simultaneously re-
ported that the use of triangular


Scheme 6. Synthesis of a hexaoxime, macrocyclic salen-type structure
using a templated approach.


Scheme 7. Schematic view of the cluster compound (at the top) starting
from a macrocyclic trisalphen framework. Below, the X-ray molecular
structure of the bowl-shaped, polynuclear [Zn]7 compound. Colour
codes: Zn=green, O = red, N =blue.


Scheme 8. Multinuclear metallomacrocycles based on a trisalphen structure using various metal acetate salts.
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shaped salen macrocycles (Scheme 4) were useful as tem-
plating platforms for the build up of metal cluster com-
pounds. For instance, Zn-centred macrocycles are valuable
model species for the active sites of metalloenzymes such as
alkaline phosphatise, P1 nuclease and phospholipase C;[20]


the latter two enzymes are known to have trinuclear Zn-
clusters in the active site. Other uses may be found in the


development of materials with interesting magnetic and/or
photophysical properties. In this sense it is important to
note that the successful incorporation of different metal ions
in these trisalphen macrocycles offers a great potential.


Zinc carboxylate cluster formation was noted when a tri-
salphen macrocycle (Scheme 4) was treated with a slight
excess of zinc acetate.[19] The cluster derivative can be split
in two separate modules; the trisalphen-Zn3 core unit which
in fact acts as the templating system, and a second part that
has a tetrahedral [Zn4 ACHTUNGTRENNUNG(m4-O)]6+ unit very similar to basic
zinc acetate.[21] In these type of aggregates, the acetate li-
gands are bridging the Zn2+ centres in a m-1,2 fashion (X-
ray structure, Scheme 7). Mechanistic studies have revealed
that the formation of the cluster derivative probably takes
place via a tetrazinc intermediate, which could also be trap-
ped and fully characterised. Upon treatment of the tetrazinc
intermediate with three equivalents of zinc acetate, the hep-
tanuclear complexes was produced. The tetrazinc intermedi-
ate species also provided a useful platform for the introduc-
tion of other metal ions (i.e., mixed metal cluster forma-
tion), and preliminary experiments have indicated that
cobalt clusters of type [Co4O]6+ can also be incorporated in
the trisalphen-Zn3 macrocycle.


Nabeshima and co-workers[14d] have used a similar ap-
proach towards cluster formation based on similar trisalphen


macrocycles, and examined the
influence of the type of metal
ion on the cluster formation
(Scheme 8). Whereas in the
presence of 7 equiv of zinc ace-
tate the heptanuclear complex
(Scheme 7) was formed in high
yield, only trinuclear complexes
were formed using either cobal-
t(II) acetate or copper(II) ace-
tate, even in the presence of an
excess of the metal reagent. For
the analogous manganese(II)
and nickel(II) salts, various
multinuclear compounds could
be isolated depending on the
reaction stoichiometry. The tri-
nuclear MnII complex proved to
be rather oxidation sensitive
and rapidly interconverts into
its (poly)MnIII derivative. The
tri-CoII trisalphen macrocycle is
more stable towards auto-oxi-
dation but may be readily oxi-
dised by air to afford the corre-
sponding CoIII complex.


A zinc(II)salphen-templated
synthesis of non-symmetrical
pyridine ligands was reported
by Kleij et al.[22] The high Lewis
acidity of the Zn2+ ion in these
salphen complexes offers a


Scheme 9. Formation of an unusual tri-Zn supramolecular assembly by
selective mono-deprotonation of a bis-2,6-methanol-pyridine ligand. Zn=


green, O= red, N=blue.


Scheme 10. Formation of loop and square type supramolecular assemblies using a salen-directed approach.
The coordination sphere around the Zn ions is completed by THF.
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large potential for their use in catalytic processes by activa-
tion of coordinated functional groups. Pyridine ligands that
are ortho-substituted with methanolic fragments are conven-
iently mono-deprotonated by the ZnACHTUNGTRENNUNG(salphen) complex
eventually leading to the formation of unusual tri-Zn supra-
molecular assemblies (Scheme 9).


The assembly based on a 2,6-dimethanolpyridine ligand
(Scheme 9; R = tBu, X=CH2OH, X-ray structure) is build
up from a central, non-symmetrical unit consisting of a dis-
torted octahedral Zn2+ ion ligated by two mono-deprotonat-
ed pyridine-dimethanol ligands. The anionic O-donor atoms
of both pyridine systems further coordinate to a Zn-ACHTUNGTRENNUNG(salphen) complex. Interestingly, when dimeric ZnACHTUNGTRENNUNG(salphen)
derivatives were employed,[23] the formation of a similar tri-
Zn assembly was completely prevented. The projected for-
mation mechanism of these trinuclear complexes starts off
with the initial coordination of the OH fragment to the
metal centre, which is unable to compete with the mono-
merÐdimer equilibrium for dimeric ZnACHTUNGTRENNUNG(salen) derivatives.
Further experiments have revealed a wider scope of the ac-
tivation of various methanol-substituted pyridine ligands.


Templated Supra/Macromolecular Synthesis


Supramolecular chemistry is undoubtedly one of the leading
disciplines in chemical sciences and may provide useful


strategies for the construction
of complicated architectures
and new materials. Although
metallosalen complexes have
been known for many decades,
only recently their convenient
use as building blocks in supra-
molecular synthesis has been
recognised.[24]


Salen compounds functional-
ised with pyridine side groups
were reported by Hupp and co-
workers.[25] These building
blocks, combined with suitable
PtII salts gave access to molecu-
lar loop/square structures
through a directed assembly
process (Scheme 10). When
semi-flexible dipyridyl-function-
alised salen ligands were em-
ployed, preferred formation
and isolation of the loop struc-
ture was noted. The curvature
that allows loop closure is facili-
tated by the backbone distor-
tion of the bridging salen
ligand, and likely entropic ef-
fects predominate in the assem-
bly process. Reduction of the
flexibility by metalation of the


salen building block (M= Zn) and combination with the cat-
ionic PtII salt or post-metalation of the supramolecular loop
system under appropriate conditions leads to exclusive and
quantitative formation of the square-type structures. Intro-
duction of various other metals into these supramolecular
assemblies may lead to interesting new catalytic systems.


A similar approach toward supramolecular assembly for-
mation by using pyridyl-containing salen scaffolds was un-
dertaken by Kleij and Reek.[26] However, here the ZnII-cen-
tred metallosalen complex was designed to have the N-
donor atom within the bridging group between both imine
fragments (Scheme 11). The relative disposition of the
donor (pyridine-N atom) and acceptor sites (Zn metal
centre) leads to directed formation of a macrocyclic, tetra-
meric supramolecular assembly. Such macrocycles are of
broad current interest, and the first example of enantiomer
separation using similar chiral structures has recently been
reported.[27]


Templated approaches to various supramolecular struc-
tures using mono- and bis-Zn ACHTUNGTRENNUNG(salphen) complexes in con-
junction with pyridine donors were reported by Kleij/Reek
and co-workers. For instance, 4,4’-bipyridine bridged
dimers[28] and box-shaped assemblies[29] arise from their
combination with mono- or bis-ZnACHTUNGTRENNUNG(salphen) building blocks.
In the latter case, exclusive formation of the macrocyclic
structure under dilute conditions was observed, both in solu-
tion and solid state phases (Scheme 12). A valuable exten-


Scheme 11. Top: A self-assembled tetrameric Zn ACHTUNGTRENNUNG(salen) complex equipped with a donor and an acceptor site.
Bottom: the determined X-ray molecular structure. Zn=green, O = red, N= blue.
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sion to this kind of box assemblies was communicated re-
cently. The use of pyridyl-functionalised metallosalen com-
plexes (Scheme 10) allows, through Zn�Npyr coordinative


motifs, the formation of tem-
plated macrocycles based on
heterotetrametallic salen struc-
tures. Here, the two transition
metal sites are in close proximi-
ty, thereby providing a way for
cooperative catalytic operations
upon introduction of appropri-
ate metal ions in the metallosa-
len building block
(Scheme 12).[30]


The Zn ACHTUNGTRENNUNG(salen) structure has
also been exploited for the fab-
rication of other types of supra-
molecular architectures, includ-
ing nanofibrils and nanotubes.
MacLachlan reported the use
of Zn ACHTUNGTRENNUNG(salphen) complexes that
are able to assemble into metal-
logels and 1D nanofibres
making use of Zn···O interac-
tions (Scheme 13).[31] Insuffi-
cient steric bulk at the 3- and
3’-position allows dimerisation
through m2-O bridging[23] and
thus being the basis for the as-
sembly process.


Gel formation was particular-
ly observed in non-coordinating
aromatic solvents, whereas no
gel formation was observed in
pyridine, DMF and MeCN.
Moreover, TEM-analysis of
these ZnACHTUNGTRENNUNG(salphen) complexes
showed nanofiber formation,
principally ascribed to the
Zn···O interactions and not to


p–p stacking between the individual salphen complexes or
hydrogen bonding. This assumption was supported by sever-
al additional experiments with a series of reference/model
compounds. Upon changing the Zn for other metal ions (Ni,
Cu, V), introduction of sterically demanding groups in the
3- and 3’-positions of the ligand (Scheme 13) or replacing
the phenolic O atoms for S, no assembled fibrillar textures
could be observed.


A similar approach toward the construction of aggregat-
ed, multimetallic macrocycles (Scheme 14) using Zn···O in-
teractions was also investigated by the MacLachlan group.[32]


Only in the case where M=Zn, aggregation was observed
and spectroscopically characterised, and disruption of the
assembly could be readily achieved by addition of suitable
N-donor ligands. Interestingly, the aggregation process is ac-
companied by changes in the optical and fluorescent proper-
ties, a feature that may be used for chemical sensing purpos-
es upon controlled de-aggregation using external ligands.


Specific and selective exchange of the central metal ion
by (rare/alkaline) earth metal ions within trinuclear com-


Scheme 12. Examples of supramolecular assemblies based on pyridine donors and ZnACHTUNGTRENNUNG(salphen) acceptors. Top:
X-ray molecular structure of a box-shaped assembly using a flexible bis-pyridine ligand, the disorder for some
tBu groups is also shown. Bottom: schematic structure of a functional, heterotetrametallic salen-based supra-
molecular structure.


Scheme 13. ZnACHTUNGTRENNUNG(salphen) complexes that are able to form metallogels and
nanofibers.
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plexes derived from oxime-based salen like systems was de-
scribed by Nabeshima (Scheme 15).[33] The formation of the
trinuclear Zn3 complex affords a C-shaped compound with


six O-atoms arranged in cyclic fashion useful for guest rec-
ognition. The size of the cavity that can wrap itself around
appropriate guests directs the structure of the heterotrinu-
clear complex after Zn-for-M exchange, and different metal-
lohelicenes with tuneable geometrical parameters were thus
obtained depending on the type of guest metal ion.[33a,b]


These helical frameworks may find use in various chiral rec-
ognition processes and/or catalytic procedures. An interest-
ing example of a selective Ca2+ and Ba2+ receptor based on
this site-selective transmetalation[34] has also been repor-
ted.[33c]


Conclusion


From this overview it is evident that metallosalen scaffolds
have become increasingly important in templated synthesis.
A proper design of the salen-containing structure allows for
precise control over the synthetic event, which would be vir-


tually impossible to achieve without the use of the metallo-
salen scaffold. The metal zinc plays a crucial role for all
forms of life and many important Zn-enzymes are known
for their role as structural mediator or catalyst. Therefore, it
is perhaps not completely surprising that Zn is found in the
majority of the metallosalen structures that are capable of
directing or templating structural/synthetic events. The Zn2+


ion has an extremely versatile coordination chemistry allow-
ing, depending on the involved ligands, coordination num-
bers from 4 to 6 and geometries ranging from tetrahedral to
square planar, square pyrimidal to trigonal bipyrimidal and
even octahedral. This particular feature will probably main-
tain a prominent role in the design of new templated pro-
cesses. Although a limited number of metallosalen templates
have been reported, yet it can be concluded that exciting
new developments may be expected in various applications
that focus on structural and catalytic complexity. In our
view, the metallosalen scaffold will undoubtedly continue to
be a source of inspiration for many chemists.
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Water Catalysis in the Morita–Baylis–Hillman Reaction: A Mechanistic
Perspective
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The Morita–Baylis–Hillman (MBH) reaction is a tertiary
amine catalyzed reaction between an activated olefin and an
electrophile, leading to densely functionalized product.[1,2]


Despite the plethora of reports on its applications, the gen-
eral sluggishness of MBH reaction continues to be a prime
concern. Over the years, a large variety of empirical im-
provements based on modified reaction conditions have
been suggested towards improving the speed of MBH reac-
tion.[3] Amongst all the modifications attempted to date,
rate enhancement in the presence of polar protic co-solvents
and additives deserves special attention.


The first ab initio and density functional study on the
mechanism of MBH reaction under polar aprotic medium
(DMSO as the dielectric continuum) was very recently re-
ported from our laboratory.[4] It has been demonstrated that
under polar aprotic conditions, an intramolecular proton
transfer is the rate-limiting step (Scheme 1). This is contrary
to the commonly employed qualitative mechanistic schemes,
in which the C�C bond formation is proposed to be the
rate-limiting step. The mechanistic recourse could be quite
different in polar protic medium. For instance, our prelimi-
nary calculations showed that protic solvents, such as water,
could help reduce the barrier for intramolecular proton
transfer.[4] Another recent report on how methanol can
affect the reaction energetics of MBH reaction further en-
dorses this view.[5] However, mechanistic insights on the role
of water on the kinetics of MBH reaction is conspicuously
absent in literature.


Interesting examples are available wherein reduction in
reaction barrier through explicit participation of solvents is
noticed.[6] More importantly in the present context are the
examples of water catalysis involving a proton relay mecha-


nism.[7] Polar protic solvents in MBH reaction could partici-
pate in an analogous manner.[8] The rate acceleration in
MBH reaction in the presence of polar protic co-solvents
such as water and methanol are well known.[9] These exam-
ples allude to an explicit participation of co-solvents besides
providing a polar dielectric continuum. It was initially sug-
gested that polar protic solvents influence the reaction by
offering additional stabilization to the zwitterionic inter-
mediate(s) generated in the MBH reaction through hydro-
gen bonding.[3b,10] Such stabilization of transition states and
intermediates through hydrogen bonding network is a
common feature proposed in various enzyme catalyzed reac-
tions[11] as well as in hydrogen-bonding organocatalysis.[12]


Reports are also available on the deterioration of stereose-
lectivity in MBH reaction in presence of water.[8b, 13] While
such qualitative propositions are valuable, a more direct in-
volvement of polar solvents, such as water, can be envisaged
owing to their ability to act as general acid–base catalyst.
We have therefore decided to undertake a detailed examina-
tion with an objective of gaining a molecular-level under-
standing of the role of polar protic co-solvents/additives in
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Scheme 1. Proposed mechanism of the MBH reaction.
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the MBH reaction. The results summarized herein could
have wider implications in a variety of other reactions as
well.


We have studied the NMe3-catalyzed MBH reaction be-
tween acrolein and formaldehyde, both in the presence and
the absence of water as the co-solvent by using ab initio and
DFT methods. The choice of these substrates is guided by
the reported rate acceleration in the MBH reaction between
methyl acrylate and paraformaldehyde under aqueous NMe3


conditions.[14]


In this communication, we report some interesting obser-
vations on the role of water in the MBH reaction. The ap-
proach consists of computations in 1) the gas phase with and
without explicit water molecule(s), and 2) the condensed
phase with water-bound substrates. A qualitative under-
standing of the primary solvation is desirable to establish
the number, preferred site, and nature of the solute–solvent
interactions. In an effort to identify what would be the mini-
mal number of intimately bound solvent molecules, we first
placed water molecules around the substrate on the basis of
its polarity. Such intuitively driven initial guess geometries
for water-bound substrates were subsequently compared
with the position and orientation of water molecules in the
near vicinity of the reaction site obtained through ab initio
molecular dynamics simulations.[15]


In the present study, two key possibilities are explored in
greater detail : 1) one water, and 2) two water molecule(s)
coordinated to the reactants (Figure 1). In the single-water-


molecule-assisted pathway, three possibilities are considered
in which the water molecule is bound to the Michael accept-
or (1 Wa), the electrophile (1 Wb), or participates in a relay
proton-transfer (1 Wc) mechanism.[16] Similarly with two
water molecules, four key possibilities are identified. The


first mode involves monofunctional coordination of one
water molecule each with formaldehyde and the Michael ac-
ceptor, depicted as pathway 2 Wa. This situation is reminis-
cent of commonly proposed enolate stabilization by polar
protic solvents. In mode 2 Wb, one of the water molecules
coordinated to the formaldehyde moiety participates in a
relay proton-transfer process. Another situation in which
both water molecules are bound to formaldehyde gives rise
to two more pathways, in which either one or both water
molecules facilitate a relay proton-transfer mechanism, des-
ignated as 2 Wc and 2 Wd, respectively. An illustration of
these possibilities is provided in Figures 1 and 2 with the


help of the optimized geometries of transition states for the
C�C bond formation and proton-transfer steps, respectively.


The calculated barriers for various steps in the single-
water-molecule-assisted modes are found to be in general
lower than in the unassisted mode (Table 1). As anticipated,
the effect of explicit water on the first step (i.e., the C�N
bond formation) is found to be modest. The computed barri-
ers for the C�C bond formation and proton transfer in the
unassisted pathway (W0) are found to be 39.3 and 65.6 kcal
mol�1, respectively, at the CBS-4M level of theory. The low-
ering of C�C bond-formation barrier (b–c) is 3.3 kcal mol�1


in 1 Wb with respect to W0.
[17] This can readily be attributed


to the LUMO stabilization of formaldehyde as well as the


Figure 1. The CBS-4M geometries (in �) for the optimized transition
states for the C�C bond-formation step [TS ACHTUNGTRENNUNG(b–c)] in the MBH reaction
between acrolein and formaldehyde catalyzed by NMe3. Only selected
hydrogen atoms are shown for improved clarity.


Figure 2. The CBS-4M geometries (in �) for the optimized transition
states for the proton transfer step [TSACHTUNGTRENNUNG(c–d)] in the MBH reaction be-
tween acrolein and formaldehyde catalyzed by NMe3. Only selected hy-
drogen atoms are shown for improved clarity.
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hydrogen-bonding stabilization of the developing alkoxide
offered by the water molecule.[18] The same effect gets fur-
ther modulated in 2 Wc, in which two water molecules inter-
act with formaldehyde.


The most important observation pertains to the proton-
transfer step, involving the transition state TS ACHTUNGTRENNUNG(c–d), for
which a large reduction in activation barrier in the water-as-
sisted modes is noted. The pathway 1 Wc is found to be the
most favored mode amongst the single-water-molecule-as-
sisted pathways as compared with the unassisted pathway.
Further, the barrier for 1 Wc involving a relay proton trans-
fer is more than 10 kcal mol�1 lower than in 1 Wb. This pre-
diction can be taken as a manifestation of the efficiency of
relay proton-transfer process facilitated by catalytic water.
The large decrease in the free energy of activation in this
mode can be ascribed to the alleviation of ring strain in TS-ACHTUNGTRENNUNG(c–d) upon changing from a four- to a six-membered chair-
like transition state.[19] In the final step, in which the catalyst
is expelled from the zwitterionic intermediate (c), the ener-
getics between the assisted and the unassisted pathways do
not show as significant differences as in the proton-transfer
step. In all the three single-water-molcule-assisted pathways,
the proton-transfer step is evidently the rate-limiting step.


In the case of assisted pathways involving two water mol-
ecules, the relay proton transfer is found to be a more prom-
inent feature. Most importantly, the proton transfer contin-
ues to be the rate-limiting step in 2 W models in which the
water molecule(s) stabilizes the enolate through hydrogen
bonding. The comparison of 2 Wa with 2 Wb evidently
brings out the importance of relay proton transfer towards
reducing the activation barrier associated with TS ACHTUNGTRENNUNG(c–d). The
free energy of activation for all key steps is summarized in
Table 1. While the water molecules in 2 Wa help stabilize
the zwitterionic intermediate through effective hydrogen
bonding, it fails to facilitate the proton-transfer process. In
other words, the modes of interactions with protic solvents
that do not perturb the reaction coordinate and are farther
from the reaction site are less effective in modulating the re-
action rate. For instance, the computed barriers for the relay


proton transfer are in general more than 10 kcal mol�1 lower
than that for 2 Wa. This prediction is of potential relevance
with regard to the possible rate acceleration of MBH reac-
tion in polar protic solvents. However, to our surprise the
barrier for the C�C bond formation in mode 2 Wc, in which
the proton relay and hydrogen-bonding interaction co-exist
(Figure 2), is found to ~4 kcal mol�1 higher than the corre-
sponding proton-transfer step. This observation indicates
that the C�C bond formation step is the rate-limiting step in
this mode. Another long-range proton transfer through
2 Wd is identified to be effective as well. The proton transfer
in this case is facilitated by two water molecules through
eight-membered transition state. Interestingly, in both 2 Wc
and 2 Wd modes, the difference in the activation barrier be-
tween the C�C bond formation and the proton transfer is
found to be around 4 kcal mol�1. In both these modes, the
water molecules are present near the formaldehyde frag-
ment. Central to the present discussion is a likely competi-
tion between the proton transfer and the C�C bond forma-
tion steps as the rate-determining step under polar protic
conditions.


After having recognized the importance of water-bound
transition structures towards influencing the kinetically sig-
nificant steps, a detailed sampling of different binding
modes in two-water-molecule-assisted pathways was under-
taken.[20] For instance, additional transition states TS ACHTUNGTRENNUNG(b–c)
and TS ACHTUNGTRENNUNG(c–d) were located in which the catalytic water mole-
cules are hydrogen bonded to each other, besides interacting
with the developing charges.[20] Interestingly, these transition
states for the C�C bond formation as well as the subsequent
proton transfer are in general predicted to be higher in
energy than mode 2 Wc.[21]


The identification of water catalysis in the critical steps of
MBH reaction prompted us to evaluate the origin of the cat-
alytic power of water.[22] In both one- and two-water-mole-
cule-assisted modes, the highest catalytic power is noted in
the relay proton-transfer step. In the preceding C�C bond-
formation step, the estimated catalytic power of water is
found to be much lower.[23] On the basis of the reduction in
free energies of activation as well as the estimated catalytic
power, it is rational to propose that the rate acceleration
under polar protic conditions is most likely to be due to the
relay proton transfer promoted by water molecule(s), while
hydrogen-bonding stabilization offers a supporting role.


An evident consideration at this point relates to the inclu-
sion of more than two explicit water molecules around the
reaction site. Notwithstanding the impending entropic disad-
vantages, some useful evidence gathered through ab initio
MD calculations suggests that for large part of the simula-
tion, only two water molecules are intimately associated
with the transition state.[24] Further, these water molecules
tend to maintain interactions primarily with the formalde-
hyde fragment.[25] We have therefore considered only two
water molecules in the present study.


The discussions thus far have focused on the results ob-
tained by using gas-phase calculations. To compare how sys-
tems with explicitly bound water molecule(s) respond to the


Table 1. The gas-phase Gibbs free energies of activation [in kcal mol�1]
for the MBH reaction in absence and presence of water molecule(s) at
the CBS-4M level.[a,b,c]


W0 1 Wa 1Wb 1Wc


a–b 22.1 (22.3) 24.8 (21.6) –[d] –[d]


b–c 39.3 (38.7) 40.9 (37.0) 36.0 (32.1) 36.0 (32.1)
c–d 65.6 (62.1) 57.6 (53.5) 54.4 (49.5) 43.9 (38.6)
d–e 16.1 (13.2) 17.3 (12.1) 18.6 (14.9) 23.1 (17.2)


2 Wa 2 Wb 2Wc 2Wd


a–b 24.8 (21.6) 24.8 (21.6) –[d] –[d]


b–c 36.3 (30.4) 36.3 (30.4) 38.6 (41.3) 38.6 (41.3)
c–d 56.4 (48.7) 45.5 (37.9) 34.5 (27.1) 42.5 (34.8)
d–e 22.9 (12.5) 22.4 (15.8) 23.1 (17.2) 26.4 (18.4)


[a] The notations W0, 1W and 2 Wrefer to 0, 1 and 2 bound water mole-
cules, respectively, in the TS. [b] Free energies of activation are reported
with respect to the infinitely separated reactants. [c] Free energies of acti-
vation obtained at the mPW1K/6-31+G** level are given in parenthesis.
[d] Identical to W0 mode.
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polarity of the bulk solvent, we have calculated the activa-
tion barriers, in the most commonly employed solvents for
MBH reaction, such as water, DMSO, and THF. It is inter-
esting to note that the predicted barriers as well as the
trends at the mPW1 K/6-31 +G** level (Table 1) are in very
good agreement with those obtained by using higher level
composite methods such as CBS-4M.[26] The mPW1K/6-31+


G** level of theory was therefore used for single-point
energy calculations in solvent continuum by using the gas-
phase geometries at the same level.


The activation barriers in the condensed phase, as sum-
marized in Table 2, are generally found to be lower than the


corresponding values in the gas-phase. The most significant
reductions in barriers are noticed for the C�C bond-forma-
tion (TS ACHTUNGTRENNUNG(b–c)) as well as the proton-transfer (TS ACHTUNGTRENNUNG(c–d)) steps
in water. This is due to the electrostatic stabilization of the
charge-separated (zwitterionic) transition states in the di-ACHTUNGTRENNUNGelectric continuum.[27] More interestingly in the present con-
text are the mode-dependent changes in the rate-limiting
step. For example, in 2 Wc the proton-transfer step exhibits
a lower barrier than the C�C bond formation. These predic-
tions allude to a likely change over, or existence of compet-
ing rate-limiting steps, under polar protic conditions. Fur-
ther, it is evident that the inclusion of explicit protic solvent
molecule(s) is essential along with implicit continuum solva-
tion treatments for an improved description of specific
solute–solvent and other long-range interactions. High
volume ratio of protic co-solvents in experiments additional-
ly justifies the use of the cluster-continuum method, as em-
ployed in this study.


In conclusion, we have demonstrated that the inclusion of
explicit water molecule(s) in transition-state models results
in reduction of activation barrier in the rate-limiting step of
the MBH reaction between acrolein and fomaldehyde cata-
lyzed by trimethylamine. The predicted lowering of the acti-


vation barrier concurs with the experimental observation on
the rate enhancements of MBH reaction in the presence of
polar protic co-solvents. On the basis of the overall reduc-
tion in activation barrier predicted using a cluster-continuum
model, we propose that MBH reaction could enjoy water
catalysis, a point of potential mechanistic relevance. In the
presence of loosely bound co-solvent(s), several near-degen-
erate transition states are possible and therefore a careful
sampling of the water-bound transition states are desirable
towards identifying the rate-limiting step in MBH reaction.


Computational Methods


All the stationary points were optimized at the CBS-4M and mPW1K/6-
31+ G** levels of theory by using Gaussian 03 suite of programs.[28] Tran-
sition states were first characterized by their imaginary frequencies per-
taining to the desired reaction coordinate and subsequently by using the
intrinsic reaction coordinate (IRC) calculations. Single-point energies in
the condensed phase were computed by using the IEF-PCM formalism at
the mPW1K/6-31 +G** level of theory by employing UAKS radii.[29] This
approach is termed as “cluster-continuum” model, in which the cluster
consists of water-bound transition states.
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Microwave Synthesis of a Rare [Ru2L3]
4+ Triple Helicate and Its Interaction


with DNA


Christopher R. K. Glasson,[a] George V. Meehan,*[a] Jack K. Clegg,[b]


Leonard F. Lindoy,*[b] Jayden A. Smith,[a] F. Richard Keene,[a] and Cherie Motti[c]


Polypyridyl ruthenium(II) complexes display a range of
characteristic properties that include inertness, redox prop-
erties, excited state reactivity, luminescence emission, and
excited state lifetimes.[1,2] As a consequence metallosupra-
molecular examples incorporating polypyridyl ruthenium(II)
moieties have been incorporated into molecular machines,[3]


molecular electronic components,[4–6] solar cell dye sensitiz-
ers,[5,7] luminescence sensors,[5] novel drug analogues, and
DNA binders.[5,8] A range of reports have described the syn-
thesis of ruthenium(II) structures using self-assembly pro-
cesses. These include metallocycles,[9] cubes,[10] heterometal-
lic,[11,12] and homometallic[13] helicates.


It is now well established that di-bidentate ligand systems
may interact with octahedral metal ions to yield triple-heli-
cal species of the type [M2L3]


n+ .[14] However, helicate forma-
tion may be hindered when employing inert metal ions by
the kinetic formation of polymeric material. In a paper by
Pascu et al.[13] the interaction of ruthenium(II) with a bis-di-
imine ligand led to the formation of the only [Ru2L3]


4+ heli-
cate reported so far. This reaction gave the product in 1 %
yield, reflecting the inherent difficulty of working with this
kinetically-inert metal ion. To combat such low yields, a
number of elegant synthetic strategies have been successful-
ly employed. Fletcher et al.[15] utilized a tethered tris-bipyr-
idyl ligand to kinetically enhance the formation of the facial
geometric isomer in a stepwise synthetic approach to a het-


erometallic helicate. In further reports Torelli et al.[11,12] out-
lined the use of a tris ACHTUNGTRENNUNG(diimine)ruthenium(II) complex as a
novel �labile� partner to synthesize several RuII-f-block het-
erometallic helicates in high yield.


Recently, we reported the successful synthesis of an
[Fe4L6]


8+ tetrahedron based on the interaction of iron(II)
and the rigid quaterpyridine derivative L (Figure 1).[16] This


result prompted an investigation of the use of other transi-
tion-metal ions in analogous metal-directed assembly pro-
cesses with L. We now report the synthesis and characteriza-
tion of a new [Ru2L3]


4+ helicate based on the interaction of
ruthenium(II) and L (Figure 1). The results of DNA binding
experiments with [Ru2L3]


4+ are also presented.
Initially, a self-assembly reaction was attempted by em-


ploying RuCl3 and L in a 2:3 ratio in ethanol under reflux
for two weeks. This approach led to the production of a
complex mixture of products that included brown intracta-
ble polymeric material. When the reaction was repeated
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Figure 1. The interaction of L with RuCl3 and FeCl2 to yield the helicate
[Ru2L3]


4+ and the tetrahedron [Fe4L6]
8+ , respectively.


Chem. Eur. J. 2008, 14, 10535 – 10538 � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 10535


COMMUNICATION







under microwave irradiation in ethylene glycol at 225 8C for
4.5 h it resulted in an orange/brown solution, characteristic
of the [Ru ACHTUNGTRENNUNG(bpy)3]


2+ chromophore (see Experimental Sec-
tion). The resulting product, isolated as its PF6


� salt, was pu-
rified by chromatography on silica gel giving a moderate
yield of 36 %. Nevertheless, this yield is substantially larger
than the 1 % obtained for the only other dinuclear rutheni-
um(II) helicate[13] mentioned previously.


The seven observed 1H NMR resonances and eleven
13C NMR resonances are consistent with L possessing C2


symmetry within the complex. 1H–1H COSY and NOESY
experiments allowed the full assignment of the 1H NMR
spectrum. Microanalyses for C, H, and N were in agreement
with a 2:3 Ru:L ratio. A high-resolution electrospray ioniza-
tion mass spectrum of this material gave +1 and +2 ions
corresponding to two successive losses of PF6


� ions from the
formula [Ru2L3]ACHTUNGTRENNUNG(PF6)4 (see Figure S1 in the Supporting In-
formation). There was no evidence for ions corresponding
to larger species of general formula M2nL3n (n> 1) in the
mass spectrum of the reaction mixture.


Crystals suitable for X-ray diffraction were grown from
Et2O/CH3CN, and the resulting structure confirmed the for-
mation of the expected helical assembly of the type
[Ru2L3]


4+ (Figure 2). The structure crystallizes in the chiral


space group P63 with two independent complexes per unit
cell ; thus each crystal is itself optically active (see Section
S2 in the Supporting Information).[17] The two octahedral
ruthenium(II) centers are separated by 7.6 � and bridged by
three quaterpyridine ligands such that the stereochemistry
of the metal centers of each discrete unit is either DD (P) or
LL (M). There is a significant distortion from planarity of
each sp2-hybridized ligand, indicating that induced ligand
strain is present (Figure 2 a). The chiral twist associated with
the helix is 598 and extends for 17.6 � along the length of
each ligand.


It appears that the following factors may influence the dif-
ferent structure obtained for the present ruthenium(II) as-
sembly compared with that for the corresponding iron(II)
assembly of L reported earlier (see Figure 1). The larger
size of the ruthenium(II) ion relative to iron(II) may serve
to ameliorate the degree of ligand strain required for the
formation of the entropically favored [M2L3]


4+ helicate over
its larger [M4L6]


8+ analogue. Alternatively, the slower kinet-
ics of formation in the former case could also be important


if the smaller unit is essentially a kinetic product. However,
with respect to this, it is noted that the microwave synthesis
of the octahedral ruthenium(II) complex of an unsymmetri-
cally substituted bipyridine ligand in ethylene glycol at
200 8C (similar conditions to those used by us) has recently
been reported to result in stereocontrol of ligand binding
such that the fac-isomer was the sole product obtained.[18]


This outcome was postulated to reflect the enhanced lability
of at least one of the coordinated ligands under the high-
energy conditions employed. It appears likely that a similar
situation may also apply to the present synthesis. Preferen-
tial formation of the fac-isomers of related octahedral ruthe-
nium(II) complexes under thermodynamic control has also
been reported by Fletcher et al.[19]


The red-orange color of [Ru2L3]
4+ is typical of a [Ru-ACHTUNGTRENNUNG(bipy)3]


2+ chromophore with the UV/Vis absorption spec-
trum revealing an MLCT band at 469 nm (e


[dm3 mol�1 cm�1] 22 700) in acetonitrile (Figure 3 a). Excita-


tion at the MLCT wavelength (469 nm) of the complex in
acetonitrile results in an emission centered at 604 nm.
[Ru2L3]


4+ (as its Cl� salt) also emits strongly in water re-
vealing little evidence of solvent-mediated nonradiative vi-
brational quenching.


The uninterrupted sp2 hybridization of the three quater-
pyridyl bridging ligands suggested the possibility of electron-
ic communication between the ruthenium(II) centers. Ac-
cordingly, cyclic voltammetry (CV) was conducted on the
complex to evaluate whether any separation of the oxidation
potentials occurs between the metal centers (see Section S3
in the Supporting Information). The CV results show a
single wave (E1/2 =1.43 V; DEp = 101 mV; 2 e�) under the
conditions employed. There is no indication of a separation
of the two oxidation processes, indicating an absence of sig-
nificant communication between the metal centers under
the conditions employed (see Figure S2 in the Supporting
Information),[20] perhaps reflecting the observation from the


Figure 2. Crystal structure of [Ru2L3] ACHTUNGTRENNUNG(PF6)4·1.125 H2O·2.25 MeCN; a) view
perpendicular to the principal C3 axis, and b) viewed down the C3 axis
(hydrogens, counterions, and solvent are removed for clarity). Figure 3. a) The absorption and emission spectra of [Ru2L3]


4+ in acetoni-
trile; b) the CD spectra for the P and M enantiomers of [Ru2L3]


4+ in ace-
tonitrile.


www.chemeurj.org � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 10535 – 1053810536



www.chemeurj.org





X-ray determination (Figure 2 b) that the two 2,2’-bipyridyl
chelates of each quaterpyridine are twisted out of plane by
70–808.[6]


Separation of the P and M helicates was achieved by
chromatography of the racemic mixture of [Ru2L3]


4+ on C-
25 Sephadex with 0.1 m (�)-O,O�-dibenzoyl-l-tartaric acid as
eluent.[21] Circular dichroism (CD) measurements were un-
dertaken to assign the absolute configurations of the P and
M helicates. Absolute configurations were determined on
the basis of the sign of the p–p* transition at 325 nm, result-
ing in the chromatographic band with the observed positive
sign being assigned to the P helicate and the band with the
observed negative sign being assigned as the M helicate.[22]


Figure 3 shows the overlaid CD spectra corresponding to
the separated bands. It should be noted that no reductions
in CD signals were observed over four months for the sepa-
rated helicate solutions, in accord with the expected high in-
ertness of [Ru2L3]


4+ .
Reports[13, 23] that related [M2L3]


4+ helicates exhibit inter-
esting DNA binding characteristics prompted us to investi-
gate the ability of [Ru2L3]


4+ to bind to DNA. An indication
that the enantiomers of [Ru2L3]


4+ do bind selectively to
duplex DNA was obtained from their efficient separation by
the DNA affinity chromatography procedure reported by
Smith et al.[24] (see Section S4 in the Supporting Informa-
tion). Using a Sepharose-immobilized AT dodecanucleotide
column, a clear separation of the enantiomers was observed;
the P helicate was strongly retained whilst the M helicate es-
sentially eluted with the solvent front. Less efficient (but
still satisfactory) separations were observed with other
DNA motifs; for example, on employing a GC 12-mer and
bulge and hairpin sequences. In each case the P-helicate
bound to the column more strongly than the M-enantio-
mer.[25] An equilibrium dialysis experiment was also con-
ducted using calf thymus DNA (ct-DNA) to investigate the
interaction of the racemic mixture of helicates with natural
DNA (see Section S5 in the Supporting Information). This
experiment clearly showed preferential dialysis of the P-
[Ru2L3]


4+ in agreement with the observed chromatographic
affinities. Further, a spectrophotometric binding study[26] of
the enantiomers of [Ru2L3]


4+ with ct-DNA indicated bind-
ing constants in excess of 105


m
�1.


In conclusion, we have demonstrated the microwave syn-
thesis of a rare example of a dinuclear helicate, [Ru2L3]


4+ ,
in 36 % yield, and demonstrated that it can be separated ef-
ficiently into its P- and M-enantiomers by DNA-based affin-
ity chromatography. Investigations designed to extend this
work by employment of functionalized/bridged versions of
ligand L are at present underway.


Experimental SectionACHTUNGTRENNUNG[Ru2L3] ACHTUNGTRENNUNG(PF6)4·H2O : A solution of RuCl3 (80.77 mg, 0.39 mmol) and a sus-
pension of L (200 mg, 0.59 mmol) in dry degassed ethylene glycol
(20 mL) was allowed to react using microwave energy (65 % of 400 W in
a pressure vessel), while maintaining the temperature at 225 8C for 4.5 h.


Water was added to the orange solution and an excess of NH4PF6


(200 mg, 1.23 mmol) was added. The resulting orange solid that formed
was filtered off and washed with water. This crude material was purified
by chromatography on silica gel using a mixture of acetonitrile, saturated
aqueous KNO3, and water (14:1:2, respectively) as the eluent. This yield-
ed the pure complex (125 mg, 36%) as an orange crystalline solid;
1H NMR (300 MHz, [D3]acetonitrile, 25 8C): d= 2.28 (s, 18 H; 5,5’’’-Me),
7.31 (dd, J =1.2 and 0.6 Hz, 6H; H-6,6’’’), 7.95 (ddd, J=8.4, 1.8 and
0.6 Hz, 6H; H-4,4’’’), 8.06 (d, J =1.8 Hz, 6H; H-6’,6’’), 8.17 (dd, J =8.4
and 1.8 Hz, 6H; H-4’,4’’), 8.42 (d, J=8.4 Hz, 6 H; H-3,3’’’), 8.43 ppm (d,
J =8.4 Hz, 6H; H-3’,3’’); 13C NMR (75 MHz, [D3]CD3CN, 25 8C): d=


19.58, 125.09, 125.95, 137.88, 138.89, 140.31, 141.07, 151.15, 153.84, 155.29,
159.96 ppm; UV/Vis (CH3CN): lmax (e)=469 (22 700 dm3 mol�1 cm�1);
FTMS (+ESI): m/z ; 1653.1710 ([M�PF6]


+ . Ru2C66H54N12P3F18 requires
1653.1632), 754.1011 ([M�2PF6]


2+ . Ru2C66H54N12P2F12 requires
754.0992); elemental analysis calcd (%) for C66H54N12F24P4Ru2·H2O: C
43.61, H 3.11, N, 9.25; found: C 43.86, H 3.51, N 8.97.
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Efficient Synthesis of b-Hydroxy Ketones from Allylic Alcohols by Catalytic
Formation of Ruthenium Enolates


Agnieszka Bartoszewicz, Madeleine Livendahl, and Bel�n Mart�n-Matute*[a]


Transition-metal complexes 1 catalyze the transformation
of allylic alcohols 2 into enols (enolates) (Scheme 1).[1a–-c]


This internal redox process avoids the use of stoichiometric
amounts of oxidizing and reducing agents. In the presence
of aldehydes, the in situ generated enolates can be trapped
and form important b-hydroxy ketones (aldols) (Scheme 1a).


This transformation is important not only because of the
new C�C bond which is formed, but also because two new
stereogenic centers are created. Furthermore, the formation
of metal enolates via isomerization of allylic alcohols over-
comes some of the limitations of the classical approaches.
For example, stoichiometric amounts of strong bases or stoi-
chiometric formation of enol derivatives are not necessary,
self-condensation products are not produced, and the regio-
selectivity can be controlled.


The coupling of allylic alcohols with aldehydes has al-
ready been performed with some success.[1b, 2–4] However, a


major problem has been the efficiency of the reaction due
to the formation of unwanted ketone by-products (3,
Scheme 2b) and a low syn/anti diastereoselectivity. Li et al.
used [RuACHTUNGTRENNUNG(PPh3)3Cl2] (1 a) in toluene/H2O mixtures at 100 8C
to obtain aldols in moderate yields (27–72 %).[2a] When they
used aromatic allylic alcohols, such as a-vinylbenzyl alcohol
(2 a),[2b] propiophenone (3 a) became the major product. The
yield of the aldol products dramatically increased in the
presence of In ACHTUNGTRENNUNG(OAc)3.


[2b] They also found that in an ionic
liquid, the reactions proceeded well at 90 8C.[2c–d] Gr�e et al.
employed [RuACHTUNGTRENNUNG(PPh3)3HCl] to produce aldols in up to 72 %
yield and in short reaction times (<2 h).[3a] However, under
such conditions, ketones 3 were formed (5–52 %). They have
also used Fe and Ni complexes.[3b–e] In the former case, small
amounts of regioisomeric aldols were produced. Better re-
sults were obtained with Ni complexes and Mg salts as co-
catalysts; aldol products were formed in high yields together
with small amounts of ketones 3 (2–15 %).


As part of our ongoing research, we decided to search for
a ruthenium complex that would perform the isomerization–
aldol domino process with the highest possible atom econo-
my. Thus, we aimed to find a ruthenium catalyst that could
completely suppress the formation of unwanted ketones 3
while yielding aldol products in quantitative yields, and ide-
ally, under very mild reaction conditions. We report here the
most efficient ruthenium-catalyzed transformation of allylic
alcohols into aldols, where the formation of unwanted by-
products is completely suppressed and aldol products are
formed in up to 99 % yield at ambient temperature. We also
provide evidence for a mechanism via coordinated alkoxide
and coordinated a,b-unsaturated ketone that accounts for
the diastereoselectivity obtained.


Ru–halide complexes are the catalysts of choice in many
transformations involving hydrogen transfer.[1] In the early
90s, a break-through came with the discovery by B�ckvall
et al. of the dramatic acceleration effect (103–104 fold) in-
duced by the addition of a base (KOH) to a transfer hydro-
genation reaction of ketones catalyzed by [RuACHTUNGTRENNUNG(PPh3)3Cl2]
(1 a).[5] Other bases (K2CO3, RLi, ROK)[2a] to activate
metal–halide complexes can be used. Changing the base


[a] A. Bartoszewicz, M. Livendahl, Dr. B. Mart�n-Matute
Department of Organic Chemistry, Arrhenius Laboratory
Stockholm University (Sweden)
Fax: (+46) 8-15-4908
E-mail : belen@organ.su.se


Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200801690.


Scheme 1. a) Formation of aldols from allylic alcohols using a catalytic
amount of a transition metal complex. b) Unwanted isomerization path-
way.


Chem. Eur. J. 2008, 14, 10547 – 10550 � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 10547


COMMUNICATION







used to activate the complex can result in a complete
change of the reactivity during catalysis. In particular,
KOtBu has given excellent results,[6] and in one case, a com-
plex with structure of LnRuOtBu was characterized as a cat-
alytic intermediate.[6d–e]


We reasoned that the activity of a variety of Ru–Cl com-
plexes in the coupling reaction of allylic alcohols with alde-
hydes could be enhanced by the use of KOtBu. Thus, we
studied the Ru-catalyzed couplings between a-vinylbenzyl
alcohol (2 a) and p-chlorobenzaldehyde (4 a) using commer-
cially available ruthenium complexes [Ru ACHTUNGTRENNUNG(PPh3)3Cl2] (1 a)
and [h5-CpRu ACHTUNGTRENNUNG(PPh3)2Cl] (1 b) activated by a catalytic
amount of KOtBu (Scheme 2). Unfortunately, neither cata-
lyst 1 a nor 1 b gave any coupling product at ambient tem-
perature. Instead, isomerization of a-vinylbenzyl alcohol
(2 a) to propiophenone (3 a, Scheme 2b, R1 = H, R= Ph) was
observed in only 3–5 h. Upon heating at 50 8C, 1 a and 1 b af-
forded aldol 5 in 22–34 % together with ketone 3 a in about
40 % yield. We decided to turn our attention to other Ru
complexes. We had used Ru complex 1 c [h5-
(Ph4MeCp)Ru(CO)2Cl] before in the coupling of allylic al-
cohol 2 a with benzaldehyde (4 b).[7] Unlike complexes 1 a or
1 b, complex 1 c afforded aldol product 6 in high yield (72 %,
syn/anti 52:48) at 50 8C after only 2 h. However, 1 c did not
suppress the formation of ketone 3 a, which was obtained in
28 % yield.


We postulated that if the mechanism of the coupling
occurs via Ru–enolates (Scheme 2), increasing the size of
the ligands on Ru could prevent protonation at the oxygen
atom and thus minimize the formation of ketone 3. Impor-
tantly, the steric environment of the C2 carbon of the Ru–
enolate, where the new C�C bond will be formed, would be
affected less. We were pleased to find that the Ru complex
containing a cyclopentadienyl ligand bearing five phenyl
groups [h5-(Ph5Cp)Ru(CO)2Cl] (1 d) activated by KOtBu
yielded aldol 5 after only 3.5 h at room temperature in
>99 % yield (Scheme 2 and Table 1, entry 1) from allylic al-
cohol 2 a and p-chlorobenzaldehyde (4 a, 1.5 equiv). Isomeri-


zation of 2 a to ketone 3 a was not detected. A variety of al-
lylic alcohols (2 a–d) could be coupled with a number of al-
dehydes (4 a–g) affording aldols 5–14 a in excellent yields
(Scheme 2, Table 1), and in most cases, under very mild re-
action conditions. Furthermore,
the domino transformation
takes place with complete re-
gioselectivity, as shown in
entry 10, since regioisomeric
aldol 14 b was not formed.[8]


Unfortunately, primary allylic
alcohols failed to yield the coupling product.


In an effort to understand the diastereoselectivity
achieved, we followed the coupling of 2 a and 4 a in
[D8]toluene by 1H NMR spectroscopy. We observed that at
the beginning of the reaction, the syn-aldol was the major
diastereomer (syn/anti 94:6). The ratio slowly changed as
the reaction proceeded yielding higher amounts of the anti
diastereomer (Figure 1).


The cross-coupling between deuterated allylic alcohol
[D1]2 a and aldehyde 4 a afforded monodeuterated aldol
[D1]5, with the deuterium label exclusively on the methyl
group (Scheme 3).


Based on the results shown above, we propose the mecha-
nism shown in Scheme 4. Ruthenium chloride 1 d reacts with
KOtBu forming a ruthenium tert-butoxide complex
(LnRuOtBu, 15).[6d,e–9] Reaction of 15 with allylic alcohol 2 a
gives a new alkoxide 16,[4,7,10] as detected by 1H NMR spec-


Scheme 2. Ru-catalyzed reaction of allylic alcohols 2 with aldehydes 4.


Figure 1. Cross-coupling of 2b and 4 a in [D8]toluene catalyzed by 1d at
20 8C. t=0 min corresponds to the first 1H NMR spectrum recorded [D :
2a ; &: 5 (syn+anti); � : % of syn in 5].


Scheme 3. Coupling of a deuterium-labeled allylic alcohol.
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troscopy (see Supporting Information). Next, b-hydride
elimination forms intermediate 17 where the a,b-unsaturat-
ed ketone stays coordinated to the Ru–hydride. This is sup-
ported by the fact that the aldehyde (4) is not reduced to
benzyl alcohol by Ru–H species. 1,4-Addition of the hydride
yields Ru–enolate 18. We believe that cis-enolates are pro-
duced since 2-cyclohexen-1-ol failed to isomerize to cyclo-
hexanone or to yield any aldol in the presence of 4 a
(Scheme 5). Instead, traces of 2-cyclohexenone and p-chlo-ACHTUNGTRENNUNGrobenzyl alcohol were detected. Thus, b-hydride elimination
occurs, but subsequent 1,4-addition of the hydride to the
double bond does not take place. This experiment suggests


that an s-cis conformation of
the unsaturated ketone, impos-
sible for 2-cyclohexenone to
adopt, is required for the 1,4-
hydride addition to occur.
Therefore, from the s-cis con-
formation of 17, hydride addi-
tion yields a cis-enolate (18).
Formation of the syn-aldol
from cis-enolate-18 and alde-
hyde 4 can be explained by a
Zimmerman–Traxler six-mem-
bered transition state.[11] The
anti-aldol may be mainly pro-
duced by Ru-catalyzed epimeri-
zation of the syn-aldol. It is
known that 1 d catalyzes the
fast racemization of sec-alco-
hols.[6c–d]


In conclusion, we have devel-
oped a Ru-catalyzed coupling
of allylic alcohols and alde-
hydes under mild reaction con-
ditions where the formation of
ketones (3) or other by-prod-
ucts (benzyl alcohols or a,b-un-
saturated ketones) is complete-
ly suppressed, and aldols are
obtained in up to 99 % yield in
high syn/anti ratio.


Experimental Section


General procedure for the cross-cou-
pling reactions : KOtBu (56 mL; 0.5m


in THF, 7 mol %) was added to a mix-
ture of complex 1 d (13 mg,
0.020 mmol, 5 mol %) and Na2CO3


(42 mg, 0.4 mmol) in degassed toluene
(1 mL) under a nitrogen atmosphere.
The mixture was stirred for 3 min
before a solution of the allylic alcohol
alcohol (2, 0.4 mmol) and aldehyde (4,
0.6 mmol) in degassed toluene (1 mL)
was added via syringe. The mixture
was then stirred at the appropriate
temperature (see Table 1). Aliquots


were taken and analyzed by 1H NMR spectroscopy. When the analysis
showed that no allylic alcohol (2) was left, the products were isolated by
column chromatography (pentane/AcOEt 100:1!10:1), usually as an in-
separable mixture of syn and anti diastereomers.
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Table 1. Cross-coupling between allylic alcohols and aldehydes catalyzed by Ru complex 1d.[a]


Entry T [8C]/t [h] Aldol/Ketone [%][b] Aldol product Yield [%][c]/syn :anti[d]


1 25/3.5 5/3a (>99:<1) >99 (88)/77:23


2 25/4 7/3b (>99:<1) >96[e]/79:21


3 25/3.5 8/3a (>99:<1) 99 (78[f])/83:17


4 35/2.5 6/3a (99:1) 97 (84)/69:31


5 35/1 9/3a (95:5) 95 (93)/60:40


6 25/5 10/3a (99:1) 97 (82)/82:18


7 50/7 11/3a (>99:<1) 92 (80)/82:18


8 25/7 12/3a (>99:<1) >99 (78)/70:30


9 65/18 13/3c (>99:<1) 69 (59)/60:40


10 35/5 14/3d (>99:<1) >95 (79)/40:60 g]


[a] See Experimental Section. [b] Determined by 1H NMR spectroscopy of the crude mixture. [c] Isolated
yield in parentheses. [d] Determined by 1H NMR spectroscopy. [e] 7 could not be separated from traces of 2 b.
[f] Only syn-8 was isolated. [g] At RT, 14 was obtained in 75 % yield, syn/anti 80:20 after 24 h.
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Ionothermal Synthesis of Magnesium-Containing Aluminophosphate
Molecular Sieves and their Catalytic Performance
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Zhi-Jian Tian,*[a] and Li-Wu Lin[a]


Owing to their promising catalytic and adsorptive proper-
ties,[1] microporous materials, often referred to as molecular
sieves or open-framework materials, have attracted more
and more attention in different research fields.[2] Among
them, microporous aluminiophosphate molecular sieves
(designated AlPO4-n) have been extensively studied by
many authors, owing to their wonderfully complex structures
and broadly applications since their discovery in 1982.[3]


However, because the frameworks of these materials are
neutral and lack of Brønsted acid sites,[4] sometimes they
can not be used in catalysis directly. Nevertheless, the lattice
Al and/or P atoms in the AlPO4-n frameworks can be parti-
ally replaced by silicon (designated (SAPO-n) and/or other
metal elements (designated MeAPO-n), to form frameworks
with Brønsted acid sites and/or catalytically active metal
centers.[5]


Commonly, AlPO4-n and MeAPO-n compounds are often
crystallized from a gel under hydrothermal or solvothermal
conditions.[6,7] Recently, a novel synthetic route (ionothermal
synthesis) provides a potential route to making these micro-
porous materials. Ionothermal synthesis is the use of an
ionic liquid[8] or eutectic mixture[9] as the reaction solvent
and if necessary, the structure-directing agent in the synthe-
sis of materials. Ionic liquids are special molten salts typical-
ly containing organic cations and inorganic anions.[10] The


peculiar properties of ionic liquids endow the ionothermal
synthesis many interesting features and potential advantages
over the traditional methods of molecular sieve synthesis.
For example, the ionothermal synthesis can take place at
ambient pressure because of the vanishingly small vapor
pressure of ionic liquids, which eliminates the safety con-
cerns associated with high pressures. In addition, the excel-
lent microwave-absorbing property of ionic liquids[11] allows
the ionothermal synthesis being carried out under micro-
wave conditions,[12] leading to the rapid crystal-growth rate
and high product selectivity.


Although many AlPO4-based molecular sieves including
some novel-framework topologies have been prepared using
ionothermal method, the amount of the MeAPO-n struc-
tures synthesized ionothermally is relatively small. To date,
only several SAPO-n[13] and CoAPO-n[14, 15] structures could
be obtained by using this new synthetic technique. More-
over, the research on the applications of these MeAPO-n
compounds to catalysis or gas adsorption has not been re-
ported in the literature.


Herein we demonstrate that the ionothermal synthesis
method can be applied to the synthesis of MeAPO-n materi-
als with excellent catalytic performance. In the present
work, a magnesium compound was introduced into the reac-
tion system of AlPO4-n and several Mg-containing alumino-
phosphate molecular sieves were successfully synthesized in
1-butyl 3-methylimidazolium bromide ionic liquid
([bmim]Br). Results are presented about the physical and
chemical characterization (such as X-ray diffraction: XRD,
X-ray fluorescence: XRF, scanning electron microscopy:
SEM, Brunauer–Emmett–Teller: BET, NH3-temperature
programmed desorption: NH3-TPD, thermogravimetric: TG,
and NMR analysis) of the MAPO samples obtained with
different Mg contents and amine as well as their catalytic
evaluation in the hydroisomerization of n-docecane.


Table 1 summarizes the details of the synthesis conditions
and the products obtained ionothermally. Only the AlPO4-
tridymite dense phase could be obtained at 170 8C for 3 day
without the addition of metal elements (Table 1, AlPO).
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However, after a magnesium compound was added to the
reaction system in a range of ratios, MAPO mixture sam-
ples, which contained AFI,[16] AEL,[17] and dense structures,
were prepared by using the same conditions (Table 1, MA1–
MA3). This indicates that the magnesium compound added
to the synthesis mixtures may contribute an additional struc-
ture-directing effect along with the ionic liquid, which is
similar to the effect of cobalt hydroxide in the synthesis of
CoAlPOs.[14] When the same synthesis reaction was carried
out in the presence of n-dipropylamine (nDPA), pure
MAPO-11 samples (Table 1, MA4–MA6) with different Mg
contents were formed after 7 days. This is another example
of the structure-directing effect of amine, which affects the
dynamics of the crystallization process and inhibits the
transformation of MAPO frameworks to the ultimate dense
phase.[18]


The SEM images of the MAPO samples prepared iono-
thermally are shown in Figure 1. The MAPO mixtures dis-
play a block-like morphology and the particle size increases
with the increase in the Mg content. In contrast, the crystals
of the MAPO-11 samples are thin rods, which begin to ag-
glomerate with increasing the Mg content. Such a significant
difference in morphologies between the MAPO mixtures
and the MAPO-11 samples should be attributed to the pres-
ence of the amine.


The results of characterization show that the addition of
amine could also influenced the incorporation of Mg2+ ions
into aluminophosphates, which is of great importance for
the generation of the catalytically reactive sites.[5,19] For
MAPO samples with the same Mg content in the synthesis
mixtures, the MgO/Al2O3 ratio in the MAPO mixtures
(Table 1, MA1–MA3) is much higher than that in MAPO-11
(Table 1, MA4–MA6), suggesting that the amine may go
against the incorporation of Mg element into the final prod-
ucts. Moreover, The MAPO mixtures present a drop in the
BET surface area and micropore volume (Table 2, MA1–
MA3) compared to the AlPO4-n products, and the drop is
more pronounced with the increase in the Mg content. In
contrast, in the hydrothermal synthesis of MAPO molecular
sieves,[20,21] the micropore volumes would not exhibit such a
noticeable decrease. This is likely due to the poor solubility
of Mg species in ionic liquid so that the excessive Mg mate-


rials would not dissolved in the ionic liquid but formed
extra-framework species probably located at the outer sur-
face or occluded in channels. However, although a similar
drop was observed in the case of MAPO-11 (Table 2, MA4–
MA6), this decrease became less evident, indicating that the
presence of amine may restrain the formation of the extra-
framework species to some extent.


The NH3-TPD profiles of the MAPO samples showed two
obvious desorption regions. The first maximum around
220 8C was assigned to weakly bound ammonia and the
second one at 330 8C should be attributed to the ammonia
desorbed from the strong acid sites originating from the sub-
stitution of Mg2+ for Al3+ in the framework.[20] For the


Table 1. Synthesis details and conditions for the preparation of MAPO
structures.


Sample[a] x ACHTUNGTRENNUNG(MgO) y ACHTUNGTRENNUNG(nDPA) Time
[d]


Structure MgO/
Al2O3


[c]


AlPO 0 0 3 T[b] –
MA1 0.03 0 3 AEL +AFI +T[b] 0.011
MA2 0.06 0 3 AEL +AFI +T[b] 0.026
MA3 0.09 0 3 AEL +AFI +T[b] 0.065
MA4 0.03 0.3 7 AEL 0.003
MA5 0.06 0.3 7 AEL 0.018
MA6 0.09 0.3 7 AEL 0.032


[a] Molar composition of synthesis mixtures: x ACHTUNGTRENNUNG(MgO): 1.0Al2O3:
3.0P2O5: 0.6HF: 20 ACHTUNGTRENNUNG[bmim]Br: y ACHTUNGTRENNUNG(nDPA) and the synthesis temperature is
170 8C. [b] T represents AlPO4-tridymite dense phase. [c] Determined by
elemental analysis.


Figure 1. The SEM images of the MAPO samples.


Table 2. BET area, microporous volume and acidity of the MAPO sam-
ples.


Sample BET Micropore Absorbed NH3 [mmol g�1]
areaACHTUNGTRENNUNG[m2g�1]


volumeACHTUNGTRENNUNG[cm3g�1]
Total


acidity
Weak


acidity[b]
Strong


acidity[b]


AlPO4-11[a] 196 0.070 – – –
MA1 103 0.050 0.051 0.013 0.038
MA2 73 0.035 0.148 0.064 0.084
MA3 47 0.021 0.410 0.141 0.269
MA4 185 0.085 0.356 0.192 0.164
MA5 143 0.062 0.623 0.327 0.296
MA6 81 0.036 0.345 0.151 0.194


[a] Synthesized at 170 8C for 24 h with the composition: x ACHTUNGTRENNUNG(MgO):
1.0Al2O3: 3.0 P2O5: 0.6HF: 20 ACHTUNGTRENNUNG[bmim]Br. [b] Weak acidity =ammonia de-
sorption in peak around 220 8C, Strong acidity=ammonia desorption in
peak around 330 8C.
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MAPO mixtures (Table 2, MA1–MA3), the total number of
acid sites increased with the Mg content, while the amounts
of adsorbed ammonia from MAPO-11 synthesized with
nDPA (Table 2, MA4–MA6) displayed a maximum. More-
over, for samples with Mg content in the synthesis mixtures
in the range 0.03-0.06, the amount of ammonia adsorbed on
the acid sites of the MAPO-11 samples is much larger than
that of the MAPO mixtures. This may be ascribed to the
larger amount of the extra-framework species on the
MAPO mixtures which hampered the adsorption of ammo-
nia on the Brønsted acid sites by blocking the pore. Never-
theless, because more Mg2+ ions may be incorporated into
the framework, as the MgO/Al2O3 ratio in the MAPO mix-
ture increases (Table 1), the amount of ammonia adsorbed
on the strong acid sites of the MA3 sample is higher than
that of the MA6 sample.


The typical 27Al magic angle spinning (MAS) NMR spec-
tra and the 31P MAS NMR spectra of the as-synthesized
MAPO mixture (MA1) and MAPO-11 (MA4) is shown in
Figure 2. The 27Al MAS NMR spectra present an intense


signal in the d=40.5 and 39.6 ppm region for MA1and MA4
sample, respectively, typical of Al in tetrahedral coordina-
tion.[22,23] Two additional peaks: one at around d= 28 ppm
assigned to the five-coordinated aluminum sites[24,25] and the
other broad resonance at around d=�13 ppm correspond-
ing to octahedral aluminum environment[26] were also ob-
served for the MA4 sample, although undistinguishable in
the case of the MA1 sample. For the MA4 sample, a should-
er appears at around d= 42 ppm, which may be caused by
the secondary interaction of the framework Al sites with the
template/water molecules.[27]


The 31P MAS NMR spectra of the MAPO materials show
a resonance at around d=�29 ppm attributed to the tetra-
hedral PACHTUNGTRENNUNG(4 Al) environment and a signal centered at around
d=�23 ppm which can be assigned to P(3 Al,1 Mg) units in
the framework.[23,26] In the case of MA1, an additional reso-
nance at d=�26.7 ppm can also be noticed. Similar result
was obtained by Deng et al. in the study of the structure of
MAPO and MAPSO molecular sieves synthesized hydro-
thermally.[28] They have attributed this signal together with


the resonance at around d=�23 ppm to the two distinct
P(3 Al,1 Mg) units.


The conversion and isomerization selectivity of n-dodec-
ane over 0.5 Pt/MAPO catalysts, as a function of the reac-
tion temperature, is presented in Figure 3. For the Pt/


MAPO mixture catalysts, the activity and the isomer selec-
tivity decreased gradually with the increase in the MgO/
Al2O3 ratio, along with the number of acid sites of the sam-
ples. It has been considered that the hydroisomerization ac-
tivity of n-alkane will increase with increasing the number
of acid sites.[29] However, the diffusional rate will decrease
with the increase in the MgO/Al2O3 ratio of the MAPO
mixture samples, owing to the fact that the micropore
volume dropped remarkably (Table 2), which was caused by
the formation of extra-framework species. This results the
decrease in the activity and selectivity of the catalysts al-
though the acidity increased.[30] For the Pt/MAPO-11 cata-
lysts, the Pt/MA5 exhibited the highest activity that the con-
version of n-dodecane amounts to 90 % at the reaction tem-
perature of 270 8C. However, the selectivity over this cata-
lyst was the lowest. The MA5 sample possesses the largest
number of acid sites (Table 2), which should be responsible
for its highest activity.[29] Nevertheless, the remarkable in-
crease in the number of acid sites of MA5 sample may also
influenced the balance between the acid and the hydrogena-
tion function of the metal, therefore, reduced its isomer se-
lectivity.[32,33] Relatively speaking, the Pt/MA4 catalyst has
the best hydroisomerization performance with the achieve-
ment of a conversion of 93 % and a selectivity of 94 % at
280 8C.


By comparison, the catalytic performance of the Pt/
MAPO-11 catalysts is much better than that of the Pt/


Figure 2. Typical 27Al MAS NMR spectra (a) and 31P MAS NMR spectra
(b) of the as-synthesized MAPO samples.


Figure 3. Conversion (left) and isomer selectivity (right) of n-dodecane as
a function of reaction temperature over Pt/MAPO mixture (top row) and
Pt/MAPO-11 (bottom row). Reaction conditions: n(H2)/n ACHTUNGTRENNUNG(nC12)=


15 (mol/mol); WHSV =0.3 h�1 (WHSV =weight hourly space velocity);
P= atmospheric pressure.


Chem. Eur. J. 2008, 14, 10551 – 10555 � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 10553


COMMUNICATIONMagnesium-Containing Aluminophosphate Molecular Sieves



www.chemeurj.org





MAPO mixture catalysts. The large amount of the extra-
framework species reduced the number of the acid sites ac-
cessible by the reactant and the diffusional rate on the Pt/
MAPO mixtures by blocking the pore, which affected both
the activity and selectivity of n-dodecane. The addition of
amine may restrain the formation of the extra-framework
species to some extent, which results an increase in the
amount of acid sites accessible by the reactant and a weaker
hindrance in the diffusion of isomerized products. Further-
more, the presence of amine may affect the incorporation of
Mg2+ into the framework (Figure 2), leading to a change in
the active sites on MAPOs. Accordingly, the higher activity
and selectivity were achieved over the Pt/MAPO-11 cata-
lysts. Notably, the hydroisomerization performance of n-do-
decane over the Pt/MA4 catalyst has reached, or even sur-
passed, the optimum performance of n-alkane over the Pt/
MAPO[33] catalysts synthesized by using the conventional
hydrothermal method. This result suggests that the ionother-
mal environment may lead to the unique sitting of the incor-
porated Mg2+ or novel distribution of the Mg2+ within the
framework, which is worthy of further study.


In summary, Mg-containing aluminophosphate molecular
sieves, with a range of Mg content, were synthesized iono-
thermally in [bmim]Br ionic liquid. The addition of amine
could affect the physical and chemical properties of the
MAPO materials and enhance the hydroisomerization per-
formance of n-dodecane over the Pt/MAPO catalysts. The
excellent catalytic result in this study shows that the iono-
thermal synthesis is a very promising method for the prepa-
ration of the microporous materials, which can be applied to
catalysis.


Experimental Section


General synthesis procedure of MgAPO-11 samples : A round-bottom
flask was charged with [bmim]Br (50 g, 0.228 mol), H3PO4 (3.35 g,
0.034 mol, 85 wt % in water), Al2O ACHTUNGTRENNUNG(CH3CO2)4·4H2O (4.31 g, 0.011 mol),
HF (0.15 g, 0.006 mol, 40 wt % in water), and an appropriate amount of
Mg ACHTUNGTRENNUNG(CH3COO)2·4H2O. Amine (0.003 mol) was added if required. Then
the reaction mixture was heated to 170 8C for several days. After cooling
to room temperature the products were washed thoroughly with distilled
water and acetone.


Characterization : The XRD pattern was collected by using a PANalytical
X’Pert Pro diffractometer with nickel-filtered CuKa radiation. The sample
morphology was examined by using SEM (JEOL JSN-6460LV model).
Chemical composition analysis was determined with a Philips Magix X-
ray fluorescence spectrometer. The acidity of the sample was character-
ized by using NH3-TPD with a Micromeritics Autochem 2910 automated
catalyst characterization system. The surface area and pore size distribu-
tion of the samples were measured by using the nitrogen adsorption-de-
sorption method (ASAP 2010, Micromeritics). The thermal analysis was
investigated by using a Perkin–Elmer Diamond analyzer. 1H, 13C, 27Al,
and 31P MAS NMR experiments were performed by using a Bruker
DRX-400 spectrometer.


Catalytic testing : The hydroisomerization of n-dodecane as a model reac-
tion was conducted at atmospheric pressure in a fully automated stainless
steel fixed bed continuous microreactor, loaded with 0.75 g of the catalyst
powder. The products were collected and analyzed on-line using a Varian
3800 gas chromatograph equipped with a capillary column (PONA,
100 m in length). The reaction conditions used in this work are 0.3 h�1


WHSV, H2/hydrocarbon ratio of 15 mol mol�1, and reaction temperatures
ranging from 240 to 320 8C.
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Synthesis of Naphthalenyl Acetate by Platinum-Catalyzed [1,5]-Sigmatropic
Hydrogen Shift of Propargylic Esters


Xing-Zhong Shu, Ke-Gong Ji, Shu-Chun Zhao, Zhao-Jing Zheng, Jing Chen, Li Lu,
Xue-Yuan Liu, and Yong-Min Liang*[a]


The [1,5]-sigmatropic hydrogen shift is a useful tool in or-
ganic synthesis[1] which has stimulated many mechanistic
studies[2] and has found numerous applications in complex
molecules synthesis.[3] In cyclic systems,[1c,4] this process has
also been proved efficiently by using acyclic dienes and its
derivates,[1c,5] such as cis-1,3-dienes,[5a,b] cis-1-alkyl-2-vinylcy-
clopropanes[5c,d] and cis-1-allen-4-enes[5e,f] [Eq. (1–3)]. How-
ever, in the alkyne area this reaction mechanism has not
been observed until Liu and co-workers recently reported
that cis-3-en-1-ynes did undergo the [1,5]-sigmatropic hydro-
gen shift via ruthenium–vinylidene intermediates [Eq. (4)].[6]


Consequently, reactions of the [1,5]-hydrogen shift in the
alkyne chemistry are still largely unexplored.


As a special of alkynes, readily available propargylic
esters have continued to attract the interest of different re-
search groups.[7] The metal–allene complexes, which are
formed during the reaction, are considered common inter-
mediates, that further react with various functional groups
resulting in astonishingly diverse products under platinum
and gold catalysis.[7,8] We envisioned that this type of allenyl
esters B could realize the [1,5]-hydrogen shift process, al-
though the nucleophilic attack on the C2 position still re-
mains virtually unknown[9] compared with C1[8h,i] and C3[8j–l]


positions [Eq. (5)]. Herein, we report the first examples of
[1,5]-sigmatropic hydrogen shift reaction of propargylic
esters.


Optimization studies of this transformation began with
propargylic ester 1 a (0.3 mmol) with various catalysts.
Among the platinum catalysts used (Table 1, entries 1–4),
PtCl2 (10 mol %) with CO (1 atm) gave the best result


(Table 1, entry 4). Low-catalyst loading led to the poor yield
of 2 a, whereas a similar result was obtained when 20 mol %
of PtCl2 were added (Table 1, entries 5 and 6). The changes
in solvent and temperature did not give better results
(Table 1, entries 7–10). Gold catalysts could also catalyze
this cyclization, however, no superior results were obtained
(entries 11–14). Thus, the use of PtCl2 (10 mol %) and CO
(1 atm) in toluene (2 mL) at 85 8C was found to be most effi-
cient, which was subsequently used as the standard reaction
condition.


Under these optimal conditions, we studied the scope of
this cyclization as shown in Table 2. Besides the phenyl
group, various aryl substituents were tolerated at the propar-
gylic position (entries 1–4). The vinyl group also gave mod-
erate yields of 2 e (entry 5). When the furyl substituent was
used, uneliminated product 3 a[10] was isolated in 81 % yield
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with high cis-selectivity, where-
as 1 equiv of H2O led to a com-
plete transformation (entry 6).
However, for R=H or alkyl
groups, the desired products
were not detected. Substituents
on the benzene as well as
benzyl positions did not affect
the reactivity (entries 7–9).
However, when the methyl
group was introduced in the
benzyl position, the [1,7]-sigma-
tropic hydrogen shift product
4 a was also isolated (entry 9).


Furthermore, various protective groups of benzyl alcohols
were investigated, which always resulted in moderate to
high yields of desired products (Table 3). Among these, the
best attractive one might belong to the group of TBS, as the
singly uneliminated product 3 c and [1,7]-sigmatropic hydro-
gen shift product 4 a were obtained in high yields from the
respective substrates (entries 5 and 6).


Interestingly, when the benzyl position was substituted by
N-containing groups such as lactams, this tandem process
also proceeded smoothly under optimal conditions to afford
3 d[10] in 43 % yield. A similar result was obtained by using
[AuACHTUNGTRENNUNG(PPh3)BF4] as the catalyst [Eq. (6)].


The deuterium-labeling ex-
periments (Scheme 1) showed
that the deuterium on the
benzyl position transferred into
the b-position of the ester after
reaction ([D1]-2 i and [D1]-4 a).
However, the shift of deuterium
on the methyl group was only
observed in the product [D3]-
4 a[11] . This observation is con-
sistent with our proposed mech-
anism, as depicted in Scheme 1.
The PtII-promoted [1,3]-OAc
shift lead to the formation of al-
lenyl esters A,[7] which under-
goes a [1,5]-H shift process[5] to
form intermediates B. Subse-
quent 6p cyclization[12] of com-
pounds B afford cyclization


Table 1. Optimization of reaction conditions for the cyclization of 1 a.[a]


Entry Catalyst [mol %] Conditions Yield [%][b]


1 PtCl2 (10) toluene, 85 8C, 24 h trace
2 PtCl2 (10), COD (40) toluene, 85 8C, 24 h 52
3 PtCl2 (10), O2 (1 atm) toluene, 85 8C, 24 h trace
4 PtCl2 (10), CO (1 atm) toluene, 85 8C, 6 h 87
5 PtCl2 (5), CO (1 atm) toluene, 85 8C, 24 h 78
6 PtCl2 (20), CO (1 atm) toluene, 85 8C, 5 h 85
7 PtCl2 (10), CO (1 atm) CH3CN, 85 8C, 24 h trace
8 PtCl2 (10), CO (1 atm) DCE, 85 8C, 4 h 26
9 PtCl2 (10), CO (1 atm) toluene, 60 8C, 24 h 63
10 PtCl2 (10), CO (1 atm) toluene, 100 8C, 6 h 72
11 AuCl3 (2) toluene, 85 8C, 24 h trace
12 AuCl (2) toluene, 85 8C, 24 h 37
13 AuACHTUNGTRENNUNG(PPh3)Cl (2), AgBF4 (2) toluene, 85 8C, 24 h 43
14 AuACHTUNGTRENNUNG(PPh3)Cl (2), AgOTf (2) toluene, 85 8C,24 h trace


[a] Unless noted, all reactions were carried out using 1 (0.3 mmol).
[b] Isolated yield.


Table 2. PtII-catalyzed [1,5]-H shift reactions of propargylic esters.[a]


Entry Substrate t [h] Product (yield [%])[b]


1 R =Ph, X =R1 =H (1a) 6 2 a (87)
2 R =p-ClC6H4, X =R1 = H (1b) 6 2 b (88)
3 R =p-CH3C6H4, X =R1 =H (1 c) 4 2 c (68)
4[c] R =2,3-methylenedioxy,


X =R1 =H (1d)
18 2 d (96)


5 R =vinyl, X =R1 = H (1e) 7 2 e (56)
6 R =2-furanyl, X= R1 =H (1 f) 1


4
3 a (81)
2 f (52)[d]


7 R =Ph, X =Cl, R1 =H (1 g) 4 2 g (93)
8 R =Ph, X =H, R1 =Ph (1 h) 5 2 h (87)
9 R =Ph, X =H, R1 =CH3 (1 i) 6 2 i (55)


4 a (32)


[a] Unless noted, all reactions were carried out using 1 (0.3 mmol) with 10 mol % of PtCl2 under CO (1 atm) in
toluene (2 mL) at 85 8C. [b] Isolated yield. [c] 20 mol % of PtCl2 was used. [d] H2O (1 equiv) was added.


Table 3. Affects of different protective groups.[a]


Entry Substrate t [h] Product (yield [%])[b]


1 R =allyl, R1 =H (1 j) 3 2 a (91)
2 R =Ph, R1 = H (1k) 5 2 a (65)
3 R =THP, R1 =H (1 l) 4 2 a (53)
4 R =Bn, R1 =H (1m) 3


13
2 a (14) 3 b (84)
2 a (94)


5[c] R =TBS, R1 =H (1n) 12 3 c (93)
6 R =TBS, R1 =CH3 (1 o) 5 4 a (81)


[a] Unless noted, 0.3 mmol of 1 and 10 mol % of PtCl2 was used. [b] Isolated yield. [c] DCE was used.
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products C, which further eliminated to give products [D1]-
2 i. At the same time, the intermediates B might also under-
go a [1,7]-H shift[13] to afford compound D, which could be
easily transformed into ketone [D1]-4 a by enolization.


Additionally, the platinum catalyzed domino process is
stereospecific, as explained in Scheme 2. Platinum-promoted
rearrangement of propargylic esters affords two isomers of
allene complex. The configurational orientation of the acy-
loxy group away from the large substituents led to the for-
mation of a platinum-coordinated six-membered ring[14] op-
posite to R’ group, which prevents the H-shift process.
Based on this, path Hb in compounds E and path Ha in com-
pounds E� are favored. Both afford the same intermediates
F.[5f] Further high stereoselective 6p cyclization transforms F
into cis products 3.[12a,d]


In conclusion, we have reported a novel platinum-cata-
lyzed transformation of 3-(2-alkyl)phenyl-propynyl acetate
to naphthalenyl acetate. The deuterium-labeling experi-
ments show that the reaction might include the [1,3]-OAc
shift, [1,5]-sigmatropic hydrogen shift and 6p cyclization
processes. The high stereoselectivity of this tandem reaction
was also disclosed.


Experimental Section


General produce for the platinum catalyzed tandem reactions of propar-
gylic esters 1: PtCl2 (8.0 mg, 10 mol %) was added under CO atmosphere
(1 atm) at 85 8C to a stirred solution of propargylic esters 1 (0.30 mmol)
in toluene (2.0 mL). When the reaction was considered complete as de-
termined by TLC analysis, the reaction mixture was diluted with ethyl
acetate (20 mL) and evaporated under reduced pressure. The residue was
purified by column/flash chromatography on silica gel to afford corre-
sponding products.
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Catalytic Asymmetric Aryl Transfer Reactions to Aldehydes with Grignard
Reagents as the Aryl Source


Yusuke Muramatsu and Toshiro Harada*[a]


A straightforward synthesis of enantiomerically enriched
diarylmethanols involves the addition of an aryl–metal re-
agent to an aromatic aldehyde, through which a carbon–
carbon bond and a stereogenic center are produced simulta-
neously. Because these alcohols are important constituents
and precursors of biologically active compounds, catalytic
asymmetric arylation has attracted much attention in recent
years.[1] Seebach and Weber reported the first catalytic
phenyl transfer reaction with [TiACHTUNGTRENNUNG(OiPr)3Ph], prepared by
transmetalation of PhLi with [TiCl ACHTUNGTRENNUNG(OiPr)3] and used after
removal of LiCl by centrifugation.[2] Since the works of
direct Ph2Zn addition by Fu et al. ,[3] various catalysts have
been developed for enantioselective addition of aryl–zinc re-
agents.[4–6] The scope of aryl groups that can be introduced
has been extended significantly by the use of arylboronic
acids and their derivatives, either through in situ transforma-
tion to aryl–zinc reagents with diethylzinc[7] or through
direct catalysis by chiral rhodium complexes.[8] Most recent-
ly, Walsh and Kim[9] reported a one-pot method for the gen-
eration of aryl–zinc reagents by the reaction of the corre-
sponding aryl bromide with nBuLi followed by transmetala-
tion with ZnCl2 and precipitation of the resulting LiCl with
tetraethylethylene diamine, and their subsequent catalytic
asymmetric addition to aldehydes.[10]


Herein, we report a practical and efficient method for
asymmetric arylation of aldehydes by using aryl Grignard
reagents in combination with titanium tetraisopropoxide. A
variety of diarylmethanols can be obtained in high enantio-
selectivity by the reaction of aldehydes with the Grignard
reagents (1.2 equiv) in the presence of 3-(3,5-diphenylphen-
yl)-H8-BINOL (2 ; 2 mol %) and titanium tetraisopropoxide
(3 equiv).


A recent report from this laboratory[11] showed that
Grignard reagents can be used in the asymmetric alkylation
of aldehydes by using a titanium(IV) catalyst derived from
3-(3,5-diphenylphenyl)-BINOL (1) in the presence of excess
titanium tetraisopropoxide.[12,13] The reaction protocol in-
volves the slow addition of a mixture of an alkyl Grignard
reagent (2.2 equiv) and titanium tetraisopropoxide
(4.4 equiv) to a solution of an aldehyde, ligand 1 (2 mol %),
and titanium tetraisopropoxide (1.4 equiv) in CH2Cl2 at 0 8C.
In contrast to the high enanatioselectivity obtained in the
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Department of Chemistry and Materials Technology
Kyoto Institute of Technology, Matsugasaki
Sakyo-ku, Kyoto 606-8585 (Japan)
Fax: (+81) 75-724-7514
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Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200801612.


Table 1. Asymmetric phenyl transfer reaction of 1-naphthaldehyde using
PhMgBr.[a]


Entry Ligand PhMgBr Ti ACHTUNGTRENNUNG(OiPr)4 Yield[b] eeACHTUNGTRENNUNG[equiv] ACHTUNGTRENNUNG(a equiv) ACHTUNGTRENNUNG(b equiv) [%] [%]


1[c] 1 2.2 4.4 1.4 94 86
2 2 2.2 4.4 1.4 98 94
3 2 1.2 2.0 2.0 98 92
4 2 1.2 2.0 1.0 97 95
5 2 1.2 2.0 0.2 99 91
6 2 1.2 1.5 0.2 90 87


[a] Reactions were carried out by adding a solution of PhMgBr (3 m in
Et2O) and titanium tetraisopropoxide (a equiv) in CH2Cl2 (8 mL) to a so-
lution of 1-naphthaldehyde (1 mmol), ligand 1 or 2 (2 mol %), and titani-
um tetraisopropoxide (b equiv) in CH2Cl2 (4 mL), over 2 h at 0 8C. The
reaction mixture was stirred for a further hour before workup. [b] Yield
of isolated product. [c] Reference [11].
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reaction with alkyl Grignard re-
agents, inferior selectivity was
observed in a phenyl transfer
reaction using PhMgBr. Thus,
under these conditions, the re-
action of 1-naphthaldehyde
with PhMgBr gave the corre-
sponding diarylmethanol 3 a in
86 % enantiomeric excess (ee)
(Table 1, entry 1). We have re-
cently reported that 2 showed
higher enantioselectivity than 1
in the asymmetric alkylation of
aldehydes with Et2Zn.[14, 15]


Gratifyingly, the use of 2 as a
chiral ligand under similar con-
ditions significantly improved
the enantioselectivity, affording
3 a in 94 % ee and 98 % yield
(Table 1, entry 2). Further ex-
amination of the reaction con-
ditions revealed that phenyl
transfer could be carried out
with an almost stoichiometric
amount of the Grignard reagent
(1.2 equiv) and with a total of
three equivalents of titanium
tetraisopropoxide (Table 1,
entry 4). High product yield
(97 %) and high enantioselec-
tivity (95 % ee) were obtained
under these optimized condi-
tions. Enantioselectivity was de-
creased by further reduction of
the amount of titanium tetraiso-
propoxide (Table 1, entries 5
and 6).


The results of the asymmetric
arylation of a variety of alde-
hydes by using aryl Grignard
reagents are summarized in
Table 2. High enantioselectivi-
ties and yields were obtained in the reaction of benzalde-
hyde with substituted phenyl Grignard reagents, except for
the o-methoxy derivative (Table 2, entries 1–5). Notably, ex-
cellent enantioselectivity was observed for sterically hin-
dered 2,4,6-Me3C6H4MgBr. As shown in Table 2, entries 6–
14, the reaction of aromatic aldehydes with PhMgBr gener-
ally proceeded in an efficient manner. Slightly lower, yet
still acceptable selectivity was obtained for heteroaromatic
aldehydes (Table 2, entries 17 and 18). Although the use of
PhLi, instead of PhMgBr, resulted in a significant reduction
in enantioselectivity (Table 2, entry 15), the organolithium
reagent could be employed after conversion into PhMgBr
by treatment with MgBr2 (Table 2, entry 16). Note that the
reaction was carried out without removing concomitantly
produced LiBr,[16] but was simply carried out by mixing


PhLi (1.2 equiv) with MgBr2 (1.2 equiv) and titanium tetra-ACHTUNGTRENNUNGisopropoxide (2 equiv), to give 3 a in excellent enantioselec-
tivity. Not only diarylmethanols, but also secondary allylic
alcohols 4 and benzylic alcohols 5 could be synthesized
enantioselectively by the reaction of a,b-unsaturated alde-
hydes and aliphatic aldehydes, respectively (Table 2, en-
tries 19–22).


To expand the scope of the reaction, asymmetric transfer
of functionalized aryl groups was examined.[17] Recently,
Knochel and co-workers have developed a method for the
preparation of functionalized Grignard reagents by a halo-
gen–magnesium exchange reaction.[18] According to the re-
ported protocol,[17b] a solution of 3-cyanophenylmagnesium
chloride (7 a) in THF was prepared by treating m-iodoben-
zonitrile (6 a) with iPrMgCl (2 m in THF) at �40 8C, and was


Table 2. Catalytic asymmetric arylation of aldehydes with Grignard reagents.[a]


Entry Aldehyde ArM[b] Product Yield[c] [%] ee [%]


1 PhCHO p-MeC6H4MgBr 3 b 99 91
2 PhCHO p-ClC6H4MgBr 3 c 95 91
3 PhCHO p-FC6H4MgBr 3 d 94 97
4 PhCHO o-MeOC6H4MgBr 3 e 66 9
5 PhCHO 2,4,6-Me3C6H2MgBr 3 f 89 96
6 p-MeC6H4CHO PhMgBr ent-3 b 93 90
7 p-ClC6H4CHO PhMgBr ent-3 c 96 94
8 p-FC6H4CHO PhMgBr ent-3 d 97 95
9 p-PhC6H4CHO PhMgBr 3 g 99 91
10 p-NCC6H4CHO PhMgBr 3 h 96 92
11 m-MeOC6H4CHO PhMgBr 3 i 90 95
12 o-ClC6H4CHO PhMgBr 3 j 94 90
13 2-naphthylCHO PhMgBr 3 k 96 91
14 1-naphthylCHO PhMgBr 3 a 97 95
15 1-naphthylCHO PhLi 3 a 95 50
16[d] 1-naphthylCHO PhLi 3 a 85 95
17 2-furylCHO PhMgBr 3 l 83 89
18 2-thienylCHO PhMgBr 3 m 85 90
19 CH2=C(Me)CHO PhMgBr 4 a 87 97
20 MeCH=CHCHO PhMgBr 4 b 78 86
21 BuCHO PhMgBr 5 a 88 88
22 c-C6H11CHO PhMgBr 5 b 86 80


[a] Reactions were carried out on a 1 mmol scale with 2 (2 mol %) according to the procedure described in the
Experimental Section. [b] Commercial solution of the Grignard reagents in Et2O (1.6–3 m) and PhLi in cyclo-
hexane and Et2O (0.98 m) were used. [c] Yield of isolated product. [d] PhLi (1.2 equiv) was used after treat-
ment with MgBr2 (1.2 equiv) in Et2O. See the Supporting Information for more information.
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used in the asymmetric arylation of 1-naphthaldehyde
(Table 3). The reaction gave diarylmethanol 8 a in high yield
but with low enantioselectivity (61 % ee ; Table 3, entry 1).
In our previous study, the use of a Grignard reagent in THF
resulted in reduced enantioselectivity in comparison with
that in Et2O.[11] Although preparation of the requsite
Grignard reagent in Et2O was unsuccessful with iPrMgCl
(2 m in Et2O), it could be prepared efficiently by the use of
cC5H9MgCl (2 m in Et2O).[19] Subsequent use in the asym-
metric arylation reaction afforded 8 a with a selectivity of
95 % ee in 91 % yield (Table 3, entry 2). Under similar con-
ditions, the reaction of 1-naphthaldehyde with 3-(piperidine-
1-carbonyl)phenylmagnesium chloride (7 b) gave the func-
tionalized diarylmethanol 8 b in high enantioselectivity
(Table 3, entry 3).


In summary, we have shown that Grignard reagents can
be used in asymmetric arylation of aldehydes in the pres-
ence of the chiral titanium catalyst derived from 2 and tita-
nium tetraisopropoxide. The reaction was accomplished
within 3 h with a low catalyst loading (2 mol%) and with a
slight excess (1.2 equiv) of Grignard reagents. The results
show high enantioselectivities and product yields for various
combinations of substrates and reagents, including those
with functional groups. Work is in progress to investigate
the full scope of the reaction.


Experimental Section


Typical procedure for asymmetric arylation with a Grignard reagent (3 a;
Table 1, entry 4): PhMgBr (0.40 mL, 1.2 mmol; 3 m in Et2O) was added to
a solution of titanium tetraisopropoxide (0.59 mL, 2.0 mmol) in dry
CH2Cl2 (8 mL) at �78 8C under an argon atmosphere. After being stirred
for 10 min at this temperature, the resulting mixture was slowly added
over a period of 2 h by using a syringe pump to a solution of 2 (10.5 mg,
0.020 mmol), 1-naphthaldehyde (0.156 g, 1.0 mmol), and titanium tetrai-
sopropoxide (0.30 mL, 1.0 mmol) in CH2Cl2 (4 mL) at 0 8C under an
argon atmosphere. After being stirred for a further hour, the reaction
mixture was quenched by the addition of a 1 m solution of HCl and ex-
tracted three times with ethyl acetate. The organic layers were washed
successively with a 5 % aqueous solution of NaHCO3 and brine, dried
(MgSO4), and concentrated in vacuo . Flash chromatography (silica gel,
2–20 % ethyl acetate in hexane) of the residue gave 3a as a colorless oil


(0.226 g, 97%; 95 % ee). The ee value
was determined by HPLC analysis
using a Chiralcel OD column
(1.5 mL min�1, 10% iPrOH in
hexane); retention times: 26.8 min
(major R enantiomer) and 11.4 min
(minor S enantiomer). The absolute
structure of the product was deter-
mined based on reported retention
times.[8d]
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In 1875 van�t Hoff predicted that in cumulenes with an
even number of double bonds the four substituents must be
arranged in two perpendicular planes.[1] Van�t Hoff’s propos-
al implied that allenes must be chiral when appropriately
substituted.[2] The predictions were confirmed when the first
optically active allenes were described in 1935.[3] For 1,3-di-
methylallene, the activation enthalpy for rotational isomer-
ism leading to racemization was determined by Roth et al.
as DH� = 45.07 kcal mol�1.[4]


In 1952, Celmer and Solomons recognized that optically
active allenes also occur in nature.[5] Since then, a number of
natural chiral allenes have been found. Today, allenes are
versatile starting materials and intermediates in organic syn-
thesis because their double bonds participate in all types of
addition processes, their terminal, acidic C�H bonds are
easily replaced by functional groups, and their axial chirality
is increasingly exploited in stereoselective synthesis.[6]


We have been involved in the preparation of ethynylated
allenes[7a–c] as building blocks for the construction of linear[8]


and macrocyclic[7d,9] carbon-rich scaffolds through oxidative
acetylenic coupling. Following the synthesis of a first series
of stable 1,3-diethynylallenes (DEAs), we proceeded with
the preparation of shape-persistent macrocycles with alle-
noacetylenic carbon backbones.[7d] Although DEAs are ax-
ially chiral, racemic mixtures were previously used in our
group for acetylenic scaffolding. Recently, we reported the
synthesis of optically enriched DEA 1 a in 25 % yield and
with an enantiomer ratio (e.r.)[10] of 89:11 by Pd-mediated


SN2’-type cross-coupling of alkyne 2 a with the optically pure
bispropargylic ester (S)-3.[8] The absolute configuration of
the allene was tentatively assigned as (P) on the basis of an
anti-SN2’-type addition of 2 a to (S)-3, as previously reported
for enantioselective[11] and diastereoselective[12] Pd-mediated
SN2’-type cross-coupling reactions.


Here, we give X-ray crystallographic evidence that the
enantioselective Pd-mediated addition of alkynes 2 to (S)-3
actually proceeds under opposite stereocontrol, leading to
(M)-1, thereby providing the first example for a Pd-mediat-
ed enantioselective syn-SN2’-type cross-coupling reaction.
We show that 4-N,N-dimethylanilino (DMA) donor-substi-
tuted optically active DEAs undergo photoisomerization
leading to racemization. They also react in a facile [2+2] cy-
cloaddition with tetracyanoethene (TCNE)[13] to form, after
retrocycloaddition, optically active, photostable 1,1,4,4-tetra-
cyanobuta-1,3-diene (TCBD) derivatives. In these com-
pounds, chiral induction from the optically active allene
moiety in the TCBD chromophore is observed by circular
dichroism (CD) spectroscopy.


First, we undertook further studies to improve both the
yield and the enantioselectivity of the previously reported
synthesis of optically active DEAs.[8] Alkynes 2 a, b with dif-
ferent protecting groups were used to enable selective de-
protection, providing subsequent access to oligomers in a
controlled manner (Scheme 1, Table 1). The e.r. of Me3Si-
protected DEA 1 a was determined after derivatization with
the Mosher acid chloride[8] and the e.r. of 1 b by recycling
HPLC on the chiral stationary phase (CSP) WHELK-O1
(hexane/0.25 % iPrOH) after removal of the iPr3Si group
with nBu4NF/THF (see Supporting Information).


Increasing the amount of base from 0.4 to 2.1 equiv was
essential to improve the yield considerably without affecting
the enantioselectivity (entries 1 and 2, Table 1). When the
acetonide-protected acetylene 2 b was used, a lower reactivi-
ty was observed. Raising the temperature from 30 to 50 8C
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increased the yield but a loss in stereoselectivity occurred
(entries 3 and 4, Table 1). The enantioselectivity was very
sensitive to the nature of the base used. With iPr2NH, the
e.r. was improved for 1 a, but the yield was only moderate
(entry 5, Table 1). When the solvent was changed from tolu-
ene to 1,2-dichloroethane, the yield became excellent with-
out any loss in enantioselectivity (entry 6, Table 1). Under
the same conditions, the acetonide-protected DEA 1 b was
obtained in moderate yield and with good e.r. The yield was
increased when the temperature was changed to 30 or 50 8C,
however, at the cost of stereoselectivity (entries 7–9,
Table 1). Enantiopure (M)-4 b and (P)-4 b were obtained by
resolution of (� )-4 b, using recycling HPLC on the CSP
WHELK-O1 (hexane/0.25 % iPrOH; see Supporting Infor-
mation).


In order to assign the absolute configuration of the
DEAs, the dimer (M,M)-5 was synthesized from (M)-4 a
(e.r. 95:5) (Scheme 2).[8]


Suitable single crystals of (M,M)-5 were grown for X-ray
crystallographic analysis. The presence of the silicon heavy
atoms enabled the unambiguous assignment of the absolute
configuration of the allene moieties as (M), disproving the
previously proposed assignment (Figure 1).[8] These results
suggest that a syn-SN2’-type substitution of 2 a, b to ester (S)-
3 had taken place. To the best of our knowledge this is the
first reported enantioselective Pd-mediated syn-SN2’-type


cross-coupling reaction.[11,12] As a note, Molander and
Sommers recently reported a syn-carbometallation/syn-elim-
ination of propargyl substrates to form allenes using chiral
cationic CrIII catalysts.[13]


The enantioselective synthesis of DEAs opens access to
novel chromophores with interesting optical properties. Re-
cently, we introduced a new class of intramolecular charge
transfer (CT) chromophores, DMA donor-substituted
TCBDs, accessible in excellent yields in an atom-economic
synthesis by [2+2] cycloadditions between tetracyanoethy-
lene (TCNE) and DMA-substituted alkynes, followed by
electrocyclic ring-opening of the initially formed cyclobu-
tenes.[14] We were interested in exploring whether the stereo-
genic allene moiety in compounds such as (M)-6 (Figure 2)
would induce conformational preferences and a sense of
chirality in the adjacent, nonplanar donor-substituted TCBD
moieties.[15]


Starting from (M)-4 a (e.r. 95:5), Sonogashira cross-cou-
pling with 4-iodo-N,N-dimethylaniline gave DEA (M)-7 in


Scheme 1. Enantioselective synthesis of DEAs (M)-1a/b starting from
optically pure (S)-3.[8] For reaction conditions, see Table 1.


Table 1. Enantioselective synthesis of DEAs by Pd-mediated syn-SN2’
substitution of 2a/b to (S)-3 or (R)-3.


Entry PG Base T [8C]/t [h] Yield [%]/e.r. M :P


1[a,b] [8]


Me3Si
Cy2NMe


20/24 25/89:11[e]


2[a,b] 30/5 61/90:10[f]


3[a,b]


CMe2OH
30/96 69/96:4[g]


4[a,b] 50/72 93/74:26[g]


5[a,c]


Me3Si


iPr2NH


20/14 53/6:94[f]


6[c,d] 20/20 90/5:95[e]


7[c,d]


CMe2OH
20/96 49/7:93[g]


8[b,d] 30/16 70/71:29[g]


9[b,d] 50/6 86/69:31[g]


[a] Solvent: toluene. [b] Starting material (S)-3 was used. [c] Starting ma-
terial (R)-3 was used. [d] Solvent: (ClCH2)2. [e] The enantiomeric ratio
(e.r.) was determined by derivatization with the Mosher acid chloride as
previously reported.[8] [f] The e.r. was estimated from the optical rotation.
[g] The e.r. was determined by recycling HPLC on the CSP WHELK-O1
(hexane/0.25 % iPrOH) after removal of the iPr3Si group with nBu4NF/
THF. In general, 2.1 equiv of base were used in the reaction, except for
entry 1 where only 0.4 equiv were used. Cy= cyclohexyl.


Scheme 2. Synthesis of (M,M)-5. A diastereomeric ratio (d.r.) of 90.25
((M,M)-5):9.5 ((M,P)-5):0.25 ((P,P)-5) is expected for an unselective
homo-coupling reaction of 4 a (e.r. 95:5). TMEDA=N,N,N’,N’-tetrame-
thylethylenediamine. (M)-4a (e.r. 95:5) was obtained by deprotection of
(M)-1a (e.r. 95:5) with K2CO3, THF/MeOH 1:1 as previously reported.[8]


Figure 1. ORTEP plot of (M,M)-5 with vibrational ellipsoids shown at
the 30 % probability level. T= 160 K. Arbitrary numbering (see Support-
ing Information). Flack parameter: 0.03(18).


Figure 2. Bis-TCBD-substituted allene (M)-6.
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71 % yield. Deprotection with nBu4NF in THF to give (M)-
8, followed by another Sonogashira cross-coupling, afforded
(M)-9 in good yield along with the side product (M,M)-10
resulting from homo-coupling (Scheme 3). The e.r. of (M)-7,
(M)-8 and (M)-9 was determined to be �91:9 based on the
e.r. measured for (M)-6 (see Scheme 4) by HPLC on the
CSP WHELK-O1 (hexane/ethanol/methanol 65:30:5). The
d.r. of (M,M)-10 was determined to be �78 ((M,M)-10):20
((M,P)-10):2 ((P,P)-10) based on the d.r. measured for
(M,M)-11 (see Scheme 4) by recycling HPLC on the CSP
WHELK-O1 (hexane/55 % CH2Cl2).


Since we had previously observed that DEAs attached to
electron-rich chromophores undergo photoisomerization,[7d]


(M)-9 and analogously obtained (P)-9 were synthesized and
characterized in the dark. This way reproducible mirror-
image CD spectra of both enantiomers with consistent
molar ellipticities were obtained (Figure 3).


Photoracemization was con-
firmed when (M)-9 was exposed
to daylight and CD spectra
were recorded at given time in-
tervals (Figure 4).


A similar photoisomerization
was observed for (P,P)-10 (see
Supporting Information). Ac-
cordingly, the “click-type” syn-
thesis of the TCBD derivatives
(M)-6 and (M,M)-11 by TCNE
addition to (M)-9 and (M,M)-
10, respectively, followed by
retro-electrocyclization was car-
ried out in the absence of light
(Scheme 4).


The conversions were per-
formed in CDCl3 to allow moni-
toring of the reaction progress
by 1H NMR spectroscopy. For-
tunately, these new charge-
transfer chromophores showed
no photoisomerization.


Enantiomerically pure (M)-6
and (P)-6 were obtained by res-
olution of (� )-6, using HPLC
on the CSP WHELK-O1
(hexane/ethanol/methanol
65:30:5; see Supporting Infor-
mation) as well as enantiopure
(M,M)-11 and (P,P)-11 by recy-
cling HPLC on the same CSP
(hexane/55 % CH2Cl2; see Sup-
porting Information). Single
crystal X-ray crystallographic
analysis of (� )-6 and (M,M)-11
showed that in the solid state,
the bulky tert-butyl groups on
the allene moieties force the


Scheme 3. Synthesis of (M)-9 (e.r. determined to be �91:9 based on the e.r. measured for (M)-6)) and (M,M)-
10 (e.r. was determined to be �78 ((M,M)-10):20 ((M,P)-10):2 ((P,P)-10) based on the e.r. measured for
(M,M)-11 (see Scheme 4)).


Scheme 4. Synthesis of (M)-6 (e.r. determined as 91:9 by HPLC on the CSP WHELK-O1 (hexane/ethanol/
methanol 65:30:5)) and (M,M)-11 (d.r. determined as 78 ((M,M)-11):20 ((M,P)-11):2 ((P,P)-11) by recycling
HPLC on the CSP WHELK-O1 (hexane/55 % CH2Cl2)).


Figure 3. CD spectra of (M)-9 (gray line) and (P)-9 (black line) recorded
in hexane at 298 K. The e.r. was determined to be �91:9 based on the
e.r. measured for (M)-6 (see Scheme 4) by HPLC on the CSP WHELK-
O1 (hexane/ethanol/methanol 65:30:5).
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adjacent dicyanovinyl residues to adopt dihedral angles
around 908 (C49-C1-C2-C3 and C3-C4-C5-C21 in (� )-6 or
C2-C1-C44-C60 and C9-C10-C11-C27 in (M, M)-11,
Figure 5). In solution, this could also induce chirality in the
non-planar TCBD chromophores which feature central di-
hedral angles between 588 and 758.


UV/Vis spectroscopy studies of (P)-6 and (M)-6 revealed
two CT absorptions at 390 nm and 520 nm in CH2Cl2. The
absorptions in the region between 350 and 700 nm disap-
peared to a large extent upon acidification with CF3COOH
and were fully recovered after neutralization with Et3N (see
Supporting Information). The CD spectra show Cotton ef-
fects associated with the CT absorptions. This clearly indi-
cates chiral induction[15] from the allene into the TCBD moi-
eties (Figure 6).


In conclusion, we performed the enantioselective synthe-
sis of differently protected (M) and (P)-DEAs 1 a, b in good
to excellent yields with high enantioselectivity. Unambigu-
ous assignment of the absolute configuration by X-ray crys-
tallographic analysis led us to confirm the first enantioselec-
tive Pd-mediated syn-SN2’-type cross-coupling reaction. CD
spectroscopy revealed chiral induction in TCBDs when they
are directly attached to optically pure allenes. Further stud-
ies on chiral induction in TCBDs are currently under way,
using a combination of CD spectroscopy and theoretical cal-
culations. Furthermore, the availability of optically pure
DEAs opens the way to new chiral, non-racemic helical fol-
damers and allenoacetylenic macrocycles.


Experimental Section


General procedure for the synthesis of 1: Two solutions A and B were
prepared. A) A solution of enantiomerically pure 3 and base (2.1 equiv)
in the corresponding solvent (0.05 m); B) A solution of [PdCl2 ACHTUNGTRENNUNG(PPh3)2]
(0.09 equiv) in the corresponding solvent (0.05 m). Both solutions were
degassed with Ar. Acetylene 2a, b (2.05 equiv) was added to solution A,
CuI (0.10 equiv) to solution B and both were degassed again. Solution B
was added to A and the reaction stirred at the corresponding tempera-


Figure 4. Photoracemization of (M)-9 in hexane upon exposure to day-
light at 298 K, as monitored over time by CD spectroscopy. The e.r. at
the initial time was determined to be �91:9 based on the e.r. measured
for (M)-6 (see Scheme 4) by HPLC on the CSP WHELK-O1 (hexane/
ethanol/methanol 65:30:5).


Figure 5. ORTEP plot of (� )-6 (top, T =170 K) and (M,M)-11 (bottom,
T= 220 K) with vibrational ellipsoids shown at the 30% probability level.
Arbitrary numbering. Selected dihedral angles [8]: (� )-6 : C3-C4-C5-C21
71.9(3), C3-C4-C5-C6 �106.0(2), C21-C5-C6-C7 58.4(3), C12-C6-C7-C8
8.7(4), C49-C1-C2-C3 65.8(3), C34-C1-C2-C3 �113.2(2), C49-C1-C34-C44
65.4(3), C35-C34-C44-C45 3.6(4); (M,M)-11: C2-C1-C44-C60 �77.6(12),
C2-C1-C44-C45 98.4(10), C60-C44-C45-C46 �70.2(14), C51-C45-C46-C49
�0.6(16), C9-C10-C11-C27 101.8(12), C9-C10-C11-C12 �74.1(11), C27-
C11-C12-C13 73.3(13), C18-C12-C13-C14 7.4(14) (see Supporting Infor-
mation).


Figure 6. CD spectra (top) of (M)-6 (e.r. 100:0, black line) and (P)-6 (e.r.
100:0, gray line) and UV/Vis spectra (bottom) recorded in CH2Cl2.


Chem. Eur. J. 2008, 14, 10564 – 10568 � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 10567


COMMUNICATION1,3-Diethynylallenes



www.chemeurj.org





ture. Purification by FC on silica gel (hexane for 1a and hexane/10 %
AcOEt for 1 b) gave colorless oils.
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Introduction


Self-assembly of simple building units is a general and
useful approach for constructing supramolecular materials.
For example, careful selection and combination of metal
ions and ligands can produce coordination polymers with an
infinite multidimensional structure[1] or discrete large assem-
blies with an fascinating structure, such as a cage and a
circle.[2] In many cases, such self-assembly processes are real-
ized in solution. In contrast, solid-state reactions are cur-
rently attracting attention as novel and unique synthetic
techniques. A representative example is the mechanochemi-
cal method, a direct co-grinding of solid-state reactants. This
method has several advantages over the conventional solu-
tion methods: 1) there is no waste solvent generated, 2) the
method is easily manipulated, 3) there are usually high
yields and 4) the method sometimes gives products that are
different from those produced by solution reactions.[3] How-
ever, the application of such a mechanochemical method to
the synthesis of supramolecular materials, especially coordi-
nation polymers, is still limited and its versatility is un-


known.[4] Thus, it is worth the challenge to investigate the
applicability of the mechanochemical method to the synthe-
sis of coordination polymers and to seek auxiliary methods
that cover the insufficient nature of the synthetic technique.
In this study, we investigated mechanochemical reactions
with the help of annealing treatment. Annealing treatment,
a method to keep compounds at high temperature for a
while, is often effective in encouraging crystallization and in
obtaining thermodynamically stable compounds.[3i, 4d,5]


In this study, we chose [M ACHTUNGTRENNUNG(CNacac)2]1 as the target coor-
dination polymer, which has a multidimensional continuous
structure with a building unit of bis(3-cyano-pentane-2,4-di-
onato) (CNacac) metal complex, [M ACHTUNGTRENNUNG(CNacac)2] (Figure 1).
[M ACHTUNGTRENNUNG(CNacac)2] is known as a useful precursor for the forma-
tion of supramolecular assemblies in solution. This complex
can work as a linear ligand by using its two cyano groups.
For example, [Cu ACHTUNGTRENNUNG(CNacac)2] forms a 1 D coordination poly-
mer with AgI ions.[6] On the other hand, [M ACHTUNGTRENNUNG(CNacac)2] can
accept additional ligands at the axial sites of the metal
centre so that it also works as a metal-ion-like unit.[7] There-
fore, [M ACHTUNGTRENNUNG(CNacac)2], which has both ligand-like and metal-
ion-like connection abilities, must form supramolecular
structures by self-assembly. In fact, [Co ACHTUNGTRENNUNG(CNacac)2] and [Cu-ACHTUNGTRENNUNG(CNacac)2] assemble in solution to form 3 D and a 1 D con-
tinuous supramolecular structures, [Co ACHTUNGTRENNUNG(CNacac)2]1 (Co-
3 D)[8] and [Cu ACHTUNGTRENNUNG(CNacac)2]1 (Cu-1 D),[9] respectively
(Figure 1). In Co-3D, the two axial sites of [Co ACHTUNGTRENNUNG(CNacac)2]
are linked by the CN groups of the two adjacent [Co-ACHTUNGTRENNUNG(CNacac)2] units, whereas only one axial site is used in the
case of Cu-1 D. [Ni ACHTUNGTRENNUNG(CNacac)2]1 (Ni-3 D), which has the
same 3 D structure as that of Co-3 D, was also reported.
However, it was obtained as a mixture with Na[Ni-ACHTUNGTRENNUNG(CNacac)3]·EtOH in ethanol.[8] In contrast, formation of [M-ACHTUNGTRENNUNG(CNacac)2]1 (M= MnII, FeII and ZnII) in solution was not
known. We have applied, for the first time, the solid-state
reaction methods and have succeeded in synthesizing new
coordination polymers, [M ACHTUNGTRENNUNG(CNacac)2]1 (M =MnII, FeII, CoII,
NiII, CuII and ZnII). In the case of NiII, Ni-3D was solely ob-


Abstract: Bis(3-cyano-pentane-2,4-dio-
nato) (CNacac) metal complex, [M-ACHTUNGTRENNUNG(CNacac)2], which acts as both a metal-
ion-like and a ligand-like building unit,
forms supramolecular structures by
self-assembly. Co-grinding of the metal
acetates of MnII, CoII, NiII, CuII and
ZnII with CNacacH formed a CNacac
complex in all cases: mononuclear
complex was formed in the cases of
MnII, CuII and ZnII, whereas polymeric
ones were formed in the cases of FeII,
CoII and NiII. Subsequent annealing
converted the mononuclear complexes
of MnII, CuII and ZnII to their corre-


sponding polymers as a result of dehy-
dration of the mononuclear complexes.
The resultant MnII, FeII, CoII, NiII and
ZnII polymeric complexes had a
common 3 D structure with high ther-
mal stability. In the case of CuII, a 1 D
polymer was obtained. The MnII, CuII


and ZnII polymeric complexes returned
to their original mononuclear com-


plexes on exposure to water vapour
but they reverted to the polymeric
complexes by re-annealing. Co-grind-
ing of metal chlorides with CNacacH
and annealing of the mononuclear
CNacac complexes prepared from solu-
tion reactions were also examined for
comparison. [Mn ACHTUNGTRENNUNG(CNacac)2ACHTUNGTRENNUNG(H2O)2],
[M ACHTUNGTRENNUNG(CNacac)2ACHTUNGTRENNUNG(H2O)] (M= CuII and
ZnII) and [M ACHTUNGTRENNUNG(CNacac)2]1 (M =MnII,
FeII and ZnII) are new compounds,
which clearly indicated the power of
the combined mechanochemical/an-
nealing method for the synthesis of
varied metal coordination complexes.
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tained from our solid-state reaction. The role of grinding
and annealing treatments will be discussed.


Results and Discussion


Preparation of CNacac metal complexes in solution : To
obtain information on the molecular structure, the following
CNacac complexes were prepared by solution methods and
their thermogravimetry (TG), IR and X-ray powder diffrac-
tion (XRPD) spectra were measured. The known com-
pounds, [CoII ACHTUNGTRENNUNG(CNacac)2]1 (Co-3 D), [CuII ACHTUNGTRENNUNG(CNacac)2]1 (Cu-
1 D) and [ZnIIACHTUNGTRENNUNG(CNacac)2 ACHTUNGTRENNUNG(H2O)2]·2 H2O, were synthesized ac-
cording to the reported proce-
dures.[8,9,10] Unknown CNacac
complexes of MnII, FeII, NiII


and CuII, synthesized from the
reaction of respective metal
acetates with CNacacH in a
methanol/water mixed solution
were found to be new com-
plexes, [Mn ACHTUNGTRENNUNG(CNacac)2ACHTUNGTRENNUNG(H2O)2],
[Fe2ACHTUNGTRENNUNG(m-OMe)2ACHTUNGTRENNUNG(CNacac)4], [Ni-ACHTUNGTRENNUNG(CNacac)2ACHTUNGTRENNUNG(H2O)2]·2 H2O and
[Cu ACHTUNGTRENNUNG(CNacac)2ACHTUNGTRENNUNG(H2O)]. In the
case of FeII, FeII in Mohr�s salt
was oxidized to form a dinu-
clear FeIII complex [Fe2ACHTUNGTRENNUNG(m-
OMe)2ACHTUNGTRENNUNG(CNacac)4]. Neither [Fe-ACHTUNGTRENNUNG(CNacac)2]1 nor [Fe ACHTUNGTRENNUNG(CNacac)2-ACHTUNGTRENNUNG(H2O)n] (n= 1, 2) were ob-
tained. For NiII and CuII, al-
though their polymeric struc-
tures were already known, new
mononuclear hydrated com-
plexes were obtained in our
preparation. We also obtained
[Mn ACHTUNGTRENNUNG(CNacac)2 ACHTUNGTRENNUNG(H2O)2], [Ni-ACHTUNGTRENNUNG(CNacac)2ACHTUNGTRENNUNG(H2O)2]·2 H2O, [Cu-


ACHTUNGTRENNUNG(CNacac)2ACHTUNGTRENNUNG(H2O)] and [ZnII-ACHTUNGTRENNUNG(CNacac)2ACHTUNGTRENNUNG(H2O)2]·2 H2O from
the reaction of respective metal
chlorides and CNacacH in a
methanol/water mixed solution.


The molecular structures of
the new complexes determined
by the single-crystal X-ray dif-
fraction are shown in Figure 2.
From solution reactions, mono-
nuclear structures were ob-
tained in the cases of MnII,
FeIII, NiII, CuII and ZnII, where-
as polymeric structures were
obtained in the cases of CoII


and CuII. The formation of the
hydrated mononuclear com-
plexes, in which aquo ligands


occupy the axial coordination sites, appears to compete with
the formation of a polymeric structure. The results of their
TG measurements are shown in Figure S1 (Supporting In-
formation). In all hydrated complexes, one-step decomposi-
tion was observed, which must correspond to the release of
one or two aquo ligand(s) and lattice water.


Solid-state reactions of metal acetates with CNacacH : We
performed mechanochemical reactions of metal (MnII, FeII,
CoII, NiII, CuII and ZnII) acetates with CNacacH by using a
pestle and mortar (Scheme 1). After five minutes of grinding
the mixture, which contained metal acetate and CNacacH in
the ratio of 1:2, the smell of acetic acid was detected in all


Figure 1. Crystal structures and schematic structural models of Co-3 D and Cu-1 D composed of [M ACHTUNGTRENNUNG(CNacac)2]
(M= CoII, CuII).


Figure 2. ORTEP representations of new complexes synthesized by solution methods. Hydrogen atoms are
omitted for clarity and displacement ellipsoids are drawn at the 50% probability level. The MnII, FeIII and NiII


complexes reside in a special position and the molecules are respectively related by the symmetry code; I:
1�x, y, 3/2�z ; II: 1�x, �y, 2�z ; III: 2�x, 1�y, 2�z.
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cases and a colour change was observed in all cases except
for the case of ZnII.


During the grinding of the mixture of Mn ACHTUNGTRENNUNG(OAc)2·4 H2O
and CNacacH, the colour of the reactant changed from pale
pink to pale yellow. The XRPD patterns of the ground
sample together with that of CNacacH, Mn ACHTUNGTRENNUNG(OAc)2·4 H2O
and [Mn ACHTUNGTRENNUNG(CNacac)2ACHTUNGTRENNUNG(H2O)2] are shown in Figure 3. The pat-
tern of the ground sample agreed with that of [Mn-ACHTUNGTRENNUNG(CNacac)2ACHTUNGTRENNUNG(H2O)2] prepared from solution. The TG curves
of the ground sample and [MnACHTUNGTRENNUNG(CNacac)2ACHTUNGTRENNUNG(H2O)2] were very
similar to each other (see Figure S1 in the Supporting Infor-
mation). These findings indicate the ground sample to be
[Mn ACHTUNGTRENNUNG(CNacac)2 ACHTUNGTRENNUNG(H2O)2]. Ten minutes of further grinding of
[Mn ACHTUNGTRENNUNG(CNacac)2 ACHTUNGTRENNUNG(H2O)2] made the sample amorphous. In con-
trast, annealing of [MnACHTUNGTRENNUNG(CNacac)2ACHTUNGTRENNUNG(H2O)2] at 100 8C for 1 h
exhibited a XRPD pattern very similar to that of Co-3D
(Figure 3f). The assignment of its diffraction peaks based on
the Miller indices of Co-3 D was possible and the cell pa-
rameters thus calculated are listed in Table 1. The TG curve
of the annealed sample was also similar to that of Co-3 D,
though its thermal decomposition temperature was some-
what lower (Figure 4a). This must be due to the absence of
the crystal-field stabilization energy in the d5 high-spin state
of MnII. These results indicate that [Mn ACHTUNGTRENNUNG(CNacac)2]1 (Mn-
3 D), isomorphic to Co-3 D, was formed from [Mn-ACHTUNGTRENNUNG(CNacac)2ACHTUNGTRENNUNG(H2O)2] by the annealing treatment. The anneal-


ing treatment of the amorphous sample that was obtained
from the further grinding of [MnACHTUNGTRENNUNG(CNacac)2ACHTUNGTRENNUNG(H2O)2] also af-
forded Mn-3 D.


During this investigation, we found that Mn-3 D, which
has a polymeric structure, gradually returned to [Mn-ACHTUNGTRENNUNG(CNacac)2ACHTUNGTRENNUNG(H2O)2], which has a mononuclear structure, on
exposure to water vapour in one day. The XRPD pattern of


Scheme 1. Summary of the solid-state reactions investigated in this
report. Grinding was done for 5 min unless otherwise noted.


Figure 3. XRPD patterns of a) CNacacH; b) Mn ACHTUNGTRENNUNG(OAc)2·4 H2O; c) [Mn-ACHTUNGTRENNUNG(CNacac)2ACHTUNGTRENNUNG(H2O)2] prepared in a solution; d) a mixture of Mn-ACHTUNGTRENNUNG(OAc)2·4H2O and CNacacH after 5 min grinding; e) sample (d) after
10 min more grinding; f) sample (d) after annealing; g) sample (f) ex-
posed to water vapour for 1 day; h) sample (g) after re-annealing at
100 8C for 1 h; i) Co-3 D prepared by a solution method.


Table 1. Cell parameters of M-3 D calculated from their XRPD patterns.


M-3 D a [�] c [�] V [�3]


Mn-3 D 14.913 (6) 6.640 (6) 1477 (2)
Fe-3 D 14.684 (6) 6.769 (7) 1459 (2)
Co-3 D 14.445 (3) 6.808 (4) 1420 (1)
Co-3 D[a] 14.444 (1) 6.832 (2) 1423.9 (7)
Ni-3 D 14.39 (3) 6.78 (6) 1403 (15)
Zn-3 D 14.508 (3) 6.838 (5) 1439 (1)


[a] Cited from the single-crystal X-ray diffraction study.[8]


Figure 4. TG curves of a) Mn-3 D, b) Fe-3 D, c) Co-3 D (mechanochemi-
cal), d) Co-3 D (solution), e) Ni-3D, f) Cu-1 D (mechanochemical), g) Cu-
1D (solution) and h) Zn-3 D.
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the sample exposed to water vapour matched with that of
[Mn ACHTUNGTRENNUNG(CNacac)2 ACHTUNGTRENNUNG(H2O)2] (Figure 3g,c). Moreover, the decom-
posed sample [Mn ACHTUNGTRENNUNG(CNacac)2ACHTUNGTRENNUNG(H2O)2] returned to the poly-
meric structure Mn-3 D by re-annealing at 100 8C for 1 h
(Figure 3h).


Grinding of brown FeACHTUNGTRENNUNG(OAc)2 with CNacacH afforded a
light-brown powder. XRPD patterns of the ground sample,
Fe ACHTUNGTRENNUNG(OAc)2 and Co-3 D are shown in Figure 5. Most peaks of


the ground sample reasonably agreed with the main peaks
of Co-3D. Cell parameters calculated are listed in Table 1.
The TG curve of the ground sample showed a two-step
weight loss: approximately 7 % of loss around 250 8C and
approximately 40 % of loss around 400 8C (Figure 4b). The
small weight loss around 250 8C may come from a byproduct
attributed to a FeIII species, which was not detectable in the
XRPD pattern. In contrast, the large weight loss around
400 8C is very similar to that of Co-3 D. These results indi-
cate the formation of [FeACHTUNGTRENNUNG(CNacac)2]1 (Fe-3D).


Grindings of Co ACHTUNGTRENNUNG(OAc)2·4 H2O and Ni ACHTUNGTRENNUNG(OAc)2·4 H2O with
CNacacH were also examined, and a colour change from
bright pink to dark pink and that from green to blue were
observed, respectively. XRPD patterns of both ground sam-
ples were similar to each other and they were consistent
with that of Co-3 D prepared by the solution method
(Figure 6). Cell parameters calculated from the XRPD pat-


terns are listed in Table 1. TG curves of both samples and
Co-3 D were also similar to each other and they were ther-
mally very stable up to approximately 400 8C (Figure 4c,e).
These results indicate that Co-3 D and Ni-3 D were formed
in the mechanochemical reaction. In our mechanochemical
reaction, Ni-3 D was solely obtained, whereas it was report-
ed that a mixture of Ni-3 D and Na[Ni ACHTUNGTRENNUNG(CNacac)3]·EtOH was
obtained from an ethanol solution.[8] Five minutes grinding
of [NiACHTUNGTRENNUNG(CNacac)2 ACHTUNGTRENNUNG(H2O)2]·2 H2O, which was obtained in our
preparation by using a methanol/water mixed solution, in-
duced no reaction, and resulted in broadened XRPD peaks.


Grinding of CuACHTUNGTRENNUNG(OAc)2·H2O with CNacacH afforded a
blue powder. Its XRPD pattern matched with that of [Cu-ACHTUNGTRENNUNG(CNacac)2ACHTUNGTRENNUNG(H2O)] prepared by the solution method (Fig-
ure 7b,d). Ten minutes more grinding induced no reaction to


broaden the XRPD peaks somewhat. In contrast, the an-
nealing treatment of the ground sample at 100 8C for 1 h af-
forded a bright blue powder. The XRPD pattern of the an-
nealed sample was consistent with that of Cu-1 D obtained
from the solution reaction (Figure 7e). TG curves of both
samples were also similar to each other (Figure 4f,g). More-
over, we found that polymeric Cu-1 D gradually returned to
[Cu ACHTUNGTRENNUNG(CNacac)2ACHTUNGTRENNUNG(H2O)], which has a mononuclear structure,
on exposure to water vapour in two days as shown in the
case of Mn-3 D. The XRPD pattern of the sample exposed
to water vapour well matched with that of [CuACHTUNGTRENNUNG(CNacac)2-ACHTUNGTRENNUNG(H2O)] (Figure 7f). This structural change is probably in-
duced by the coordination of a water molecule to an axial
site of Cu-1 D, and this coordination decomposes the poly-
meric structure. The decomposed sample [Cu ACHTUNGTRENNUNG(CNacac)2-ACHTUNGTRENNUNG(H2O)] returned to the polymeric Cu-1 D by re-annealing at
100 8C for 1 h (Figure 7g). Thus, the process is reversible.


Figure 5. XRPD patterns of a) Fe ACHTUNGTRENNUNG(OAc)2, b) a mixture of Fe ACHTUNGTRENNUNG(OAc)2 and
CNacacH after 5 min grinding and c) Co-3 D.


Figure 6. XRPD patterns of a) CoACHTUNGTRENNUNG(OAc)2·4H2O, b) a mixture of Co-ACHTUNGTRENNUNG(OAc)2·4H2O and CNacacH after 5 min grinding c) Co-3 D obtained by
the solution method, d) Ni ACHTUNGTRENNUNG(OAc)2·4 H2O and e) a mixture of Ni-ACHTUNGTRENNUNG(OAc)2·4H2O and CNacacH after 5 min grinding.


Figure 7. XRPD patterns of a) Cu ACHTUNGTRENNUNG(OAc)2·H2O; b) [Cu ACHTUNGTRENNUNG(CNacac)2 ACHTUNGTRENNUNG(H2O)];
c) Cu-1 D ; d) a mixture of Cu ACHTUNGTRENNUNG(OAc)2·H2O and CNacacH after 5 min
grinding; e) sample (d) after annealing at 100 8C for 1 h; f) sample (e) ex-
posed to water vapour for 2 days; g) sample (e) after re-annealing at
100 8C for 1 h.
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From the grinding of ZnACHTUNGTRENNUNG(OAc)2·2 H2O with CNacacH, a
white powder was obtained. Its XRPD pattern was different
from that of [Zn ACHTUNGTRENNUNG(CNacac)2 ACHTUNGTRENNUNG(H2O)2]·2 H2O prepared by the
solution method and that of Co-3 D (Figure 8c,f). We suc-


ceeded in obtaining single crystals of the white powder by
slowly evaporating the solution of the white powder in
methanol and in determining its crystal structure by the
single-crystal X-ray diffraction method. The crystal contains
[Zn ACHTUNGTRENNUNG(CNacac)2ACHTUNGTRENNUNG(H2O)] in which ZnII has a trigonal bipyrami-
dal form coordinated by two twisted CNacacs and a water
molecule as shown in Figure 9. The XRPD pattern simulat-


ed based on the crystal structure matched with that of the
ground sample (Figure 8b,c). The TG measurement of this
ground sample showed about 5 % weight loss around 100 8C,
which is consistent with the release of one water molecule
from [Zn ACHTUNGTRENNUNG(CNacac)2ACHTUNGTRENNUNG(H2O)] (see Figure S1 in the Supporting
Information). Grinding of [Zn ACHTUNGTRENNUNG(CNacac)2ACHTUNGTRENNUNG(H2O)2]·2 H2O,
which was obtained by the solution method, also afforded a
XRPD pattern similar to that of [ZnACHTUNGTRENNUNG(CNacac)2 ACHTUNGTRENNUNG(H2O)] (Fig-
ure 8g).


Annealing treatment of [Zn ACHTUNGTRENNUNG(CNacac)2 ACHTUNGTRENNUNG(H2O)] was exam-
ined. Although no reaction was induced by annealing at


100 8C for 1 h, annealing at 150 8C for 1 h afforded a com-
pound with a very sharp XRPD pattern similar to that of
Co-3 D (Figure 8d). This finding suggests that [Zn-ACHTUNGTRENNUNG(CNacac)2]1 (Zn-3 D), isomorphic to Co-3 D, was formed in
the solid-state reaction. Cell parameters calculated from this
XRPD pattern are listed in Table 1. The TG curve of this
sample has features similar to those of other 3 D complexes,
whereas the thermal decomposition temperature is lower
(Figure 4h). It is likely that the low thermal stability comes
from the absence of the crystal field stabilization due to the
d10 electronic configuration of ZnII. As shown in the case of
Mn-3 D and Cu-1D, [Zn ACHTUNGTRENNUNG(CNacac)2]1 (Zn-3D) also respond-
ed to water vapour. After exposure to water vapour for one
day, [Zn ACHTUNGTRENNUNG(CNacac)2]1 (Zn-3 D) was converted to [Zn-ACHTUNGTRENNUNG(CNacac)2ACHTUNGTRENNUNG(H2O)] (Figure 8e). This mononuclear compound
returned to the polymeric structure by re-annealing at
150 8C for 1 h.


On the whole, the mechanochemical method in combina-
tion with the annealing treatment was effective in the for-
mation of the coordination polymers. The role of the mecha-
nochemical reaction and that of the annealing treatment
were different. CNacac complexes were obtained from the
mechanochemical method but they did not always form
polymeric structures. Many of them were mononuclear hy-
drated complexes. These results were similar to those ob-
tained in the solution reaction. The annealing treatment fol-
lowing the mechanochemical reaction changed the mononu-
clear complexes to polymeric ones. In this process, the dehy-
dration from the mononuclear complexes occurs and the
structural conversion proceeds as shown below.


Annealing treatments of mononuclear complexes : The an-
nealing treatments changed the mononuclear structures of
[Mn ACHTUNGTRENNUNG(CNacac)2 ACHTUNGTRENNUNG(H2O)2], [Cu ACHTUNGTRENNUNG(CNacac)2ACHTUNGTRENNUNG(H2O)] and [Zn-ACHTUNGTRENNUNG(CNacac)2ACHTUNGTRENNUNG(H2O)], which were mechanochemically obtained,
to the polymeric structures of Mn-3 D, Cu-1 D and Zn-3 D,
respectively. The annealing process was clearly effective for
the conversion from the mononuclear to the polymeric
structures. To confirm the effect of the annealing, we an-
nealed microcrystalline mononuclear complexes prepared
by the solution methods, [Mn ACHTUNGTRENNUNG(CNacac)2ACHTUNGTRENNUNG(H2O)2], [Ni-ACHTUNGTRENNUNG(CNacac)2ACHTUNGTRENNUNG(H2O)2]·2 H2O, [Cu ACHTUNGTRENNUNG(CNacac)2 ACHTUNGTRENNUNG(H2O)] and [Zn-ACHTUNGTRENNUNG(CNacac)2ACHTUNGTRENNUNG(H2O)2]·2 H2O, at 100 8C for 1 h without grinding.
In the annealing processes, dehydration was observed
around 100 8C for all the samples, as confirmed by TG and
IR (see Figures S1 and S2 in the Supporting Information).
XRPD patterns of the samples annealed are shown in
Figure 10. In the cases of MnII, CuII and ZnII, the XRPD
patterns changed to those of the respective polymeric struc-
tures.


In the case of NiII, the observations were complicated.
The annealing treatment of [NiACHTUNGTRENNUNG(CNacac)2ACHTUNGTRENNUNG(H2O)2]·2 H2O,
which was blue, afforded an unknown green amorphous
compound. The green powder turned to an unknown blue
amorphous powder after 5 min of grinding, and subsequent
annealing of the blue powder at 100 8C for 12 h finally pro-
vided Ni-3 D, the crystallinity of which was low. The details


Figure 8. XRPD patterns of a) ZnACHTUNGTRENNUNG(OAc)2·2H2O, b) simulated pattern of
[Zn ACHTUNGTRENNUNG(CNacac)2 ACHTUNGTRENNUNG(H2O)], c) a mixture of Zn ACHTUNGTRENNUNG(OAc)2·2 H2O and CNacacH
after 5 min grinding, d) Zn-3 D obtained by annealing, e) Zn-3 D exposed
to water vapour for 1 day, f) [Zn ACHTUNGTRENNUNG(CNacac)2ACHTUNGTRENNUNG(H2O)2]·2 H2O and g) [Zn-ACHTUNGTRENNUNG(CNacac)2ACHTUNGTRENNUNG(H2O)2]·2 H2O after 5 min grinding.


Figure 9. ORTEP representation of [Zn ACHTUNGTRENNUNG(CNacac)2ACHTUNGTRENNUNG(H2O)] with displace el-
lipsoids drawn at the 50% probability level (symmetry code; IV: 1/2�x,
1/2�y,z).
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of the reactions are not clear but the coordination form of
NiII might have changed from an octahedral to a square-
planar form in the dehydration of the first annealing pro-
cess.[11]


These findings indicate that the dehydration is a key pro-
cess. The generation of vacant axial coordinating sites is a
prerequisite for the structural conversion from the hydrated
bis-CNacac complexes to the polymeric ones. It is known
that heating is effective to release the aquo ligands at axial
sites of bis(b-diketonato) metal complexes and to generate
vacant axial sites.[11] This heating effect works well in our
case and helps the formation of polymeric structures. Note
that annealing of a mixture of metal acetate and CNacacH
without grinding generates neither CNacac complexes nor
polymeric structures because the sublimation of CNacacH
occurs around 40 8C.


Mechanochemical reactions of metal chlorides with CN-
acacH : In the solution reaction, the formation of a CNacac
complex starts with a solvated metal ion. The influence of
the counter anion in the metal salt used as a starting materi-
al is not expected to be so large in the reaction. In fact, solu-
tion reactions with metal chlorides produced the same mon-
onuclear MnII, NiII, CuII and ZnII complexes that were pre-
pared by using the metal acetates. In contrast, in the solid-
state reactions described above, formation of acetic acid is
always detected on top of the CNacac complexes, and hence
a direct interaction between the acetate ion and CNacacH
must be involved. Therefore, the counter anion is considered
to play an important part. To examine this point, we investi-
gated the mechanochemical reactions of metal chloride with
CNacacH in each case of MnII, CoII, NiII, CuII and ZnII. Sim-
ilar to the cases of the metal acetates, XRPD measurements


of the ground samples following five minutes grinding and
their original metal chlorides were carried out. As shown in
Figure S3 (Supporting Information), no reaction proceeded
except for the case of CuII chloride in which an unknown
green powder different from blue CuII chloride was ob-
tained. In all cases, ten more minutes grinding was also per-
formed, which only resulted in a broadening of the XRPD
peaks. These findings indicate that the selection of the coun-
ter anion in the starting metal salt is an important factor for
the mechanochemical reaction. In fact, most preceded
works on mechanochemical syntheses were carried out by
using metal acetates.[4a–d] Although the mechanism of these
mechanochemical reactions is still unknown and detailed
discussion is difficult, it is clear that there is a large differ-
ence between the standard Gibbs energy of formation
(DfG


�
298) of acetic acid (�389.9 kJ mol�1) and that of hydro-


chloric acid (�95.3 kJ mol�1). These values suggest that the
formation of acetic acid is more advantageous than that of
hydrochloric acid. The formation of such a conjugated acid
is a part of the whole reaction process so that the thermody-
namic factor may contribute to the superiority of the ace-
tates observed here.


Conclusion


Co-grinding of the metal acetates of MnII, FeII, CoII, NiII,
CuII and ZnII with CNacacH afforded mononuclear hydrated
CNacac complexes, [Mn ACHTUNGTRENNUNG(CNacac)2ACHTUNGTRENNUNG(H2O)2], [CuACHTUNGTRENNUNG(CNacac)2-ACHTUNGTRENNUNG(H2O)] and [Zn ACHTUNGTRENNUNG(CNacac)2ACHTUNGTRENNUNG(H2O)], and polymeric CNacac
complexes, [Fe ACHTUNGTRENNUNG(CNacac)2]1 (Fe-3 D), [Co ACHTUNGTRENNUNG(CNacac)2]1 (Co-
3 D) and [NiACHTUNGTRENNUNG(CNacac)2]1 (Ni-3 D). Remarkably, annealing
treatment of the hydrated complexes of MnII, CuII and ZnII


converted the mononuclear structures to polymeric ones by
removing the aquo ligands at the axial sites. The resultant
polymeric complexes, Fe-3D, Co-3 D, Ni-3 D, [Mn-ACHTUNGTRENNUNG(CNacac)2]1 (Mn-3 D) and [Zn ACHTUNGTRENNUNG(CNacac)2]1 (Zn-3D), have a
common 3 D network structure, whereas the CuII polymer
[Cu ACHTUNGTRENNUNG(CNacac)2]1 (Cu-1D) has a 1 D structure. [Mn-ACHTUNGTRENNUNG(CNacac)2ACHTUNGTRENNUNG(H2O)2], [Cu ACHTUNGTRENNUNG(CNacac)2ACHTUNGTRENNUNG(H2O)], [Zn ACHTUNGTRENNUNG(CNacac)2-ACHTUNGTRENNUNG(H2O)], Fe-3D, Mn-3D and Zn-3 D are first reported in this
study, which clearly indicates the usefulness of the mechano-
chemical method in combination with the annealing treat-
ment as a synthetic method for mononuclear and polymeric
complexes. Mn-3 D, Cu-1D and Zn-3 D polymeric com-
plexes decomposed to their respective mononuclear com-
plexes on exposure to water vapour, but returned to their
original polymeric structures by re-annealing. This reversible
behaviour indicates that the control of the water content of
these CNacac complexes is the key to activate self-assembly
and, therefore, that the annealing treatment is an effective
method.


Figure 10. XRPD patterns of a) [Mn ACHTUNGTRENNUNG(CNacac)2 ACHTUNGTRENNUNG(H2O)2]; b) sample (a)
after annealing at 100 8C for 1 h; c) [Ni ACHTUNGTRENNUNG(CNacac)2 ACHTUNGTRENNUNG(H2O)2]·2H2O;
d) sample (c) after annealing at 100 8C for 1 h; e) sample (d) after 5 min
grinding; f) sample (e) after annealing at 100 8C for 12 h; g) [Cu-ACHTUNGTRENNUNG(CNacac)2ACHTUNGTRENNUNG(H2O)]; h) sample (g) after annealing at 100 8C for 1 h; i) [Zn-ACHTUNGTRENNUNG(CNacac)2ACHTUNGTRENNUNG(H2O)2]·2 H2O; j) sample (i) after annealing at 100 8C 1 h.
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Experimental Section


Materials and physical measurements : CNacacH was synthesized accord-
ing to a literature procedure.[12] X-ray powder diffraction patterns were
measured by using a Rigaku MultiFlex diffractometer with CuKa radia-
tion (l =1.5406 �). The TG study was performed by using a TA Instru-
ments TGA-2950 thermobalance under N2 flow.


[Mn ACHTUNGTRENNUNG(CNacac)2 ACHTUNGTRENNUNG(H2O)2]: MnACHTUNGTRENNUNG(OAc)2·4H2O (1.00 g, 4.1 mmol), CNacacH
(1.00 g, 8.1 mmol) and CH3COONa·3H2O (1.30 g, 9.6 mmol) were dis-
solved into water (20 mL), methanol (10 mL) and water (20 mL), respec-
tively. The solutions were successively mixed and additional water
(20 mL) was finally added. After 5 min stirring, the resultant pale-yellow
solution was left at 4 8C. After a week, yellow crystals were obtained
(0.51 g, 37 % yield). Elemental analysis calcd (%) for C12H16O6N2Mn: C
42.49; H 4.75, N 8.26; found: C 41.98, H 4.86; N 8.17.ACHTUNGTRENNUNG[Fe2 ACHTUNGTRENNUNG(m-OMe)2 ACHTUNGTRENNUNG(CNacac)4]: A solution of CNacacH (0.52 g, 4.2 mmol) in
methanol (10 mL) and an aqueous solution (10 mL) of
CH3COONa·3 H2O (0.53 g, 3.9 mmol) were successively added to an
aqueous solution (20 mL) containing Fe ACHTUNGTRENNUNG(NH4)2 ACHTUNGTRENNUNG(SO4)2·6H2O (0.82 g,
2.1 mmol). After stirring for 5 min, the resultant green precipitate was fil-
tered and washed with water. The green powder was dissolved into a
small amount of methanol. The colour of the solution gradually turned
from yellow to orange. After slow evaporation at ambient temperature
for a week, red crystals were obtained. Elemental analysis calcd (%) for
C26H30O10N4Fe2: C 46.59, H 4.51, N, 8.36; found: C 46.49, H 4.51, N 8.30.


[Ni ACHTUNGTRENNUNG(CNacac)2ACHTUNGTRENNUNG(H2O)2]·2 H2O : A solution of CNacacH (1.01 g, 8.1 mmol)
in methanol (5 mL) and an aqueous solution (10 mL) of
CH3COONa·3 H2O (1.36 g, 10 mmol) were successively added to an
aqueous solution (20 mL) containing Ni ACHTUNGTRENNUNG(OAc)2·4 H2O (1.00 g, 4.0 mmol).
The resultant blue precipitate was filtered and washed with water (1.26 g,
83% yield). Single crystals were obtained by dissolving the blue powder
into a small amount of methanol and leaving the solution at 4 8C for a
few weeks. Elemental analysis calcd (%) for C12H20O8N2Ni: C 38.03, H
5.32, N 7.39; found: C 37.87, H 5.45, N 7.39.


[Cu ACHTUNGTRENNUNG(CNacac)2 ACHTUNGTRENNUNG(H2O)]: A solution of CNacacH (0.497 g, 4.0 mmol) in
methanol (5 mL) and an aqueous solution (10 mL) of CH3COONa·3H2O
(0.552 g, 4.1 mmol) were successively added to an aqueous solution
(20 mL) containing Cu ACHTUNGTRENNUNG(OAc)2·H2O (0.398 g, 2.0 mmol). The resultant
blue precipitate was filtered and washed with water (0.63 g, 95% yield).
The powder obtained was dissolved into a small amount of methanol.
After slow evaporation at ambient temperature for a week, blue crystals
were obtained. Elemental analysis calcd (%) for C12H14O5N2Cu: C 43.70,
H 4.28, N 8.49; found: C 43.49, H 4.26, N 8.48.


[Zn ACHTUNGTRENNUNG(CNacac)2 ACHTUNGTRENNUNG(H2O)]: A mixture of [Zn ACHTUNGTRENNUNG(OAc)2]·2 H2O (0.335 g,
1.5 mmol) and CNacacH (0.384 g, 3.1 mmol) was ground for 5 min, then
dissolved into methanol (15 mL). After slow evaporation for 3 days, col-
ourless crystals were obtained (0.35 g, 69% yield). Elemental analysis
calcd (%) for C12H14O5N2Zn: C 43.46, H 4.25, N 8.45; found: C 43.18, H
4.29, N 8.32.


Syntheses of mononuclear complexes by using metal chlorides : [Mn-ACHTUNGTRENNUNG(CNacac)2ACHTUNGTRENNUNG(H2O)2], [Ni ACHTUNGTRENNUNG(CNacac)2ACHTUNGTRENNUNG(H2O)2]·2 H2O, [Cu ACHTUNGTRENNUNG(CNacac)2ACHTUNGTRENNUNG(H2O)] and
[Zn ACHTUNGTRENNUNG(CNacac)2 ACHTUNGTRENNUNG(H2O)2]·2 H2O were obtained by the above methods in
which respective metal chlorides were used instead of the metal acetates.
Their XRPD patterns were identical to those of the complexes prepared
from the metal acetates (41 % yield for [Mn ACHTUNGTRENNUNG(CNacac)2 ACHTUNGTRENNUNG(H2O)2], 83 %
yield for [Ni ACHTUNGTRENNUNG(CNacac)2ACHTUNGTRENNUNG(H2O)2]·2 H2O, 17% yield for [Cu ACHTUNGTRENNUNG(CNacac)2 ACHTUNGTRENNUNG(H2O)]
and 20 % yield for [ZnACHTUNGTRENNUNG(CNacac)2 ACHTUNGTRENNUNG(H2O)2]·2H2O).


Mechanochemical reactions of metal acetates with CNacacH : Grinding
of a mixture of metal acetate and CNacacH in the ratio of 1:2 was carried
out for 5 min by using a pestle and mortar made of agate. During the
grinding, the smell of acetic acid was detected and the mixture became
slightly sticky in all cases.


Annealing treatments : Mononuclear complexes obtained by grinding or
solution reactions were set into a round three-necked flask. The flask was
heated by using an oil bath set at 100 8C with a thermal controller (�
0.3 8C, OHB-2000G, TOKYO RIKAKIKAI, Japan) except for the case


of [ZnACHTUNGTRENNUNG(CNacac)2 ACHTUNGTRENNUNG(H2O)]. The annealing temperature for [Zn ACHTUNGTRENNUNG(CNacac)2-ACHTUNGTRENNUNG(H2O)] was 150 8C.


Crystal structure determination : The crystal structures of new complexes,
[Mn ACHTUNGTRENNUNG(CNacac)2ACHTUNGTRENNUNG(H2O)2], [Fe2 ACHTUNGTRENNUNG(m-OMe)2 ACHTUNGTRENNUNG(CNacac)4], [Ni ACHTUNGTRENNUNG(CNacac)2-ACHTUNGTRENNUNG(H2O)2]·2H2O, [Cu ACHTUNGTRENNUNG(CNacac)2ACHTUNGTRENNUNG(H2O)] and [Zn ACHTUNGTRENNUNG(CNacac)2ACHTUNGTRENNUNG(H2O)] were de-
termined by the single-crystal X-ray diffraction method. Their crystallo-
graphic and experimental data are summarized in Table S1 in the Sup-
porting Information. For the collection of the diffraction data, a Rigaku
R-AXIS RAPID imaging plate diffractometer was used. Measurements
were carried out at room temperature in the cases of [Mn ACHTUNGTRENNUNG(CNacac)2-ACHTUNGTRENNUNG(H2O)2], [Ni ACHTUNGTRENNUNG(CNacac)2 ACHTUNGTRENNUNG(H2O)2]·2H2O and [ZnACHTUNGTRENNUNG(CNacac)2 ACHTUNGTRENNUNG(H2O)], whereas
at 153 K in the cases of [Fe2ACHTUNGTRENNUNG(m-OMe)2 ACHTUNGTRENNUNG(CNacac)4] and [CuACHTUNGTRENNUNG(CNacac)2-ACHTUNGTRENNUNG(H2O)]. The structures were solved by the direct method using the pro-
gram SHELXS-97[13] The refinement and all further calculations were
carried out by using the program SHELXL-97[14] All non-H atoms were
refined anisotropically by using weighted full-matrix least-squares on F 2.
Hydrogen atoms were generated geometrically. CCDC-697691, 697692,
697693, 697694 and CCDC-697695 contain the supplementary crystallo-
graphic data of [Mn ACHTUNGTRENNUNG(CNacac)2 ACHTUNGTRENNUNG(H2O)2], [Fe2 ACHTUNGTRENNUNG(m-OMe)2 ACHTUNGTRENNUNG(CNacac)4], [Ni-ACHTUNGTRENNUNG(CNacac)2ACHTUNGTRENNUNG(H2O)2]·2 H2O, [CuACHTUNGTRENNUNG(CNacac)2 ACHTUNGTRENNUNG(H2O)] and [Zn ACHTUNGTRENNUNG(CNacac)2 ACHTUNGTRENNUNG(H2O)],
respectively. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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Introduction


The nonspecific attachment of macromolecules of biological
nature, such as proteins, or of microorganisms, such as bac-
teria or fungi, to surfaces (so-called biofouling) is a funda-
mental problem in areas ranging from medical devices and
biosensors[1] to protein production, handling, and storage.[2]


Surfaces suffer from biofouling as soon as they are exposed
to biological fluids or protein solutions. This process[3] is
often considered to be the first step in nosocomial infec-
tions,[4] which are a serious problem in hospital settings
nowadays.


The direct approach towards preventing biofouling is the
generation of antifouling surfaces,[5] that is, coatings that
repel the adhesion of proteins and cells. Over recent years,
effective antifouling polymers have been developed, includ-
ing poly(ethylene glycol)[6] polyglycerol,[7] poly(ethylene
oxide)–poly(propylene oxide)/pluronics,[8,9] peptoids,[10] and


poly-2-methyl-2-oxazoline.[11] The remaining general chal-
lenge consists of attaching these polymers to surfaces in a
mild, rapid and efficient way. Several approaches have been
developed based on polyelectrolytes,[12] silanes,[13] or thiols[14]


on gold. All of these approaches suffer from limitations re-
garding the scope, stability or reactivity of the anchoring
groups. Recently, catechols have been presented as promis-
ing alternative adhesives in surface modifications.[15] These
anchors are found in mussel-adhesive proteins (MAPs),[16]


which are responsible for the very strong wet adhesion of
mussels to surfaces. MAPs have been shown to contain up
to 27 % of the catechol dihydroxyphenylalanine (DOPA),
which is the key constituent for adhesion. Based on early
work by Waite and co-workers,[15a] and then Gr�tzel and co-
workers,[15b] Messersmith and co-workers[15c–h] demonstrated
the usefulness of catechols for surface functionalization. In
these systems, however, oligomers of DOPA, such as 2, are
required to achieve sufficient adhesion stability and protein
resistance. We were able to overcome this limitation by in-
troducing anchor 3[17a] for effective single-site attachment
based on the iron chelator anachelin.[18] This biomimetic
strategy allowed PEG-based, protein-resistant,[17a] and cell-
resistant[17b] surfaces to be generated, with the drawback
that the anchor required multistep organic synthesis, involv-
ing heavy-metal-based[18a,b] or enzymatic[18c,d] conversions.
We sought to structurally simplify this anchor and, while re-
taining its benefits, make its preparation more straightfor-
ward. Herein, we present structurally simple, easy-to-pro-
duce anchors that allow protein-resistant TiO2 surfaces to be
generated through straightforward dip-and-rinse procedures.


Abstract: The synthesis and evaluation
of new dopamine-based catechol an-
chors coupled to poly(ethylene glycol)
(PEG) for surface modification of TiO2


are reported. Dopamine is modified by
dimethylamine–methylene (7) or trime-
thylammonium–methylene (8) groups,
and the preparation of mPEG-Glu di-


dopamine polymer 11 is presented. All
these PEG polymers allow stable
adlayers on TiO2 to be generated


through mild dip-and-rinse procedures,
as evaluated both by variable angle
spectroscopic ellipsometry and X-ray
photoelectron spectroscopy. The result-
ing surfaces substantially reduced pro-
tein adsorption upon exposure to full
human serum.
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Results and Discussion


The goal of this investigation was the design of an effective
catechol surface anchor that could generate protein-resistant
surfaces and that was readily available by a short synthetic
route. We initially proposed that the key to successful sur-
face immobilization through single-site attachment is the
combination of both catechol and a positive ammonium
group, such as that in 3.[17a] These functional units should
synergistically act on surface binding with the catechol as
the anchoring group in a similar fashion to MAPs and the
positive charge inducing favorable interactions with the neg-
atively charged surface of the metal oxide. Therefore, we
turned our attention to compound 4, which is readily avail-
able from Boc-l-DOPA.[18a,b] This monoprotected catechol
diamine exists in a charged state under physiological condi-
tions, thus displaying the desired properties of catechol and
a positive charge. A permanent, pH-independent positive
charge was introduced by N-methylation of 4 in one step
with excellent yield (97 %; Scheme 1). The resulting com-
pound 5 can therefore be obtained through a short synthetic
sequence from DOPA. In addition to the monocatechol an-
chors, such as 4 and 5, we were interested in dicatechol an-
chors because of their increased adhesion stability on surfa-
ces.[15g] Thus, dicatechol–diamine 6 was prepared in two
steps from 4, simply through deprotection of 4 and coupling
to Boc-l-DOPA (Boc = tert-butoxycarbonyl). The three an-
chors (4–6) were deprotected and coupled to poly(ethylene
glycol) (PEG-5000) through the corresponding PEG-succi-
nidyl esters and purified by size exclusion chromatography.
The resulting polymers (7–9) were thus readily available for
surface functionalization.


In addition, we prepared didopamine polymer 11 in three
steps from Boc-l-Glu, through coupling to dopamine, depro-
tection and PEGylation with mPEG succinidyl ester
(Scheme 2). Compound 11 was designed in view of benefi-
cial properties through bidentate anchoring of the catechols
on the surface, while also being readily available through a
short three-step synthetic sequence. From a mechanistic


point of view, this compound could also allow the role of
the amino group in 9 to be investigated with respect to the
two catechol units. Compound 11 should also display in-
creased binding properties when compared with dopamine
PEG polymer 12, as noted previously for DOPA-based poly-
mers.[10, 15g]


The generation of protein-resistant surfaces was then car-
ried out by means of spontaneous adsorption (self-assembly)
by using a dip-and-rinse protocol. TiO2 was chosen as the
surface in view of its relevance in the field of biomedical im-
plants and biosensors.[19] Thus, clean TiO2 surfaces were


Scheme 1. Preparation of catechol-PEG conjugates for surface modifica-
tion: a) Boc2O, NaOH (aq), dioxane, RT, 16 h; b) 1) iBuOCOCl, THF,
�35 8C, 0.5 h; 2) HNMe2, THF, �35 8C to RT, 16 h, 68% (over three
steps); c) Cs2CO3, BnBr, acetone, reflux, 4 h, 83%; d) 1) trifluoroacetic
acid (TFA), CH2Cl2, 0 8C, 1 h; 2) BH3·THF, THF, 0 8C to RT, 16 h;
3) Boc2O, NaOH (aq), dioxane, RT, 16 h, 53 % (over 3 steps); e) H2, Pd/
C, AcOH, MeOH, 14 h, RT, 99 %; f) CH3I, CH2Cl2/MeOH 2:1, 6 h, RT;
g) TFA, CH2Cl2, 0 8C, 1 h; h) Boc-l-DOPA, NEt3, 1-hydroxybenzotriazole
(HOBt), N-(3-dimethylaminopropyl)-N-ethylcarbodiimide (EDC), 14 h,
RT, 54 % (over two steps); i) HCl (4 m) in dioxane, dioxane, 0 8C, 2 h;
j) methoxy(polyethylene glycol) N-hydroxysuccinidylpropionate (mPEG-
SPA), N-methylmorpholine (NMM), CH2Cl2/DMF 1:1, RT, 64% (for 7),
44% (for 8), 60% (for 9).
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dipped in dilute solutions of 7–9 and 11–12 (polymers
(0.1 mgmL�1) in high salt buffer (0.1 m MOPS/0.6 m NaCl/
0.6 m K2SO4)) for 4 h at 50 8C. These cloud-point conditions
were chosen to achieve dense packing of PEG and thus
maximize PEG surface density.[5a] After incubation, the re-
sulting surfaces were briefly rinsed with water and the thick-
ness of the adlayer was measured by variable angle spectro-
scopic ellipsometry (VASE). This measured thickness is pro-
portional to the amount of polymer adsorbed and thus di-
rectly reflects the mass of PEG on the surface. From these
values (Figure 1, *), it is evident that polymer 8, featuring
the quaternary ammonium anchor, as well as didopamine
polymer 11 displayed the highest mass adsorbed. Among
the monocatechol polymers, the performance of 8 is compa-
rable to anachelin chromophore polymer 3 and to that mea-
sured for dopamine-derived 12. Clearly, the nonpermanently
charged polymer 7 displayed a lower adlayer thickness. As a
next step, the polymers were equilibrated by exposing the
surfaces to physiological buffer (HEPES 2; pH 7.4) for 24 h.
At the same time, the PEG chains become rehydrated in
this process. The adlayer thickness of all polymers was again
measured by VASE (Figure 1, &). Quaternary ammonium
polymer 8 again displayed a high value, with a measured
thickness of roughly 17 �. This is comparable to control po-


lymer 3 and dopamine-derived 12. Tertiary amine polymer 7
showed a significantly lower thickness, with a measured
value of 9.8 �.


We next investigated the adlayer thickness of divalent di-
dopamine derivatives 9 and 11 (Figure 1). Interestingly, de-
rivative 9, featuring additional amino groups, displayed a
similar low initial adlayer thickness when compared to the
parent monovalent polymer 7 and after 24 h exposure to the
buffer an adlayer thickness of 8.8 � was determined. Diva-
lent dopamine derivative 11, however, gave the highest
adlayer thickness, both after adsorption (ca. 25 �) and after
24 h incubation in buffer (ca. 18 �).


From these data, the following conclusions can be drawn:
1) A permanent positive charge, present, for example, in 8,
results in higher values for the adlayer thickness (on nega-
tively charged surfaces), and therefore, a higher adsorbed
mass for the monovalent compounds. Thus, polymers such
as 8 and control 3 have superior adsorption properties when
compared with nonpermanently charged aminodopamines
such as 7. 2) Didopamine polymer 11 resulted in the highest
adlayer thickness, as determined by VASE. Clearly, an opti-
mal arrangement of both catechols is beneficial for surface
attachment. In contrast, diamino dopamine polymer 9 per-
formed poorly, with layer thicknesses similar to its monova-
lent counterpart 7. Increased steric hindrance expected for
molecule 9, when compared with 11, is possibly the reason
for the observed lower adlayer thickness. Molecular model-
ing results supports this view, in which the dimethylamino
group in 9 appears to separate the catechol units spatially
and thus prevent multivalent attachment (data not shown).
From the adsorption data after incubation for 24 h under
physiological conditions, it can be concluded that the perfor-
mance regarding adlayer thickness of the group of polymers
3, 8, 11, and 12 are superior to 7 and 9.


Next, we investigated protein adsorption to the TiO2 sur-
faces coated with the different polymers prepared as de-
scribed above. The resulting surfaces were subsequently ex-
posed to human serum for 20 min, rinsed with buffer and
ultra-pure water, and the resulting increase in layer thick-
ness was measured by VASE (Figure 2). These results dem-


Scheme 2. Preparation of mPEG didopamine polymer 11: a) dopamine
hydrochloride, NEt3, HOBt, EDC, 14 h, RT, CHCl3; b) HCl (4 m) in diox-
ane, dioxane, 0 8C, 2 h; c) mPEG-SPA, NMM, CH2Cl2/DMF 1:1, RT,
58%.


Figure 1. Adlayer thickness of polymers 3 (8), 7 (10), 8 (9), 9 (10), 11 (6),
and 12 (8) as measured by VASE (numbers in parentheses refer to the
number of independent experiments, error bars denote the standard devi-
ation). &: values measured directly after adsorption in cloud point buffer,
&: values measured after equilibration in physiological buffer at pH 7.4.


Figure 2. Measured increase in layer thickness due to serum adsorption
on polymer adlayers of 3, 7, 8, 9, 11, and 12 plotted against polymer
adlayer thickness after equilibration for 24 h in physiological buffer. Con-
trol refers to the bare TiO2 surface.
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onstrate that coatings of 7 and 8 substantially reduce non-
specific serum adsorption when compared with bare TiO2


(Figure 2, control). The measured protein resistance values
for 7 and 8 are slightly lower than that of anachelin chromo-
phore 3, which reflects their lower polymer adlayer thick-
nesses (Figure 1). In addition, whereas the introduction of a
permanent charge, such as in 8, leads to increased PEG sur-
face coverage, as determined by VASE (Figure 1), it has no
influence on protein resistance (Figure 2) because both poly-
mers 7 and 8 are equally efficient towards this goal.


Surprisingly, the diamino catechol polymer 9 coating was
inefficient at reducing the protein-adsorbed mass (Figure 2),
in contrast to the expectation given the adlayer thickness of
10 � after buffer incubation (Figure 1). The reason for this
unexpected result is unclear at present. Didopamine poly-
mer 11 showed a significantly better performance in this re-
spect, with over 95 % reduction of protein adsorption when
compared with the control. Thus, polymer 11 as well as the
charged monovalent 8 generally display the best values with
regard to performance in adlayer thickness and protein re-
sistance.


The data obtained from VASE experiments were further
corroborated by X-ray photoelectron spectroscopy (XPS)
measurements. For protein-resistant surfaces, the chemical
composition of the adsorbate layer is expected to remain
unchanged, whereas surfaces that adsorb proteins should
show a substantial increase in the surface nitrogen concen-
tration as well as changes in the composition of the carbon
components of the C1s signal. The XPS data confirmed that
surfaces identified by VASE as protein resistant, for exam-
ple, 3, 11, and 12, also show the smallest change in their
chemical composition (shown in the Supporting Informa-
tion). The combined XPS and VASE findings for these
three polymers clearly demonstrate that the measured layer
thickness after the serum test mostly reflects the polymer
film and that adsorption or exchange of polymer molecules
by proteins has not taken place to a significant degree. In
contrast, the films obtained from 7 and 9 show a substantial
increase in the nitrogen and carbon surface concentrations.
The XPS data also indicate that thicker polymer layers (cor-
responding to a higher C/Ti atomic concentration ratio) with
correspondingly higher PEG-chain surface density result in
more favorable protein resistance, which is in agreement
with the ellipsometry data (Figure 2).


Conclusion


We have presented the synthesis and evaluation of a series
of new dopamine-based anchors for surface functionaliza-
tion. Two anchors with excellent properties were identified.
Dopamine 8 with a permanent positive charge displayed a
comparable adlayer thickness as reference 3. Didopamine
polymer 11 was identified as the anchor of choice because
this compound showed the highest adlayer thickness while
displaying a large reduction in protein attachment. In addi-
tion, the didopamine anchor of 11 can be prepared from


Boc-l-Glu and dopamine in a straightforward and conven-
ient one-step process. Benefits of the new anchors included
in 8 and 11 are 1) ease of synthesis compared with previous-
ly reported systems such as 3, 2) operationally simple dip-
and-rinse protocols for the generation of protein-resistant
surfaces, and 3) mild surface functionalization through cate-
chols, which are compatible with many functional groups.
Applications of the novel surface-active molecules for the
generation of functional surfaces are currently underway in
our laboratories.


Experimental Section


Materials and methods : Chemicals were purchased from Fluka, ABCR,
or Acros and used without further purification. Analytical thin-layer
chromatography (TLC) was performed on Merck silica gel 60 F254
plates (0.25 mm thickness) precoated with a fluorescent indicator. The
developed plates were examined under UV light and stained with ceric
ammonium molybdate followed by heating. All 1H and 13C NMR spectra
were recorded by using a Bruker DPX 400 MHz (1H) or 100 MHz (13C)
FT spectrometer at RT; chemical shifts (d) are given in ppm and coupling
constants (J) in Hz. IR spectra were recorded by using a Varian 800 FT-
IR ATR spectrometer. The absorptions are reported in cm�1 and the IR
bands were assigned as strong (s), medium (m), or weak (w). All mass
spectra were recorded by the Mass Spectroscopy service of EPF Lau-
sanne on a MICROMASS (ESI) Q-TOF Ultima API instrument. Melting
points were determined by using a B�chi B-545 apparatus in open capil-
laries and are uncorrected. Compound 4 was prepared according to the
literature,[18] and procedures and data are reported in the Supporting In-
formation.


TiO2 surfaces and surface preparation : Silicon wafers (Si-Mat Silicon Ma-
terials Landsberg/Deutschland) were coated with TiO2 (15/20 nm) by
magnetron sputtering (PSI Villingen, Switzerland). Metal oxide coated
wafers were subsequently sawn into 1 cm � 1 cm pieces. Prior to polymer
modification, TiO2-coated silicon wafers were sonicated in toluene twice
for 10 min, followed by sonication in 2-propanol twice for 7 min, dried
under a stream of nitrogen, and finally exposed to O2 plasma (Harrick
Scientific Corporation, Ossining, NY) for 3 min to remove adventitious
contamination from the surface.


Ellipsometry (VASE): The adlayer thickness on the TiO2 wafers was
measured by M-2000F Variable angle spectroscopic ellipsometry (J. A.
Woollam Co.) at 65, 70, and 75 8C by using wavelengths from 370 to
1000 nm. VASE spectra were fitted with multilayer modes by using a
custom analysis software (WVASE 32).


X-ray photoelectron spectroscopy (XPS): XPS data were acquired on a
SIGMA probe thermo XPS system spectrophotometer. The instrument
was equipped with a multichannel detector and an Alpha 110 hemispher-
ical analyzer. All spectra were acquired at 300 W with an AlKa X-ray
source (1486.6 eV) with a large area spot size. High-resolution spectra (C
1s, N 1s) were recorded with 0.1 eV step size and 25 eV pass energy. Re-
corded spectra were referenced to the aliphatic hydrocarbon C1s signal
at 285.0 eV. Data were analyzed by using the program CasaXPS (Ver-
sion 2.3.5 http://www.casaxps.com). The signals were fitted by using Gaus-
sian–Lorentzian functions and an Marquardt–Levenberg optimization al-
gorithm following Shirley iterative background subtraction.


Preparation of trimethylammonium dopamine 5 : Compound 4 (44 mg,
0.14 mmol, 1.0 equiv) was dissolved in CH2Cl2/MeOH 2:1 (1 mL). MeI
(44 mL, 0.71 mmol, 5.0 equiv) was added and the solution was stirred at
RT for 6 h under N2. The solvent was removed under reduced pressure
to give compound 5 (62 mg, 0.14 mmol, 97%). 1H NMR (CD3OD,
400 MHz): d =1.36–1.39 (s, 9H; Boc rotamers), 2.61–2.74 (m, 2 H), 3.17
(s, 9 H), 3.49 (m, 2H), 4.20–4.23 (m, 1H), 6.59–6.61 (m, 1 H), 6.72–
6.74 ppm (m, 2H); 13C NMR (CD3OD, 100 MHz): d=27.5, 27.6 (Boc ro-
tamers), 40.7, 48.4, 54.8, 73.8, 79.5, 115.6, 116.8, 123.2, 132.0, 144.6, 145.8,
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155.6 ppm; HRMS: m/z : calcd for C17H29N2O4 [M+H]+ : 325.2122; found:
325.2127.


Preparation of compound 6 : Compound 4 (250 mg, 0.81 mmol, 1.0 equiv)
was suspended in CH2Cl2 (4 mL) and cooled to 0 8C under N2. TFA
(2 mL) was added dropwise and the solution stirred at 0 8C for 1 h and at
RT for 1 h. The reaction mixture was then concentrated, redissolved in
toluene (1 mL), concentrated, and dried under high pressure. The residue
was dissolved in CH2Cl2 (10 mL) before Et3N (450 mL, 4.0 equiv) and
HOBt (130 mg, 1.2 equiv) were added and the solution was stirred for
5 min at RT. EDC·HCl (165 mg, 1.2 equiv) and a solution of BOC-l-
DOPA (259 mg, 1.1 equiv) in CH2Cl2 (3 mL) were added. The solution
was stirred at 0 8C for 1 h and at RT for 18 h under N2 in the dark. The
reaction mixture was concentrated, diluted with Et2O and washed with
1m HCl (2 � 10 mL), saturated NaHCO3 (2 � 10 mL) and brine (10 mL).
The organic layer was dried (MgSO4), concentrated, and the residue puri-
fied by chromatography on SiO2 (CH2Cl2/MeOH 8:1) to give 6 (287 mg,
0.63 mmol, 54%).


Preparation of mPEG-SPA : mPEG-propionic acid (150 mg, 30 mmol,
1.0 equiv) was dissolved in CHCl3 (3 mL) at 0 8C under N2. Dicyclohexyl-
carbodiimide (DCC; 7 mg, 33 mmol, 1.1 equiv) was added and the solu-
tion stirred for 15 min at 0 8C. N-Hydroxysuccinimide (NHS; 4 mg,
33 mmol, 1.1 equiv) was added and the solution was stirred for 1 h at 0 8C
and for 14 h at RT under N2. The reaction mixture was kept at 4 8C for
4 h and filtered. The solvent was removed and the residue was dissolved
in Et2O (30 mL) and stored at 4 8C for 1 h. Filtration gave mPEG-SPA
(146 mg, 29 mmol, 97%), which was used without further purification.


Preparation of polymer 7: Compound 4 (14 mg, 30 mmol, 3.0 equiv) was
dissolved in CH2Cl2 (1 mL), cooled at 0 8C under N2, and TFA (1 mL)
was added dropwise. The solution was stirred for 1 h at 0 8C and for 1 h
at RT. The solvent was removed and the residue was dissolved in toluene
and concentrated. The residue was dissolved in CH2Cl2/DMF 1:1 (1 mL)
under N2. NMM (50 mL) was added dropwise and the solution was stirred
at RT for 15 min. mPEG-SPA (50 mg, 10 mmol, 1.0 equiv) was added and
the solution was stirred for 14 h at RT under N2. The solution was fil-
tered, diluted with Et2O (30 mL), and stored at 4 8C for 4 h. Filtration
and purification by chromatography on Sephadex LH-20 (MeOH) gave 7
(22 mg, 4 mmol, 44%).


Preparation of polymer 8 : Compound 5 (9 mg, 30 mmol, 3.0 equiv) was
dissolved in CH2Cl2 (1 mL), cooled at 0 8C under N2, and TFA (1 mL)
was added dropwise. The solution stirred for 1 h at 0 8C and for 1 h at
RT. The solvent was removed and the residue was dissolved in toluene
and concentrated. The residue was dissolved in CH2Cl2/DMF 1:1 (1 mL)
under N2. NMM (50 mL) was added dropwise and the solution was stirred
at RT for 15 min. mPEG-SPA (50 mg, 10 mmol, 1.0 equiv) was added and
the solution was stirred for 14 h at RT under N2. The solution was fil-
tered, diluted with Et2O (30 mL), and stored at 4 8C for 4 h. Filtration
and purification by chromatography on Sephadex LH-20 (MeOH) gave 8
(32 mg, 6 mmol, 64%).


Preparation of polymer 9 : Compound 6 (15 mg, 30 mmol, 3.0 equiv) was
dissolved in CH2Cl2 (1 mL), cooled at 0 8C under N2, and TFA (1 mL)
was added dropwise. The solution stirred for 1 h at 0 8C and for 1 h at
RT. The solvent was removed and the residue was dissolved in toluene
and concentrated. The residue was dissolved in CH2Cl2/DMF 1:1 (1 mL)
under N2. NMM (50 mL) was added dropwise and the solution stirred at
RT for 15 min. mPEG-SPA (50 mg, 10 mmol, 1.0 equiv) was added and
the solution was stirred for 14 h at RT under N2. The solution was fil-
tered, diluted with Et2O (30 mL), and stored at 4 8C for 4 h. Filtration
and purification by chromatography on Sephadex LH-20 (MeOH) gave 9
(30 mg, 5 mmol, 60%).


Preparation of polymer 11: Boc-l-Glu (300 mg, 1.2 mmol, 1.0 equiv) was
dissolved in CHCl3 (3 mL) and cooled to 0 8C (ice bath). NEt3 (750 mL,
5.3 mmol, 4.0 equiv), HOBt (360 mg, 2.4 mmol, 2.0 equiv), EDC hydro-
chloride (510 mg, 2.7 mmol, 2.2 equiv), and dopamine hydrochloride
(690 mg, 3.6 mmol, 3.0 equiv) were sequentially added. The reaction mix-
ture stirred at 0 8C for 1 h and at RT for 16 h. The mixture was diluted
with CHCl3 (10 mL), washed with 1n HCl (2 � 10 mL), a saturated aque-
ous solution of NaHCO3 (2 � 10 mL), and brine (10 mL). The organic
layer was dried over Na2SO4, filtered, and concentrated. The residue was


purified by chromatography on SiO2 (CH2Cl2/MeOH 9:1) to give (S)-tert-
butyl-1,5-bis(3,4-dihydroxyphenethylamino)-1,5-dioxopentan-2-ylcarba-
mate (477 mg, 0.92 mmol, 76%). 1H NMR (400 MHz, CDCl3): d=1.41–
1.44 (s, 9H; Boc rotamers), 1.76–1.87 (m, 2H), 2.19 (t, J =7.10 Hz, 2H),
2.62–2.68 (m, 4H), 3.31–3.37 (m, 4H), 3.64–3.77 (m, 2 H), 3.94–4.00 (m,
1H), 6.56–6.61 (m, 2 H), 6.63 (d, J =0.96 Hz, 2 H), 6.79 ppm (d, J=


8.32 Hz, 2H); 13C NMR (CDCl3, 100 MHz): d =27.2, 28.2, 29.6, 34.6, 34.8,
40.4, 41.1, 51.8, 80.4, 115.3, 115.5, 115.7, 115.8, 120.5, 120.6, 130.5, 130.7,
143.0, 143.1, 144.0, 144.1, 155.9, 171.9, 173.9 ppm; IR 3402 (m), 3010 (m),
1780 (s), 1580 (s), 1273 (s), 1151 (s).


(S)-tert-Butyl 1,5-bis(3,4-dihydroxyphenethylamino)-1,5-dioxopentan-2-
ylcarbamate (15 mg, 30 mmol, 3.0 equiv) was dissolved in CH2Cl2 (1 mL),
cooled at 0 8C under N2, and CF3CO2H (1 mL) was added dropwise. The
solution stirred for 1 h at 0 8C and for 1 h at RT. The solvent was re-
moved and the residue was dissolved in toluene and concentrated. The
residue was dissolved in CH2Cl2/DMF 1:1 (1 mL) under N2. NMM
(50 mL) was added dropwise and the solution was stirred at RT for
15 min. mPEG-SPA (50 mg, 10 mmol, 1.0 equiv) was added and the solu-
tion was stirred for 14 h at RT under N2. The solution was filtered, dilut-
ed with Et2O (30 mL), and stored at 4 8C for 4 h. Filtration and purifica-
tion by chromatography on Sephadex LH-20 (MeOH) gave 11 (30 mg
5 mmol, 56%).
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Introduction


Ebselen (1, 2-phenyl-1, 2-benzisoselenazol-3(2H)one), a
lipid-soluble organoselenium compound undergoing phase
III clinical trials for a number of disease states, such as
stroke and hearing loss, exhibits numerous biological activi-
ties both in vitro and in vivo systems.[1] Ebselen is an excel-
lent scavenger of reactive oxygen species (ROS) such as per-
oxynitrite (PN) and the rate of the reaction between ebselen
and PN is about three orders of magnitude higher than that
of naturally occurring small molecules, such as ascorbate,
cysteine, and methionine.[2] Ebselen and related derivatives
effectively protect against lipid peroxidation induced by
transition metals.[1a,3] Furthermore, ebselen has been shown
to inhibit a number of enzymes, which include nitric oxide


synthase (NOS),[4,5] the enzymes involved in inflammatory
diseases, such as lipoxygenase (LOX) and cycloxygenase
(COX),[6] NADPH oxidase,[7] protein kinase C (PKC),[7] glu-
tathione-s-transferase (GST),[8] cytochrome P-450[9] and b-5
reductases,[10] H+/K+-ATPase,[11] the cysteine proteases, such
as papain,[8] and prostaglandin H synthetase.[12] Ebselen also
exhibits significant antitumor and immunomodulating activi-
ties and has been suggested to have a potential to protect
ROS-mediated brain damage.[13] Interestingly, most of the
biological activities of ebselen have been associated with its
ability to mimic the enzymatic properties of glutathione per-
oxidase (GPx), a mammalian selenoenzyme that protects
various organisms from oxidative damage by catalyzing the
reduction of harmful hydroperoxides in the presence of glu-
tathione (GSH) (Scheme 1) or other thiol cofactor sys-
tems.[14] In addition to the GPx activity, ebselen has been
shown to enhance the antioxidant activity of the human thi-
oredoxin (Trx) system by acting as a substrate for the seleni-
um-containing enzyme, thioredoxin reductase (TrxR).[15]


These studies indicate that the Trx system may serve as a
better cofactor than GSH for the antioxidant activity of eb-
selen. Recent evidence also suggests that the dehydroascor-
bate reductase and thiol transferase (glutaredoxin) activities


Abstract: A revised mechanism that
accounts for the glutathione peroxidase
(GPx)-like catalytic activity of the or-
ganoselenium compound ebselen is de-
scribed. It is shown that the reaction of
ebselen with H2O2 yields seleninic acid
as the only oxidized product. The X-
ray crystal structure of the seleninic
acid shows that the selenium atom is
involved in a noncovalent interaction
with the carbonyl oxygen atom. In the
presence of excess thiol, the Se�N
bond in ebselen is readily cleaved by
the thiol to produce the corresponding
selenenyl sulfide. The selenenyl sulfide


thus produced undergoes a dispropor-
tionation in the presence of H2O2 to
produce the diselenide, which upon re-
action with H2O2, produces a mixture
of selenenic and seleninic acids. The
addition of thiol to the mixture con-
taining selenenic and seleninic acids
leads to the formation of the selenenyl
sulfide. When the concentration of the
thiol is relatively low in the reaction


mixture, the selenenic acid undergoes a
rapid cyclization to produce ebselen.
The seleninic acid, on the other hand,
reacts with the diselenide to produce
ebselen as the final product. DFT cal-
culations show that the cyclization of
selenenic acids to the corresponding se-
lenenyl amides is more favored than
that of sulfenic acids to the correspond-
ing sulfenyl amides. This indicates that
the regeneration of ebselen under a va-
riety of conditions protects the seleni-
um moiety from irreversible inactiva-
tion, which may be responsible for the
biological activities of ebselen.
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are important for the antioxidant and anti-inflammatory
properties of ebselen.[16]


Although ebselen has been shown to be one of the major
GPx mimics, the mechanism by which ebselen exerts its
GPx activity and the importance of the cyclic selenazole
moiety are still not clear. Recent studies have shown that
ebselen is a relatively inefficient catalyst in the reduction of
hydroperoxides due to a deactivation pathway involving
thiol exchange reactions at the selenium center in the sele-
nenyl sulfide intermediates, which hampers the regeneration
of the selenol.[17] Furthermore, the selenol moiety in 8 is a
relatively poor nucleophile due to the noncovalent Se···O in-
teractions.[17b] Therefore, ebselen does not seem to follow
the classical GPx catalytic cycle involving the selenol, sele-
nenic acid, and selenenyl sulfide intermediates (Scheme 2,


cycle A),[17a] although ebselen exhibits significant GPx activi-
ty when GSH is used as the cosubstrate[17b,c] and the forma-
tion of selenol has been observed during the reaction of eb-
selen with thiols.[18] According to the literature data,[19–22] the
first step in the catalytic mechanism of ebselen is the forma-
tion of a selenoxide (cycle B) or a selenenyl sulfide
(cycle A) depending upon the relative concentration of thiol
and peroxide. It has been proposed that ebselen follows
cycle B at higher peroxide concentrations, but under physio-
logically relevant conditions, that is, in the presence of an
excess of thiol, cycle C may be operative.[19,20] However,
none of the intermediates other than the selenenyl sulfides
have been unambiguously confirmed.


In view of the complications associated with the catalytic
mechanism of ebselen, we have studied the reactivity of eb-
selen with peroxides and thiols. In this paper, we report the
first structural evidence that the seleninic acid 9, which has
never been proposed as an intermediate in the catalytic
mechanism of ebselen, is the only stable and isolable prod-
uct in the reaction of ebselen with peroxides. We also dem-
onstrate that the disproportionation of the selenenyl sulfide
to produce the corresponding diselenide (Scheme 2, cycle C,
step 2) is more important than the generation of selenol
(cycle A, step 2). In addition, we propose that the regenera-
tion of ebselen by cyclization of the selenenic acid under a
variety of conditions may be important for the biological ac-
tivity of ebselen.


Results and Discussion


There are numerous reports in the literature indicating that
the reactions of ebselen (1) with peroxides and peroxynitrite
(ONOO�) always produce the corresponding selenoxide 2
as the major oxidized product.[1h–j,19, 22–24] Therefore, our first
objective in this study was to confirm the formation of se-
lenoxide 2. For this purpose, we have extensively used
77Se NMR spectroscopy. When ebselen was treated with
H2O2 in CDCl3, the 77Se NMR signal at d=960 ppm due to
ebselen disappeared completely and the reaction produced a
new signal at d= 1130 ppm.[25] The signal at d= 1130 ppm
was shifted to d=1145 ppm upon addition of 100 mL of ace-
tonitrile. However, further analysis of the product obtained
from this reaction suggested that the oxidized product is not
the expected selenoxide 2, but it is the corresponding sele-
ninic acid 9. The identity of this compound was unambigu-
ously established by several methods including single-crystal
X-ray diffraction studies. This indicates that the oxidation of
ebselen by H2O2 produces the selenoxide 2, which under-
goes a facile hydrolysis to produce the seleninic acid 9 in
quantitative yield (Scheme 3).[26] To understand whether the
water present in the H2O2 solution is responsible for the hy-
drolysis, we carried out the oxidation with a solid H2O2/urea
complex in anhydrous CDCl3. However, this reaction also
produced the seleninic acid 9, which indicates that the water
produced during the oxidation of ebselen by H2O2 is suffi-
cient to hydrolyze the Se�N bond.


Scheme 1. The catalytic cycle of GPx involving selenol (E�SeH), selenen-
ic acid (E�SeOH), and selenenyl sulfide (E�SeSG) as the key intermedi-
ates. At higher peroxide concentrations, the selenenic acid is oxidized to
seleninic acid (E�SeO2H), which may lie off the main catalytic pathway.


Scheme 2. Summary of possible key intermediates proposed for the cata-
lytic cycle of ebselen.
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The crystal structure of 9 (Figure 1a) shows an unusual
Se···O nonbonded interaction between the tetravalent sele-
nium atom and the amide carbonyl moiety. The Se···O dis-


tance (2.46 �) is much shorter than the sum of the van der
Waals radii of the selenium and oxygen atoms (3.35 �). Be-
cause of this interaction, the Se�OH group adapts a position
trans to the Se···O interaction, leading to an almost linear ar-
rangement of the O···Se�O moiety (<O···Se�O: 168.28). Al-
though Se···O nonbonded interactions between a divalent
selenium atom and other heteroatoms are very common,[27]


to the best of our knowledge, there is no report on the
Se···O nonbonded interaction involving tetravalent selenium
and oxygen atoms. The crystal structures of the cytosolic
GPx (cGPx, Figure 1b)[28] and human plasma GPx (pGPx)[29]


indicate that the selenocysteine (Sec) residue at the active
site exists as a seleninic acid (E�SeO2H) in the purified
form. Although the seleninic acid form of the enzyme is be-
lieved to lie off the main catalytic pathway, this species may


be relevant as the reduction of this species with an excess
amount of thiol readily affords the catalytically active sele-
nol (E�SeH).[30] Interestingly, the amino acid residues gluta-
mine (Gln) and tryptophan (Trp), which are proposed to be
involved in a catalytic triad with the selenocysteine residue
in both cGPx and pGPx, are conserved in the entire GPx su-
perfamily; this indicates that these amino acid residues play
functional roles in catalysis. The crystal structures show that
the selenium atom in the seleninic acid form of GPx is locat-
ed within hydrogen bonding distances to Gln and Trp
(Se···N ACHTUNGTRENNUNG(Gln80): 3.3, Se···N ACHTUNGTRENNUNG(Trp158): 3.6 � in cGPx
enzyme;[28] Se···N ACHTUNGTRENNUNG(Gln79): 3.5, Se···N ACHTUNGTRENNUNG(Trp153): 3.6 � in pGPx
enzyme).[29]


The reaction of seleninic acid 9 with an excess amount of
PhSH produced the corresponding selenenyl sulfide (5, R=


Ph) in a nearly quantitative yield, which was isolated and
compared to an authentic sample. The selenenyl sulfide 5
could also be obtained directly by treating ebselen (1) with
one equivalent of PhSH. The 77Se NMR spectroscopic chem-
ical shift for this compound (d=588 ppm) indicates strong
Se···O noncovalent interactions between the selenium and
carbonyl oxygen atoms.[17b] It has been shown previously
that the oxidation of ebselen by H2O2 generates the selenox-
ide 2, which upon reaction with thiols produces the corre-
sponding selenenic acid 4 presumably via the formation of a
thiolseleninate 3 (Scheme 2, cycle B).[19] Similarly, the for-
mation of selenenyl sulfide 5 from the reaction of 9 with
PhSH may proceed via the formation of the thiolseleninate
3 (R=Ph) and selenenic acid 4 as shown in Scheme 4.
When the concentration of thiol was not sufficient to per-
form all three steps, the selenenic acid 4 underwent a rapid
cyclization to produce ebselen. The addition of an excess
amount of PhSH to the reaction mixture containing ebselen
led to the formation of 5. Therefore, the selenenyl sulfide 5
was found to be the only selenium-containing product when
a large excess (5 equiv) of thiol was added to the seleninic
acid 9 (Scheme 4).


We have shown previously that the nucleophilic attack of
an additional thiol at the selenenyl sulfide linkage does not
produce the selenol 8 due to a thiol exchange reaction.[17b]


Scheme 3. The reaction ebselen (1) with H2O2 produces the seleninic acid
9 via the formation of a hydrolytically unstable selenoxide 2.


Figure 1. a) Single-crystal X-ray structure of the seleninic acid 9 (includ-
ing 50 % probability ellipsoid). b) X-ray crystal structure of cytosolic glu-
tathione peroxidase (cGPx) showing the seleninic acid moiety and the
Sec-Trp-Glu catalytic triad (PDB Code: 1 gp1).[28]


Scheme 4. The reaction of seleninic acid 9 with PhSH to produce the se-
lenenyl sulfide 5.
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Therefore, it was considered to be of interest to test the re-
activity of 5 towards H2O2. In the presence of H2O2, the se-
lenenyl sulfide 5 underwent a disproportionation reaction in
CDCl3, leading to the formation of diselenide 6 and PhSSPh
(Scheme 5). The diselenide 6, precipitated out as a white


solid, was isolated and characterized by 77Se NMR spectros-
copy. When the reaction mixture was stirred or the white
solid was mixed thoroughly with the remaining solution, eb-
selen was isolated in quantitative yield. Furthermore, the
disproportionation of 5 to 6 takes place even in the absence
of H2O2. In this case, compound 6 was found to be a dead-
end product and the formation of ebselen was not observed.
This indicates that the formation of diselenide 6 is responsi-
ble for the generation of ebselen in the presence of H2O2.
The mechanism for the conversion of diselenide 6 to ebselen
proceeds via the selenenic acid intermediate 4 (vide infra).
When glutathione (GSH) was used instead of an aromatic
thiol, the disproportionation of the resulting selenenyl sul-
fide 10 leading to the formation of diselenide 6 was consid-
erably faster than that of 5. This may account for the higher
GPx activity of ebselen in the presence of GSH relative to
that of aromatic thiols, such as PhSH. Reich and Jasperse
have shown that the isoselenazolidine-3-one 11 reacts with
thiols to produce the corresponding selenol 12, which upon
oxidation by tBuOOH, regenerates 11 (Scheme 6).[31] In this
reaction, the oxidation of 12 by peroxide produces the dise-
lenide 13, which disproportionates in solution to produce
compound 11. However, it is not clear whether the selenenyl
sulfide derived from 11 can undergo any such disproportio-
nation reaction in the presence of tBuOOH to produce the
diselenide 13. Based on these results, the formation of dise-
lenide 6 from the selenenyl sulfides 5 and 10 appears to be
very important for the catalytic activity of ebselen, because


the selenenyl sulfides 5 and 10 fail to produce any catalyti-
cally active selenol 8.


The formation of diselenide 6 was also observed in the re-
action of selenol 8 with H2O2. This is due to the high reac-
tivity of the selenenic acid 4 produced in the reaction to-
wards the unreacted selenol 8 and the relatively low reactiv-
ity of the selenol towards H2O2.


[32] These observations sug-
gest that the diselenide 6 may become the predominant spe-
cies even in the presence of a thiol system that is capable of
producing the selenol 8.[33] This is in agreement with the cat-
alytic cycle proposed by Fischer and Dereu (Scheme 2,
cycle C)[19] in which the diselenide 6 has been shown to be
crucial for the catalytic activity. The involvement of the dise-
lenide 6 as one of the key intermediates in the catalytic
mechanism of ebselen is further supported by the observa-
tions of Zhao and Holmgren that the diselenide 6 forms a
part of ebselen antioxidant action in the presence of thiore-
doxin.[34] We have also observed that the diselenide 6 reacts
with H2O2 initially to produce a mixture of ebselen and sele-
ninic acid 9. However, the reaction of compound 6 with se-
leninic acid 9 leads to the formation of ebselen as the final
product.


To understand whether the replacement of the phenyl
group attached to nitrogen in ebselen by another substituent
alters the mechanism, we have studied the reactions of com-
pound 14 with PhSH and H2O2. Similar to the reactivity of
selenenyl sulfide 5 towards PhSH, compound 14 does not
react with PhSH to generate the selenol 15. This is due to
the presence of a strong Se···O interaction in compound 14,
which enhances a thiol exchange reaction at selenium.[35] On
the other hand, the reaction of 14 with H2O2 afforded the
selenenyl amide 17 in nearly quantitative yield, which indi-
cates that the disproportionation of 14 to produce 16 is simi-
lar to that of 5. The reaction of selenol 15 with H2O2 afford-
ed the diselenide 16. When the concentration of H2O2 was
high, only a trace amount of 16 was detected as the disele-
nide 16 underwent further reactions with H2O2 to produce
the selenenyl amide 17 (Scheme 7). These observations indi-
cate that the replacement of the phenyl ring attached to the
nitrogen atom may not have any effect on the mechanism of
reaction with H2O2 and thiol.


Although the seleninic acid 9 reacts with the diselenide 6
to produce ebselen, compound 9 was found to be stable in
its pure form for several months without any noticeable de-
composition or conversion to any other species. The direct
cyclization of the seleninic acid to ebselen (1) was also not


Scheme 5. Disproportionation of the selenenyl sulfides 5 and 10 in the
presence of H2O2 affording ebselen via the formation of diselenide 6.


Scheme 6. The formation of diselenide 13 and the cyclic selenenamide 11.


Scheme 7. The formation of diselenide 16 and the cyclic selenenyl amide
17 from compounds 14 and 15.
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observed at room temperature. In acetonitrile, compound 9
underwent an unusual cyclization to produce ebselen in
�5 % yield after 15 months. However, when the seleninic
acid 9 was heated in CH3CN/CH3OH, a complete conver-
sion of 9 to ebselen was observed within 24 h without any
decomposition. The mechanism of cyclization may involve
the conversion of 9 to an unstable selenium–peroxo species
18 followed by an attack of the amide nitrogen atom at the
selenium center leading to an elimination of H2O2


(Scheme 8). This reaction is expected be irreversible as the


H2O2 produced in the reaction may get decomposed at
higher temperatures. A similar reaction involving the elimi-
nation of methanol has been proposed for the formation of
ebselen from the methyl selenoxide 19 (Scheme 8).[36] To
confirm the formation of ebselen from compound 19 at
higher temperatures, we have synthesized the selenoxide 19
from 2-methyl selenobenzanilide, which is one of the metab-
olites of ebselen in vivo. The crystal structure of 19 shows
the existence of noncovalent interactions between the sele-
nium and carbonyl oxygen atoms (Se···O: 2.69 �), although
the interaction is found to be weaker than that of 9. While
the seleninic acid 9 did not produce any ebselen at room
temperature, the selenoxide 19 produced a small amount of
ebselen within a week. However, when selenoxide 19 was
heated in CH3CN/MeOH it produced ebselen in a good
yield.


The conversion of 9 to ebselen in the reaction of disele-
nide 6 with H2O2 is surprising, as the seleninic acid does not
undergo any cyclization at room temperature. The most
striking feature we have observed in the ebselen antioxidant
cycle is the facile reaction of the diselenide 6 with the sele-
ninic acid 9 to produce ebselen in quantitative yield
(Scheme 9). Although diselenides and seleninic acids are
known to exist in equilibrium with the corresponding sele-
nenic acids,[37] the rapid cyclization of 4 to ebselen drives the
complete conversion of the diselenide 6 to ebselen in the
presence of peroxides. Interestingly, when pure seleninic
acid 9 was treated with diselenide 6 in the absence of perox-
ide, the formation of ebselen was clearly observed. The con-
version of 16 to the selenenyl amide 17 follows a similar


route. The rapid reaction of 16 with H2O2 produces a mix-
ture of the selenenic acid 23 and seleninic acid 24, both of
which are finally converted to the selenenyl amide 17. Simi-
lar to ebselen, the selenenyl amide 17 reacts with H2O2 to
produce the corresponding selenoxide, which undergoes a
rapid hydrolysis to produce the seleninic acid 24. As the re-
actions of diselenides 6 and 16 with one equivalent of H2O2


produce the corresponding seleninic acids (9 and 24) and se-
lenenyl amides (1 and 17) in a 1:1 ratio, we presume that
the oxidation of 6 and 16 produces compounds 21 and 22,
respectively, which upon hydrolysis generates the corre-
sponding selenenic and seleninic acids (Scheme 9).


The facile reaction of the diselenides 6 and 16 with H2O2


to produce the selenenyl amides 1 and 17, respectively, is
somewhat intriguing because the selenium atoms in the dise-
lenides are electrophilic centers. The single-crystal X-ray
structures indicate that both the selenium atoms in com-
pounds 6 and 16 are involved in noncovalent interactions
with the carbonyl oxygen atoms (see Figures S43 and S46 in
the Supporting Information). The average Se···O distances
in compounds 6 (2.85 �) and 16 (2.85 �) are much shorter
than the sum of the van der Waals radii of selenium and
oxygen atoms (3.35 �). Although the final product of the
oxidation of an aryl diselenide (ArSeSeAr) by either per-ACHTUNGTRENNUNGacids or H2O2 is normally the seleninic acid (ArSeO2H),[33b]


the Se···O interactions should increase the possibility of a
nucleophilic attack at the selenium atom. Therefore, the re-
actions of the diselenides 6 and 16 with H2O2 are expected
to be much slower than that with thiols. In agreement with
this, the reactions of the diselenides 25 and 26 with either
Se···O or Se···N interactions with H2O2 have been shown to
be extremely slow.[27b, 33b] Furthermore, we have found that
the reaction of the oxazoline-based diselenide 27[38] contain-
ing very strong Se···N interactions with H2O2 is extremely
slow, which indicates that the Se···O interactions in com-


Scheme 8. The formation of ebselen from the seleninic acid 9 and methyl
selenoxide 19.


Scheme 9. Proposed mechanism for the conversion of the diselenides 6
and 16 to the corresponding selenenyl amides 1 and 17, respectively, in
the presence of H2O2.
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pounds 6 and 16 are not responsible for the higher reactivity
of these compounds towards H2O2.


In the first mechanistic study on the GPx activity of ebse-
len, Fischer and Dereu have shown that the rapid reaction
of the diselenide 6 with H2O2 affords the corresponding se-
lenenic acid anhydride (7, Scheme 2, cycle C, step 3) as the
only oxidized product.[19] However, there is no experimental
evidence available for the existence of the selenenic acid an-
hydride 7. Recent computational studies by Boyd et al. have
shown that the oxidation of the diselenide 6 by H2O2 to pro-
duce the selenoxide 28 is more favored than the formation
of the anhydride 7, as the selenenic acid anhydride 7 is
�7.7 kcal mol�1 higher in energy than the selenoxide 28.[39]


It has also been proposed that the fast isomerization of the
selenoxides (ArSe(=O)SeAr) to the corresponding anhy-
drides (ArSeOSeAR) proposed by Kice and Chiou[33b] is not
a favored process in the case of 28.[39] The free-energy barri-
er for the oxidation of one of the selenium atoms in 6
(38.4 kcal mol�1) has been shown to be comparable with that
of ebselen (36.8 kcal mol�1).[39] However, it is not clear
whether the Se···O interactions, which have not been includ-
ed in the calculations, can alter the energy barrier for the
conversion.


The present study shows that the formation of the sele-
nenic acids (4 and 23) and seleninic acids (9 and 24) and the
subsequent cyclization of the selenenic acids to the selenen-
yl amides 1 and 17 are responsible for the complete oxida-
tion of the diselenides 6 and 16. The seleninic acids 9 and
24, acting as oxidizing agents, transfer the oxygen atom to
the diselenides, which leads to the formation of the corre-
sponding selenenic acids. This process continues until all the
diselenides are converted to the corresponding selenenyl
amides. The cyclization also prevents the formation of the
diselenides from the selenenic and seleninic acids. Because
of these unusual transformations, the reactions of the disele-
nides 6 and 16 with H2O2 produce the selenenyl amides 1
and 17, respectively, in quantitative yields. The oxidation of
the diselenides 6 and 16 by the respective seleninic acids 9


and 24 is, however, not surprising since arylseleninic acids,
such as benzeneseleninic acids, have been commonly used in
various oxidation reactions.[40] Furthermore, ebselen and its
analogues have been shown to be efficient catalysts for the
oxidation of aromatic aldehydes, azomethine compounds,
and sulfides in the presence of H2O2 or tBuOOH.[41]


Further, to investigate whether the selenenic acid 4 is
competent to undergo cyclization to produce ebselen, we
have studied the cyclization of 4, generated in situ from the
corresponding selenocysteine derivative 29 by a b-hydrogen
elimination reaction (Scheme 10). It is known that selenox-


ides containing a b-hydrogen atom can undergo olefin elimi-
nation to produce the corresponding selenenic acids.[37b, 42]


Therefore, the decomposition of aryl selenoxides is general-
ly used for the generation of selenenic acid at room temper-
ature. When compound 29 was treated with H2O2 in aque-
ous buffer (phosphate buffer, pH 7.5), ebselen (1) was ob-
tained in good yield. Although the formation of the selenen-
ic acid 4 was not observed during the reaction, we presume
that the oxidation of the selenium center in 29 by H2O2 af-
fords the corresponding selenoxide, which would undergo a
b-hydrogen-atom elimination to produce the selenenic acid
4. Compound 4 then undergoes cyclization by eliminating a
water molecule to produce ebselen. The propionic acid de-
rivative 30 also undergoes a similar reaction to produce eb-
selen. This indicates that the selenenic acid 4 can produce
ebselen under physiological conditions. This is in agreement
with a recent report that the sulfur analogue of 30 under-
goes such a cyclization to produce the corresponding 3-iso-
thiazolidinone heterocycle.[43]


The cyclization of the selenenic acid 4 to produce the se-
lenenyl amide (ebselen) is an unusual transformation as the
amide moieties are generally considered poor nucleophiles.
Although the conversion of a selenenic acid to a selenenyl
amide species has not yet been confirmed in proteins, there
are indications that such a transformation may occur in sele-


Scheme 10. Cyclization of selenides 29 and 30 in the presence of H2O2


via an in situ generation of the selenenic acid 4.
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noenzymes. Ursini et al have shown that in GPx the sele-
nenic acid (E�SeOH), produced in the presence of a perox-
ide substrate, reacts instantly with a yet undefined X�H
group with elimination of H2O to produce an oxygen-free
SeII compound that reacts equally fast with thiols.[44] Floh�
has proposed that the selenenic (E�SeOH) acid in GPx may
react with the nearby glutamine (Gln) residue to form an
Se�N bond.[33c] It is also possible that the selenenic acid may
react with the backbone amide to form a cyclic selenenyl
amide, which could be a precursor for the selenenyl sulfide
intermediate. This assumption is further supported by the
recent discovery that the redox regulation of protein tyro-
sine phosphatase 1B (PTP1B) involves a sulfenyl–amide in-
termediate.[45] In this particular case, the protein sulfenic
acid (PTP1B-SOH) produced in response to PTP1B oxida-
tion by H2O2 is rapidly converted into a sulfenyl–amide spe-
cies, in which the sulfur atom of the catalytic cysteine is co-
valently linked to the main-chain nitrogen atom of an adja-
cent serine residue (Ser216) (Scheme 11).[45] This novel and


unusual protein modification has been shown to protect the
active-site cysteine from irreversible oxidation to sulfinic
(E�SO2H) or sulfonic (E�SO3H) acids. The formation of
sulfenyl amide is reversible and the cleavage of the S�N
bond by cellular thiols, such as glutathione (GSH), converts
the inactivated protein back to its catalytically active
form.[45] Furthermore, the inactivated PTP1B can also be re-
activated enzymatically by cysteine-containing proteins, such
as thioredoxin or glutaredoxin.[46]


As the selenium moiety in selenenic acids is generally
more electrophilic than the sulfur atom in sulfenic acids, the
attack of the amide nitrogen at the selenium center is ex-
pected to be more favored than a similar attack at the sulfur
atom. On the other hand, the Se···O noncovalent interac-
tions in selenenic acids is expected to be stronger than S···O
in the corresponding sulfenic acids. This leads to an assump-
tion that the formation of selenenyl amides from selenenic
acids is probably more difficult than the formation of sulfe-
nyl amides from the corresponding sulfenic acids. To verify
this hypothesis, we carried out DFT calculations on com-
pounds 4, 23, and 33–38 at the B3LYP level by using 6-
31G(d) as the basis set (Scheme 12).[47] These calculations
indicate the presence of strong intramolecular Se···O inter-
actions in the selenenic acids (Table 1). The Natural Bond
Orbital (NBO) analysis[48] unambiguously confirmed the
presence of Se···O interactions in the selenenic acids. The


NBO analysis at the B3LYP/6-31G(d) level of theory on 4,
23, and 33–38 suggests that the stabilization energy due to a
nO!s*Se�OH orbital interaction (ESe···O) in the selenium com-
pounds is about 13 kcal mol�1 higher than that of the sulfur
analogues (Table 1). Because of this interaction, the OH
group adopts a position trans to the Se···O interaction,
which leads to an almost linear arrangement of the O···Se�
O moiety. As a result of this arrangement, the cyclization
partners, that is, the NH and OH functionalities are posi-
tioned in opposite directions, which may hamper a facile
cyclization of the selenenic acids. However, the activation
energy calculations for the cyclization of the selenenic and
sulfenic acids indicate that the energy required to break the
Se···O interactions is only slightly higher than that of the
S···O interactions in the sulfenic acids.


To investigate the overall energy required for the conver-
sion of the sulfenic/selenenic acids to the corresponding sul-
fenyl/selenenyl amides, we have performed detailed DFT
calculations. According to these calculations, the major steps
for the cyclization of sulfenic/selenenic acids include:
1) breaking of the intramolecular S/Se···O interaction and
rotation of the amide NH group towards the sulfur/selenium
atom, 2) rotation of the OH group towards the NH group of
the amide moiety, and 3) elimination of a water molecule to
form the expected cyclic sulfenyl/selenenyl amide. There-
fore, we have computed the relative electronic energies (in-
cluding the ZPVE correction) in the gas phase for the cycli-
zation of 4, 23, and 33–38 (Table 1). The nature of the po-
tential-energy surfaces (PES) for the cyclization of the sele-


Scheme 11. The reversible inactivation pathway involving the conversion
of sulfenic acid to sulfenyl amide at the active site of PTP1B.


Scheme 12. Selenenic acids and sulfenic acids undergo cyclization to form
selenenyl amides and sulfenyl amides, respectively.


Table 1. Structural parameters, second-order perturbation energy
(EE····O), the energy (E’E···O) required to break the E···O interaction and a
comparison of energy (E) barriers (cyclization step) for the conversion of
sulfenic/selenenic acids 4, 23, and 33–38 calculated at the B3LYP/6-
31G(d) level of theory.[49]


R�E�OH dE····O


[�]
EE····O


[kcal mol�1]
E’E····O


[kcal mol�1]
E (cyclization)
[kcal mol�1]


4 2.375 28.05 11.74 40.28
33 2.457 14.00 7.27 44.79
23 2.373 28.73 12.69 42.66
34 2.448 14.75 7.76 49.29
35 2.385 27.60 9.63 43.24
36 2.471 13.69 7.58 50.10
37 2.376 28.63 8.70 41.61
38 2.462 14.11 8.01 51.90
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nenic acids is identical to that of the sulfenic acids
(Figure 2). The most important and rate-determining step is
the ring-closing step with an elimination of a water mole-
cule. The B3LYP/6-31G(d) level optimized geometries of
different intermediates and transition states involved in the
cyclization of 4 to 1 are shown in Figure 3. A comparison of
the energy barriers for the cyclization step indicates that the
energy required for the cyclization of the selenenic acids is
�5–10 kcal mol�1 lower than that of the sulfenic acids. This
suggests that the rate of formation of a selenenyl amide can
be identical with or even faster than that of a sulfenyl
amide. Furthermore, the substitution of one of the hydrogen
atoms in compound 35 with a phenyl group (compound 4)
brings down the energy barrier by �3 kcal mol�1. These ob-
servations suggest that the phenyl ring attached to the nitro-
gen atom in ebselen is important for the regeneration of eb-
selen during the GPx cycle.
This is in agreement with our
previous experimental observa-
tions that the presence of a
phenyl substituent on the nitro-
gen atom is important for the
GPx activity of ebselen.[17d]


Based on our experimental
and theoretical data, we pro-
pose a revised mechanism for
the GPx activity of ebselen as
shown in Scheme 13. According
to this cycle, ebselen (1) rapidly
reacts with a thiol to produce
the corresponding selenenyl sul-
fide 5 (step 1), which undergoes
a disproportionation reaction in
the presence of peroxide to
produce the diselenide 6
(step 2). The rapid reaction of
the diselenide 6 with peroxide
produces the selenenic acid 4
and seleninic acid 9 (step 3). In
the presence of an excess of
thiol, compounds 4 and 9 react
with the thiol to produce the se-
lenenyl sulfide 5 (steps 5 and 6,
respectively). When the thiol is
depleted in the reaction, the se-
leninic acid 9 reacts with the
diselenide 6 to produce the se-
lenenic acid (step 7), which un-
dergoes cyclization to produce
ebselen (step 4). The conver-
sion of compound 9 to ebselen
may not require the diselenide
6 in vivo. As the seleninic acid
9 is an efficient oxygen transfer
agent, this compound can be
easily reduced to the selenenic
acid 4 by a number of meth-


Figure 2. Energy (DEelec +ZPVE) profiles for the cyclization of selenenic
acid 4 and sulfenic acid 33 to the corresponding selenenyl amide 1 and
sulfenyl amide 39.[50]


Figure 3. B3LYP/6-31G(d) level optimized geometries of different intermediates and transition states involved
in the cyclization of the selenenic acid 4 to ebselen (1).
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ods.[51] The selenenyl sulfide and seleninic acid are the pre-
dominant species in the presence of large amounts of thiol
and peroxide, respectively.


In this catalytic cycle, the formation of the diselenide 6 is
the rate-determining step and this reaction depends on the
nature of the thiol used for the GPx assay. When an uncon-
ventional thiol, such as dihydrolipoic acid, is employed,[33]


the diselenide is probably produced via the formation of se-
lenol 8. With aromatic thiols, such as PhSH, the selenenyl
sulfide 5 would never produce the selenol 8 (Scheme 2,
cycle A, step 1) due to the thiol exchange reactions. There-
fore, the rate of the overall reaction depends on the rate of
the disproportionation reaction (Scheme 13, step 2), because
the nature of the peroxide normally does not affect the GPx
activity of ebselen.[17d] Fisher and Dereu have shown that
meta-chloroperbenzoic acid is as effective an oxidizing agent
as H2O2 in converting the diselenide derived from N-benzyl-
benzamide to the corresponding selenenyl amide.[19] We
have recently shown that the nature of the peroxide has
little effect on the GPx activity, whereas the nature of the
thiols has a dramatic effect on the catalytic activity of ebse-
len and its analogues.[17d] This indicates that the discrepan-
cies observed in the outcomes of different studies may be
ascribed to the differences in the thiols, and not to the per-
oxides employed for the assays.


Conclusion


In this study, we have re-evaluated the GPx-like catalytic
mechanism of ebselen and found that the reversible cycliza-
tion of the selenenic acid to ebselen is a likely chemical
mechanism for the antioxidant and anti-inflammatory activi-
ties of ebselen. The reaction of ebselen with peroxides does
not afford the selenoxide as previously postulated, but it
produces the corresponding seleninic acid, which undergoes
reaction with a thiol to produce the selenenyl sulfide or in-


teracts with the diselenide to regenerate ebselen. The dis-
proportionation of the selenenyl sulfide to the diselenide is
crucial for the catalytic activity of ebselen. The regeneration
of ebselen from its catalytically active and inactive forms
under different conditions may also be responsible for the
relatively low toxicity of ebselen in vivo. The cyclization of
open-chain intermediates to ebselen is important to protect
the selenium moiety from irreversible inactivation. As a
result, the selenium atom is not released during the bio-
transformations, which prevents the ebselen-derived seleni-
um atom from entering into the selenium metabolism of the
organism. We have also demonstrated that the cyclization of
the selenenic acid to the corresponding selenenyl amide is
similar to the formation of a sulfenyl amide at the active
site of protein tyrosine phosphatase 1B (PTP1B). This com-
parison, however, leads to an assumption that the formation
of a selenenyl amide is feasible in selenoproteins, which
should be the focus of future studies.


Experimental Section


General procedure : nBuLi was purchased from Acros. Selenium powder,
NaBH4, and benzanilide were obtained from Aldrich. All other chemicals
were of the highest purity available. All experiments were carried out
under anhydrous and anaerobic conditions by using standard Schlenk
techniques for the synthesis. Due to the unpleasant odors of several of
the reaction mixtures involved, most manipulations were carried out in a
well-ventilated fume hood. MS studies were carried out on a Q-TOF
Micro mass spectrometer with electrospray ionization MS mode analysis.
In the case of isotopic patterns, the value given is for the most intense
peak. Elemental analyses were performed on a ThermoFinigan FLASH
EA 1112 CHNS analyzer. Liquid-state NMR spectra were recorded in
CDCl3, [D4]MeOH, or [D6]DMSO as a solvent. 1H (400 MHz), 13C
(100.56 MHz), and 77Se (76.29 MHz) NMR spectra were obtained on a
Bruker 400 MHz NMR spectrometer. Chemical shifts are cited with re-
spect to SiMe4 as internal (1H and 13C) and Me2Se as external (77Se)
standards. TLC analyses were carried out on precoated silica-gel plates
(Merck) and spots were visualized by UV irradiation. Column chroma-
tography was performed on glass columns loaded with silica gel or on an
automated flash chromatography system (Biotage) by using preloaded
silica cartridges. HPLC experiments were carried out on a Waters Alli-
ance System (Milford, MA) consisting of a 2690 separation module, a
2690 photodiode-array detector, and a fraction collector. HPLC studies
were performed in 1.8 mL sample vials and a built-in autosampler was
used for sample injection. The Alliance HPLC System was controlled
with EMPOWER software (Waters Corporation, Milford, MA). Anthra-
nilic acid was first diazotized and was added to disodium diselenide to
produce diselenosalicylic acid, which was treated with freshly distilled
thionyl chloride to produce the 2-(chloroseleno)benzoyl chloride as a
yellow solid. The cyclic selenenyl amide 17 was prepared by treating 2-
(chloroseleno)benzoyl chloride with 2-amino-2-methylpropan-1-ol in dry
acetonitrile. The selenoxide 19 was prepared by following the literature
method.[36]


Synthesis of 9 : Aqueous 30% H2O2 (41 mL, 0.36 mmol) was added to a
stirred solution of ebselen (0.1 g, 0.36 mmol) in CH2Cl2 (10 mL). The re-
action mixture was stirred for 24 h at ambient temperature. The precipi-
tate formed was filtered, washed with CH2Cl2, and dried in vacuo to give
9 as a white solid in 70 % yield.[52] 1H NMR (CDCl3): d=8.14 (d, J=


8.0 Hz, 3H), 7.94 (d, J= 7.2 Hz, 1 H), 7.79–7.88 (m, 2 H), 7.40 (d, J =7.6,
1H), 7.42–7.55 ppm (m, 4 H); 13C NMR (CDCl3): d= 165.9, 144.2, 134.7,
133.7, 132.3, 129.4, 128.8, 128.0, 127.6, 126.0, 125.2 ppm; 77Se NMR
(CDCl3): d= 1122 ppm; HRMS (TOF MS ES+): m/z : 331.9769ACHTUNGTRENNUNG[M+Na]+ .


Scheme 13. A revised mechanism for the GPx activity of ebselen.
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Synthesis of 10 : Glutathione (GSH) (112 mg, 0.36 mmol) in water (2 mL)
was added to a stirred solution of ebselen (0.1 g, 0.36 mmol) in MeOH
(2 mL). The reaction mixture was stirred for 0.5 h at ambient tempera-
ture. The precipitate formed was filtered, washed repeatedly with water
and CH2Cl2, and dried in vacuo to give 10 as a white solid in 70% yield.
77Se NMR (CDCl3): d=545 ppm; elemental analysis calcd (%) for
C23H26N4O7SSe: C 47.51, H 4.51, N 9.63; found: C 45.53, H 3.91, N 9.52.


Synthesis of 14 : Benzenethiol (230 mL, 2.24 mmol) was added to a stirred
solution of 17 (0.6 g, 2.22 mmol) in CH2Cl2 (10 mL). The reaction mixture
was stirred for 24 h at ambient temperature. The solvent was then re-
moved in vacuo and 14 was then purified by flash chromatography by
using petroleum ether/ethyl acetate as the eluent to give 14 as a colorless
oil in 60% yield. 1H NMR (CDCl3): d=8.15 (d, J =8.0 Hz, 1 H), 7.50 (d,
J =7.6 Hz, 3H), 7.43 (t, J =7.6 Hz, 3H), 7.21–7.28 (m, 3 H), 7.15 (t, J=


6.8, 7.2 Hz, 1H), 6.36 (s, 1H), 3.73 (s, 2 H), 1.44 ppm (s, 6H); 13C NMR
(CDCl3): d=168.4, 136.8, 136.6, 132.1, 131.5, 128.9, 126.6, 126.4, 126.0,
70.1, 56.5, 24.5 ppm; 77Se NMR (CDCl3): d=585 ppm; HRMS (TOF MS
ES+): m/z : 404.0200 [M+Na]+ .


Synthesis of 16 : Excess benzenethiol (1 mL, 9.7 mmol) was added to a
stirred solution of 17 (0.6 g, 2.22 mmol) in CH2Cl2 (10 mL). The reaction
mixture was stirred for 48 h at ambient temperature and the reaction
mixture was kept for aerial oxidation for another 48 h. The solvent was
then removed in vacuo and the diselenide was purified by column chro-
matography by using petroleum ether/ethyl acetate 1:1 as the eluent to
give 16 as a yellow solid in 60 % yield. 1H NMR ([D4]MeOH): d=7.84
(d, J =7.6 Hz, 1H), 7.62 (d, J =8.4 Hz, 1H), 7.26–7.35 (m, 2H), 3.75 (s,
2H), 1.46 ppm (s, 6H); 13C NMR ([D4]MeOH): d=168.4, 134.3, 130.0,
129.7, 126.2, 124.9, 66.7, 54.5, 21.57 ppm; 77Se NMR ([D4]MeOH): d=


429 ppm; HRMS (TOF MS ES+): m/z : 567.0295 [M+Na]+ .


Synthesis of 17: 2-(Chloroseleno)benzoyl chloride (1.23 g, 4.83 mmol) in
acetonitrile (15 mL) was added dropwise to a stirred solution of 2-amino-
2-methylpropan-1-ol (480 mL, 5 mmol) in dry acetonitrile (50 mL). The
reaction mixture was stirred for 5 h at 25 8C and then the precipitate
formed was filtered off. The filtrate was evaporated under reduced pres-
sure to give a colorless oil, which was then purified by column chroma-
tography by using petroleum ether/ethyl acetate 5:1 as the eluent to give
17 as a white solid in 80 % yield. 1H NMR (CDCl3): d =7.89 (d, J=


8.0 Hz, 1 H), 7.52 (d, J =3.2 Hz, 2 H), 7.34–7.37 (m, 1 H), 5.50 (br s, 1H),
3.85 (s, 2H), 1.52 ppm (s, 6H); 13C NMR (CDCl3): d=167.0, 137.0, 131.0,
128.1, 127.6, 125.2, 122.2, 69.2, 62.9, 24.9 ppm; 77Se NMR (CDCl3): d=


885 ppm; HRMS (TOF MS ES+): m/z : 294.0032 [M+Na]+ .


Computational methods : All calculations were performed by using the
Gaussian 98 suite of quantum chemical programs.[53] The hybrid Becke 3-
Lee-Yang-Parr (B3LYP) exchange correlation functional was applied for
DFT calculations.[47] Geometries were fully optimized at the B3LYP level
of theory by using the 6-31G(d) basis sets. Transition states were located
by using Schlegel�s synchronous transit-guided quasi-Newton (STQN)
method.[54, 55] Transition states were searched by using the QST3 keyword
and the resultant conformation was optimized by using the TS keyword.
Furthermore, the transition state and the stable conformers were charac-
terized by the presence or absence of a single imaginary mode. In all
cases, intrinsic reaction coordinate (IRC)[56] calculations were performed
to confirm that the transition states connect the reactant and the product
molecules. The activation energies are the difference in the zero-point vi-
brational energy corrected electronic energy between the transition state
and the stable conformations. Orbital interactions were analyzed by
using the NBO method at the B3LYP/6-31G(d) level.[48]


X-ray crystallography : X-ray crystallographic studies were carried out on
a Bruker CCD diffractometer with graphite-monochromatized MoKa ra-
diation (l =0.71073 �) controlled by a Pentium-based PC running on the
SMART software package.[57] Single crystals were mounted at room tem-
perature on the ends of glass fibers and data were collected at room tem-
perature. The structures were solved by direct methods and refined by
using the SHELXTL software package.[58] All non-hydrogen atoms were
refined anisotropically and hydrogen atoms were assigned idealized loca-
tions. Empirical absorption corrections were applied to all structures by
using SADABS.[59–60] The structures were solved by the direct method


(SIR-92) and refined by the full-matrix least-squares procedure on F 2 for
all reflections (SHELXL-97).[61]


Crystal data for 6 : C26H20N2O2Se2; Mr =550.4; monoclinic; space group
C2/c ; a =24.4233, b=5.0510(21), c= 19.2476(79) �; b=109.618(6)8 ; V=


2236.59(53) �3; Z=4, 1calcd =1.63 gcm�1; MoKa radiation (l=0.71073 �);
T= 291(2) K; R1 =0.031, wR2 =0.068 (I>2s(I)); R1 =0.044, wR2 =0.072
(all data).


Crystal data for 9 : C13H11NO3Se; Mr =308.2; orthorhombic; space group
Pna2(1); a=19.0020(39), b= 14.1292(29), c =4.5882(9) �; V=


1231.85(4) �3; Z=4; 1calcd =1.66 g cm�1; MoKa radiation (l=0.71073 �);
T= 291(2) K; R1 =0.037, wR2 =0.065 (I>2s(I)); R1 =0.059, wR2 =0.071
(all data).


Crystal data for 16 : C22H28N2O4Se2; Mr =542.4; monoclinic; space group
P2(1)/n ; a=8.4090(50), b=15.3440(50), c= 18.1000(50) �; b=95.268(5)8 ;
V=2325.54(20) �3; Z=4; 1calcd =1.55 g cm�1; MoKa radiation (l=


0.71073 �); T=291(2) K; R1 =0.060, wR2 =0.118 (I>2s(I)); R1 =0.126,
wR2 =0.142 (all data).


Crystal data for 19 : C14H13NO2Se; Mr =306.2; monoclinic; space group
P2(1)/C ; a =9.5949(12), b=7.2494(9), c=19.7972(24) �; b =98.011(2)8 ;
V=1363.60(5).16) �3; Z=4; 1calcd =1.49 g cm�1; MoKa radiation (l=


0.71073 �); T=291(2) K; R1 =0.032, wR2 =0.077 (I>2s(I)); R1 =0.046,
wR2 =0.083 (all data).
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Difunctionalized Allylic Halides for Copper-Catalyzed SN2’ Reactions
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Introduction


There is a growing industrial and pharmaceutical need for
clean and efficient asymmetric methodologies to access opti-
cally and biologically active compounds. In this context, the
well-documented allylic alkylation is a very useful reaction.
It can be catalyzed by many transition metals with either
soft or hard nucleophiles.[1] Copper usually favors regioselec-
tive SN2’ anti displacements of leaving group with hard nu-
cleophiles, such as organometallic reagents (magnesium,[2]


zinc,[3] or aluminum[4] reagents). Over the past decade, the
literature has flourished with examples of efficient copper-
catalytic SN2’ procedures, which afford nearly perfect enan-
tioselectivities[5] on different types of substrates.


Versatility in the resulting chiral compounds is a key issue
that has already been addressed by our group in an earlier
report concerning difunctionalized bishalo substrates
(Scheme 1).[6] These are small, simple, commercially avail-
able in both olefinic geometries, cheap, and can be used
without further purification. More importantly, the resulting
chiral synthons offer high versatility for subsequent derivati-
zation, by nucleophilic or electrophilic pathways upon the
remaining monohalide.


In this context, we wish to report here our full results
with further studies on higher substituted 1,4-dihalo sub-
strates, with tri- and tetrasubstituted olefins. However, some
important issues remain and have been poorly covered by
the recent literature. The poor regioselectivity of allylicACHTUNGTRENNUNGarylation has rarely been overcome, with very recent excep-
tions. By taking advantage of the excellent regioselectivity
on such 1,4-dihalo substrates, we also investigated an aryla-
tion protocol.


However, we were initially interested in studying whether
the double-bond geometry of the allylic electrophile had an
influence on the reactivity and the stereochemical outcome
of the reaction. Initially, we considered that the double-
bond geometry would not control the facial approach of the
soft organocopper nucleophile, thus that E- or Z-configured
substrates would afford mirror-image products (Scheme 2).


Results and Discussion


Influence of the double-bond geometry in asymmetric allylic
alkylation of 1,4-dihalo-2-butene : Literature precedents cov-


Abstract: Enantioselective allylicACHTUNGTRENNUNGalkyl ACHTUNGTRENNUNGation with an organomagnesium
reagent catalyzed by copper thiophene
carboxylate (CuTC) was carried out on
difunctionalized substrates, such as
commercially available 1,4-dichloro-2-
butene and 1,4-dibromo-2-butene, and
on similar compounds of higher substi-


tution pattern of the olefin for the for-
mation of all-carbon chiral quaternary
centers. The high regioselectivity ob-


tained throughout the reactions fa-
vored good regiocontrol for the addi-
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Scheme 1. Asymmetric allylic alkylation of bisfunctionalized 1,4-dihalo-
type substrates.[6]
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ering the subject are scarce. Some examples were produced
by Hoveyda and co-workers, who showed that the reactivity
and enantioselectivities obtained are lower on the cis iso-
mers of aromatic allylic phosphate using either chiral pepti-
dic Schiff bases or diaminocarbene catalysts.[7] Diastereose-
lective procedures also suffer from the cis configuration of
the substrate as was reported by Breit and Breuninger with
the use of their chiral-directing ortho-diphenylphosphanyl-
ferrocene carboxylate (o-DPPF) unit.[8] However, some rare
exceptions to these observations were reported. In an early
case, Cal� and co-workers pub-
lished a diastereoselective pro-
cedure that used high excesses
of copper bromide with a slow
addition of a Grignard reagent
(4:1 Cu/Grignard reagent) in
THF.[9] Under these drastic con-
ditions, they observed complete
regio- and stereocontrol over
the allylic substitution on either
Z or E chiral heterocyclic sul-
fides. One of the more recent
exceptions was reported by
Okamoto and co-workers in the
addition of Grignard reagents to various allylic silylated
ethers using chiral diaminocarbene catalysts,[10] which pro-
moted a better asymmetric outcome on the (Z)-allylic sub-
strate. The desymmetrization of meso-cyclic allylic bisphos-
phates is the second example described by Gennari and co-
workers, which proceeds with good enantiomeric excess of
up to 98 % ee on cis-type substrates.[11]


Thus far, these rare instances have not permitted conclu-
sions on the influence of the double-bond geometry on the
behavior of the copper-catalyzed asymmetric allylic substitu-
tion reaction to be drawn. Consequently, we decided to
investigate the parameters that govern the chiral outcome
for easily accessible substrates. Prior to our study, previous
examples had been recorded by our group[12c] for the com-
parative allylic substitution of cis- and trans-cinnamyl chlor-
ides (3) and their cyclohexyl analogue (1) under the set of
typical conditions used by our group (Scheme 3).[12] The


cis-configured substrates afforded generally lower enantiose-
lectivities than their trans counterparts with the small library
of ligands tested (L1–L16). An exception was noted with


ligand L2, which promoted up to 90 % ee for the addition of
ethylmagnesium bromide to (Z)-3. More importantly
though, the better ligand, L4, for the substitution of (E)-1
and (E)-3 induced only very poor enantioselectivities on the
Z-configured equivalents (values as high as 30 % ee). More-
over, depending on the ligands used, the alkylcopper re-
agent would either recognize the leaving group or the g sub-
stituent. These latter observations inferred that the ligand
dictated the behavior of the copper reagent, forcing the
copper cluster to recognize the cis and trans substrate differ-
ently.


To further comprehend the different behavior of isomers
E and Z, and scope the field of difunctionalized allylic elec-
trophiles, we directed our attention towards a readily acces-
sible substrate: the commercially available 1,4-dichloro-2-
butene (5), which is marketed in both geometrical configu-
rations of the double bond (Scheme 4).


Scheme 2. Nucleophilic SN2’ approach to E and Z olefins (LG= leaving
group).


Scheme 3. CuTC-catalyzed asymmetric allylic substitution of (E)- and (Z)-allylic chlorides 1 and 3.
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For substrate 5, We first considered the addition of cyclo-
hexylmagnesium chloride catalyzed by copper thiophene
carboxylate (CuTC) (Table 1). The Z isomer invariably af-


forded 6 a with lower levels of asymmetric control over the
allylic substitution (up to 49 % ee with L7; Table 1,
entry 14). Pleasingly, the totally regiocontrolled allylic dis-
placement of the chloride was observed in every instance of
Table 1. On the other hand, when trans-5 was treated with
slow addition of cyclohexylmagnesium chloride (1.1 equiv)
in a reaction catalyzed by CuTC (1 mol %) and chiral ligand
L5 (1.1 mol %), the product (R)-6 a was obtained in 89 %
yield and 74 % ee (Table 1, entry 9). Furthermore, ligands
L1 and L5 afforded the highest asymmetric induction on
(E)-5 with 75 and 74 % ee, respectively (Table 1, entries 1
and 9).


The relative configuration of the products resulting from
the addition of the cyclohexylcopper nucleophile is random
and strongly depends on the structural features of the
ligand, although a major trend favors products of identical
mirror image. The major occurrences suggest that, with a
more sterically demanding nucleophile (i.e., a secondary


Grignard reagent), we are able to control the g-position re-
acting site, according to the Duhamel postulate (the latent
trigonal center concept, Scheme 5).[13] Indeed, owing to dis-


similar electronic and steric properties of the substituents on
the sp2 reacting sites, two types of competing control from
the prostereogenic centers can be characterized, as was
postulated by Duhamel and Plaquevent following their ob-
servations for the enantioselective protonation of prochiral
enolates. By applying Duhamel�s concept to the copper-cata-
lyzed allylic substitution (Scheme 5), asymmetric reactions
taking place at the C=C double bond can behave according
to two distinct pathways. In the first, the E olefin will afford
mirror-image products of those formed by the Z-configured
substrate: the face selection of the reacting organocopper
cluster is controlled by the orientation of the b center,
namely neighboring-site control. The substituents on the re-
acting carbon center (g) are seen as one big latent group
and their positioning does not count in the facial approach
of the organocopper nucleophile. However, the nature of
the resulting enantiomer does not necessarily translate from
the geometry of the double bond. Indeed, in some instances,
the same enantiomer will arise from either E or Z configu-
rations in the substrate, and is thus named reaction-siteACHTUNGTRENNUNGcontrol.


The initial comparative study was undertaken with a sec-
ondary Grignard reagent, which is more sterically demand-
ing to the reaction system. With a view to completing this
comparative study, we looked into asymmetric SN2’ substitu-
tion with the aliphatic primary magnesium reagent,
PhCH2CH2MgBr (Table 2). The Z and E substrates of 5 be-
haved as in the previous cases with a net preferred asym-
metric control over the trans isomer. Ligand L1 afforded on
both isomers of 5 a unique SN2’ adduct with enantioselectivi-
ties up to 78 % ee for (E)-5 and 39 % ee for (Z)-5 (Table 2,
entries 1 and 2).


Interestingly, the different structural motif of the inter-
mediate copper reagent changes the configurational out-
come of the reaction. Instead of reaction-site control, mostly
occurring for the cyclohexyl allylic substitution, the primary


Scheme 4. Comparative Cu-catalyzed addition of RMgX to (E)- versus
(Z)-1,4-dichloro-2-butene (5).


Table 1. Comparative CuTC-catalyzed (1 mol %) addition of cyclohexyl-
magnesium chloride on (E)- and (Z)-5 with chiral phosphoramidite li-
gands (1 mol %) (L*= L1–L8 ; Scheme 4).


Entry[a] Geometry[b] Ligand R Conv. [%][c] SN2’/SN2[d] ee [%][e]


1 E
L1 (R,SS)


6 a 100 100:0 75 (S)
2 Z 6 a 87 100:0 31 (S)
3 E


L2 (S,SS)
6 a 100 100:0 52 (R)


4 Z 6 a 95 100:0 8 (R)
5 E


L3 (R,SS)
6 a 100 100:0 54 (S)


6 Z 6 a 86 100:0 37 (S)
7 E


L4 (S,SS)
6 a 100 100:0 38 (R)


8 Z 6 a 86 100:0 24 (S)
9 E


L5 (RR)
6 a 100 100:0 74 (R)


10 Z 6 a 92 100:0 44 (R)
11 E


L6 (RR)
6 a 100 100:0 62 (R)


12 Z 6 a 91 100:0 39 (R)
13 E


L7 (RR)
6 a 100 100:0 52 (R)


14 Z 6 a 93 100:0 49 (S)
15 E


L8 (SS)
6 a 100 100:0 73 (S)


16 Z 6 a 71 100:0 25 (S)


[a] Conditions: 5 (1 mmol), CuTC (1 mol %), and L* (1.1 mol %) in
CH2Cl2 (2 mL) at �78 8C with addition of RMgX in Et2O (1.1 equiv)
over 1 h. [b] Geometry of the double bond. [c] Conversion (Conv.) deter-
mined by GC–MS and 1H NMR spectroscopy. [d] Ratio determined by
GC–MS and 1H NMR spectroscopy. [e] Enantiomeric excess determined
by chiral GC.


Scheme 5. Duhamel�s latent trigonal center concept applied to Cu-cata-
lyzed asymmetric allylic alkylation (AAA).
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phenethyl behaves in a radically different mode, affording
opposite enantiomers for the SN2’-allylic displacement of cis-
versus trans-prochiral electrophiles, no matter which chiral
ligand is used. This implies that, with a linear alkyl reagent,
the incoming organocopper reagent instead targets the leav-
ing group and its surrounding geometry, thus neighboring-
site control. From this line of screening, the tendency of the
enantioselectivity implies that
cis and trans substrates have
opposite affinities for the chiral
ligands. Indeed, it is most obvi-
ous when going from L4 to L6,
for which increasing ee values
for (E)-5 match decreasing ee
values for (Z)-5 (Table 2, en-
tries 7–12).


The obvious conclusion for
such results is that higher enan-
tioselectivities are achieved
with the trans isomer in each
case, rather than with the cis,
and that the regiocontrol to-
wards the g adduct is not affect-
ed in either case. Nevertheless,
a plausible source of poor enan-
tiomeric control could stem
from isomerization of the
double bond by the metal cata-
lyst or by the reaction media.
We therefore monitored the
Z/E ratio (before and during
the reaction) and the evolution
of the enantioselectivity during
the slow addition of cyclo-
hexylmagnesium chloride
(cHexMgCl) to the cis-5 sub-
strate. To our delight, we ob-
served that the Z substrate was


stable in our copper-catalytic system, even at room tempera-
ture over a period of one hour. As the organomagnesium re-
agent was slowly added, there were no significant changes in
either stereoselective parameters to suggest a destabilization
of the substrate in the reaction media and, thus, that any iso-
merization from cis to trans was taking place in the course
of the reaction.


According to the comparative results obtained in the
copper-mediated allylic substitution of the E- and Z-config-
ured substrates, lower enantioselectivities occurring on the
cis-allylic halides can be attributed to possible negative in-
teractions, which result in spatial obstructions of the two re-
acting partners, the chiral organocopper nucleophile and the
cis-prochiral substrate. Schemes 6 and 7 illustrate the two
different stereochemical outcomes for the identical facial
approach of a copper catalyst upon the difunctionalized sub-
strates (Z)-5 or (E)-5, respectively. For the reaction of sub-
strate (Z)-5, one observes that, at the early stage of p–cop-
per(I) complex formation, there is no facial differentiation
hitherto, and that the allylic displacements can give rise to
two enantiomers in the reductive elimination process.
Indeed, due to its inherent symmetry, the crucial asymmetric
differentiation step for the allylic alkylation of the cis-bisha-
lide (5) occurs at a later stage, and relies on the s-allyl spe-
cies formed during the oxidative addition of the metal to
either the g or g’ centers (Scheme 6).


Table 2. Comparative CuTC-catalyzed (1 mol %) addition of phenethyl-
magnesium bromide on (E)- and (Z)-5 with chiral phosphoramidite li-
gands (1 mol %) (L*= L1–L6 ; Scheme 4).


Entry[a] Geometry[b] Ligand R Conv. [%][c] SN2’/SN2[d] ee [%][e]


1 E
L1 (R,SS)


7 a 100 100:0 78 (R)
2 Z 7 a 100 100:0 39 (S)
3 E


L2 (S,SS)
7 a 100 100:0 29 (S)


4 Z 7 a 100 100:0 38 (R)
5 E


L3 (R,SS)
7 a 100 100:0 3 (R)


6 Z 7 a 100 100:0 5 (S)
7 E


L4 (S,SS)
7 a 100 100:0 57 (S)


8 Z 7 a 100 100:0 36 (R)
9 E


L5 (RR)
7 a 100 100:0 60 (S)


10 Z 7 a 100 100:0 27 (R)
11 E


L6 (RR)
7 a 100 100:0 63 (S)


12 Z 7 a 100 100:0 21 (R)


[a] Conditions: same as those for Table 1. [b] Geometry of the double
bond. [c] Conversion (Conv.) determined by GC–MS and 1H NMR spec-
troscopy. [d] Ratio determined by GC–MS and 1H NMR spectroscopy.
[e] Enantiomeric excess determined by chiral GC.


Scheme 6. Cu-catalyzed alkylation of (Z)-5.


Scheme 7. Cu-catalyzed alkylation of (E)-5.
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Conversely, the stereoselectivity of the SN2’ displacement
reaction on the E isomer of 5 is intimately correlated with
the facial approach of the copper(I) cluster, thus to its sub-
sequent d–p* bond formation. Both of the g and g’ oxidative
adducts produce the same enantiomers in the final reductive
elimination step (Scheme 7).


In short, both (E)- and (Z)-1,4-dichloro-2-butene belong
to different symmetry point groups (C2v and C2h, respective-
ly). This implies that, as pictured in Scheme 8, due to the ad-


ditional mirror plane cutting the cis substrate at the epicen-
ter of the double bond, the g and g’ prochiral centers
become mirror images of one another, thus producing enan-
tiomorphic adducts. In conclusion, the oxidative addition of
the copper locks the fate of the enantiomeric outcome of
the reaction.


trans-1,4-Dichloro- and trans-1,4-dibromo-2-butene—highly
potent, commercially available substrates : As noted in the
above-mentioned study conducted on cis versus trans sub-
strates, the double activation of 1,4-dichloro-2-butene (5),
induced by the two allylic reacting sites, awarded regiospeci-
ficity to the SN2’-allylic displacement reaction. These allylic
substrates are known to undergo clean SN2’ reactions in a
racemic fashion for various cuprates[14] and under copper-
catalyzed addition of Grignard reagents.[15] To confirm the
preliminary results, other Grignard reagents were added to
the trans isomer of the commer-
cially available difunctionalized
allylic substrates, trans-1,4-di-
chloro-2-butene (5) and trans-
1,4-dibromo-2-butene (8 ;
Scheme 9). Both substrates af-
forded g adducts regiospecifi-
cally and provided compounds
6–12 with moderate-to-high
enantioselectivities (Tables 3
and 4).


As we proceeded with an op-
timization of the reaction con-
ditions for the addition of cy-
clohexylmagnesium chloride, a
slight increase of the catalyst


loading to 2 mol% resulted in an improvement of the enan-
tioselectivity from 74 to 77 % ee (Table 3, entries 2 and 4).
Additionally, the copper source could be changed to copper
bromide, which catalyzed the allylic substitution with com-
parable enantioselectivity (Table 3, entry 3). Generally, good
enantioselectivities of up to 85 % ee were obtained for the
different additions of primary saturated Grignard reagents
to 5 with biphenol-based ligand L1 (Table 3, entries 7, 11,
and 14). As the ferrocenyl-based bidentate ligand taniaphos
L14 has been used with some success on other types of sub-
strates,[16] it was tested on the allylic compound 5 but
reached only poor enantioselectivities of 10 and 32 % ee for
products 9 a and 11 a, respectively (Table 3, entries 10 and
13).


For comparison, the reactions were carried out on the
trans-1,4-dibromo derivative 8 with the same set of organo-
magnesium reagents, as displayed in Table 4. Although we


Scheme 8. Different enantiotopic faces for trans- and cis-1,4-dihalo-2-
butene.


Scheme 9. Asymmetric allylic alkylation on trans-1,4-dichloro- (5) and trans-1,4-dibromo-2-butene (8).


Table 3. Asymmetric allylic alkylation of 5 catalyzed by CuTC in CH2Cl2


at �78 8C (Scheme 9).


Entry R Product Ligand Conv.
[%][a]


g/a[b] ee
[%][c]


1 cHex 6 a L1 >99 (98) 100:0 75 (S)
2 cHex 6 a L5 >99 (89) 100:0 74 (R)
3[e] cHex 6 a L5 >99 100:0 75 (R)
4[f] cHex 6 a L5 >99 100:0 77 (R)
5 PhCH2CH2 7 a L1 >99 (98) 100:0 78 (R)
6 nBu 9 a L1 >99 100:0 84 (�)
7[d] nBu 9 a L1 >99 (55) 100:0 85 (�)
8[d] nBu 9 a ent-L4 >99 100:0 81 (�)
9 nBu 9 a L5 >99 100:0 81 (+)
10[d] nBu 9 a L14 >99 100:0 10 (+)
11 tBuOCH2 ACHTUNGTRENNUNG(CH2)2CH2 11 a L1 >99 (80) 100:0 85 (�)
12 tBuOCH2 ACHTUNGTRENNUNG(CH2)2CH2 11 a ent-L4 >99 100:0 79 (�)
13 tBuOCH2 ACHTUNGTRENNUNG(CH2)2CH2 11 a L14 35 100:0 32 (+)
14 ACHTUNGTRENNUNG(CH3)2C=CH ACHTUNGTRENNUNG(CH2)2 10 a L1 >99 (88) 100:0 85 (�)
15 ACHTUNGTRENNUNG(CH3)2C=CH ACHTUNGTRENNUNG(CH2)2 10 a ent-L4 >99 100:0 85 (�)


[a] Conversion (Conv.) determined by GC–MS and 1H NMR spectrosco-
py (in parentheses, yield of isolated product after purification by column
chromatography on silica gel). [b] Ratio determined by GC–MS and
1H NMR spectroscopy. [c] Enantiomeric excess (and configuration or op-
tical rotation in parenthesis) determined by GC on chiral stationary
phase. [d] 3 mol % of CuTC and 3.3 mol % of L*. [e] CuBr used in place
of CuTC. [f] 2 mol % of CuTC and 2.2 mol % of L*.
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could not reach higher than 63 % ee for the addition of the
cyclohexyl moiety with ligand L2 (entry 2), we were pleased
to observe that for all other linear Grignard reagents the di-
bromo substrate 8 afforded higher enantioselectivities than
its dichloro counterpart with either ligands L1 or ent-L4,
again with all reactions undergoing regiospecific g substitu-
tion. When subjecting substrate (E)-8 to a linear Grignard
reagent, such as n-butylmagnesium chloride, the asymmetric
induction was in line with the stereoselectivities obtained
with 1,4-dichloro-2-butene (5). With catalyst loading as low
as 1 mol%, both ligands L1 and ent-L4 promoted the asym-
metric substitution reaction with good selectivity ranging
from 86 to 87 % ee (Table 4, entries 7 and 8). We were
pleased to see that under similar conditions, chiral homoal-
lylic bromide adducts with enantioselectivities as high as
92 % ee could be achieved with the addition of the function-
alized Grignard reagent (4-tert-butoxybutyl)magnesium bro-
mide with ent-L4 to provide compound (�)-11 b (Table 4,
entry 10). Again, ee values higher than 86 % could not be
reached using the taniaphos-family ligand L14 (Table 4,
entry 11). Moreover, the terpenic bromocitronellene (�)-
10 b was obtained with the best selectivity of this series in
94 % ee using a CuTC/ent-L4 loading of 3 mol% (Table 4,
entry 13). Conversely, ligand L1 and ent-L4 induced lower
values of 85 % ee with the slightly hindered isobutyl copper
reagent 12 b (Table 4, entries 14 and 15). Overall, the dibro-
mo substrates 8 gave (similar or) better results in terms of
enantioselectivity than the dichloro derivatives 5 when the
two phosphoramidite ligands L1 and ent-L4 were used.


To compare the use of different Grignard reagents with
our procedure, we investigated a corresponding commercial-
ly available zinc reagent (n-dibutylzinc), which was tested
with a set of different copper salts, in THF at �40 8C. This
methodology was less reactive (maximum 73 % conversion)
and did not afford as high enantioselectivities (up to 52 % ee
with CuTC/L1) (Table 5, entry 1). Nevertheless, this proce-
dure was again exclusively g selective.


The impressive regioselectivity observed throughout these
examples can be explained by a stabilization of the inter-
mediate CuIII species formed after the oxidative addition of
the reagent to the allylic substrate. If one refers to the ac-
cepted mechanism for the Cu-catalyzed SN2’ reaction de-
scribed by B�ckvall et al.,[17] the imperative for a regiospe-
cific branched product formation is a rapid reductive elimi-
nation to prevent any isomerization through a transitory p–
allyl CuIII species that would support formation of a thermo-
dynamic rearrangement product, the linear SN2 product. In
the presence of a halide in the e position, one can suppose
that this halide gives some electronic density to the empty d
orbitals of the electron-poor metal through p bonding. This
tethered intermediate would prevent loss of regioselectivity
(Scheme 10).


SN2’ arylation : Throughout the chemical literature the addi-
tion of aryl moieties has been a challenging target in asym-
metric synthetic allylation.[18] B�ckvall et al. showed that re-
gioselectivity was a key issue for the Cu-catalyzed addition
of phenylmagnesium bromide on allylic acetates and chlor-
ides, obtaining the nonregioselective a substituent in higher
yields with clean anti displacement of the leaving group.[19]


To counter the preference of the aryl Grignard towards the
a product, addition time of the organomagnesium reagent
and catalyst loading had to be increased dramatically to
obtain a slightly favored regioselective SN2’ adduct. Only re-
cently, Hoveyda and co-workers have reported one of the
rare examples of highly regio- and enantioselective arylation
on very specific vinylsilane substrates.[20]


Table 4. CuTC-catalyzed asymmetric allylic alkylation of 8 with RMgX
(Scheme 9).


Entry R Product Ligand Conv.
[%][a]


g/a[b] ee
[%][c]


1 cHex 6 b L1 88 100:0 23 (S)
2[d] cHex 6 b L2 >99 (99) 100:0 63 (R)
3 cHex 6 b ent-L3 >99 (83) 100:0 54 (R)
4 PhCH2CH2 7 b L1 >99 (94) 100:0 83 (�)
5 PhCH2CH2 7 b L2 >99 100:0 76 (+)
6 PhCH2CH2 7 b ent-L4 >99 100:0 67 (�)
7 nBu 9 b L1 >99 100:0 86 (�)
8 nBu 9 b ent-L4 91 (80) 100:0 87 (�)
9 tBuOCH2 ACHTUNGTRENNUNG(CH2)2CH2 11 b L1 >99 100:0 88 (�)
10 tBuOCH2 ACHTUNGTRENNUNG(CH2)2CH2 11 b ent-L4 >99 (77) 100:0 92 (�)
11 tBuOCH2 ACHTUNGTRENNUNG(CH2)2CH2 11 b L14 >99 100:0 86 (+)
12[d] ACHTUNGTRENNUNG(CH3)2C=CH ACHTUNGTRENNUNG(CH2)2 10 b L1 75 100:0 89 (�)
13[d] ACHTUNGTRENNUNG(CH3)2C=CH ACHTUNGTRENNUNG(CH2)2 10 b ent-L4 93 (70) 100:0 94 (�)
14 iBu 12 b L1 >99 (79) 100:0 85 (�)
15 iBu 12 b ent-L4 >99 100:0 84 (�)


[a]–[d] See Table 3 footnotes.


Table 5. Copper-catalyzed asymmetric allylic alkylation of 8 with n-dibu-
tylzinc.


Entry CuX/x [mol %] L*/x [mol %] Conv. [%][a] g/a[b] ee [%][c]


1 CuTC/3 L1/6 70 100:0 52 (�)
2 CuBr/1 L1/2 69 100:0 48 (�)
3 CuBr/1 L3/2 73 100:0 0
4 CuOTf·C6H6/1 L1/2 37 100:0 40 (�)


[a]–[c] See Table 3 footnotes.


Scheme 10. Internal stabilization of the transient copper ACHTUNGTRENNUNG(III) species by
the adjacent halide.
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In view of our regioselective successes mentioned above,
we reasoned that the highly regiocontrolling substrates,
namely 1,4-dihalo-2-butenes 5 and 8, may control a prefer-
ential g insertion of the aryl moiety under copper catalysis
(Scheme 11).


Our first results under racemic conditions (Table 6, en-
tries 1 and 2) were very promising and showed in the case of
1,4-dibromo-2-butene (8), a clean and complete regiospecific


SN2’ arylation into 15. However, higher substitution patterns
were observed as minor byproducts formed in these reac-
tions, that is, 1,2-diphenylbut-3-ene and (E)-1,4-diphenylbut-
2-ene. These likely result from a second allylic arylation of
the preformed linear product 16, when an excess phenyl-
magnesium reagent is present. Our first attempts to induce
enantioselectivity, using our traditional SN2’ methodology
(CuTC, addition of ArMgX over 1 h) with chiral ligands L1
and L2 (Table 6, entries 3 and 4), produced exclusively the
branched aryl adduct 15 as a racemic mixture. After screen-
ing a variety of chiral phosphorous ligands and N-heterocy-
clic carbenes (NHCs),[21] the biphenol-based ligand L6 pro-
duced the chiral aryl adduct 15 with 22 % ee at �35 8C
(Table 6, entry 7). From that point, we investigated different
temperatures (Table 6) and copper salts (Table 7). When
lowering the temperature to �50 8C in the presence of L6
(Table 6, entry 11), the enantiomeric excess was increased to


30 % for the branched adduct
15, parallel to an increase of
the g selectivity to 90 %. Fur-
ther decrease in the tempera-
ture of the reaction to �78 8C
impaired the enantioselective
outcome, while affording a


nearly regiospecific SN2’ displacement (Table 6, entry 12).
Completing our study by the screening of copper salts (at
�50 8C and in the presence of ligand ent-L6) showed that
CuTC and CuACHTUNGTRENNUNG(OAc)2 were the most efficient, the latter af-
fording up to 35 % ee and 95 % g selectivity (Table 7,
entry 8).


Other attempts of arylation on the 1,4-dichloro derivative
5 or using other aryl sources (such as solutions of 4-methox-
yphenyl or 4-chlorophenyl Grignard reagents in diethyl
ether, or in situ generated zinc-based organocuprates from
zinc bromide and aryl Grignard reagents) furnished good-
to-high branched-to-linear ratios (up to 94 % g selectivity),
without reaching higher than <10 % ee. Nevertheless, the di-
functionalized substrate 8 is a promising substrate for a re-
gioselective allylic arylation and further studies should be
undertaken.


Derivatization of homoallylic chiral halides : The chiral syn-
thons, obtained through the catalyzed asymmetric allylation
of 1,4-dichloro- (5) and 1,4-dibromo-2-butene (8), bear re-
maining tunable functionalities. To further illustrate the syn-
thetic utility of this methodology, we derivatized the chiral
monohalides through electrophilic and nucleophilicACHTUNGTRENNUNGpathways.


The remaining halides could be derivatized by electrophil-
ic means through transformation into an organometallic spe-
cies. To establish the absolute configuration of our chiral ad-
ducts, we attempted the reduction of chloride (+)-7 a
(63 % ee) into (+)-17 by several means. The Grignard proce-
dure worked best, although conversion was not complete
after 24 h (Scheme 12). Nevertheless, following hydrolysis of
the organomagnesium reagent, compound (+)-17 was ob-
tained with complete retention of its chiroptical information.
Further ozonolysis and reduction afforded (S)-2-methyl-4-


Scheme 11. Asymmetric allylic arylation of difunctionalized substrates 5 and 8.


Table 6. CuTC-catalyzed allylic arylation of 1,4-dihalo-2-butenes 5 and 8
(Scheme 11).[a]


Entry Substrate CuX/x
[mol %]


L*/x
[mol %]


T
[8C]


Conv.
[%][b]


SN2’/
SN2[c]


ee
[%][d]


1 5, Cl CuTC – �78 >99 80:20[e] –
2 8, Br CuTC – �78 >99 100:0 –
3 8, Br CuTC/1 L1/1 �65 >99 100:0 0
4 8, Br CuTC/1 L2/1 �65 >99 100:0 0
5 8, Br CuTC/3 ent-L3/3 �35 97 75:25 2 (�)
6 8, Br CuTC/3 ent-L4/3 �35 93 78:22 15 (+)
7 8, Br CuTC/3 L6/3 �35 97 80:20 22 (�)
8 8, Br CuTC/5 L11/5 �35 86 76:24 9 (+)
9 8, Br CuTC/3 L13/3 �35 97 36:64 13 (�)
10 8, Br CuTC/3 L14/3 �35 98 90:10 3 (+)
11 8, Br CuTC/5 ent-L6/5 �50 90 90:10 30 (+)
12 8, Br CuTC/3 L6/3 �78 >99 99:1 20 (�)
13 8, Br CuTC/5 L11/5 �50 90 90:10 25 (+)


[a] Conditions: 5 or 8 (1 mmol), CuTC (x mol %), and L* (x mol %) in
CH2Cl2 (2 mL) at �78 8C with addition of RMgX in Et2O (1.1 equiv)
over 1 h. [b] Conversion (Conv.) determined by GC–MS and 1H NMR
spectroscopy. [c] Ratio determined by GC–MS and 1H NMR spectrosco-
py. [d] Enantiomeric excess determined by chiral GC. [e] Linear SN2
product of arylation isolated was bromide (E)-16.


Table 7. Copper salt screening for the asymmetric allylic arylation of 8
(Scheme 11).[a]


Entry Cu salt Ligand T [8C] Conv. [%][b] 15/16[c] ee [%][d]


1 CuTC ent-L6 �50 90 90:10 30 (+)
2 CuBr ent-L6 �50 94 87:13 26 (+)
3 CuBr·SMe2 ent-L6 �50 91 78:22 30 (+)
4 CuACHTUNGTRENNUNG(OTf)2 ent-L6 �50 86 88:12 9 (+)
5 CuCN ent-L6 �50 95 97:3 3 (+)
6 CuBr2 ent-L6 �50 94 94:6 12 (+)
7 CuCl ent-L6 �50 91 92:8 28 (+)
8 CuACHTUNGTRENNUNG(OAc)2 ent-L6 �50 74 95:5 35 (+)
9 CuACHTUNGTRENNUNG(OAc)2·2H2O ent-L6 �50 91 92:8 25 (+)


[a]–[d] See Table 6 footnotes.
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phenylbutan-1-ol (18) with 38 % yield, which allowed us to
determine its absolute stereochemistry by optical rotation.
However, a poor reactivity of the chloride can be avoided
through transformation into the corresponding iodide (from
a Finkelstein reaction of the chiral chloride, see Scheme 14
below). Chiral bromides underwent similar treatments. The
formation of a Grignard reagent from the chiral cyclohexyl
adduct (+)-6 b with 56 % ee and subsequent addition of allyl
bromide led to compound 19 with complete retention of the
chiral information (Scheme 13).[22] Hydrolysis of a sample of
the organomagnesium reagent produced but-3-en-2-ylcyclo-
hexane (20) with 53 % ee. Consequently, by correlation with
previous studies, we could assign its absolute configura-
tion.[23] It should be mentioned that the racemic bromide
12 b had already been transformed into a Grignard reagent
and used by Jennings-White and Almquist for the synthesis
of analogues of keto-dipeptides.[15]


In parallel, organolithium reagents were prepared by
treatment of the chiral homoallylic bromide (+)-11 b, or,
better, its iodide counterpart (+)-21, with tert-butyllithium
at �78 8C (Scheme 14). Subsequent treatment with diphenyl-
disulfide afforded 22, which was further oxidized with hy-
drogen peroxide into the chiral sulfone (+)-23 with com-
plete stereoretention. Chiral aldehyde (+)-24 was obtained
by a dimethylformamide (DMF) quench of the organolithi-


um intermediate, and once more we did not observe any
loss in the enantiomeric excess (81 % ee).


Similar derivatization products could be assessed through
more straightforward nucleophilic procedures. Indeed, the
brominated cyclohexyl adduct, 1-bromobut-3-en-2-ylcyclo-
hexane ((+)-6 b) with 51 % ee, was transformed into the
hepta-1,6-dien-3-ylcyclohexane (19) in 64 % yield with no
loss of enantioselectivity by adding allylmagnesium bromide
(Scheme 15). Previous findings from our research group
showed that product 19 can undergo clean ring-closing


Scheme 12. Reduction of chiral homoallylic chloride (+)-7 a.


Scheme 13. Electrophilic derivatization of chiral homoallylic bromides 6b
by using a Grignard reagent.


Scheme 14. Transformation of chiral homoallylic bromide (+)-11 b by using an organolithium reagent.
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metathesis with retention of enantiomeric excess.[24] Con-
versely, adduct (+)-11 b with 80 % ee was derivatized
through the addition of benzenethiolate in a good yield of
75 % to afford compound 22, which was further oxidized to
give the chiral sulfone (+)-23 with an optical purity of
82 % ee (Scheme 15).


Tri- and tetrasubstituted olefins—formation of chiral quater-
nary centers : As we have achieved good enantioselectivities
on the simple b,g-monosubstituted 1,4-dibromo-2-butene
(8), we were interested in testing our methodology on more-
substituted olefinic patterns. Indeed, our group was the first
to disclose a highly regio- and enantioselective methodology
for the allylic substitution of a broad range of b-disubstitut-
ed allylic electrophiles.[8,25] In such cases and with as low as
3 mol % CuTC in combination with binaphthol-based phos-
phoramidite ligand (S,SS)-L2,
remarkable ee values as high as
>99 % were reached.


We combined both aspects
into a single allylic electrophile,
the trisubstituted and unsym-
metrical (E)-1,4-dibromo-2-
methylbut-2-ene (26 ;
Scheme 16), which was pre-
pared from isoprene by using
referenced procedures and was
used without further purifica-
tion.[26] Interestingly, products
arising from the g or g’ substitu-
tion of this challenging unsym-
metrical dibromide 26 (i.e., pri-
mary versus secondary sites)
would evidently afford different
products, whilst producing in
the latter case an all-carbon
quaternary center. We antici-
pated that such an allylic elec-
trophile would react regioselec-
tively towards the incoming nu-
cleophile depending on the se-


lected ligand. Copper-catalyzed
reactions were carried out with
an array of aliphatic and func-
tionalized Grignard reagents: n-
butyl (a), phenethyl (b), and
tert-butoxybutyl (c) magnesium
bromides. The results are sum-
marized in Table 8. As expect-
ed, when adding the n-butyl
Grignard reagent to 26 in the
presence of ligand L2, product
27 a was formed preferentially
(tertiary-to-quaternary ratio
96:4) with 86 % ee (Table 8,
entry 2). The minor quaternary
product 28 a (4 %) was obtained


with 26 % ee. Similar behaviors were noted with L2 for the
other Grignard reagents. Chiral compounds 27 b and 27 c
were obtained with equally good regio- and enantioselectivi-
ties (Table 8, entries 7 and 10), with tertiary selectivities of
94 and 98 %, respectively, and ee values of 87 % for both ad-
ducts. Under such conditions, the reagent evidently recog-
nizes the substrate as a b-disubstituted allylic electrophile.
However, when using the chiral bis-orthomethoxy phosphor-ACHTUNGTRENNUNGamidite ligand ent-L4, approximately 20 % of the chiral
adduct 28 a was formed with up to 69 % ee (Table 8,
entry 3). Although this result was noted for the minor prod-
uct of this reaction, it is one of the highest recorded enantio-
selectivities for a Cu-catalyzed AAA with a Grignard re-
agent. Close asymmetric results were obtained for adducts
28 b and 28 c with L1 or ent-L4, affording 62 and 67 % ee, re-
spectively (Table 8, entries 6 and 11). It is worth noting that,


Scheme 15. Nucleophilic derivatization of chiral homoallylic bromides 6b and 11b.


Scheme 16. Unsymmetrical substrate 26 used in Cu-catalyzed AAA.


Table 8. Allylic substitution of 26 catalyzed by CuTC (5 mol %) and L* (5.5 mol %) in CH2Cl2 at �78 8C
(Scheme 16).


Entry R Ligand Conv. [%][a] 27/28[a] ee [%] in 27 ee [%][a] in 28


1 nBu (a) L1 100 69:31 4 56
2 nBu (a) L2 100 96:04 86 26
3 nBu (a) ent-L4 100 82:18 50 69
4 nBu (a) L9 100 68:32 2 61
5 nBu (a) L10 100 94:06 82 47
6 PhCH2CH2 (b) L1 100 75:25 29 62
7 PhCH2CH2 (b) L2 100 94:06 87 6
8 PhCH2CH2 (b) ent-L4 100 94:06 54 32
9 tBuOCH2 ACHTUNGTRENNUNG(CH2)2CH2 (c) L1 84 72:28 8 59
10 tBuOCH2 ACHTUNGTRENNUNG(CH2)2CH2 (c) L2 100 98:02 87 32
11 tBuOCH2 ACHTUNGTRENNUNG(CH2)2CH2 (c) ent-L4 80 84:16 56 67


[a] Conversion, product ratio, and enantiomeric excess values of SN2’ adducts were determined by chiral GC
analysis.
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as observed for the monosubstituted dibromide 8, the reac-
tion was once more highly SN2’-specific and clean.[27]


To further challenge our system, we attempted the first re-
ported asymmetric Cu-catalyzed alkylation of a difunctional-
ized tetrasubstituted allylic electrophile, namely, (E)-1,4-di-
bromo-2,3-dimethylbut-2-ene (29) (Scheme 17). The latter


was prepared from 2,3-dimethylbuta-1,3-diene and collected
after pentane precipitation as a 90:10 E/Z mixture without
further purification. As illustrated in Table 9, CuTC-cata-
lyzed SN2’ reaction on 29 with a slow addition of the phene-
thylmagnesium reagent (1.1 equiv) over an hour afforded
clean g-substitution product 30 (g/a 100:0). However, enan-
tiomeric excess values for the latter were disappointing, with
the better ligand (R,SS)-L1 affording at the most 30 % ee
(Table 9, entry 1).


Other difunctionalized substrates—formation of chiral ho-
moallylic alcohol derivatives :
Bifunctional allylic substrates,
in the form of protected allylic
alcohols, silyl ethers,[10,28] or
benzyl[16a,28] ethers, have previ-
ously been used in copper-cata-
lyzed SN2’ substitution. Our
trials to alkylate regio- and
enantioselectively the benzyl
ether 31 are summarized in
Scheme 18. Confirming our
prior results on cis-type sub-
strates, the allylic alkylation of


(Z)-31 with cyclohexylmagnesium reagent proved less ste-
reoselective with up to 43 % ee with L3, in comparison to
the reaction carried out on the (E)-31 isomer, which afford-
ed a clean branched adduct 32 (g/a 100:0) with 82 % ee. In
comparison, addition of the smaller ethyl- and methylmag-
nesium bromide to 31 produced (�)-33 and (+)-34 with 87
and 70 % ee, respectively. In these last cases, the regioselec-
tivity decreases slightly to 88 and 77 % g selectivity for the
ethyl and methyl adducts, respectively.


Another interesting, small, and readily available difunc-
tionalized substrate was thought of. Indeed, an old proce-
dure developed by Colonge and Poilane yields diverse allylic
alcohols by the treatment of unprotected (Z)-4-chlorobut-2-
en-1-ol (35) with organomagnesium reagents.[29] Inspired by
this study, we investigated a similar reaction under the
copper-catalytic SN2’ conditions (Scheme 19).


More than two equivalents of the magnesium reagent
were necessary to obtain a complete conversion of 35
(Table 10, entries 1 and 2), the first leading to deprotonation
and thus in situ protection of the free alcohol. Analogous
SN2’ reactions of 35 were carried out enantioselectively by
the slow addition of excess phenethylmagnesium bromide,
catalyzed by CuTC (3 mol %) and chiral ligands L1–L4
(3.3 mol%). The moderate optical purities of the newly
formed chiral alcohol 36 (44 % ee at the most with ent-L4,
Table 10, entry 5) are consistent with the poor results ob-
tained previously on the cis-difunctionalized substrates (see
above). Moreover, the reaction does not proceed with high
regiocontrol, affording at the most 71 % g selectivity
(Table 10, entry 4).


Conclusion


Difunctionalized allylic substrates are excellent starting ma-
terials for the elaboration of more-complex chiral synthons.
From these studies it is clear that E-configured substrates
afford higher enantioselectivites than their Z counterparts.
Of particular interest is (E)-1,4-dibromo-2-butene, because
it is an inexpensive commercially available compound (even
less expensive than the chloro substrate in the Aldrich cata-
log), and it affords high enantioselectivities. In addition, the
resulting adducts can be further used as electrophilic or nu-
cleophilic reagents.


Scheme 17. Formation of chiral quaternary centers from 29.


Table 9. Allylic substitution of 29 catalyzed by CuTC and chiral phos-
phoramidite ligands L* in CH2Cl2 at �78 8C (L* =L1–L33 ; Scheme 17).


Entry Product Ligand Conv. [%][a] SN2’/SN2[a] ee [%][a]


1 30 L1 100 (60) 100:0 30 (�)
2 30 L2 100 100:0 24 (+)
3 30 ent-L3 100 100:0 20 (+)
4 30 ent-L4 100 100:0 10 (�)
5 30 L12 100 100:0[b] 12 (+)
6 30 L19 100 100:0 27 (�)
7 30 L16 96 100:0 20 (+)
8 30 L15 94 100:0 5 (+)


[a] Conversion, product ratio, and enantiomeric excess values of SN2’ ad-
ducts were determined by chiral GC analysis (in parentheses, yield of the
isolated product after purification by flash chromatography over silica
gel). [b] 49 % of double-substitution byproducts were observed with a g/a
ratio of 64:36.


Scheme 18. Cu-catalyzed AAA on (E)- and (Z)-31.


www.chemeurj.org � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 10615 – 1062710624


A. Alexakis et al.



www.chemeurj.org





Experimental Section


General remarks : 1H (400 MHz) and 13C (100 MHz) NMR spectra were
recorded on a Bruker 400F NMR spectrometer in CDCl3 unless other-
wise stated, and chemical shifts (d) are given in ppm relative to residual
CHCl3. Multiplicity is indicated as follows: s (singlet), d (doublet), t (trip-
let), q (quartet), m (multiplet), dd (doublet of doublet), and dt (doublet
of triplet). IR spectra were recorded on a Perkin-Elmer FTIR spectrome-
ter. The evolution of reaction was followed by means of TLC and GC–
MS (EI mode) on an HP6890 instrument. Optical rotations were record-
ed on a Perkin-Elmer 241 polarimeter at 20 8C in a 10 cm cell in the
stated solvent; [a]D values are given in 10�1 deg cm2 g�1 (concentration c
is given as g/100 mL). Enantiomeric excesses were determined by means
of chiral GC measurements either on a HP6890 (H2 as vector gas) or
HP6850 (H2 or He as vector gas) instrument with the stated column.
Temperature programs are described as follows: initial temperature
[8C]—initial time [min]—temperature gradient [8C min�1]—final temper-
ature [8C]; retention times (tR) are given in min. In some cases, enantio-
meric excess values were determined by means of chiral supercritical
fluid chromatography (SFC) measurements on a Berger SFC with the
stated column. Gradient programs are described as follows: initial metha-
nol concentration [%]—initial time [min]—percentage gradient of metha-
nol [% min�1]—final methanol concentration [%]. Flash chromatography
was performed by using silica gel 32–63 mm, 60 �. THF, diethyl ether,
and dichloromethane were dried by filtration over alumina (activated at
350 8C under a nitrogen atmosphere for 12 h). Copper(I) thiophenecar-
boxylate (CuTC) was purchased from Frontier Scientific.


Typical procedure for the enantioselective copper-catalyzed allylic substi-
tution with Grignard reagents : CuTC (1 mol %) and chiral ligand
(1.1 mol %) were charged in a dried Schlenk tube, under an inert gas,
and suspended in dichloromethane (2 mL). The mixture was stirred at
room temperature for 30 min, followed by the addition of the allylic
halide (1 mmol) at room temperature before cooling the mixture to
�78 8C in an ethanol/dry ice bath. The Grignard (3 m in diethyl ether,
1.2 equiv) diluted in CH2Cl2 (0.6 mL) was added over 60 min by using a
syringe pump. Upon completion of the addition, the reaction mixture
was left a further 4 h at �78 8C. The reaction was quenched by addition
of aqueous HCl (1 n, 2 mL) and then Et2O (10 mL). The aqueous phase
was separated and further extracted with Et2O (3 	 3 mL). The combined
organic fractions were washed with brine (5 mL), dried over anhydrous
magnesium sulfate, filtered, and concentrated under vacuum. The oily


residue was purified by means of flash column chromatography. Gas
chromatography on a chiral stationary phase showed the enantiomeric
excess of the SN2’ product.


(S)-(1-Chlorobut-3-en-2-yl)benzene (13): Rf =0.88 (silica gel, pentane);
1H NMR (400 MHz, CDCl3): d= 7.37–7.32 (m, 2H), 7.29–7.23 (m, 3H),
6.02 (ddd, 1J =7.3 Hz, 2J =10.4 Hz, 3J =17.4 Hz, 1H), 5.23 (d, 2J =10.3 Hz,
1H), 5.17 (d, 3J =17.2 Hz, 1H), 3.79 (d, J =2.0 Hz, 1H), 3.77 (s, 1H),
3.70–3.65 ppm (m, 1H); 13C NMR (100 MHz, CDCl3): d=140.8, 138.1,
128.8, 128.8, 127.9, 127.9, 127.3, 117.2, 52.0, 47.9 ppm; the enantiomeric
excess was measured by chiral GC with a Hydrodex B6-TBDM, hydro-
gen flow (program: 70–0–1–170); tR =38.30 (�), 40.98 (+).


(+)-(1-Bromobut-3-en-2-yl)benzene (15): Rf = 0.79 (silica gel, pentane);
[a]22


D =++12.0 (c =0.28, CHCl3) for 35 % ee ; 1H NMR (400 MHz, CDCl3):
d=7.38–7.34 (m, 2 H), 7.30–7.29 (m, 1H), 7.28–7.22 (m, 2H), 6.03 (ddd,
1J=10.4 Hz, 2J =7.3 Hz, 3J =17.4 Hz, 1H), 5.22 (dd, 1J =10.4 Hz, 4J=


1.0 Hz, 1 H), 5.17 (dd, 3J =17.2 Hz, 4J=1.3 Hz, 1H), 3.71 (m, 1 H), 3.65 (s,
1H), 3.63 ppm (d, J =1.8 Hz, 1H); 13C NMR (100 MHz, CDCl3): d=


141.3, 138.6, 128.9, 128.9, 127.8, 127.8, 127.4, 117.2, 51.9, 36.5 ppm; IR
(neat): ñ =3063 (w), 2959 (w), 2923 (w), 1873 (w), 1640 (w), 1601 (w),
1493 (m), 1453 (m), 1416 (w), 1258 (w), 1220 (m), 1074 (w), 989 (m), 920
(s), 762 (m), 748 (m), 698 (s), 650 cm�1 (m); MS (EI mode): m/z (%): 212
(21), 210 (21), 154 (17), 131 (22), 118 (20), 117 (100), 116 (14), 115 (42),
91 (30), 77 (16), 51 (19); HRMS (EI mode): m/z calcd for C10H10Br:
210.0044; found: 210.0044; the enantiomeric excess was measured by
chiral GC with a Chirasil-Dex CB, helium flow (program: 70–0–1–170);
tR =47.55 (�), 48.33 (+).


(+)-(S)-(3-Methylpent-4-enyl)benzene (17): [a]22
D =++1.4 (c =0.9 in


CHCl3) for 63% ee ; 1H NMR (400 MHz, CDCl3): d= 7.32 (m, 5 H), 5.77
(ddd, 1J =7.6 Hz, 2J=10.1 Hz, 3J =17.4 Hz, 1H), 5.03 (d, J =17.2 Hz,
1H), 5.00 (d, J =7.3 Hz, 1H), 2.71–2.57 (m, 2H), 2.24–2.17 (m, 1H),
1.68–1.62 (m, 1H), 1.06 ppm (d, J =6.56 Hz, 3H); 13C NMR (100 MHz,
CDCl3): d =144.6, 142.9, 128.5, 128.4, 125.8, 113.1, 38.6, 37.6, 33.7,
20.4 ppm; MS (EI mode): m/z (%): 160 (14), 145 (19), 131 (9), 117 (11),
104 (100), 91 (96), 77 (13), 65 (14), 55 (7); the enantiomeric excess was
measured by chiral GC with a Hydrodex-B-3P column, hydrogen flow
(program: 70–0–1–170); tR =23.48 (+), 24.28 (�).


(�)-(S)-2-Methyl-4-phenylbutan-1-ol (18): A solution of olefin (+)-13
(0.86 mmol) in dry CH2Cl2 (30 mL) was cooled to �78 8C, and ozone was
passed through until a persisting blue color appeared (�10 min). After
completion of the reaction, the excess ozone was removed by purging
with O2 and N2. After cooling the system with an ice bath, sodium boro-
hydride (1.72 mmol) and methanol (5 mL) were added to the reaction.
The resulting mixture was permitted to warm to RT and was stirred over-
night. More NaBH4 (1.72 mmol) was added at 0 8C, while allowing the
temperature to rise to RT, to decompose the ozonide. After 7 d, the reac-
tion was hydrolyzed with H2O (15 mL), extracted with Et2O, and dried
over Na2SO4. The crude product was then subjected to column chroma-
tography on silica gel (pentane/Et2O 75:25). The alcohol was obtained as
a slightly yellow oil (0.33 mmol, 38% yield). [a]22


D =�10.2 (c =0.9 in
CHCl3) for 63% ee ; (ref. [30]: [a]22


D =++20.0 (c =1.5 in CHCl3) for 99 % ee
(R)); 1H NMR (400 MHz, CDCl3): d=7.29–7.26 (m, 2 H), 7.20–7.16 (m,
3H), 3.51 (dd, 1J= 38.1 Hz, 2J=5.8 Hz, 1H), 3.51 (dd, 2J=5.8 Hz, 3J=


17.2 Hz, 1 H), 2.75–2.56 (m, 2 H), 1.81–1.63 (m, 2 H), 1.49–1.38 (m, 2 H),
0.99 ppm (d, J= 6.8 Hz, 3 H); 13C NMR (100 MHz, CDCl3): d=128.5,
125.9, 68.3, 35.5, 35.1, 33.4, 16.6 ppm.


(�)-[3-(Bromomethyl)-4-methylpent-4-enyl]benzene (27 b): Rf =0.95
(silica gel, pentane); [a]22


D =�10.3 (c=1.1 in CHCl3) for 62% ee (contain-


Scheme 19. Asymmetric copper-catalyzed SN2’ reaction on unprotected allylic alcohol (Z)-35.


Table 10. CuTC-catalyzed allylic alkylation on (Z)-4-chlorobut-2-enol
(35) with phenethylmagnesium bromide (Scheme 19).


Entry Equiv. RMgX Ligand Conv. [%][a] 36/37[a] ee [%][b]


1[c] 1.2 rac-L6 <50 n.d.[d] –
2[c] 2.5 rac-L6 100 (14) 53:47 –
3 2.5 L1 100 (32) 57:43 34
4 2.5 L2 100 (31) 71:29 26
5 2.5 ent-L4 100 (15) 65:35 44


[a] Conversion and product ratios determined by 1H NMR spectroscopy
(in parentheses, yield of isolated product after purification by flash chro-
matography on silica gel). [b] Enantiomeric excess of branched adduct
determined by chiral GC analysis. [c] The racemic equivalent of phos-
phoramidite ligand L6 was used. [d] Not determined.
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ing 3% of 28 b with 7% ee); 1H NMR (400 MHz, CDCl3): d=7.31–7.27
(m, 2H), 7.21–7.17 (m, 3 H), 4.99 (d, J=1.3 Hz, 1 H), 4.86 (s, 1H), 3.40
(d, J=6.6 Hz, 2H), 2.67–2.43 (m, 3H), 1.96–1.87 (m, 1H), 1.72 (m, 1H),
1.72 ppm (s, 3 H); 13C NMR (100 MHz, CDCl3): d=144.3, 142.0, 128.5,
128.5, 126.0, 114.3, 48.9, 36.6, 33.5, 33.4, 18.9 ppm; MS (EI mode): m/z
(%): 210 (2), 174 (2), 117 (7), 105 (42), 104 (100), 92 (10), 91 (58), 77 (8),
69 (17), 67 (6), 65 (10); the enantiomeric excess was measured by chiral
GC with a Hydrodex B6-TBDM column, hydrogen flow (program: 100–
0–1–170); tR = 46.89 (+), 47.4 (�) [for 28b : the enantiomeric excess was
measured by chiral GC with a Chirasil Dex CB, helium flow (program:
100–0–1–170); tR =51.98 (major), 52.3 (minor)].


(�)-3-(Bromomethyl)-7-tert-butoxy-2-methylhept-1-ene (27 c): Rf =0.46
(silica gel, pentane/Et2O 97.5:2.5); [a]22


D =�8.0 (c =1.13 in CHCl3) for
87% ee (containing 2 % of 28c with 37% ee); 1H NMR (400 MHz,
CDCl3): d=4.89 (s, 1H), 4.78 (s, 1H), 3.38 (d, J =1.3 Hz, 1 H), 3.36 (d,
J =2.3 Hz, 1H), 3.32 (t, J =6.6 Hz, 2H), 2.45–2.38 (m, 1 H), 1.66 (s, 3H),
1.58–1.22 (m, 6 H), 1.17 ppm (s, 9H); 13C NMR (100 MHz, CDCl3): d=


144.8, 113.6, 72.6, 61.4, 49.4, 36.8, 31.6, 30.6, 27.7, 24.0, 18.9 ppm; MS (EI
mode): m/z (%): 263 (5), 261 (5), 141 (6), 123 (29), 96 (10), 81 (15), 69
(26), 67 (12), 59 (22), 57 (100), 55 (15); the enantiomeric excess was mea-
sured by chiral GC with a Hydrodex B6-TBDM column, hydrogen flow
(program: 100–0–1–170); tR =37.29 (+), 37.64 (�) [for 28c : the enantio-
meric excess was measured by chiral GC with a Hydrodex B3P, hydrogen
flow (program: 100–60–1–110–30–20–170); tR = 90.00 (major), 90.86
(minor)].


(�)-[3-(Bromomethyl)-3,4-dimethylpent-4-enyl]benzene (30): [a]22
D =�3.0


(c= 1.03 in CHCl3) for 30 % ee ; 1H NMR (300 MHz, CDCl3): d=7.31–
7.26 (m, 2 H), 7.21–7.16 (m, 3H), 5.04 (t, J =1.2 Hz, 1H), 4.86 (s, 1H),
3.49 (d, J=10.1 Hz, 1H), 3.41 (d, J =10.1 Hz, 1 H), 2.56–2.38 (m, 2H),
1.80 (s, 3H), 1.81–1.63 (m, 2H), 1.26 ppm (s, 3H); 13C NMR (CDCl3,
75 MHz): d=146.8, 142.5, 128.6 (2 	 ), 128.4 (2 	 ), 126.0, 113.7, 43.8, 43.6,
31.2, 22.9, 19.5 ppm; MS (EI mode): m/z (%): 268 (1), 266 (1), 164 (39),
162 (40), 131 (13), 117 (11), 105 (79), 104 (97), 92 (22), 91 (88), 84 (17),
83 (100), 82 (13), 81 (21), 79 (14), 77 (13), 69 (14), 67 (15), 65 (12), 55
(23); the enantiomeric excess was measured by chiral GC with a Hydro-
dex B6-TBDM, hydrogen flow (program: 120–0–1–170); tR = 33.98 (+),
34.32 (�).


(+)-1-[(2-Cyclohexylbut-3-enyloxy)methyl]benzene (32): Rf =0.79 (silica
gel, pentane); [a]28


D =++5.9 (c =1.00 in CHCl3) for 36% ee ; 1H NMR
(400 MHz, CDCl3): d=7.38–7.28 (m, 5H), 5.71 (ddd, J =9.1, 10.3,
17.0 Hz, 1H), 5.07 (d, J =10.3 Hz, 1H), 5.03 (d, J =17.7 Hz, 1H), 4.51 (s,
2H), 3.47 (m, 2 H), 2.22–2.15 (m, 1 H), 1.72–1.61 (m, 5 H), 1.28–0.87 ppm
(m, 5H); 13C NMR (100 MHz, CDCl3): d= 139.0, 128.4, 128.4, 127.7,
127.6, 127.6, 116.3, 73.1, 71.8, 50.0, 38.6, 31.3, 29.6, 26.8, 26.7 ppm; MS
(EI mode): m/z (%): 244 (4), 171 (1), 161 (2), 153 (5), 135 (11), 123 (7),
104 (9), 91 (100), 81 (44), 67 (18), 55 (15); the enantiomeric excess was
measured by chiral SFC with an OD-H column (program: 0–5–1–15;
200 bar, 2 mL min�1, 30 8C); tR =5.85 (�), 6.69 (+).


(�)-(R)-1-[(2-Ethylbut-3-enyloxy)methyl]benzene (33): Rf =0.5 (silica
gel, pentane/Et2O 98:2); (ref. [16a]) [a]28


D =++ 19.0 (c=1.1 in CHCl3) for
94% ee on ent-33); 1H NMR (400 MHz, CDCl3): d=7.34–7.33 (m, 4H),
7.30–7.26 (m, 1H), 5.66 (ddd, 1J= 8.3 Hz, 2J =9.8 Hz, 3J =17.9 Hz, 1H),
5.10–5.06 (m, 2H), 4.52 (s, 2H), 3.40 (d, J =6.3 Hz, 2H), 2.31–2.22 (m,
1H), 1.62–1.52 (m, 1H), 1.34–1.23 (m, 1 H), 0.88 ppm (t, J= 7.3 Hz, 3 H);
13C NMR (100 MHz, CDCl3): d =140.2, 138.8, 128.5, 127.7, 127.6, 115.6,
73.7, 73.1, 45.9, 24.2, 11.6 ppm; MS (EI mode): m/z (%): 190 (5), 189 (4),
104 (6), 92 (11), 91 (100), 65 (13); the enantiomeric excess was measured
by chiral HPLC with an OD-H column (5 mL, 99.8:0.2 nHex/iPrOH,
1 mL min�1, 40 8C); tR =5.66 (�), 6.14 (+).


(+)-(R)-1-[(2-Methylbut-3-enyloxy)methyl]benzene (34): Rf =0.85 (silica
gel, pentane); (ref. [16a]: [a]28


D =�6.0 (c =1.1 in CHCl3) for 92% ee on
ent-34); 1H NMR (400 MHz, CDCl3): d= 7.35–7.27 (m, 5H), 5.81 (ddd,
1J=17.2 Hz, 2J =10.4 Hz, 3J=6.8 Hz, 1 H), 5.08 (dt, 1J =17.4 Hz, 4J=


1.8 Hz, 1H), 5.02 (d, 2J =10.3 Hz, 1 H), 4.53 (s, 2 H), 3.35 (dd, J =6.6,
39.6 Hz, 1H), 3.35 (dd, J =6.6, 21.5 Hz, 1H), 2.51 (m, J =6.6 Hz, 1H),
1.04 ppm (d, J= 6.8 Hz, 3 H); 13C NMR (100 MHz, CDCl3): d=141.5,
138.6, 128.5, 127.7, 127.6, 114.2, 75.2, 73.1, 38.0, 16.8 ppm; MS (EI mode):
m/z (%): 176 (5), 175 (5), 92 (12), 91 (100), 65 (15), 55 (9); the enantio-


meric excess was measured by chiral HPLC with an OD-H column (5 mL,
99.9:0.1 nHex/iPrOH, 0.5 mL min�1, 15 8C); tR =16.68 (+), 18.41 (�).


(+)-2-Phenethylbut-3-en-1-ol (36): Rf =0.36 (silica gel, pentane/Et2O
75:25); 1H NMR (400 MHz, CDCl3): d =7.30–7.26 (m, 2 H), 7.20–7.17 (m,
3H), 5.65 (ddd, 1J =8.8 Hz, 2J= 10.1 Hz, 3J =17.2 Hz, 1H), 5.24 (dd, 1J =


1.5 Hz, 2J=10.1 Hz, 1 H), 5.19 (dd, 1J =1.0 Hz, 2J= 17.2 Hz, 1H), 3.61–
3.43 (m, 2H), 2.74–2.53 (m, 2H), 2.32–2.23 (m, 1 H), 1.80–1.54 (m, 2H),
1.50 ppm (br s, 1 H); 13C NMR (100 MHz, CDCl3): d=142.3, 139.7, 128.5,
128.5, 125.9, 118.2, 65.7, 46.7, 33.4, 32.6 ppm; the enantiomeric excess was
measured by chiral GC with a Chirasil-Dex CB column, helium flow
(program: 80–0–1–170); tR =61.51, 62.42.
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Rubrenes: Planar and Twisted
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Ori Gidron,[a] Linda J. W. Shimon,[b] Gregory Leitus,[b] and Michael Bendikov*[a]


Introduction


Rubrene (5,6,11,12-tetraphenyltetracene; 1) has been known
since the beginning of the last century.[1] The electrolumines-
cence and chemiluminescence of 1 were well studied in the
1960s and it is a classic example of a material with excellent
electrochemiluminescent properties.[2] Nowadays, compound
1 is used as a dopant and a photosensitizer in organic light-
emitting diodes (OLEDs). Recently, compound 1 was inves-
tigated as an active semiconductor in organic field-effect
transistors (OFETs).[3] An exceptionally high field-effect
mobility of up to 15 cm2 V�1 s�1 was measured for single crys-
tals of 1,[4] and later, a contact-free intrinsic mobility of


40 cm2 V�1 s�1 was reported for 1.[5,6] Surprisingly, despite its
very high mobility in a single crystal, compound 1 shows
very low mobility in vacuum-sublimed or solution-processed
organic thin-film transistors.[7,8] To overcome this problem,
thin films based on crystalline mixtures of 5,12-diphenylan-
thracene and 1 were prepared, with these reported to yield
a hole mobility of up to 0.7 cm2 V�1 s�1,[8] and transistor
arrays based on single crystals of 1[9] were also fabricat-
ed.[10, 11]


Apparently, good crystal packing is responsible for the ob-
served high mobility,[12] and indeed, examination of the crys-
tal structure of 1[13] shows that it has p–p stacking in one di-
rection and a herringbone motif in another direction. The
molecular structure of 1 consists of an absolutely planar tet-
racene backbone in the solid state,[13] although very similar
molecules were found to be twisted.[14,15] In the X-ray struc-
ture of rubrene, significant steric repulsion between the
phenyl rings shifts them above and below the tetracene
plane forming a dihedral angle of 258. The tetracene core is
still practically planar, thus steric repulsion between the
phenyl rings is balanced by the rigidity of the tetracene
core. Even large twisting of the acene backbone does not
change the HOMO–LUMO gap of acenes significantly.[16]


On the other hand, the energy required for twisting acenes
by 10–208 is only a few kcal mol�1, however, it increases to
40 kcal mol�1 for twisting more than 808.[16,17] Recently, the
supramolecular self-assembly of 1 on an Au ACHTUNGTRENNUNG(111) surface
was studied by STM and other methods.[18]
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Despite great interest in 1 in materials science, very few
substituted rubrenes are known[19] and the electronic and
structural properties of substituted rubrenes have never
been studied. The parent rubrene (1) is also only modestly
soluble in organic solvents. Our original motivation was to
design rubrene derivatives suitable for thin film transistors
by improving charge mobility and solubility by appropriate
chemical substitution. To this end, we synthesized several
rubrene analogues 2–7 (Scheme 1) with electron-withdraw-


ing and electron-donating substituents and found that most
of the substituted rubrenes are not planar in the solid state.
Moreover, we conclude that even 1 is not planar in solution
nor, most probably, in thin films. This discovery explains
why high mobility is reported in single crystals of 1, but 1
does not show any field-effect mobility in conventional thin
films. The substituted rubrenes obtained in this work have
significantly better solubility than 1 and some even form
films and not crystals after evaporation of the solvent. Thus,
substituted rubrenes are promising materials for OLEDACHTUNGTRENNUNGapplications.


Results and Discussion


Synthesis of rubrenes 1–7: Rubrenes 1 and 2 were synthe-
sized according to a literature procedure.[19a] Rubrenes 3–7
were prepared from the corresponding 6,11-diaryltetracene-
5,12-diones (11–13) by using aryllithiums or Grignard re-
agents followed by HI-mediated aromatization of the corre-
sponding diols (16–20 ; Scheme 2).


Nucleophilic addition of 11 and 4-fluorophenylmagnesium
bromide, prepared from 1-bromo-4-fluorobenzene and
iPrMgCl·LiCl,[20] was carried out in THF under an inert at-
mosphere to give 16. HI-promoted aromatization of 16 pro-
vided rubrene 3 as a red solid. Quinone 11 was treated with
4-bromobenzaldehyde diethyl acetal in the presence of BuLi
in THF to obtain 17 followed by aromatization with HI in
diethyl ether at reflux to give rubrene 4 as a red solid. Simi-
larly, cyano-substituted rubrene 5 was prepared in a good
yield (Scheme 2).


To prepare monomethoxydifluoro-substituted rubrene 6,
methoxy-substituted isobenzofuran 9 was prepared in two
steps from commercially available 3-phenylpthalide by addi-
tion of 4-methoxyphenyllithium and subsequent dehydration
with acetic anhydride. A cycloaddition reaction between 9
and 1,4-naphthaquinone gave quinone 12. Quinone 12 was
treated with 1-bromo-4-fluorobenzene in the presence of
nBuLi to provide 19, which was treated with HI in diethyl
ether to give the rubrene 6. Introduction of methoxy group
in the tetracene core of rubrene was achieved by treating
1,3-diphenyisobenzofuran (8) with 10 (R2 = OMe) to give
13. Quinone 13 was treated with phenyllithium to provide
20, which was subjected to aromatization to give rubrene 7
(Scheme 2). Rubrenes 1–7 were purified by sublimation
before characterization (in addition to column chromatogra-
phy as described in the Experimental Section).


X-ray crystal structures : Single crystals of rubrenes 2, 3, 4,
and 6 were grown from a mixture of dichloromethane and
ethanol. Unexpectedly, the X-ray structure of 2 shows that
the molecule adopts a strongly twisted conformation with
approximately D2 symmetry (Figures 1 and 2).[21] The end-
to-end twist of the tetracene core is 44.08. The twist is un-
evenly distributed with the four tetracene rings contributing
4.8, 15.6, 16.2, and 7.48 to the twist. X-ray structures of all
twisted rubrenes examined in this paper form centrosym-


Scheme 1. Structure of rubrenes 1–7 synthesized in this work.


Scheme 2. Synthesis of rubrenes 1–7. See text for a description of the
conversion of 11–13 into 14–20.
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metric crystals in which the
same number of right- and
left-twisted molecules (both
enantiomers) are present. On
the other hand, the X-ray
structure of difluoro-substitut-
ed rubrene 3 adopts a planar
conformation very similar to
that of 1. The fact that some
acene-type molecules adopt
different conformations
(planar and twisted) depending
on the substituents has been
previously observed for substi-
tuted naphthalenes and ben-
zannulated anthracenes.[22] In-
terestingly, crystals of 1 and 3
are isostructural with almost
the same unit cell parametersFigure 1. Crystal structures of 2 (top, showing the twist around the tetracene core) and 3 (bottom, showing the


planarity of the tetracene core).


Figure 2. Packing arrangements of a) 1, b) 3, c) 2, d) 4, and e) 6. Only tetracene cores are shown for clarity.
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except for the a lattice dimension, which is longer in 3. The
X-ray structures of 6 (with both difluoro and methoxy
groups), for which the end-to-end twist of the tetracene core
is 35.28, and of diformyl 4, for which the end-to-end twist of
the tetracene core is 37.78, are similar to that of 2. However,
crystal structures of 2, 3, 4, and 6 have different packing ar-
rangements (Figure 2). Twisting of the tetracene core results
in worse crystal packing relative to the rubrenes with a
planar tetracene core (as indicated by a lower packing
index[23]) and consequently leads to weaker intermolecular
interactions. As a result, twisted rubrenes are not good can-
didates for applications in OFET. Based on solid-state X-ray
structures of 1 and substituted rubrenes, we have shown that
the solid-state structures, and consequently, the properties
of rubrenes can be modified by substitution.


Computational results : The planar (C2h symmetry) structure
of rubrene lies 3.8 kcal mol�1 higher in energy than the mini-
mum structure (D2 symmetry) for which the tetracene core
is highly twisted by 428 (at the B3LYP/6-31G(d) level of
theory).[23,24,25] The planar D2h structure of rubrene is a
second-order saddle point lying 6.5 kcal mol�1 above the
minimum-energy structure. Interestingly, neither donor nor
acceptor substituents on the phenyl rings change the twisting
or planarization energies. Thus, in compounds 2 and 5, the
twisting angles are 43.2 and 42.38, respectively, with the
planar structures (Cs symmetry) lying 4.0 and 3.6 kcal mol�1


higher in energy, respectively. So, twisting of the central tet-
racene core in rubrene does not result from an electronic
effect of the phenyl ring substituents.


In solution, even 1 has a twisted structure based on a
comparison of the measured and calculated (GIAO-B3LYP/
6-311G ACHTUNGTRENNUNG(2df,p)//B3LYP/6-31G(d)) 13C NMR spectroscopy
values, with the latter corrected for the chemical shifts of
9,10-diphenyl anthracene.[23] The average difference between
the measured NMR chemical shifts of the carbon atoms of
the tetracene core and the shifts calculated for a twisted
conformation (by using the minimum-energy structure) is
0.46 ppm, whereas this difference is significantly larger
(1.85 ppm) if the measured shifts are compared with shifts
calculated for planar rubrene.[23] The difference in the calcu-
lated chemical shifts of the central quaternary carbon atoms
of the tetracene core (carbon atoms 5a and 11a, Scheme 1)
for the planar and twisted structure is especially pro-
nounced, while all other carbon atoms are less sensitive to
twisting. Calculated values for carbon atoms 5a and 11a in a
twisted conformation are just 0.3 ppm off the measured
values, whereas the difference between the experimental
and calculated values is 4.0 ppm for a planar conforma-
tion.[23,26] We can conclude that the rubrene molecules are
intrinsically nonplanar and steric repulsions are responsible
for twisting in rubrenes, whereas crystal-packing forces are
responsible for the planar tetracene core observed in the
crystals of 1 and 3. Based on these data, a nonplanar geome-
try is expected for rubrene and its derivatives in convention-
al thin films.


UV/Vis absorption and emission spectroscopy: The absorp-
tion and emission data for all substituted rubrenes are sum-
marized in Table 1. The UV/Vis absorption (lmax,abs = 520–
529 nm) and emission (lmax,ems = 553–568 nm) spectra are
very similar for all substituted rubrenes (Figure 3). In solu-
tion, the effect of the phenyl ring substituents on the elec-
tronic properties of rubrene is small. Substituted rubrenes
are strongly fluorescent, some with a quantum yield of close
to 100 %. The quantum yields for rubrene analogues with
methoxy-substituted phenyl rings (2 and 6) are relatively


Table 1. Optical properties of substituted rubrenes 1–7.


lmax,abs elmax lmax,ems F HOMO–LUMO gap [eV]
[nm] ACHTUNGTRENNUNG[m�1 cm�1] [nm] [a] [b]


1 528 5666 557 0.96 2.29 2.35
2 528 562 0.23 2.27 2.35
3 526 6125 554 0.82 2.29 2.36
4 529 7500 568 0.51 2.25 2.34
5 528 7102 565 0.96 2.27 2.35
6 526 8100 558 0.25 2.29 2.36
7 520 5392 553 1 2.31 2.38


[a] HOMO–LUMO gap calculated from the intersection point of the ab-
sorbance and florescence spectra. [b] HOMO–LUMO gap calculated
from the lmax of the absorbance spectra.


Figure 3. Absorption and emission spectra of rubrenes 1–7.
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low, in the range of 23 to 25 %. On the other hand, rubrene
with methoxy-substitution on the tetracene core (7) gives a
quantum yield of 100 %. For rubrenes with substituents such
as F and CN (3 and 5), the quantum yield is 82–96 %. The
extinction coefficients of all rubrene analogues are in the
range of 5400 to 8100 m


�1 cm�1, which is similar to the extinc-
tion coefficient of the parent rubrene.[27] The optical
HOMO–LUMO gaps calculated from the lmax of the absorb-
ance spectra are in the range of 2.34 to 2.38 eV, whereas
those calculated from the intersection point of the absorb-
ance and fluorescence spectra for all rubrenes are in the
range of 2.25 to 2.31 eV.


Interestingly, the electronic properties of rubrenes, such
as the HOMO–LUMO gap and the absorption and emission
spectra, are insensitive to twisting of the tetracene core.[16]


Calculated HOMO–LUMO gaps (B3LYP/6-31G(d)) are
2.51 and 2.60 eV, respectively, for C2h symmetry (planar tet-
racene core) and twisted D2 symmetry (lowest energy struc-
ture) geometries of 1. The calculated HOMO–LUMO gaps
of substituted rubrenes are similar to rubrene 1, for exam-
ple, for the twisted (C1 symmetry) and planar (Cs symmetry)
dimethoxy-substituted rubrene 2, HOMO–LUMO gaps are
2.50 and 2.60 eV, respectively.


Electrochemistry : The electrochemical properties of substi-
tuted rubrenes were investigated by cyclic voltammetry
(CV; see Table 2, Figure 4, and the Supporting Information).
Both the oxidation and reduction processes are reversible
for all rubrenes (expect for the reduction of 4), demonstrat-
ing excellent electrochemical stability, and the CV trace


does not change under repeated cycling. As expected, the
presence of methoxy substituents on the tetracene core re-
sults in the E1=2ox of 7 (0.58 V) being smaller than that of 1
(0.74 V), whereas the E1=2red (�1.87 V) of 7 is larger than that
of 1 (�1.58 V). Methoxy substitution on the phenyl rings (2)
has little effect on the half-wave potentials (Table 2). The
differences between the oxidation and reduction potentials
(the electrochemically measured HOMO–LUMO gap) are
similar for all of the rubrenes and are in the range of 2.20 to
2.46 V (Table 2).


Conclusion


We have shown that the planar structure of 1 found in
single crystals is due to crystal-packing forces and most sub-
stituted rubrenes are not planar in single crystals. Rubrenes
(including parent rubrene 1) also adopt a twisted structure
in solution. We have found that the balance between the
planar and nonplanar structures of 1 and its derivatives is
very delicate and may change as a result of different crystal-
packing forces.[28] We have clearly shown that the structure
of acene molecules differs between solution and the solid
state, and that their planarity is strongly affected by crystal-
packing forces. Significant modification of the solid-state
structure and properties of rubrenes has been achieved by
substitution of peripheral phenyl rings. The fact that 1 shows
a high field-effect mobility as single crystals, but has yet to
be made into a working thin-film device might be related to
the change in its planarity. The high efficiency of rubrene in
LED devices might also be associated with its twisted struc-
ture.[29] Due to low field-effect mobility in thin films, ru-
brenes may not be good candidates for use in thin film
FETs;[30] however, they are excellent candidates for applica-
tions in LEDs. We expect that the substituted rubrenes ob-
tained in this study will have a small tendency to crystallize
and will prove to be good candidates for applications in
LEDs.


Experimental Section


General : THF and Et2O were distilled from sodium and benzophenone.
Hydroiodic acid was purchased from Aldrich as a 57% aqueous solution
stabilized with phosphorous acid. 1H and 13C NMR spectra were mea-
sured at 250 and 400 MHz, respectively, with a Brucker 250 or a Bruck-
er 400 spectrometer. 1H NMR chemical shifts are reported in parts per
million (ppm) relative to tetramethylsilane (0.0 ppm) or chloroform
(7.26 ppm). Data are reported as follows: chemical shift, multiplicity (s=


singlet, d=doublet, t = triplet, q=quartet, m=multiplet), coupling con-
stants (Hertz), and integration. In 13C NMR spectra sometimes some sig-
nals are missing due to poor signal to noise ratio because of poor solubili-
ty. Flash chromatography was performed by using silica gel 60 (230–400
mesh). Analytical thin-layer chromatography (TLC) was performed by
using 0.25 mm Merck precoated silica gel plates (60-F254). All air- and/
or moisture-sensitive reactions were conducted in flame- and/or oven-
dried glassware under a dry argon atmosphere with standard precautions
taken to exclude moisture. All mass spectrometer measurements were
performed with a Micromass platform LCZ 4000 instrument in ESI
mode. Elemental analysis was carried out with a FlashEA 1112 Thermo


Table 2. Electrochemical properties of substituted rubrenes.


E1=2 ox [V] E1=2 red [V] E1=2 ox�E1=2 red [eV]


1 0.75 �1.56 2.31
2 0.76 �1.59 2.35
3 0.80 �1.62 2.42
4 0.88 �1.32 2.20
6 0.76 �1.62 2.38
7 0.58 �1.88 2.46


Figure 4. CV traces of 1–3 on a platinum electrode versus Ag/AgCl in
1,2-dichloroethane/tetrabutylammonium perchlorate (0.1 m).
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Finnigan CHN elemental analyzer. Crystals were grown by dissolving ru-
brenes in CH2Cl2 and then adding EtOH until it formed 20 % of the mix-
ture. Crystals were grown in a special desiccator under a constant contin-
uous flow of nitrogen.


Absorption and emission spectroscopy : UV/Vis spectra were obtained on
a Jasco 570 spectrophotometer. Fluorescence spectra were recorded on a
Varian Cary Eclipse fluorimeter in a 1 cm quartz cuvette with CH2Cl2 as
the solvent. All measurements were made under a nitrogen atmosphere
and the spectrometer was purged with nitrogen for 5 min before each
measurement. The quantum efficiency was calculated by using rhodamine
B in EtOH (Aldrich) as the reference.


CV measurements : CV measurements were performed with a three-elec-
trode cell in a solution of 0.1 m tetrabutylammonium perchlorate
(Bu4NClO4) in 1,2-dichloroethane at a scan rate of 100 mV s�1. All the
measurements were performed under an argon atmosphere and before
each measurement argon was purged through the solution for 20 min to
deoxygenate the system. A Pt wire was used as the counter electrode, Pt
was used as the working electrode, and Ag/AgCl was used as the refer-
ence electrode. Its potential was corrected to the saturated calomel elec-
trode (SCE) by measuring the ferrocene/ferrocenium couple in this
system (0.40 V versus SCE).


DFT calculations : All calculations were performed by using DFT with
the B3LYP hybrid functional[31] and the 6-31G(d) basis set. The Gaussi-
an 03 program was used for all computations.[32] Frequency calculations
were performed at the same level for all stationary points to define them
as minima or saddle points. We note that, in contrast to many ab initio
methods (such as MP2, CISD, CCSD), the B3LYP level always yields
real frequencies for benzene regardless of the basis set used.[33] The
13C NMR chemical shieldings were calculated by using the gauge-includ-
ed atomic orbitals (GIAO) method[34] coupled with B3LYP and the 6-
311G ACHTUNGTRENNUNG(2df,p) basis set using the B3LYP/6-31G(d) optimized geometries
(these calculations are denoted as GIAO-B3LYP/6-311G ACHTUNGTRENNUNG(2df,p)//B3LYP/
6-31G(d)). The 13C NMR chemical shifts were referenced to TMS, which
was calculated at the same level of theory (s= 182.75 ppm).


1-(4-Methoxyphenyl)-3-phenylisobenzofuran (9):[35] A solution containing
1-bromo-4-methoxybenzene (4.9 g, 26.3 mmol) was dissolved in THF
(75 mL) and cooled to �78 8C, and nBuLi (16.5 mL of a 1.6m solution in
hexanes, 26.3 mmol) was added dropwise under an argon atmosphere
while maintaining the temperature at below �60 8C. The solution was
stirred for 2 h followed by the dropwise addition of a solution of ACHTUNGTRENNUNG3-phe-
nylphthalide (5.0 g, 23.7 mmol) in THF (35 mL) over a 45 min period.
The deep red solution was stirred for another 15 min at �78 8C. After
that, Ac2O (2.5 mL, 26.5 mmol) was added and the solution was warmed
to room temperature and then heating at reflux for 10 min. Water was
added to the bright yellow solution and the organic layer was separated
and dried over MgSO4 and concentrated. Chromatographic separation
(hexane/EtOAc 9:1) gave 9 (1.05 g, 16%). 1H NMR (250 MHz, CDCl3):
d=7.95–7.77 (m, 6 H), 7.45 (t, J=8.0 Hz, 2 H), 7.31–7.27 (m, 1H), 7.07–
6.97 (m, 4H), 3.89 ppm (s, 3 H); 13C NMR (62.5 MHz, CDCl3): d=159.7,
129.9, 127.5, 127.3, 126.1, 125.53, 125.50, 121.2, 121.0, 115.5, 56.4 ppm;
MS: m/z : 300 [M]+ , 301.43 [M+1]+ , 323.40 [M+Na]+ , 339.38 [M+K]+ ,
307.42 [M+Li]+ , 623.67 [2M+Na]+ , 607.70 [2M+Li]+ .


6,7-Dimethoxynaphthalene-1,4-dione (10): Compound 10 was prepared
according to the procedure described in the literature.[36]


6,11-Diphenyltetracene-5,12-dione (11):[19a] Compound 8 (5 g, 18.5 mmol)
was added slowly as a solid to 10 (3 g, 18.9 mmol) in CH2Cl2 (50 mL) and
the solution was stirred at room temperature for 12 h. Additional CH2Cl2


(100 mL) was added and the mixture was cooled to �78 8C followed by
dropwise addition of BBr3 (30 mL of a 1m solution in CH2Cl2, 30 mmol).
After 0.5 h at �78 8C, the dark reaction mixture was warmed to room
temperature, then heated at reflux for 4 h, and subsequently cooled to
room temperature. The solution was then poured into water and the
aqueous portion was extracted with CH2Cl2. The combined organic ex-
tracts were washed with brine, dried (MgSO4), and concentrated in vacuo
to give a yellow solid, which was purified by column chromatography
(CH2Cl2) to give 11 as a bright yellow crystalline solid (7.0 g, 92%).
1H NMR (CDCl3, 250 MHz): d= 8.06 (dd, J =3.5, 6.0 Hz, 2H), 7.64 (dd,
J =3.5, 6.0 Hz, 2H), 7.59–7.54 (m, 8 H), 7.51–7.47 (m, 2 H), 7.33–7.30 ppm


(m, 4H); 13C NMR (62.5 MHz, CDCl3): d=184.2, 144.0, 140.3, 135.6,
134.9, 133.6, 128.9, 128.8, 128.6, 128.4, 127.1, 126.9 ppm.


6-(4-Methoxyphenyl)-11-phenyltetracene-5,12-dione (12): Solid 9 (1.05 g,
3.5 mmol) was slowly added to 1,4-naphthaquinone (0.55 g, 3.5 mmol)
dissolved in CH2Cl2 (70 mL), and the solution was stirred at room tem-
perature for 12 h. The mixture was cooled to �78 8C followed by the
dropwise addition of BBr3 (4.0 mL of a 1m solution in CH2Cl2,
4.0 mmol). After 1 h at �78 8C, the dark reaction mixture was slowly
warmed to room temperature, continuously stirred for another 6 h, then
heated at reflux for 4 h, and subsequently cooled to room temperature.
The solution was then poured into water and the aqueous portion was ex-
tracted with CH2Cl2. The combined organic extracts were washed with
brine, dried (MgSO4), and concentrated in vacuo to give a yellow solid,
which was purified by column chromatography (hexane/EtOAc 3:1) to
give 12 as bright yellow crystalline needles (1.33 g, 86%). 1H NMR
(CDCl3, 250 MHz): d =8.11–8.06 (m, 2H), 7.68–7.48 (m, 8H), 7.33–7.29
(m, 2 H), 7.25–7.22 (m, 3 H), 7.15–7.11 (m, 2H), 3.96 ppm (s, 3 H).


2,3-Dimethoxy-6,11-diphenyltetracene-5,12-dione (13): Compound 8
(0.361 g, 1.34 mmol) was added slowly as a solid to 10 (0.291 g,
1.34 mmol) dissolved in CH2Cl2 (15 mL) and the solution was stirred at
room temperature for 12 h. Additional CH2Cl2 (3 mL) was added, and
the mixture was cooled to �78 8C followed by dropwise addition of BBr3


(1.5 mL of a 1 m solution in CH2Cl2, 1.5 mmol). After 1 h at �78 8C, the
dark reaction mixture was slowly warmed to room temperature, continu-
ously stirred for another 6 h, then heated at reflux for 4 h, and subse-
quently cooled to room temperature. The solution was then poured into
water and the aqueous portion was extracted with CH2Cl2. The combined
organic extracts were washed with brine, dried (MgSO4), and concentrat-
ed in vacuo to give a yellow solid, which was purified by column chroma-
tography (CH2Cl2) to give 13 as bright yellow crystalline needles (0.470 g,
82%). 1H NMR (CDCl3, 250 MHz): d=7.62–7.45 (m, 12H), 7.32 (d, J=


2.5 Hz, 2 H), 7.29 (d, J=2.5 Hz, 2H), 3.92 ppm (s, 6H); 13C NMR
(100 MHz, CDCl3): d=183.1, 153.7, 143.9, 140.7, 135.5, 133.0, 130.6,
129.8, 129.6, 128.7, 128.5, 128.3, 127.0, 108.1, 56.5 ppm; MS: m/z : 471
[M]+ , 493 [M+Na]+ , 510 [M+K]+ , 964.30 [2 M+Na]+ .


5,12-Dihydro-5,12-bis(4-methoxyphenyl)-6,11-diphenyltetracene-5,12-diol
(15):[19a] nBuLi (6 mL of a 1.6m solution in hexanes, 9.6 mmol) was added
dropwise to a stirred solution of 4-bromoanisole (1.25 mL, 10 mmol) in
THF (10 mL) at �78 8C. The mixture was allowed to stir at this tempera-
ture for 15 min before being transferred by cannula to a stirred solution
of quinone 11 (0.41 g, 1 mmol) in THF (10 mL) at �78 8C. The resulting
dark reaction mixture was then allowed to warm to room temperature
slowly over a 12 h period and then quenched by pouring into a saturated
aqueous solution of NH4Cl. The aqueous portion was subsequently ex-
tracted with Et2O, and the combined organic extracts were dried
(MgSO4) and then concentrated in vacuo to give 15 (0.5 g, 80%).
1H NMR (250 MHz, CDCl3): d =7.71 (dd, J=3.0, 5.3 Hz, 2H), 7.56 (q,
J =3.2 Hz, 2H), 7.48 (d, J=8.7 Hz, 4H), 7.32–7.28 (m, 2 H), 7.25–7.19 (m,
10H), 6.97–6.94 (m, 2 H), 6.58 (d, J =8.7 Hz, 4H), 3.74 ppm (s, 6H);
13C NMR (62.5 MHz, CDCl3): d=158.8, 150.2, 144.8, 137.0, 132.1, 131.9,
131.1, 130.0, 129.9, 127.8, 127.4, 127.0, 126.3, 126.0, 125.8, 122.5, 113.0,
55.2 ppm.


5,12-Bis(4-fluorophenyl)-5,12-dihydro-6,11-diphenyltetracene-5,12-diol
(16): A dry argon flushed 50 mL flask equipped with magnetic stirrer and
a septum was charged with iPrMgCl·LiCl[20] (6 mL of a 1 m solution in
THF, 6 mmol). The reaction mixture was cooled to �15 8C and 4-fluoro-
bromobenzene (1.05 g, 6 mmol) was added in one portion. The tempera-
ture of the reaction mixture was raised to �10 8C and the Br/Mg ex-
change was completed after 15 min. In another flask, quinone 11 (0.410 g,
1 mmol) was dissolved in THF (10 mL) and the reaction mixture was
cooled at �78 8C. a solution of Grignard reagent was added dropwise to
this solution through a cannula at �78 8C. The resulting dark reaction
mixture was allowed to stir at this temperature for 3 h and then allowed
to warm to room temperature slowly over a 12 h period. It was then
quenched by pouring the mixture into a saturated aqueous solution of
NH4Cl. The aqueous portion was subsequently extracted with Et2O, and
the combined organic extracts were dried (MgSO4) and then concentrat-
ed in vacuo. The resulting white solid was washed to obtain pure diol 16
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(0.250 g, 42 %). 1H NMR (250 MHz, CDCl3): d=7.25–7.17 (m, 8H), 7.01–
6.94 (m, 12 H), 6.77–6.70 (m, 4 H), 6.19 (d, J =7.7 Hz, 2H), 3.91 ppm (s,
2H); 13C NMR (62.5 MHz, CDCl3): d=162.9, 159.0, 145.3, 145.3, 141.0,
139.6, 137.3, 136.4, 134.4, 131.6, 131.2, 128.8, 127.6, 127.3, 127.1, 127.1,
126.9, 126.6, 126.3, 126.2, 114.3, 113.4, 74.8 ppm.


5,12-Bis(4-(diethoxymethyl)phenyl)-5,12-dihydro-6,11-diphenyltetracene-
5,12-diol (17): Dry THF (10 mL) and nBuLi (3 mL of a 1.6m solution in
hexane, 4.8 mmol) were added sequentially to a 50 mL two-necked flask
equipped with a stirring bar under N2 at �78 8C. 4-Bromobenzaldehyde
diethyl acetal (0.976 mL, 4.8 mmol) was then added to this solution and
the mixture was stirred at �78 8C for 3 h. The mixture was slowly
warmed to room temperature and then cooled again to �78 8C before
the addition of quinone 11 (0.205 g, 0.5 mmol) dissolved in THF (10 mL).
The resulting dark reaction mixture was allowed to stir at this tempera-
ture for 1 h and then allowed to warm to room temperature slowly over
a 12 h period. It was then quenched by pouring the mixture into a satu-
rated aqueous solution of NH4Cl. The aqueous portion was subsequently
extracted with Et2O, and the combined organic extracts were dried
(MgSO4) and then concentrated in vacuo. The resulting white solid was
purified by column chromatography with CH2Cl2/EtOAc (10:1) as the
eluent to give diol 17 (0.37 g, 98%). 1H NMR (250 MHz, CDCl3): d=


7.60–7.51 (m, 2H), 7.42–7.38 (m, 5H), 7.30–7.28 (m, 2 H), 7.17–6.89 (m,
16H), 6.12 (d, J=7.7, Hz, 1H), 5.43 (s, 2H), 3.80 (s, 1H), 3.66–3.50 (m,
8H), 2.04 (s, 1H), 1.29–1.18 (m, 12 H); MS: m/z : [M]+ 770, [M+Na]+


794.11; [M+K]+ 810.05.


5,12-Bis(4-fluorophenyl)-5,12-dihydro-6-(4-methoxyphenyl)-11-phenylte-
tracene-5,12-diol (19): nBuLi (4.05 mL of a 1.6m solution in hexane,
6.48 mmol) was added dropwise to a solution of 1-bromo-4-fluoro-ACHTUNGTRENNUNGbenzene (0.75 mL, 6.83 mmol) in THF (10 mL) at �78 8C while stirring
for 1 h. A solution of quinone 12 (0.300 g, 0.683 mmol) dissolved in THF
(15 mL) was then added to this solution. The resulting dark reaction mix-
ture was stirred at this temperature for 1 h and then allowed to warm to
room temperature over a 12 h period with continuous stirring. The reac-
tion mixture was quenched by pouring into a saturated aqueous solution
of NH4Cl. The aqueous portion was subsequently extracted with Et2O,
and the combined organic extracts were dried (MgSO4) and then concen-
trated in vacuo. Column chromatography with hexane/EtOAc (3:1) as
the eluent gave 19 (0.140 g, 33%). 1H NMR (250 MHz, CDCl3): d=7.70
(dd, J =3.0, 8.5 Hz, 2H), 7.59–7.53 (m, 4 H), 7.25–7.21 (m, 4H), 7.04–6.94
(m, 6H), 6.79–6.70 (m, 6 H), 6.01 (d, J =8.2 Hz, 1 H), 5.91 (dd, J =2.0,
6.5 Hz, 1H), 3.82 (s, 3H), 3.80 (s, 1H), 3.64 ppm (s, 1H); MS: m/z : 632
[M]+ , 631.53 [M�1]+ , 667.43 [M�1+Cl]+ , 745.23 [M�1+TFA]+ , 655.61
[M+Na]+ .


5,12-Dihydro-2,3-dimethoxy-5,6,11,12-tetraphenyltetracene-5,12-diol (20):
Dimethoxy quinone 13 (0.470 g, 1.1 mmol) was dissolved in THF (15 mL)
and the reaction mixture was cooled to �78 8C. PhLi (3 mL of a 1.8m so-
lution in dibutyl ether, 5.4 mmol) was added dropwise to this solution.
The resulting dark reaction mixture was stirred at this temperature for
1 h and then allowed to warm to room temperature slowly over a 12 h
period. The reaction was then quenched by pouring the mixture into an
aqueous solution of saturated NH4Cl. The aqueous portion was subse-
quently extracted with Et2O, and the combined organic extracts were
dried (MgSO4) and then concentrated in vacuo. The resulting pale-yellow
solid was purified by column chromatography with CH2Cl2/EtOAc (20:1)
as the eluent to give two isomers of diol 20 (0.218 g, 35%). Isomer A:
1H NMR (250 MHz, CDCl3): d= 7.65–7.54 (m, 2H), 7.45–7.33 (m, 2H),
7.19–7.02 (m, 14H), 6.97–6.93 (m, 2H), 6.89–6.83 (m, 2 H), 6.55 (s, 2H),
6.19–6.15 (m, 2H), 3.90 (s, 2H), 3.58 ppm (s, 6 H). Isomer B: 1H NMR
(250 MHz, CDCl3): d=7.34–7.32 (m, 4H), 7.18–7.03 (m, 14H), 6.96–6.92
(m, 2 H), 6.88–6.82 (m, 2H), 6.52 (s, 2H), 6.17–6.14 (m, 2H), 3.61 (s, 2H),
3.57 ppm (s, 6H); MS: m/z : 627 [M], 650.10 [M+Na]+ , 1276.96
[2M+Na]+ , 625.86 [M�1], 1252.80 [2 M�1].


General procedure for the synthesis of compounds 2–7: The diol
(0.50 mmol) was dissolved in Et2O (30 mL) in a 100 mL flask under N2


with heating. 57% aqueous HI (6 mL) was then added to this solution at
reflux. The reaction was allowed to proceed for 10 min and cooled to
room temperature and then aqueous saturated sodium metabisulfite
(20 mL) was added to form a red ether layer. The organic layer was sepa-


rated, immediately dried over MgSO4, and concentrated. Immediate flash
chromatography (CH2Cl2-hexane) followed by sublimation gave rubrenes
(2–7) as red solids. The yields were determined after flashACHTUNGTRENNUNGchromatography.


5,12-Bis(4-methoxyphenyl)-6,11-diphenyltetracene (2):[19a] Red solid;
yield= 62%; 1H NMR (250 MHz, CDCl3): d =7.76 (dd, J= 3.2, 7.0 Hz,
2H), 7.64 (dd, J =3.2, 7.0 Hz, 2H), 7.04–6.88 (m, 14 H), 6.79 (dd, J =1.8,
8.5 Hz, 4H), 6.53 (dd, J=2.5, 7.0 Hz, 4 H), 3.41 ppm (s, 6H); MS: 592
[M]+ , 590.99 [M�1]+ , 615.13 [M+Na]+ , 631.27 [M+K]+ , 1223.39
[2M+K]+ ; elemental analysis calcd (%) for C44H32O2: C 89.16, H 5.44;
found: C 89.02, H 4.34.


5,12-Bis(4-fluorophenyl)-6,11-diphenyltetracene (3): Red solid; yield=


96%; 1H NMR (250 MHz, CDCl3): d=7.77–7.71 (m, 2H), 7.59–7.55 (m,
2H), 7.39–7.32 (m, 4H), 7.22 (d, J =2.7 Hz, 2H), 7.19–6.90 (m, 8H),
6.89–6.72 ppm (m, 8 H); 13C NMR (62.5 MHz, CDCl3): d=163.2, 159.3,
141.8, 138.4, 133.4, 133.3, 131.9, 130.6, 130.4, 127.3, 126.4, 126.1, 126.0,
124.7, 124.5, 122.4, 114.2, 114.0 ppm; elemental analysis calcd (%) for
C42H26F2: C 88.71, H 4.61; found: C 88.68, H 4.55.


5,12-Bis(4-carboxyaldhydephenyl)-6,11-diphenyltetracene (4): Red solid;
yield= 79%;. 1H NMR (250 MHz, CDCl3): d=10.02 (s, 2H), 7.68–7.54
(m, 6H), 7.40–7.33 (m, 3H), 7.30–7.28 (m, 2H), 7.24–7.01 (m, 12H),
6.88–6.83 ppm (m, 3 H); 13C NMR (62.5 MHz, CDCl3): d=192.2, 192.0,
148.6, 141.2, 136.8, 136.1, 134.1, 132.7, 132.5, 130.6, 129.6, 128.6, 127.4,
126.5, 126.4, 126.0, 125.5 ppm; MS: m/z: 589 [M]+ , 611.83 [M+Na]+ ,
627.91 [M+K]+ ; elemental analysis calcd (%) for C44H28O2: C 89.77, H
4.79; found: C 89.58, H 4.65.


5,12-Bis(4-cyanophenyl)-6,11-diphenyltetracene (5): Red solid; 1H NMR
(250 MHz, CDCl3): d=7.41–7.35 (m, 6H), 7.24–7.10 (m, 12H), 7.03–6.97
(m, 4H), 6.90–6.86 ppm (m, 4 H); 13C NMR (62.5 MHz, CDCl3): d=


146.7, 141.2, 136.6, 135.5, 132.6, 132.4, 130.9, 130.7, 129.5, 128.4, 128.2,
127.6, 127.2, 126.6, 126.4, 125.8, 125.7, 109.6 ppm.


5,12-Bis(4-fluorophenyl)-6-(4-methoxyphenyl)-11-phenyltetracene (6):
Red crystals; yield=43 %; 1H NMR (250 MHz, CDCl3): d =7.46–7.42 (m,
1H), 7.38–7.31 (m, 3H), 7.18–7.09 (m, 7H), 6.89–6.74 (m, 12H), 6.72–
6.66 (m, 2H), 3.87 ppm (s, 3 H); 13C NMR (62.5 MHz, CDCl3): d=158.0,
141.8, 134.2, 133.5, 133.4, 133.3, 133.2, 133.0, 130.3, 127.3, 126.6, 126.5,
126.3, 126.0, 125.0, 114.3, 114.2, 114.0, 113.9, 133.4, 112.9, 55.4 ppm; MS:
m/z : 599 [M]+ , 599.65 [M+1]+ , 621.62 [M+Na]+ , 637.66 [M+K]+ ,
1220.26 [2 M+Na]+ .


2,3-Dimethoxy-5,6,11,12-tetraphenyltetracene (7): Red solid; yield =94%;
1H NMR (250 MHz, CDCl3): d =7.37–7.31 (m, 2 H), 7.14–7.01 (m, 14H),
6.89–6.84 (m, 8 H), 6.52 (s, 2 H), 3.59 ppm (s, 6H); 13C NMR (100 MHz,
CDCl3): d =149.6, 142.2, 141.9, 136.3, 134.5, 132.2, 131.8, 129.7, 128.6,
127.8, 127.3, 127.1, 126.5, 125.6, 124.4, 102.8, 55.3 ppm; MS: m/z : 592
[M]+ , 593.11 [M+1]+ .


Acknowledgements


The authors are grateful to Prof. Dmitrii F. Perepichka (McGill Universi-
ty, Canada) and to Prof. Robert Pascal, Jr. (Princeton University) for
useful suggestions, to Alex Banaru for helpful discussions and help with
X-ray structures, to Elijah Shirman for help with florescence measure-
ments and to Natalia Zamoshchik for help with XRD measurements. We
thank the Israel Science Foundation and the Helen and Martin Kimmel
Center for Molecular Design for financial support. M.B. is the incumbent
of the Recanati career development chair, a member ad personam of the
Lise Meitner-Minerva Center for Computational Quantum Chemistry,
and the holder of a DuPont Young Professor Award.


[1] M. Charles, D. Charles, P. M. Dean, Compt. Rend. 1926, 182, 1440 –
1443.


[2] a) E. A. Chandross, J. W. Longworth, R. E. Visco, J. Am. Chem. Soc.
1965, 87, 3259 –3260; b) D. M. Hercules, Acc. Chem. Res. 1969, 2,
301 – 307; c) M. M. Richter, Chem. Rev. 2004, 104, 3003 –3036, and
references therein.


Chem. Eur. J. 2008, 14, 10639 – 10647 � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 10645


FULL PAPERRubrenes



http://dx.doi.org/10.1021/ja01092a054

http://dx.doi.org/10.1021/ja01092a054

http://dx.doi.org/10.1021/ja01092a054

http://dx.doi.org/10.1021/ja01092a054

http://dx.doi.org/10.1021/ar50022a003

http://dx.doi.org/10.1021/ar50022a003

http://dx.doi.org/10.1021/ar50022a003

http://dx.doi.org/10.1021/ar50022a003

http://dx.doi.org/10.1021/cr020373d

http://dx.doi.org/10.1021/cr020373d

http://dx.doi.org/10.1021/cr020373d

www.chemeurj.org





[3] a) H. E. Katz, Z. Bao, J. Phys. Chem. B 2000, 104, 671 –678; b) C. D.
Dimitrakopoulos, P. R. L. Malenfant, Adv. Mater. 2002, 14, 99; c) M.
Bendikov, F. Wudl, D. F. Perepichka, Chem. Rev. 2004, 104, 4891;
d) J. E. Anthony, Angew. Chem. 2008, 120, 460 – 492; Angew. Chem.
Int. Ed. 2008, 47, 452 – 483.


[4] V. C. Sundar, J. Zaumseil, V. Podzorov, E. Menard, R. L. Willett, T.
Someya, M. E. Gershenson, J. A. Rogers, Science 2004, 303, 1644.


[5] J. Takeya, M. Yamagishi, Y. Tominari, R. Hirahara, Y. Nakazawa, T.
Nishikawa, T. Kawase, T. Shimoda, S. Ogawa, Appl. Phys. Lett.
2007, 90, 102120.


[6] The stability of 1 in FET devices has also been studied recently, see:
R. Zeis, C. Besnard, T. Siegrist, C. Schlockermann, X. Chi, C. Kloc,
Chem. Mater. 2006, 18, 244 –248.


[7] F. Cicoira, J. A. Miwa, D. F. Perepichka, F. Rosei, J. Phys. Chem. A
2007, 111, 12674 –12678.


[8] N. Stingelin-Stutzmann, E. Smits, H. Wondergem, C. Tanase, P.
Blom, P. Smith, D. de Leeuw, Nat. Mater. 2005, 4, 601.


[9] a) A. L. Briseno, S. C. B. Mannsfeld, M. M. Ling, S. Liu, R. J. Tseng,
C. Reese, M. E. Roberts, Y. Yang, F. Wudl, Z. Bao, Nature 2006,
444, 913 – 917; b) A. L. Briseno, R. J. Tseng, M. M. Ling, E. H. L
Falcao, Y. Yang, F. Wudl, Z. Bao, Adv. Mater. 2006, 18, 2320 –2324.


[10] Ambipolar behavior for rubrene-based FETs was also demonstrat-
ed, see: T. Takahashi, T. Takenobu, J. Takeya, Y. Iwasa, Appl. Phys.
Lett. 2006, 88, 33 505.


[11] See also C. H. Hsu, J. Deng, C. R. Staddon, P. Beton, Appl. Phys.
Lett. 2007, 91, 193505.


[12] D. A. da Silva Filho, E.-G. Kim, J.-L. Br�das, Adv. Mater. 2005, 17,
1072.


[13] I. Bulgarovskaya, V. Vozzhennikov, S. Aleksandrov, V. Bel�skii,
Latv. PSR Zinat. Akad. Vestis Kim. Ser. 1983, 4, 53. The same unit
cell parameters were reported by a) D. E. Henn, W. G. Williams,
D. J. Gibbons, J. Appl. Crystallogr. 1971, 4, 256; b) O. D. Jurchescu,
A. Meetsma, T. T. M. Palstra, Acta Crystallogr. Sect. B 2006, 62,
330 – 334.


[14] R. A. Pascal, Jr., Chem. Rev. 2006, 106, 4809 – 4819.
[15] On the other hand, the rubrene cation radical has a 278 twist (M.


Kameya, T. Naito, T. Inabe, Bull. Chem. Soc. Jpn. 2000, 73, 61) and
complexation of the four phenyl groups of rubrene with very bulky
RuCp* (Cp =cyclopentadienyl) groups results in a twist of 698 (P. J.
Fagan, M. D. Ward, J. V. Caspar, J. C. Calabrese, P. J. Krusic, J. Am.
Chem. Soc. 1988, 110, 1981 –1983).


[16] J. E. Norton, K. N. Houk, J. Am. Chem. Soc. 2005, 127, 4162 – 4163.
[17] This is contrast to other conjugated systems, such as oligothio-


phenes, in which very little twisting energy is required to achieve a
significant change in HOMO–LUMO gap, see: S. S. Zade, M. Bendi-
kov, Chem. Eur. J. 2007, 13, 3688 – 3700.
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A Theoretical Evaluation of the pKHB and DH A


HB Hydrogen-Bond Scales of
Nitrogen Bases


FranÅois Besseau, J�r�me Graton,* and Michel Berthelot[a]


Introduction


The literature devoted to the experimental determination of
hydrogen-bond thermodynamic parameters is voluminous.
Thirty years ago, Joesten and Schaad could already examine
and gather the results of several thousand references[1] and,
since that date, numerous additional data have appeared so
that the hydrogen-bond strength of the association between
any possible hydrogen-bond donor–acceptor couples may


appear to have been fully characterised. From an exhaustive
compilation of the complexation constants of various series
of hydrogen-bond acids and bases in inert solvents, Abra-
ham et al.[2,3] constructed two hydrogen-bond acidity and ba-
sicity scales, called aH


2 and bH
2 , respectively, which are very


useful in the interpretation of numerous physicochemical or
biological processes.[4] However, although these parameters
have proven their value in identifying the role of the hydro-
gen-bond interaction in very different processes and in
quantifying their relative importance, they cannot be used
for the analysis of the minute structural variations that mod-
ulate the hydrogen-bond acidity or basicity of a solute. The
two most important failures of a general statistical survey of
the literature data were pointed out early on by Taft and co-
workers[5,6] who set up with Arnett et al.[7] the first reliable
scale of hydrogen-bond (HB) basicity, named pKHB, from
the equilibrium constants of the association between the ref-
erence donor 4-fluorophenol (pFP) and about 80 oxygen
and nitrogen bases. On examining the linear free-energy re-
lationships between different donors and pFP on the one


Abstract: The experimental pKHB hy-
drogen-bond (HB) basicity scale and
the corresponding DHA


HB enthalpic
scale of nitrogen compounds are ex-
tended and analysed in light of simple
theoretical descriptors using the
B3LYP density functional method and
a medium-size basis set (6-31+GACHTUNGTRENNUNG(d,p)).
The selected training set includes 59
monofunctional unhindered nitrogen
bases for which homogeneous and ac-
curate experimental pKHB and DHA


HB


data have been determined by means
of the association equilibrium of the
bases with a reference hydrogen-bond
acid, 4-fluorophenol, in CCl4. The three
hybridisation states encountered in the
nitrogen atom, sp, sp2 and sp3, are
equally represented in this data set. A


proper estimation of their experimental
enthalpy (DHA


HB) is directly attainable
from the theoretical enthalpy of the
complexation reaction with hydrogen
fluoride (DHA(HF)). However, a second
parameter is required to calculate with
good accuracy the experimental free
energy of association represented by
pKHB. About 99 % of the variance of
the pKHB scale is described by a bilin-
ear equation using the minimum elec-
trostatic potential (Vs,min) of the mono-
mer in addition to the interaction


energy (DðHFÞ
0 ). The equations are


tested for an external set of 99 addi-
tional compounds including very differ-
ent nitrogen bases such as ortho-substi-
tuted pyridines, polyazines and azoles.
Theoretical calculations give a reliable
estimation of hydrogen-bond basicity
provided that the populations of the
different isomers of the bases are taken
into account by using the Boltzmann
law, and that a specific halogen-bond
interaction with the solvent CCl4 is
considered for polybasic molecules.
The pKHB scale can thus be extended
to important classes of species experi-
mentally inaccessible in CCl4, to poly-
nitrogen compounds and to molecules
of biological significance.


Keywords: density functional
calculations · hydrogen bonds
basicity · nitrogen bases ·
pKHB scale


[a] F. Besseau, Dr. J. Graton, Prof. Dr. M. Berthelot
Universit� de Nantes, CNRS
UMR 6230 Chimie Et Interdisciplinarit�:
Synth�se, Analyse, Mod�lisation (CEISAM)
UFR Sciences et Techniques
2, rue de la Houssini�re, BP 92208
44322 NANTES Cedex 3 (France)
Fax: (+33) 251-125-567
E-mail : Jerome.Graton@univ-nantes.fr


Supporting information (including the complete data set of the 158
nitrogen compounds studied) for this article is available on the
WWW under http://dx.doi.org/10.1002/chem.200800977.


� 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 10656 – 1066910656







hand,[8] and between different solvents and CCl4 on the
other hand,[9] they highlighted the fundamental family-de-
pendent (FD) character of the hydrogen-bond free energies.
In the donor versus donor or solvent versus solvent dia-
grams, the amines, pyridines and carbonyl bases may form
well-separated lines precluding the transfer of data by
means of a single general regression line. On the contrary,
different families depending on the nature of the accepting
atom must be established to calculate the data for a refer-
ence hydrogen-bond donor in a reference solvent. Due to
the narrowness of the scale, which only spans 6 to 7 pK
units for the neutral organic bases, two additional reasons
prevent the construction of a precise scale from a statistical
treatment of the literature data. First, the quality of the ex-
periment is of utmost importance, eliminating a great
number of data that have not been obtained in rigorous con-
ditions of concentration and temperature on accurate instru-
ments. Second, the numerous and most attractive polyfunc-
tional bases require special attention because their secon-
dary site may not have a negligible weight in the apparent
equilibrium constant, and cannot be easily subtracted.[10]


Hence, we have followed the second possible route to estab-
lish a reference scale of solute hydrogen-bond basicity. Start-
ing from the pioneering work of the Arnett and Taft
groups,[5–7] we have measured by means of infrared spectros-
copy the thermodynamic parameters of about one thousand
solutes[11] under the same rigorous experimental conditions
[Eqs. (1)–(4); in which B= base, Kc and Kx = complexation
equilibrium constant, C=equilibrium molar concentration,
x= equilibrium molar fraction].


Bþ 4-FC6H4OHÐ 4-FC6H4OH � � � B ð1Þ


Kc ¼ Ccomplex=ðCbaseCpFPÞ; Kx ¼ xcomplex=ðxbasexpFPÞ ð2Þ


pKHB ¼ logKc; DGA


HB ¼ �RT lnKx ð3Þ


DHA


HB ¼ RT 2 ð@lnKx=@TÞP ð4Þ


In these studies, more than twenty different families have
been characterised, extending the pKHB scale of neutral
compounds from the very weak p or halogen bases up to
the strong amine or phosphine oxides. The experimental de-
termination of a single pKHB or DHA


HB value is a rather long
process requiring a full day of spectroscopic work after care-
ful purification and desiccation of the reactants and solvents.
Moreover, many families among the most important for the
biochemical applications of the scale, primary and secondary
amides, azoles and so forth, are definitely excluded because
they are not soluble and/or strongly self-associated at the
concentrations required for a proper determination of the
equilibrium constant. Hence, it is tempting to check whether
hydrogen-bond basicity parameters could be satisfactorily
predicted with theoretical descriptors. Based on our experi-
mental data, few studies have appeared with the objective
of modelling the pKHB scale. Owing to the original Pauling
description of the hydrogen-bond interaction,[12] the first ef-


forts to interpret and predict hydrogen-bond affinity were
devoted to producing adequate electrostatic parameters.[13–15]


However, it soon appeared that the predictive power of the
correlations between the pKHB values and the minimum
electrostatic potential on the molecular surface (Vs,min), the
most elaborate descriptor, remained unsatisfactory. When
all families of bases were mixed,[15] or even when the set was
restricted to homogeneous families,[16] the statistical error of
the predicted pKHB was about 0.3, corresponding to an error
of about 100 % on the equilibrium constant. Semiempirical
AM1 calculations were proposed to evaluate the pKHB data
of series of substituted pyridines and nitriles. Hennemann
et al.[17] defined no fewer than four descriptors of the base
to unravel the different structural effects in the pyridine
series. However, using the AM1-calculated enthalpies of hy-
drogen-bond formation between pFP and 22 substituted ni-
triles, Le Questel et al.[18] found an encouraging correlation
with a standard error of 0.17 pK units. Lamarche and
Platts[19] developed ab initio density functional theory
(DFT) calculations on a model of the equilibrium shown in
Equation (1), in which the donor pFP is replaced by hydro-
gen fluoride. They found a fair correlation between the cal-
culated Gibbs energy and the pKHB values for a series of 40
solutes pertaining to well-diversified accepting atoms. The
authors correctly judged the 0.3 pK unit error of the fit as
unacceptable but attributed the deviations to pollution of
the experimental values by complexations of higher order,
rather than to an inadequate model. In their subsequent
papers,[20,21] they re-examined more successfully the same
data set by a multivariate analysis including the minimum
electrostatic potential, Vs,min, of the base and the bond order
or the energy density calculated at the bond critical point of
the most stable complex with HF. They also improved their
model by considering a second stereoisomer for the com-
plexes of HF with the oxygen and sulphur bases so that they
reached a final standard error of 0.15 pK units.


In our view, these analyses of the pKHB scale are either
too limited or too ambitious. On the one hand, the study of
a single family evidently masks the family dependence
(FD), which is one of the important characteristics of the
hydrogen-bond interaction and, on the other hand, the cal-
culations on all kinds of acceptors are limited by the lack of
knowledge of the association geometry between the accept-
or and the donor in CCl4. In this preliminary work, we have
therefore limited our training data set to 59 monofunctional
sp, sp2 and sp3 nitrogen bases. The objective is to simplify
the theoretical modelling with accepting groups containing a
single lone pair, but without losing any important structural
information because these three series present the strongest
FD behaviour of our pKHB database.[11,22] Along with the
theoretical calculations, we have completed the measure-
ments of the experimental enthalpies (DHA


HB) of the associa-
tion between the bases and pFP, to make the first compari-
son between theoretical and experimental enthalpies in sub-
stituted series of bases. We started our analysis with an addi-
tional simplification, introducing in the training data set the
maximum number of rigid or quasi-rigid acceptors such as
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nitriles, pyridines and quinuclidines. However, to preserve a
correct balance between the three families, it was necessary
to examine a small number of flexible primary, secondary
and tertiary amines. The training set showed such good cor-
relations between theoretical and experimental data that an
external set was selected including more complex structures
in which the nitrogen lone pair is disturbed by proximity
and/or cyclisation effects such as in ortho-substituted pyri-
dines, polyazines and azoles. Finally, the robustness of these
correlations enabled the pKHB and DHA


HB scales to be ex-
tended to a great number of important nitrogen bases that
cannot be experimentally evaluated either because they are
insoluble, self-associated or react with CCl4, or simply be-
cause they are very difficult to handle. For polyfunctional
bases, it provides the opportunity to calculate the basicities
of the individual sites, whereas the experimental results are
limited to the evaluation of a global basicity constant and
can hardly be separated into their different components.[10,23]


Finally, the significant disruptive effect of the solvent is re-
vealed by the differences between the experimental and the
calculated global basicities. The specific halogen-bond inter-
action of CCl4 with the basic centres is taken into account
for these polybasic compounds.


Computational Methods


All DFT calculations were performed using either the Gaussian 03[24] or
Spartan[25] packages. Geometries of the molecular systems were opti-
mised with the B3LYP functional, also used to evaluate the harmonic vi-
brational frequencies and their total energies.[26, 27] The 6-31+G ACHTUNGTRENNUNG(d,p)
Pople basis set was selected as the minimum basis set recommended to
give accurate geometries and vibrational frequencies of the mono-
mers[28, 29] and realistic relative estimations of the hydrogen-bond energies
of the complex formation[19, 30, 31] without the cost of MP2 calculations.
Structures were confirmed as energetic minima through harmonic fre-
quency calculations. The zero point energy (ZPE) corrections were
scaled by the empirical factor 0.9804 proposed by Scott and Radom.[32]


Correction for the basis set superposition error (BSSE) is expected to be
below the intrinsic error limits in the calculations[30] and to be approxi-
mately constant in this data set. It has therefore not been included in
these calculations.


Monomer conformations : Some of the bases under study are generally
present under several conformations in CCl4 and the conformers may
have different basicities. Thus, theoretical calculations must take into ac-
count the flexibility of the monomer not only to improve the correlation
statistics but also to gain a better insight of the structural dependence of
the hydrogen-bond basicity. The major difficulty is then to estimate the
actual populations of the conformers from the theoretical parameters. In
a recent work,[33] we have shown that a weighting of the electrostatic po-
tentials by a Boltzmann function based on the electronic energies of the
different conformers provides satisfactory descriptions of the experimen-
tal hydrogen-bond basicities of the alcohol, carbonyl and amine families
including both rigid and flexible molecules. In the present work, we sug-
gest that the method can be extended to the different theoretical descrip-
tors. Owing to the large number of compounds studied, the potential
energy surface cannot be fully explored for all flexible bases and we have
therefore limited our calculations to the most stable conformers.


Complex conformations : Following the work of Lamarche and Platts,[19, 21]


we have recently confirmed that[10, 23, 34] if a separate treatment is carried
out for different families of bases, hydrogen fluoride (HF) can be select-
ed as a convenient model of hydrogen-bond donor with the double bene-
fit that it requires the minimum of computing time and limits the number


of stereoisomeric complexes around the accepting centre. In the initial
geometries of the complexes, the HF molecule was placed in the direc-
tion of the nitrogen lone pair and the interaction energetics—the interac-
tion energy (DðHFÞ


0 ), the theoretical enthalpy of the complexation reaction
with hydrogen fluoride (DHA(HF)) and the free energy of the complexation
reaction with hydrogen fluoride (DGA(HF))—were calculated from Equa-
tions (5)–(7), in which Eel = the electronic energy and DEtr, DErot,
DEvib,therm = the changes in the translational, rotational and vibrational en-
ergies, respectively, and DSA(HF) = the entropy of the complexation reac-
tion with hydrogen fluoride:


DðHFÞ
0 ¼ EelðB���HFÞ�ðEelðBÞ þ EelðHFÞÞ þ ZPEðB���HFÞ�ðZPEðBÞ þ ZPEðHFÞÞ ð5Þ


DHAðHFÞ ¼ DðHFÞ
0 þ DEtr þ DErot þ DEvib,therm�RT ð6Þ


DGAðHFÞ ¼ DHAðHFÞ�TDSAðHFÞ ð7Þ


Electrostatic potentials : Since the original work of Murray and Polit-
zer,[13, 15, 35, 36] it has been consistently shown that FD relationships exist be-
tween the hydrogen-bond basicity and the minimum electrostatic poten-
tial in the vicinity of the nitrogen atom of N-heterocycles,[14, 23] nitriles[37]


and amines.[16, 38] The so-called Vs,min values are calculated at the molecu-
lar surface, as defined by the 0.001 eBohr�3 contour of the electronic
density,[39] with the Spartan program. Using the wave functions from
Gaussian, systematic greater values of (5�0.5) kJ mol�1 are found with
the Molden interface,[40] and the results are therefore not merged.


Natural bond orbital (NBO) analysis : To compare the charge-transfer
component of hydrogen-bond complexes between the different nitrogen
hybridisation states, a NBO analysis[41] was carried out. The populations
of the nitrogen lone pair and the HF antibonding s* orbital are estimated
at the B3LYP/6-31+G ACHTUNGTRENNUNG(d,p) level, as well as their interaction energy
(Eð2Þn!s*) evaluated from the second-order perturbation theory.


Experimental Section


Complexation equilibrium constants : These were defined by using Equa-
tion (2) (see above) relative to concentration units in which the equilibri-
um concentration (Ccomplex) was obtained from the IR intensity decrease
of the free OH vibration of pFP in carbon tetrachloride. Temperature
was maintained at (25.0�0.2) 8C with a Peltier thermoelectric device.
This method of determination has already been described elsewhere.[42]


From repetitive determinations with different operators working with dif-
ferent spectrometers, on different solutions of donors and acceptors, the
mean accuracy of the equilibrium constants may be estimated to be
around �10%, corresponding to �0.04 pK units. A mean error of
0.03 pK units was generally found when the constant K was in the range
2–1000 and this error gradually increases for the weakest and strongest
complexes with the increasing experimental difficulty of achieving the
ideal acceptor concentration range.[43]


Enthalpies and entropies : The enthalpy variation of the equilibrium in
Equation (1) (see above) was measured by using the single solution
method. We adapted the procedure described by Joesten and Drago[44]


for their UV determinations to IR measurements in which the extraction
of the relevant intensities is greatly simplified because the absorption
bands of the free and hydrogen-bonded donor are resolved. Enthalpies
and entropies were calculated from the slopes and intercepts of van�t
Hoff plots. The OH intensities of pFP were recorded at five different
temperatures from �5 to 55 8C for a solution of known concentration of
hydrogen-bond donor and acceptor. As described in our previous
papers,[23, 45] the errors in DHA


HB and DSA


HB were estimated to be around
�0.8 kJ mol�1 and �6 Jmol�1 K�1, respectively. In this study, the pKHB


scale is reported on the molar concentration scale, but all the thermody-
namic functions DGA


HB, DHA


HB and DSA


HB are relative to equilibrium con-
stants calculated in mole fraction units.[45]


Chemicals : These were generally commercially available and purified by
using standard methods. The synthesis and purification of some original
super-basic nitriles (60 and 61) have already been described in previous
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papers.[46–48] Substituted benzyl dimethylamines (48 and 49) were pre-
pared by methylation of the corresponding benzyl chlorides by using the
procedure recommended by Lee and Srinivasan.[49]


Some amines react with CCl4
[50, 51] and were therefore analysed in C2Cl4.


The differences between the data obtained in the two solvents are
small[16] and no correction was attempted to scale the values obtained in
tetrachloroethylene. The spectroscopic grade solvents CCl4 and C2Cl4


were dried over freshly activated 4 � molecular sieves before use. The
hydrogen-bond donor pFP was sublimed over P2O5 under reduced pres-
sure at 60 8C.


Results and Discussion


Experimental results : A first training data set of 18 sp,
19 sp2 and 22 sp3 nitrogen bases was selected and is present-
ed in Table 1. The pKHB values come from our earlier stud-
ies, and are the average of several equilibrium constants re-
sulting from experiments in which the base concentration
variation modifies the equilibrium position. The thermody-
namic values DHA


HB and DSA


HB, obtained from the van�t Hoff
plots in which the equilibrium position is altered by the tem-
perature variation, are also reported in Table 1. The result-
ing free-energy values DGA


HB and pK’HB are calculated at
298 K. It can be seen that the agreement between the two
series of data, pKHB (concentration variation) and pK’HB


(temperature variation), is excellent, and we thus use the
more recent and more complete pK’HB scale in all the subse-
quent calculations and refer to it as pKHB. For these com-
pounds, the methanol OH frequency shifts upon complexa-
tion are specified in Table 1. They are preferred to pFP OH
frequency shifts because they are much more accurate for
amine[16] and pyridine[52] families and because a single linear
family-independent relationship holds between the two
spectroscopic OH scales.


Despite the wide structural diversity of the nitrogen bases
analysed in this study, the difference in enthalpies of com-
plexation (DHA


HB) with pFP does not exceed 22 kJ mol�1 on
going from 4-chlorobenzonitrile (2) to quinuclidine (59). In
such a situation, the accuracy of measurements becomes a
prerequisite for a relevant analysis of the fine structural pa-
rameters influencing the interaction strength. With our
method, the statistical errors on the van�t Hoff slopes
always appear excellent (mean standard error lower than
1 %) with an excellent reproducibility on the replicates.
Nevertheless, the accuracy of enthalpies determined by the
present method of the single solution can only be tested in
light of measurements carried out by calorimetry. We have
compared six compounds also studied by Arnett et al.[7,53] on
exactly the same ternary systems. Table 2 shows the good
calibration of our measurements since the individual differ-
ences never exceed the sum of the estimated errors of the
two methods.


In Figure 1, we have represented the relationships be-
tween the three thermodynamic functions characterising the
association reaction of pFP with the nitrogen bases and the
frequency shift of methanol (Dn(OH)) by association on the
same bases. Although all the possible x�y planes that can


be drawn with these four parameters exhibit similar FD
lines, we have selected the spectroscopic scale as the refer-
ence abscissa to prevent all bias due to the possible compen-
sation effects between thermodynamic scales.[54, 55] Much im-
portant information can be obtained from this figure. The
first concerns the validity of the so-called “Badger–Bauer
correlation”[56,57] between the enthalpy of the association
and the frequency shift, which has been the object of many
controversies in the literature over several decades.[7,45, 60–62]


On the basis of our own experimental determinations, we
have recently shown[22] that, even within the apparently ho-
mogeneous amine family, ammonia, primary, secondary and
tertiary amines behave differently. We have also highlighted
the large deviations due to the steric hindrance of the basic
site. Figure 1A, which does not include any sterically hin-
dered base, confirms the significant FD of the Badger–
Bauer relationship. Second, a family trend is also apparent
in the plot of the entropy variations versus the frequency
shifts (Figure 1B). The mean values of the entropies
(DSA


HB =�24, �44 and �53 J K�1 mol�1) and the frequency
shifts (Dn(OH) = 90, 299 and 372 cm�1) regularly increase with
the hydrogen-bond strength of nitriles, pyridines and
amines, respectively, whereas the individual entropies are
more or less constant within these families. It must be
stressed that, although Figure 1A and B suggest a similar
family split for enthalpy and entropy data, the large experi-
mental error of the entropies (�6 J mol�1 K�1) does not
allow a detailed analysis. A rapid survey of the literature on
this issue shows that, as soon as the precision of the enthalp-
ic measurements is sufficient, this FD isoentropic character
of the hydrogen-bond interaction appears distinctly when re-
lated donors[63–65] or acceptors[7,53, 66] or both[67] are investigat-
ed. In the three series analysed here, the enthalpy and en-
tropy behaviour is strikingly different. Clearly, the proposal
of Pimentel and McClellan[68] that the strongest complexes
(most negative DHA


HB) have the most restricted structure
and hence the most unfavourable entropies (most negative
DSA


HB) only holds for a modification of the nature of the ac-
cepting group. Once the latter is set constant, no more varia-
tion in the entropy with the nature of the substituent can be
detected unless steric effects occur.[22] Finally, the partition
into different families observed in Figure 1A for the enthal-
py DHA


HB is also apparent for the entropic term TDSA


HB,
which separates the three families in the same direction.
The result is the wide scatter shown on plot Figure 1C be-
tween the free-energy scale pKHB and the spectroscopic
scale Dn(OH). On this plot, six families of bases are now clear-
ly apparent so that no general correlation holds between the
two scales.


Theoretical results : The calculated electrostatic potential
values of the monomers and the thermodynamic data of
their complexation with hydrogen fluoride are reported in
Table 3. Table 4 illustrates, using the example of piperidine
(47), the gain in statistical and chemical precision obtained
when the population of the different isomers of the bases is
taken into account. For this compound, the theoretical re-
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Table 1. Experimental thermodynamic and spectroscopic scales of hydrogen-bond basicity.


No. Compound pKHB
[a] Ref. pK’HB


[a] �DGA


HB
[b] �DHA


HB
[b] �DSA


HB
[c] Ref. Dn(OH)[d]


1 chloroacetonitrile 0.39 [58] 0.42 8.2 16.3 27 – 49
2 4-chlorobenzonitrile 0.66 – 0.68 9.7 15.8 21 – 68
3 acrylonitrile 0.70 [58] 0.71 9.9 17.5 26 – 67
4 methylthiocyanate 0.73 [58] 0.73 9.9 16.6 22 – 69
5 benzonitrile 0.80 [8] 0.80 10.3 17.5 24 – 73
6 2,6-dimethylbenzonitrile – – 0.86 10.7 18.1 25 – 77
7 allylcyanide – – 0.87 10.8 17.8 24 – 78
8 acetonitrile 0.91 [58] 0.89 10.9 19.3 28 – 76
9 propionitrile 0.96 [58] 0.93 11.1 18.2 24 – 79
10 isobutyronitrile 1.00 [58] 0.98 11.4 18.1 23 – 81
11 4-methoxybenzonitrile 0.97 [58] 0.99 11.4 18.1 23 – 84
12 trimethylacetonitrile 0.99 [e] 0.99 11.4 18.5 24 – 83
13 4-dimethylaminobenzonitrile 1.25 – 1.26 13.0 20.5 25 – 100
14 dimethylcyanamide 1.56 [47] 1.51 14.4 22.4 27 – 118
15 1-piperidinecarbonitrile 1.58 [47] 1.58 14.8 21.7 23 – 122
16 diethylcyanamide 1.63 [47] 1.61 14.9 21.9 23 – 124
17 trans-3-dimethylaminoacrylonitrile 1.70 [47] 1.70 15.5 23.5 27 – 129
18 N1,N1-dimethyl-N2-cyanoformamidine 2.09 [47] 2.03 17.4 24.5 24 – 150
19 3,5-dichloropyridine 0.85 [52] 0.81 10.4 23.9 45 [23] 200
20 3-chloropyridine 1.31 [52] 1.30 13.2 27.2 47 [23] 239
21 3-bromopyridine 1.31 [52] 1.35 13.5 24.8 38 – 241
22 3-fluoropyridine 1.35 [52] 1.35 13.5 25.4 40 [23] 240
23 pyridine 1.86 [52] 1.86 16.4 29.6 44 [23] 286
24 quinoline 1.89 [52] 1.90 16.6 30.1 45 – 296
25 isoquinoline 1.94 [52] 1.93 16.7 29.7 43 – 291
26 2-methylpyridine 2.03 [52] 2.01 17.2 30.5 45 – 315
27 3-methylpyridine 2.00 [52] 2.03 17.4 30.0 43 [23] 300
28 4-methylpyridine 2.07 [52] 2.10 17.8 30.8 44 – 304
29 3,5-dimethylpyridine 2.21 [52] 2.18 18.2 31.9 46 [23] 314
30 2,4-dimethylpyridine – – 2.21 18.4 31.8 45 – 330
31 4-aminopyridine 2.56 [52] 2.52 20.2 32.7 42 – 347
32 4-methylaminopyridine – – 2.69 21.0 33.5 42 – 354
33 4-N,N-dimethylaminopyridine 2.80 [52] 2.77 21.6 34.1 42 – 366
34 4-pyrrolidinopyridine[f] 2.93 [52] 2.93 22.6 36.3 43 – 372
35 2-methylpyrroline – – 2.56 20.4 34.2 46 – 344
36 5-bromo-1-methylimidazole – – 2.22 18.4 30.5 41 – 272
37 1-methylimidazole – – 2.70 21.2 34.0 43 – 313
38 3,5-difluorobenzylamine[f] – – 1.28 12.9 29.0 50 – 286
39 3-fluorobenzylamine[f] – – 1.58 14.7 29.6 50 – 306
40 benzylamine[f] 1.88 [59] 1.88 16.4 31.1 49 [22] 324
41 3-methylbenzylamine[f] – – 1.97 16.9 31.7 50 – 326
42 tert-butylamine[f] 2.19 – 2.23 18.4 34.2 53 [22] 359
43 ethylamine[f] 2.17 [59] 2.28 18.6 33.8 51 [22] 349
44 1,2,3,6-tetrahydropyridine – – 2.16 18.1 32.1 47 – 383
45 dimethylamine[f] 2.26 [16] 2.23 18.4 35.1 56 [22] 388
46 N-methylethylamine 2.25 – 2.26 18.5 34.7 54 [22] 394
47 piperidine 2.38 [16] 2.34 19.2 36.0 56 – 404
48 pyrrolidine[f] 2.59 [16] 2.56 20.3 36.1 53 [22] 406
49 azetidine 2.59 [16] 2.57 20.3 35.7 51 [22] 402
50 N,N-dimethylbenzylamine 1.59 [38] 1.61 14.7 31.9 58 – 387
51 N,N-dimethylpropargylamine 1.60 [38] 1.63 15.0 30.3 51 [22] 367
52 N,N-dimethylallylamine 1.92 [38] 1.93 16.8 32.8 54 [22] 399
53 3-chloroquinuclidine 1.97 [38] 1.96 16.9 34.1 58 [22] 394
54 1-methyl-1,2,3,6-tetrahydropyridine – – 1.98 17.1 32.5 52 – 399
55 N-methylpiperidine 2.11 [38] 2.11 17.8 34.0 54 [22] 421
56 trimethylamine 2.13 [38] 2.11 17.8 33.5 52 [22] 409
57 N,N-dimethylethylamine 2.17 [38] 2.17 18.2 34.5 55 [22] 418
58 N-methylpyrrolidine 2.19 [38] 2.25 18.5 34.8 55 [22] 423
59 quinuclidine 2.71 [38] 2.67 21.1 37.7 56 [22] 444


[a] Relative to concentrations expressed in mol dm�3; pKHB is obtained from a base concentration variation, whereas pK’HB comes from a temperature
variation. pK’HB will be used in the correlations throughout the paper. [b] In kJ mol�1. Relative to concentrations expressed in mole fractions. [c] In
J K�1 mol�1. Relative to concentrations expressed in mole fractions. [d] Frequency shift [cm�1] of methanol upon association on the base: Dn(OH) =


3644�n(OH···). [e] A typing error occurs in ref. [58]. [f] The thermodynamic properties have been measured in C2Cl4.
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sults in vacuo are in good agreement with the IR[69] and
NMR[70] spectroscopic experiments showing that the axial
(ax) and equatorial (eq) isomers co-exist in CCl4 and C2Cl4


and that their population ratio is around 2:1 (eq/ax) at
25 8C. Whereas the axial conformer is slightly less stable, its
basicity is significantly stronger. Such a population weight-
ing leads to a significant correction of the estimated basicity
of piperidine (201 dm3 mol�1, Table 4) in better agreement
with the mean experimental value ((230�20) dm3 mol�1). A
further example illustrating the quality of this weighting
method will be developed later for the 3(5)-methylpyrazole
tautomers.


The relationships between theoretical and related experi-
mental thermodynamic parameters are illustrated in
Figure 2. The statistics of the calculated versus experimental
enthalpy correlation (Figure 2A) are exceptionally good
[Eq. (8), in which r=correlation coefficient, s= standard
error and n=number of points].


DHA


HB ¼ 0:616 DHAðHFÞ þ 3:400 ð8Þ


r ¼ 0:992, s ¼ 0:85 kJ mol�1, n ¼ 59


Indeed, more than 98 % of the variance (=100r2) of the ex-
perimental enthalpy is explained by a single theoretical pa-
rameter and the standard error of the estimate is almost
identical to the experimental error. Although limited to ni-
trogen compounds without any significant steric effect, these
results yield a robust equation including a large number of
points over an enthalpy scale range of 22 kJ mol�1. Hence,
owing to the computer time required at this level of theory


and with this basis set, the calculations on these systems are
thought to become competitive with the experimental deter-
minations. On the other hand, the entropies estimated by
the calculation in the harmonic approximation are also quite
well correlated to the experimental entropies (Figure 2B).
Thus, the solvation entropy term present in the experimental
data in CCl4 is either constant or proportional to the calcu-
lated values in vacuo. The standard error of the estimation
is about 4 J mol�1 K�1, much better than the experimental
error, and the variance explained by the theory is 91 %
[Eq. (9)].


DSA


HB ¼ 1:28 DSAðHFÞ�104 ð9Þ


r ¼ 0:955, s ¼ 4 J mol�1 K�1, n ¼ 59


It should also be mentioned that the calculations reproduce
well the invariance of the entropy inside each family and
the regularity of the entropy variation between the three
families of nitrogen bases. A deeper investigation of the en-
tropy calculations shows that the entropy variation is con-
trolled by the vibrational term because the masses and the
moments of inertia of the different species are very similar
for the whole set of molecules. With these two family-inde-
pendent correlations between the enthalpies and the entro-
pies presented in Figure 2A and B [Eqs. (8) and (9), respec-
tively], one would have expected a linear plot between the
experimental and theoretical free energies. On the contrary,
Figure 2C shows that the corresponding plot is family-de-
pendent. In our view, this proportionality breakdown be-
tween experiment and theory could be partly the conse-
quence of the harmonic approximation in the frequency cal-
culations. The anharmonicity correction of the calculated
entropies would increase the difference between the nitrile
and amine families because the latter, which are more basic,
give more anharmonic complex vibrations. Depending on
the importance of the correction, the FD of the DG plot of
Figure 2C would be reduced.


In the absence of a straightforward relationship between
theoretical and experimental free energies of complexation,
a multilinear correlation has been applied between the pKHB


values and the theoretical descriptors Vs,min and DðHFÞ
0 . Both


Figure 1. Family-dependent relationships between thermodynamic and spectroscopic scales of hydrogen-bond basicity. For the sake of clarity, regression
lines are only drawn for the nitrile, pyridine and tertiary amine families.


Table 2. Hydrogen-bond complexation enthalpies determined by calori-
metric[a] and van�t Hoff[b] methods.


No. Compound �DHA


HB
[a] �DHA


HB
[b]


8 acetonitrile 17.6 19.3
19 3,5-dichloropyridine 22.6 23.9
21 3-bromopyridine 25.9 24.8
23 pyridine 29.7 29.6
26 4-methylpyridine 30.5 30.8
30 4-dimethylaminopyridine 32.6 34.1


[a] In kJ mol�1. Refs. [7, 53]. [b] In kJ mol�1. This work.
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electrostatic potential and electronic energies of complexa-
tion with HF have already been claimed to be related to the
pKHB scale[13–21] and the family dependences of the relation-


ships are well documented. For our training set, the two pa-
rameters are quasi-orthogonal (r=0.14, n= 59) allowing a
statistical multilinear analysis. Figure 3 illustrates the rela-


Table 3. Theoretical results and thermodynamic scales of hydrogen-bond basicity.


No. Compound �Vs,min
[a] �DðHFÞ


0
[a] �DHA(HF)[a] �DSA(HF)[b] �DGA(HF)[a]


1 chloroacetonitrile 138.6 26.0 27.9 100 �2.1
2 4-chlorobenzonitrile 154.6 31.1 32.9 100 3.0
3 acrylonitrile 159.1 30.7 32.7 101 2.6
4 methylthiocyanate 157.2 30.3 32.3 101 2.3
5 benzonitrile 164.9 32.4 34.3 101 4.1
6 2,6-dimethylbenzonitrile 167.1 34.3 36.2 102 5.7
7 allylcyanide 165.3 32.2 34.2 100 4.2
8 acetonitrile 164.4 32.2 34.3 101 4.1
9 propionitrile 168.5 33.0 35.0 102 4.6
10 isobutyronitrile 170.8 33.7 35.9 103 5.2
11 4-methoxybenzonitrile 175.6 34.9 36.8 101 6.7
12 trimethylacetonitrile 171.6 34.7 36.6 101 6.5
13 4-dimethylaminobenzonitrile 190.3 38.0 40.0 106 8.5
14 dimethylcyanamide 187.9 38.7 40.4 97 11.7
15 1-piperidinecarbonitrile 193.5 39.8 41.8 103 11.0
16 diethylcyanamide[c] 190.4 39.6 41.7 101 11.5
17 trans-3-dimethylaminoacrylonitrile 202.9 41.5 43.4 98 14.2
18 N1,N1-dimethyl-N2-cyanoformamidine 213.7 43.4 45.9 104 14.8
19 3,5-dichloropyridine 123.2 40.5 43.1 114 9.0
20 3-chloropyridine 141.3 45.4 48.1 115 13.9
21 3-bromopyridine 140.8 45.0 47.7 115 13.3
22 3-fluoropyridine 143.2 45.9 48.6 115 14.3
23 pyridine 160.8 50.8 53.6 116 19.2
24 quinoline 153.4 51.7 54.6 120 18.8
25 isoquinoline 163.0 52.0 54.7 114 20.5
26 2-methylpyridine 159.5 52.8 55.8 120 20.0
27 3-methylpyridine 167.3 52.7 55.3 113 21.5
28 4-methylpyridine 168.8 52.9 55.7 116 21.0
29 3,5-dimethylpyridine 170.8 53.8 56.7 115 22.3
30 2,4-dimethylpyridine 166.5 54.9 57.8 119 22.3
31 4-aminopyridine 182.2 57.4 60.0 115 25.6
32 4-methylaminopyridine 188.2 59.6 62.0 111 29.0
33 4-N,N-dimethylaminopyridine 191.1 59.7 62.3 113 28.6
34 4-pyrrolidinopyridine 195.3 60.5 63.4 120 27.7
35 2-methylpyrroline 176.8 57.3 60.1 114 26.1
36 5-bromo-1-methylimidazole 176.8 51.4 54.1 116 19.6
37 1-methylimidazole 196.0 56.2 59.0 115 24.6
38 3,5-difluorobenzylamine[c] 113.1 48.6 52.2 124 15.3
39 3-fluorobenzylamine[c] 127.7 51.4 55.0 123 18.3
40 benzylamine[c] 142.9 54.3 57.8 122 21.4
41 3-methylbenzylamine[c] 146.8 55.2 58.6 119 23.0
42 tert-butylamine 162.3 56.8 60.6 125 23.2
43 ethylamine[c] 167.9 55.9 59.7 119 24.0
44 1,2,3,6-tetrahydropyridine[c] 155.6 57.2 60.6 122 24.3
45 dimethylamine[c] 155.0 56.6 60.3 120 24.5
46 N-methylethylamine[c] 153.7 57.4 61.0 122 �24.7
47 piperidine[c] 152.4 58.5 61.8 122 24.0
48 pyrrolidine[c] 160.0 59.4 62.7 119 27.1
49 azetidine 163.9 59.9 63.4 120 27.7
50 N,N-dimethylbenzylamine[c] 110.7 54.1 57.4 126 19.9
51 N,N-dimethylpropargylamine[c] 131.6 52.0 55.4 125 18.3
52 N,N-dimethylallylamine[c] 131.4 55.4 58.9 126 21.2
53 3-chloroquinuclidine 134.0 55.6 58.7 123 22.0
54 1-methyl-1,2,3,6-tetrahydropyridine 140.6 55.5 58.7 123 21.9
55 N-methylpiperidine 135.5 57.6 60.9 125 23.7
56 trimethylamine 140.7 56.5 59.8 121 23.7
57 N,N-dimethylethylamine[c] 138.4 57.1 60.4 125 23.2
58 N-methylpyrrolidine 138.5 58.4 61.4 120 25.6
59 quinuclidine 157.7 62.0 65.0 122 28.7


[a] In kJ mol�1. [b] In J K�1 mol�1. [c] Thermodynamic properties correspond to average weighted values for the different stable isomers of the monomer.


www.chemeurj.org � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 10656 – 1066910662


J. Graton et al.



www.chemeurj.org





tionships between pKHB and Vs,min (Figure 3A), pKHB and
DðHFÞ


0 (Figure 3B) and finally pKHB and (Vs,min, DðHFÞ
0 ) (Fig-


ure 3C), revealing important features never previously ana-
lysed.


As expected, the electrostatic potential is well correlated
to the pKHB values (Figure 3A), provided that the different
nitrogen families are identified and calibrated. Although
this descriptor allows an accurate prediction inside the pyri-
dine or nitrile hydrogen-bond basicities, the case of the sp3


nitrogen base is obviously more complicated and this family
must be separated into three sub-families: primary, secon-
dary and tertiary amines. This is clearly unsatisfactory when
the aim is to contribute to the definition of a single general
relationship for hydrogen-bond basicity prediction. Within


each family, the increase of �Vs,min due to electron-donating
substituents is regularly followed by a rise in the pKHB value
in agreement with the largely electrostatic nature of the hy-
drogen-bond interaction. This is illustrated in Table 5 for
the three substituted pyridines 22, 23 and 33. However, the
behaviour between each family is totally different. For the
three parent compounds, acetonitrile (8), pyridine (23) and
trimethylamine (56), the strongest negative electrostatic po-
tential corresponds to the weakest hydrogen-bond base as
shown in Table 5.


An NBO analysis carried out on these base···HF systems
is presented in the last columns of Table 5 to interpret this
behaviour. The n!s* charge transfer is clearly dependent
on the hybridisation state of the nitrogen atom.[71,72] Indeed,
the estimated decrease in the lone pair occupancy (n(N)),
from acetonitrile to pyridine and to trimethylamine, is fol-
lowed by a significant increase in the HF antibonding s*
population (s*(HF)), due to the increase in the interaction
energy (Eð2Þn!s*). On the other hand, when the nature of the
accepting group is kept constant, such as in the substituted
pyridines 22, 23 and 33, there is a good proportionality be-
tween the electrostatic and the covalent contributions to the
hydrogen-bond attractive energy as previously suggested by
Maria et al.[73]


As shown in Figure 3B, the plot between pKHB and DðHFÞ
0


values also presents separate lines corresponding to families
but with slightly better statistics. The marked difference


Table 4. Weighting of the energetic parameters for the two isomers of pi-
peridine (47).


Piperidine con-
former


Relative en-
ergy[b]


Relative
population[b]


�Vs,min
[a] �DðHFÞ


0
[a] K[c]


equatorial NH 0.00 0.76 149.7 57.99 176[d]


axial NH 2.92 0.24 161.4 60.07 311[d]


weighted pa-
rameters


– – 152.4 58.48 201[e]


[a] In kJ mol�1. [b] Determined using the Boltzmann law. [c] In
dm3 mol�1. [d] Equilibrium constant of complexation with pFP in CCl4 es-
timated by using Equation (10). [e] Experimental values found on inde-
pendent runs are K= 240 and K’= 219 dm3 mol�1 (see Table 1).


Figure 2. The relationship between the experimental thermodynamic parameters of the association equilibrium with 4-fluorophenol and the correspond-
ing theoretical parameters of the association equilibrium with hydrogen fluoride.


Figure 3. Relationships between the pKHB scale and different theoretical parameters. For the sake of clarity, regression lines are only drawn for nitriles,
pyridines and tertiary amines. The grey arrows indicate the evolution of the three parent compounds: acetonitrile, pyridine and trimethylamine.
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with the electrostatic potential is that this descriptor ex-
plains the evolution of pKHB both between and within the
families (Table 5). Therefore, the two independent theoreti-
cal descriptors Vs,min and DðHFÞ


0 carry substantially different
information suggesting the possibility of a multilinear analy-
sis of the whole experimental pKHB scale. Indeed, a signifi-
cant improvement in the pKHB prediction of nitrogen com-
pounds is provided by the resulting Equation (10). Although
the standard error of the estimate is slightly larger than the
experimental uncertainty of the pKHB values, it enables the
association equilibrium constant of pFP on a nitrogen base
to be estimated with a precision of about 18 %, an unprece-
dented level for a bi-parametric equation.


pKHB ¼ �0:0612 DðHFÞ
0 �0:0102 Vs,min�2:829 ð10Þ


r ¼ 0:993, s ¼ 0:07, n ¼ 59


Extension and applications : The validities of Equations (8)
and (10) have been tested on 99 additional bases corre-
sponding to a wide diversity of accepting nitrogen atoms for
which published experimental basicities (pKHB and/or
DHA


HB) have already been measured or calculated through
empirical relationships. New experimental results obtained
for a few compounds have also been added when necessary.
The whole extended data set (158 compounds) is reported
in the Supporting Information, whereas the most important
applications are only presented here for a limited series of


molecules.


Super-basic nitriles (compounds
60 and 61 in Table 6): In pre-
ceding papers, we have shown
that a considerable increase in
the hydrogen-bond basicity of
different electron-withdrawing
functional groups can be gained
either by using new electron-
donating substituents, such as
the alkyl3N


+N� group,[74] or by
interposing more efficient
transmitting fragments, such as
the imino group,[47] between the
substituent and the function. In
the nitrile series, cyanoacetami-
dine (60) shows a stronger hy-


drogen-bond basicity than pyri-
dine (23), and cyanamidate (61)
exceeds quinuclidine (59) basic-
ity and turns out to be the most
basic compound of the present
data set of neutral mono-nitro-
gen molecules. For these two
compounds and by using Equa-
tion (10), the estimated pKHB


values perfectly match the ex-
perimental data (Table 6). Since


both optimised structures correspond to the association of
hydrogen fluoride specifically on the nitrile group, the theo-
retical calculations definitely rule out the possibility of a sig-
nificant secondary association on the other nitrogen sites of
these molecules.


Steric effects (compounds 62–71 in Table 6): The selection of
hydrogen fluoride as a model is an oversimplification re-
stricting the structure of 4-fluorophenol to its OH bond. All
the secondary interactions between the aromatic molecular
frame and the acceptor are thus neglected. The results ob-
tained on the training set [Table 3, Eqs. (8) and (10)] dem-
onstrate that the model is satisfactory when the accepting
nitrogen of the base can be freely accessed by the donor. In
Table 6, we have presented the calculated and experimental
results for some mono- and dialkylated pyridines on the
ortho position. The increase in experimental entropy with
the bulkiness of the alkyl group(s) is reasonably predicted
by Equation (9), but the first noticeable difference between
the enthalpies and free energies occurs for the very large
tert-butyl group of 64. In this case, the complexation enthal-
py is underestimated by 3 kJ mol�1 and the pKHB is overesti-
mated by 0.19 pK units. The limit of this model is therefore
not very severe and leaves a very large degree of freedom
for the investigation of other nitrogen bases. We have over-
come this limit and calculated the thermodynamic parame-
ters of two more strongly hindered bases. Experimentally,
1,2,2,6,6-pentamethylpiperidine (71) possesses the highest


Table 5. Comparison of the evolution of theoretical Vs,min and DðHFÞ
0 descriptors between nitrogen families and


inside the pyridine family, and NBO analyses of the corresponding hydrogen-bonded complexes.


No. Compound pKHB Vs,min DðHFÞ
0 n(N)


[a] s*(HF)
[b] Eð2Þn!s*


[c]


8 acetonitrile 0.89 �164.4 �32.2 1.928 0.045 21.7
23 pyridine 1.86 �160.8 �50.8 1.846 0.087 41.5
56 trimethylamine 2.11 �140.7 �56.5 1.824 0.104 41.7
22 3-fluoropyridine 1.35 �143.2 �45.9 1.818 0.080 38.7
33 4-N,N-dimethylaminopyridine 2.80 �191.1 �59.7 1.848 0.099 46.2


[a] Nitrogen lone pair population. [b] H�F antibonding population. [c] Estimated interaction energy between
the nitrogen lone pair and the HF antibonding orbital, in kcal mol�1.


Table 6. Comparison of experimental and calculated data on an extended set containing super-basic nitriles
and compounds with steric or proximity effects.


No. Compound Calculated Experimental
pKHB


[a] �DHA


HB
[b] �DSA


HB
[c] pKHB �DHA


HB �DSA


HB


60 N1,N1-dimethyl-N2-cyanoacetamidine 2.17 25.9 14 2.24[d] – –
61 tri-n-butylammonium cyanamidate 3.23 33.2 9 3.24[e] – –
62 2-ethylpyridine[f] 2.00 31.1 50 1.90 34.0 58
63 2-isopropylpyridine[f] 1.82 30.2 60 1.76 – –
64 2-tert-butylpyridine[f] 1.60 28.7 57 1.41 31.7 60
65 2,6-dimethylpyridine 2.13 32.2 45 2.09 33.3 52
66 2,4,6-trimethylpyridine 2.29 33.2 54 2.28 35.3 55
67 2-fluoropyridine 1.14 22.3 41 0.94 24.5 45
68 2-chloropyridine 1.17 22.8 44 1.07 24.1 41
69 2-bromopyridine 1.13 22.6 44 1.04 23.7 40
70 2,6-di-tert-butylpyridine 0.40 21.5 75 �0.54[g] – –
71 1,2,2,6,6-pentamethylpiperidine 1.74 32.7 63 1.25[h] 34.0 71


[a] Calculated from Equation (10). [b] Calculated from Equation (8). [c] Calculated from Equation (9).
[d] Ref. [47]. [e] Ref. [48]. [f] Weighted calculated values of different stable isomers. [g] Ref. [75]. [h] Ref. [22].
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entropy of our data set, but the same enthalpy as its unhin-
dered homologue 1-methylpiperidine (55). Whereas the pre-
dicted DHA


HB remains satisfactory, pKHB is unacceptably
overestimated (dpKHB =0.5). The very high hydrogen-bond
donating strength of hydrogen fluoride, combined with its
tiny size, clearly allows the formation of stable complexes
that are not accessible to the bulky pFP. It is then possible
to find an energetic minimum corresponding to the associa-
tion of HF on the nitrogen electron pair of 2,6-di-tert-butyl-
pyridine (70), although we have previously shown experi-
mentally that the complexation of pFP occurs exclusively on
the p electrons of the pyridine ring.[75]


Solvent effects: symmetric polyfunctional bases (compounds
72–82 in Table 7): In our experimental data set, numerous
molecules possess n equivalent sites and statistical correc-
tions, �R ln (n) and �log(n), are applied to DSA


HB and pKHB,
respectively, to put the results on a per nitrogen basis for a
direct comparison with theoretical calculations. However,
the analysis of these polyfunctional bases shows that calcula-
tions always overestimate their pKHB values by a significant
increasing amount depending approximately on the number
(n) of equivalent nitrogen atoms (Scheme 1).


These systematic deviations from the correlation line and
their regular evolution suggest that the interactions between
the solvent CCl4 and the non-hydrogen-bonded sites of the
polyfunctional bases must be taken into account in the cal-
culations. Nitrogen compounds are known to form weak
electron donor–acceptor complexes with the polyhalogenat-
ed molecules,[76–79] which are now called halogen-bonded
complexes.[80, 81] As a first approximation, we have modelled
this interaction by the association of one solvent molecule
halogen-bonded to one or more nitrogen atoms. Geometry
optimisations were therefore carried out on the
(CCl4)n�1···base and (CCl4)n�1···base···HF systems, and these
structures were used to replace the base monomer and the
base···HF complex, respectively. In the example of pyrazine
(73) (Scheme 1), the n!s* interaction, between the lone
pair of a first nitrogen atom and the solvent Cl�C antibond,
markedly decreases the electron density of the second one.


The consequence is a significant perturbation of its Vs,min


and DðHFÞ
0 parameters, which are used in Equation (10) to es-


timate the pKHB for solvated pyrazine (Scheme 2). The pre-
dicted hydrogen-bond basicity of pyrazine (pKHB = 0.97) is
thus significantly reduced in comparison with a hypothetical


unsolvated molecule (pKHB = 1.13), and fits the experimental
value better (pKHB = 0.94).


The results, reported in Table 7 for 11 compounds, show
that the agreement between the calculated and the experi-
mental values is, in general, much lower than the noise of
the estimation. They give further support to the importance
of the specific solute–solvent interaction recently analysed
by Hunter et al.[82,83] The limit of this method is attained
with the large underestimation (�0.16 pK units) of hexame-
thylenetetramine (82) basicity, which has been analysed
here as a tri-solvated base in the absence of information on
the number of specific interactions between CCl4 and the
base. It must be noted that the absolute deviation for the


unsolvated molecule was far
greater (dpKHB =0.45) and that
a bi-solvated model would give
a correct agreement with the
experiment. In the following,
the unsymmetrical polyfunc-
tional molecules will provide
additional examples of this sol-
vent influence on basicity.


Extension to a new series of
bases (compounds 83–94 in
Table 8): A large number of im-
portant nitrogen compounds
such as 83–94 are amphiprotic
and their hydrogen-bond basici-
ty cannot be measured with the


Table 7. Comparison of experimental and calculated data for symmetric polyfunctional molecules solvated by
CCl4.


No. Compound Calculated Experimental
pKHB


[a] �DHA


HB
[b] �DSA


HB
[c] pKHB


[d] �DHA


HB �DSA


HB
[d]


72 [triazine– ACHTUNGTRENNUNG(CCl4)2] 0.30 19.2 35 0.31 19.8 40.9
73 [pyrazine–CCl4] 0.97 23.8 52 0.94 22.6 38.4
74 [pyrimidine–CCl4] 1.07 24.2 69 1.06 23.9 40.6
75 [5-bromopyrimidine–CCl4] 0.62 21.3 42 0.59 – –
76 [phenazine–CCl4] 1.22 26.6 40 1.22 – –
77 [pyridazine–CCl4] 1.54 25.1 41 1.65 27.9 42.5
78 [phtalazine–CCl4] 1.85 27.0 25 1.97 – –
79 [2,5-dimethylpyrazine–CCl4] 1.29 26.3 41 1.29 26.6 45.4
80 [4,6-dimethylpyrimidine–CCl4] 1.46 27.3 46 1.47 27.8 45.9
81 [N,N’-dimethylpiperazine–CCl4] 1.81 32.5 51 1.88[e] – –
82 [hexamethylenetetramine–(CCl4)3] 1.17 28.0 34 1.33[e] – –


[a] Calculated from Equation (10). [b] Calculated from Equation (8). [c] Calculated from Equation (9). [d] Ex-
perimental pKHB and DSA


HB statistically corrected by the number of equivalent sites. [e] Ref. [22].


Scheme 1. Symmetric polyfunctional bases showing the degree of overes-
timation of their pKHB values (dpKHB), which increases with increasing
number of equivalent nitrogen atoms (n).


Scheme 2. Theoretical hydrogen-bond complexation (B3LYP/6-31+G-ACHTUNGTRENNUNG(d,p)) of pyrazine with hydrogen fluoride considering the influence of the
solvent interaction with the base.
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standard methods because these compounds are too self-as-
sociated in carbon tetrachloride at the operating concentra-
tions. Diverse techniques may be used to overcome this dif-
ficulty to get the true hydrogen-bond affinity of the mono-
mer. Guiheneuf et al.[84] measured by UV spectroscopy the
equilibrium constants of pyrazoles 86–93 in cyclohexane
using the extremely strong donor 3,4-dinitrophenol to have
very low concentrations of the base. Abraham et al.[85] used
the couple 4-nitrophenol (a strong donor enabling a lower
base concentration) and 1,1,1-trichloroethane (a polar sol-
vent decreasing self-association) to obtain the association
constants of numerous original bases. In our laboratory, we
have been able to analyse about one hundred bases in di-
chloromethane keeping pFP as the donor. Unfortunately, in
spite of the considerable effort made by Abraham[2,3] to
gather and homogenise the literature data, the relationships
between the different acids and the different solvents gener-
ate large errors in the secondary calculated pKHB values.
The examples presented in Table 8 show that the theoretical
calculations might be an excellent alternative allowing the
rationalisation of the experimental data since the precision
of the correlations between the different acids or/and the
different solvents are always limited by the absence of suffi-
cient common points. To calculate a secondary value for cy-
anamide (83), we have used the regression line from Equa-
tion (11), which is an updated version of the equation found
between the pKHB values of 19 substituted nitriles X�CN
and the resonance, field and polarisability constants of the
substituents X.[58] The substituent parameters used for the
amino group (NH2) are sþr =�0.52, sF =0.14 and sa =


�0.16.[86] The value 1.19 obtained by this equation perfectly
matches the value taken from the theoretical calculation.


pKHB ¼ �1:42 sþr �1:95 sF�0:26 sa þ 0:68 ð11Þ


r ¼ 0:997, s ¼ 0:03, n ¼ 19


The results for imidazole (84) and 4-methylimidazole (85)


are comparable to secondary
values obtained from dichloro-
methane measurements, which
are imprecise because the dia-
gram between CCl4 and CH2Cl2


is FD.[8] On the contrary, there
is a single relationship[85] be-
tween the logK values mea-
sured in 1,1,1-trichloroethane
with 4-nitrophenol and pKHB


values, and the experiment con-
firms the proposed value for
the substituted oxazole 94. In
the absence of any reference
compound, it is not possible to
directly test the substituted pyr-
azoles 86–93. However, the
consistency of the results is re-
vealed by the excellent statistics
of Equations (12) and (13) re-


lating the calculated pKHB values to the logarithm of the as-
sociation constant between the pyrazoles 86–90 and 3,4-dini-
trophenol in cyclohexane or with pKa in water, respectively.


logKx ¼ 1:30 pKHB þ 2:35 ð12Þ


r ¼ 0:999, s ¼ 0:02, n ¼ 5


pKa ¼ 3:66 pKHB�3:47 ð13Þ


r ¼ 0:997, s ¼ 0:12, n ¼ 5


With these equations, the individual values of logKx and pKa


corresponding to the two tautomeric forms 3- and 5-methyl-
pyrazole can be evaluated (Scheme 3). By comparison with
the experimental results, logKx = 4.84 and pKa = 3.27,[84] we
quantitatively show that the tautomeric equilibrium is signif-
icantly influenced by the solvent. In cyclohexane, 5-methyl-
pyrazole is clearly the only tautomeric form present, where-
as the intermediate experimental value found in water
strongly suggests that the two tautomers co-exist in approxi-
mately equal proportions.


Analysis of polyfunctional bases (Table 9): The experimental
measurement of hydrogen-bond basicity is generally limited
to the analysis of monofunctional bases because the stan-
dard methods of determination of the equilibrium constants


Table 8. Comparison of experimental and calculated data on amphiprotic molecules self-associated in CCl4.


No. Compound Calculated Secondary values
pKHB


[a] �DHA


HB
[b] �DSA


HB
[c] pKHB logKx


[d]


83 cyanamide 1.12 19.5 19.3 1.19[e] –
84 imidazole 2.39 31.6 42.2 2.47[f] –
85 4-methylimidazole 2.49 32.7 44.1 2.64[f] –
86 3-methyl-4-bromopyrazole 1.31 25.7 37.0 – 4.06
87 pyrazole 1.65 27.1 38.8 – 4.47
88 4-methylpyrazole 1.81 28.0 37.2 – 4.69
89 3-methylpyrazole 1.81 28.7 39.4 – –
90 5-methylpyrazole 1.91 28.7 38.8 – 4.84
91 3(5)-methylpyrazole[g] 1.85 28.7 39.1 – –
92 3,5-dimethylpyrazole 2.05 30.2 39.3 – 5.03
93 3,4,5-trimethylpyrazole 2.17 31.0 41.1 – 5.16
94 2,4,5-trimethyloxazole 2.08 30.5 39.4 2.02[h] –


[a] Calculated from Equation (10). [b] Calculated from Equation (8). [c] Calculated from Equation (9).
[d] Logarithm of the equilibrium constant of the association with 3,5-dinitrophenol in cyclohexane, (expressed
in molar fraction units).[84] [e] Calculated by substituent parameters with the updated Equation (11).[58] [f] Cal-
culated from the association constants measured in dichloromethane with pFP. [g] Weighted calculated values
of stable isomers. [h] Calculated from the association constants measured in CH3CCl3 with p-nitrophenol.[85]


Scheme 3. Evaluation of logKx and pKa values corresponding to the tau-
tomeric forms of methylpyrazole.
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cannot distinguish between the associations of the donor on
the different sites and thus yield a global equilibrium con-
stant Kt =�Ki corresponding to the sum of the individual Ki


constants.[10] Since the corresponding pKt = log ACHTUNGTRENNUNG(�Ki) is alge-
braically different from �log (Ki), the pKt is of no thermody-
namic interest. There are, however, two important excep-
tions. The first occurs when the molecule has n equivalent
sites; then pKt = log ACHTUNGTRENNUNG(nKi)= log(Ki)+ log (n) and the individ-
ual association constants are easily calculated as shown pre-
viously. The second is related to the numerous molecules in
which the secondary sites have a much weaker basicity than
the functional group so that their equilibrium constants are
negligible. In all the other situations, the individual con-
stants must be evaluated by different empirical relationships
using, for instance, the frequency shifts or the substituent
constants inside series of related compounds.[52] Hence the
pKHB values predictions from the theoretical calculations
find here their utility since they refer to the association on
the individual sites. However, as shown above, the solvent
acidity plays a non-negligible part in the hydrogen-bond af-
finity of the functional group when it is linked to the basic
substituent. Therefore, all the calculations reported in
Table 9 were carried out with a CCl4 molecule halogen-
bonded to the substituent.


Whatever the nature of the accepting site, the theoretical
calculations allow the total equilibrium constant to be deter-
mined with the same precision as the experimental error de-
spite the error propagation due to the summation of two
constants. To our knowledge, the separation between the
two Nsp2 sites of 1,7-phenanthroline (95) and quinazoline
(96) has never been carried out before. Both sites of quina-
zoline strongly deactivate each other in comparison with
quinoline (24) and isoquinoline (25) (Scheme 4), but their
basicities are nearly equivalent in agreement with the nearly
identical values of 24 and 25. On the contrary, the two nitro-
gen atoms of 95 differ significantly and the equilibrium con-
stants of the two sites can be compared to the monofunc-
tional models available: 7,8-benzoquinoline (101) and quin-
oline (24). Scheme 4 shows the large steric effect occurring
on the N7 nitrogen of 95 as well as the small mutual deacti-
vation of the two nitrogen atoms in 95.


The separations carried out for three cyanopyridines 97–
99 confirm that the halogen-bond interaction of the solvent


molecule to a secondary site is also significant when the ac-
cepting centre is a nitrile nitrogen atom. In these molecules,
the reduction in basicity of the pyridine nitrogen is found to
be around 20 % in comparison with the unsolvated cyano-
pyridines and decreases with the distance between the two
sites. Lastly, in dimethylaminoacetonitrile (100), it is very
satisfying to find a perfect match between the theoretically
and experimentally[38] predicted equilibrium constants of the
nitrile group. However, the superiority of the theoretical
method lies in the fact that the basicity of the amino group
can also be evaluated independently and is not simply esti-
mated by difference with the experimental Kt.


Model validation : As a final point, the whole data set pre-
sented in the supporting information can be considered for
an ultimate validation of the model. The regression Equa-
tion (14) may be set up for the 142 nitrogen compounds for
which the pKHB values are available. It is reassuring that all
regression coefficients are comparable to those of Equa-
tion (10), which shows its robustness. Although the statistical
parameters are of slightly poorer quality, they are still satis-
fying when we keep in mind that this external set contains
not only strongly hindered and solvent-sensitive polyfunc-
tional bases but also many bases showing distorted negative
zones around the lone pairs (ortho-halogeno pyridines for
instance). This anisotropy of the lone pair is partly accom-
modated by the complementary anisotropy of the positive
isopotential surface of the hydroxyl hydrogen of pFP but
cannot be fully taken into account when HF is the model
for the donor.


pKHB ¼ �0:0608 DðHFÞ
0 �0:0111 Vs,min�2:96 ð14Þ


r ¼ 0:991, s ¼ 0:096, n ¼ 142


Conclusion


The analysis and the development of the pKHB and DHA


HB


scales of hydrogen-bond basicity of nitrogen bases have
been achieved with a density functional method coupled
with the 6-31+G** basis set. Hydrogen fluoride may gener-


Table 9. Individual basicities of nitrogen polyfunctional bases.


No. Compound Theoretical Exptl.
site Ki


[a] site Ki
[a] pKt


[b] pKt


95 1,7-phenanthroline N1 67.9 N7 8.4 1.88 1.87[c]


96 quinazoline N1 19.4 N3 19.8 1.59 1.55[c]


97 2-cyanopyridine Nsp 3.9 Nsp2 4.0 0.89 0.85[c]


98 3-cyanopyridine Nsp 2.7 Nsp2 6.7 0.97 1.00[c]


99 4-cyanopyridine Nsp 1.8 Nsp2 8.8 1.03 1.05[c]


100 N,N-dimethylaminoaceto-ACHTUNGTRENNUNGnitrile[d]
Nsp 4.8 Nsp3 5.7 1.02 1.02[e]


[a] Kc =10pKHB, calculated from Equation (10) with compounds halogen-
bonded to a molecule of CCl4 on their second site. [b] pKt = log ACHTUNGTRENNUNG(�Ki).
[c] Ref. [52]. [d] Weighted values of two stable monomers. [e] Ref. [38].


Scheme 4. Comparison of the equilibrium constants of the polyfunctional
bases.
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ally be used as a cost-effective model in place of 4-fluoro-
phenol. The evaluation of the pKHB scale requires the calcu-
lation of the minimum electrostatic potential at the molecu-
lar surface around the nitrogen lone pair and the variation
in electronic energy of the reaction of association between
the base and HF. This analysis shows that, provided that rel-
ative values of basicities are to be compared, the effort to
understand and develop the hydrogen-bond basicity scale is
not primarily a matter of the sophistication of the theoreti-
cal method or of the level of the basis set. Once a sufficient
level of precision in the predicted values is attained, the real
complexity of the modelling process appears. The calcula-
tions must appreciate and weight the basicities of the differ-
ent monomers present in solution and quantify the specific
interactions between carbon tetrachloride and the molecules
when the latter have a secondary basic site.
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Introduction


Azadirachtin (1) is a C-seco limonoid that was first isolated
from the Indian neem tree Azadirachta indica in 1968
(Figure 1).[1] It has since been the subject of intensive re-
search owing to its impressive biological activity:[2–11] most
notably antifeedant and growth disrupting effects against a
broad spectrum of insect species (>200). Moreover, 1 pos-
sesses no significant toxicity towards higher organisms.[12] In
addition to the wide-ranging biological properties of 1, its
unique molecular architecture has attracted considerable at-
tention. Indeed, the precise chemical structure of 1 was only
determined some 17 years after its isolation following exten-
sive studies within our
group[13,14] and others.[15–18]


Azadirachtin constitutes an
exceptionally challenging syn-
thesis target, possessing 16 con-
tiguous stereogenic centres,
seven of which are tetrasubsti-
tuted. The molecular frame-


Abstract: We describe in full the first
synthesis of the potent insect antifee-
dant azadirachtin through a highly con-
vergent approach. An O-alkylation re-
action is used to unite decalin ketone
and propargylic mesylate fragments,
after which a Claisen rearrangement
constructs the central C8�C14 bond in
a stereoselective fashion. The allene


which results from this sequence then
enables a second critical carbon�
carbon bond forming event whereby
the [3.2.1] bicyclic system, present in


the natural product, is generated via a
5-exo-radical cyclisation process. Final-
ly, using knowledge gained through our
early studies into the reactivity of the
natural product, a series of carefully
designed steps completes the synthesis
of this challenging molecule.


Keywords: azadirachtin · Claisen
rearrangement · epoxidation · natu-
ral products · total synthesis
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work of 1 is also richly-decorated: its 16 oxygen atoms are
contained within a variety of functional groups including an
ether, an enol ether, both acetal and hemi-acetal moieties,
three distinct ester groups, two hydroxyl groups and a tetra-


substituted epoxide. Further-
more, in solution the natural
product maintains a highly rigid
conformation owing to hydro-
gen bonds between the ether at
C6 and the hydroxyl groups at
C7 and C20 as well as between
the C11 hemi-acetal and the
C13�C14 epoxide (Figure 2).[13]


Other hydrogen-bonding ar-
rangements have also been re-
ported for certain crystalline
forms of the natural product.[18]


Given our long-standing interest in the preparation of
insect antifeedants,[19–21] azadirachtin (1) represented an irre-
sistible synthesis target[22] which has also attracted the atten-
tion of many other research groups around the world.[23–46]


Results and Discussion


At the outset of the programme, we thought it pertinent to
investigate the general reactivity profile of azadirachtin, as
this knowledge would be important in the development of a
synthesis plan. Preliminary studies indicated that azadirach-
tin was highly unstable under basic conditions.[47] For exam-
ple, exposure of 1 to sodium methoxide in methanol leads to
deprotonation of its C11 hemiacetal, resulting in an equilib-
rium between open (2) and closed forms (Scheme 1). In the
open form, the C19 alkoxide in 2 is intercepted by an intra-
molecular transesterification at C29 to form a bridging
[3.3.1] lactone ring system (3). A further rearrangement
then occurs, whereby the C20 alkoxide in 3 opens the oxir-
ane ring at the C13 position and the resultant hydroxyl
group attacks the newly formed carbonyl at C11. Saponifica-
tion of the C3 acetate is also observed, generating the oxe-
tane 4 as the major isolable product.[47]


Similarly, azadirachtin was shown to be unstable under
acidic conditions, mainly (but not exclusively) due to the
presence of the enol ether feature at C22�C23. However,
even in the absence of this functional group, instability was
still encountered. Treating 22,23-dihydroazadirachtin (5)
with the acidic resin, Amberlyst-15, promotes an irreversible
ring-opening of the epoxide at C13 by the proximal C7 hy-
droxyl group, while also effecting equilibration at the C11
hemi-acetal centre to give 6 (Scheme 2).[48]


These early observations proved critical as they clearly
demonstrated that all the reactive functionality present in
azadirachtin would need to be very carefully masked until
the later stages of the synthesis programme.


Synthesis strategy : In pursuit of azadirachtin, we originally
devised a highly convergent route involving direct coupling


of two similarly sized fragments, 7 and 8, to forge the central
C8�C14 bond (Scheme 3). Whilst this disconnection made
good strategic sense, it was recognised that such an ap-
proach would not be without its difficulties owing to the ex-
treme steric congestion about this central linkage. Nonethe-
less, we were intrigued by the challenge and set about pre-
paring appropriate coupling partners.


Decalin fragment synthesis : The first of these fragments,
decalin 7, has already been prepared in our group with vari-
ous protecting group arrangements and is reported in full
elsewhere.[49–51] Of particular note from this work is the use
of an intramolecular Diels–Alder (IMDA) reaction, in
which the judicious choice of a phenyldimethylsilyl group in
triene 9 favours the desired endo product 10 in the cycload-
dition process (Scheme 4). The silyl auxiliary also plays an
important role in stereocontrol at the C1 position and ulti-
mately reveals the requisite hydroxyl group at C3 following
a Fleming–Tamao oxidation of 11, accelerated by the use of


Figure 2. Numbering and hy-
drogen-bonding pattern pres-
ent in azadirachtin 1.[13]


Scheme 1. Base-mediated rearrangement of azadirachtin 1. a) NaOMe,
MeOH, RT, 2.5 h, 23 %.[47]


Scheme 2. Acid-mediated rearrangement of 22,23-dihydroazadirachtin
(5). a) Amberlyst-15, 4 � sieves, MeCN, RT, 3 d, 51 %.[48]
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mercuric bistrifluoroacetate.[52] Another interesting aspect of
this synthesis is the use of a cyanoester-mediated conjugate
addition in which the C9�C11 bond in 14 is constructed ste-
reoselectively. Dimethyldioxirane (DMDO) oxidation of 14
and a novel methanolic ring contraction then provide access
to the five-ring hemiacetal (15) observed in the natural


product. Further steps yield a decalin fragment possessing
the necessary methyl group at the C8-position (16).


While useful material was obtained from this total synthe-
sis route, we also discovered an alternative preparation of
the same decalin fragment (16) through degradation of aza-
dirachtin itself (Scheme 5).[47,53,54] In the design of this degra-
dative pathway, it was anticipated that the electron rich
C20�C21 bond in azadirachtin (1) might undergo oxidative
cleavage following appropriate masking of its most reactive
functional groups (1 ! 17). Indeed, treatment of 17 with
pyridinium chlorochromate effected the expected oxidation
of its C7 hydroxyl group and also achieved the required
C20�C21 bond cleavage to give cyclic carbonate 18 in good
yield. We then anticipated that 18 could undergo ring-open-
ing with a suitable nucleophile, followed by deprotonation
at C17, which in turn would lead to b-elimination of the
neighbouring strained epoxide and retro-aldol reaction. This
hypothesis proved correct and, when 18 was subjected to
sodium methoxide in methanol, the expected reaction cas-
cade proceeded smoothly in excellent yield to afford decalin
16.


Formation of the hindered C8�C14 bond : We first proceed-
ed to investigate the synthesis of a wide variety of hydroxy-
furan acetal coupling partners,[22, 55] broadly based around
the structure of 8, such that the pivotal C8�C14 bond-form-
ing process could be examined in detail. Whilst it was clear
that this coupling approach was ambitious, we were unpre-
pared for the magnitude of problems that would be encoun-
tered during many years of endeavour. Model studies had
provided encouragement for this critical carbon�carbon
bond formation, yet the use of more complex coupling part-
ners invariably met with failure.[56–59] The details of all these
unprofitable studies and of all the various coupling partners
investigated are not discussed here[60] as a new strategy
emerged which eventually overcame all our problems.


In the revised strategy we chose to investigate a Claisen
rearrangement to install the hindered C8�C14 bond in 1 as
this process is well known to allow the formation of bonds
between highly substituted centres.[61] Initial studies in this
area were promising, allowing functionalisation of decalin
21[62] via the intermediate enol ether 22, which underwent a
Claisen rearrangement to give 23 with exquisite diastereose-
lectivity (Scheme 6).[63]


It is worthy of note that C-alkylation of 21 was not ob-
served under the reaction conditions employed and this is
believed to result primarily from steric constraints at the C8
position.[63]


We then proceeded to examine more complex model cou-
pling partners, including allylic bromide 24 for which the O-
alkylation reaction was similarly successful (21 ! 25,
Scheme 7). However, the stereochemical outcome in the
Claisen rearrangement of 25 was disappointing and gave
only the undesired diastereomer (26), which can not be pro-
gressed to azadirachtin.[64]


Once again we were forced to rethink our strategy and in
the end a much improved concept was devised. Although a


Scheme 3. Original synthesis plan. (PG=protecting group, Bn=benzyl).


Scheme 4. Highlights from our previously disclosed decalin fragment syn-
thesis a) iPr2NEt, hydroquinone, PhMe, 80 8C, 4 h, 57%; b) Hg-ACHTUNGTRENNUNG(CF3CO2)2, TFA/AcOH 1:1, RT, 10 min, then AcOOH, 0 8C to RT, 2 h,
85%; c) LiN ACHTUNGTRENNUNG(SiMe3)2, THF, 0 8C to RT, 70 min, 100 %; d) DMDO, ace-
tone, 0 8C, 22 min; e) PPTS, MeOH, RT, 5.5 h, 70% over 2 steps (Piv=


pivaloyl, TFA= trifluoroacetic acid, THF= tetrahydrofuran, DMDO =di-
methyldioxirane, PPTS=pyridinium para-toluenesulfonate).
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Claisen rearrangement could lead to the formation of a new
carbon-carbon bond at C8, it became apparent that the
steric constraints of a fully-functionalised hydroxyfuran


acetal fragment would prohibit
further profitable progression
to the natural product. We
therefore chose to employ a
lesser-known, acetylenic variant
of the Claisen rearrangement,[65]


which would lead to a terminal
allene motif. This particular fea-
ture would be highly versatile
and amenable to further trans-
formations which, in turn, could
serve to construct the right
hand portion of the natural
product. In preparation there-
fore, we began by studying a
simple propargylic Claisen rear-


rangement of the enol ether derivative 27 (Scheme 8). Pleas-
ingly, upon heating in toluene to 145 8C in a sealed tube, a
quantitative rearrangement to allene 28 occurred after just
two hours.[63]


Encouraged by this result, the approach was extended to
the more complex propargylic mesylate 29 and again an O-
alkylation/Claisen rearrangement sequence afforded the 1,1-
disubstituted allene 31 (Scheme 9). In this instance, howev-
er, it was necessary to use higher temperatures and micro-
wave heating to effect the desired transformation.[63]


We were then in a position to further progress this strat-
egy, as it was envisaged that the initially formed allene
could ultimately enable a further carbon�carbon bond-form-
ing event. Gratifyingly, the coupling of fragments 21 and 32
proceeded without incident to generate propargyl enol ether
33 (Scheme 10). However, conditions could not be found to
promote the Claisen rearrangement of 33, despite extensive
experimentation. It was proposed that this lack of reactivity
was due to steric factors, as we had observed that hindered
propargylic enol ethers required more forcing conditions to
promote the desired rearrangement (cf. Schemes 8 and 9).
As a consequence, the axial TES protecting groups present


Scheme 5. Transformation of azadirachtin 1 to decalin fragment 20. a) H2, Pd/C, MeOH, RT, 80 min, 69%; b)
BnBr, Ag2O, DMF, RT, 20 min, 62 %; c) pyridinium chlorochromate, 4 � sieves, CH2Cl2, 40 8C, 1.5 h, 39%; d)
NaOMe, MeOH, 0 8C to RT, 2 h, 60 % (DMF =N,N-dimethylformamide).


Scheme 6. Functionalisation at C8 via O-alkylation/allylic Claisen rear-
rangement. a) NaH, allyl bromide, [15]crown-5, THF, 0 8C, 2 h, 66%; b)
xylenes, reflux, 43 h, 71% ([15]crown-5= 1,4,7,10,13-pentaoxacyclopenta-
decane, TES = triethylsilyl).


Scheme 7. Intramolecular C8�C14 bond formation via allylic Claisen re-
arrangement. a) NaH, [15]crown-5, 24, THF, 0 8C, 2 h, 96 %; b) DCB,
167 8C, 16 h, 42%, 83% based on conversion of one diastereomer
(DCB =1,2-dichlorobenzene).


Scheme 8. Simple intramolecular C8-C14 bond formation via propargyl
Claisen rearrangement. a) propargyl bromide, NaH, [15]crown-5, THF,
0 8C, 4.5 h, 57%; b) PhMe, 145 8C, sealed tube, 2 h, >98 %.
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in 33 were cleaved with a view to reducing steric effects in
the transition state. To our delight, the reaction then pro-


ceeded in excellent yield to give allene 34 as a single diaste-
reomer.


Careful consideration of the Claisen rearrangement prod-
uct led us to propose that a C17-centred radical might un-
dergo cyclisation onto the neighbouring allene and thus gen-
erate the [3.2.1] bicycle present in azadirachtin. Consequent-
ly, the para-methoxybenzyl ether at the C17 position of 34
was converted to the corresponding xanthate ester 35 using
a series of straightforward steps. As predicted, when 35 was
treated with AIBN and tributyltin hydride, a radical cyclisa-
tion occurred to generate a new carbon�carbon bond, thus
establishing the requisite tricyclic framework in a single step
(36).[66] Although intermediate 36 could in principle be con-
verted to azadirachtin,[22,55] we instead opted for a bolder ap-
proach which would utilise a propargylic mesylate coupling
partner containing all the requisite carbon atoms for the
synthesis of the natural product (Scheme 11).[67]


A fully functionalised propargylic mesylate : The route to
propargylic mesylate 37[68] began from a readily available
carbohydrate source, namely b-d-galactose pentaacetate
(38) which was converted to diol 39 in three steps
(Scheme 12).[69]


Differentiation of this 1,2-diol was achieved by formation
of the dimeric stannylidene acetal species 40, thereby ren-
dering the least hindered hydroxyl group unreactive and
permitting selective formation of the desired methoxymethyl
(MOM) ether (41, Scheme 12).[70] Parikh–Doehring oxida-
tion of 41 was followed by a substrate controlled Grignard
addition, in which the benzylidene acetal protecting group
served to block the bottom face of the molecule providing
42 as a single diastereomer.[71] The tertiary alcohol present
in 42 was then cleanly protected as its benzyl ether (43)
under standard conditions.


In order to generate the tetrahydrofuran ring required for
37, the C21 anomeric alcohol had first to be revealed by
cleavage of the pentenyl protecting group in 43
(Scheme 12). Fraser-Reid reports the use of N-bromosucci-
nimide in wet acetonitrile to effect this type of transforma-
tion,[72] but in our case bromination of both alkenes present


Scheme 9. Intramolecular C8�C14 bond formation via propargyl Claisen
rearrangement. a) NaH, 29, [15]crown-5, THF, 0 8C, 2 h, 66%; b) DCB,
microwave irradiation, 180 8C, 15 min then 220 8C, 15 min, 53%.


Scheme 10. Studies towards 1. a) NaH, [15]crown-5, THF, �78 8C, 8 h,
73%; b) TBAF, THF, 0 8C, 2 h, 73 %; c) DCB, microwave irradiation,
180 8C, 15 � 1 min, 88 %; d) TES-OTf, iPr2NEt, CH2Cl2, �78 8C, 15 min,
90%; e) DDQ, CH2Cl2, H2O, 0 8C, 2 h, 81%; f) CS2, NaH, MeI, THF
�78 8C to 10 8C, 3.5 h, 87%; g) Bu3SnH, AIBN, PhMe, 110 8C, 4 h, 81%
(AIBN =azoisobutyronitrile, DDQ=2,3-dichloro-5,6-dicyano-para-ben-
zoquinone, Ms=methanesulfonate, PMB=para-methoxybenzyl, TBAF=


tetra-n-butyl ammonium fluoride, Tf = trifluoromethanesulfonate).


Scheme 11. Revised synthesis plan (MOM =methoxymethyl).
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in 43 was observed, resulting in an inseparable mixture of
bromoalkane 44 and the desired lactol 45. Fortunately, 45
could be obtained by treatment of bromoalkane 44 with ac-
tivated zinc dust to effect a Boord elimination.[73,74] The d-
lactone 47 was then constructed by ozonolysis of the termi-
nal olefin present in 45 followed by oxidation of the resul-
tant bicyclic lactol with TPAP.[75] Our next task was the se-
lective removal of the C16 hydroxyl group, which is absent
in our target mesylate coupling fragment. Accordingly 47
was transformed in three steps to xanthate 48, which then
underwent smooth Barton–McCombie deoxygenation[76] to
give 49. Lactone 49 was subjected to a reduction/methanoly-
sis sequence which led both to introduction of the C23
methyl acetal and to cleavage of the tert-butyldimethylsilyl
(TBS) protecting group. Preparation of terminal alkyne 51


was subsequently achieved from 50 via Swern oxidation and
treatment of the intermediate aldehyde with the Ohira–
Bestmann reagent.[77] Finally, further homologation of 51
with paraformaldehyde was followed by mesylation to pro-
vide our coupling partner 37 in good overall yield.


Using the conditions developed during model studies, a
successful coupling between propargylic mesylate 37 and
decalin 21[54] was achieved via an O-alkylation reaction to
afford propargylic enol ether 53 (Scheme 12). Treating 53
with tetra-n-butylammonium fluoride (TBAF) then provid-
ed diol 54 in excellent yield, after which the crucial C8�C14
bond formation was effected by a microwave-induced Clais-
en rearrangement (54 ! 55). However, our route again met
with failure, when we attempted to selectively remove the
C17 MOM protecting group: all conditions employed led to


Scheme 12. MOM route. a) nBu2SnO, MeOH, reflux, 2 h; b) MOMCl, 1,4-dioxane, 55 8C, 1.5 h, 93 % over 2 steps; c) iPr2NEt, SO3·pyridine, DMSO, 0 8C,
30 min; d) AllylMgCl, THF, �78 8C, 30 min, 85% over 2 steps; e) NaH, BnBr, DMF, 0 8C, 18 h, 92%; f) NBS, pH 7 buffer, MeCN, RT, 1.5 h, 58% 1.4:1
mix of 44 and 45 ; g) NH4Cl, Zn, EtOH, reflux, 2 h; h) O3, CH2Cl2, �78 8C, 15 min, then PS-PPh3, �78 8C to RT, 18 h; i) nPr4NRuO4, NMO, MeCN, RT,
1 h, 76 % over 3 steps; j) TFA/H2O/CH2Cl2 1:1:20, RT, 97 %; k) TBSCl, DMAP, NEt3, DMF, RT, 3 h, 71%; l) CS2, NaN ACHTUNGTRENNUNG(SiMe3)2, THF, �78 8C, 30 min,
then MeI, �78 8C, 30 min, 92%; m) AIBN, Bu3SnH, PhMe, reflux, 2 h, >98 %; n) DIBAL-H, THF, �78 8C, 2 h, 91 %; o) CH ACHTUNGTRENNUNG(OMe)3, CSA, MeOH, RT,
1 h, 82% (3:1 23-a/b); p) (COCl)2, DMSO, CH2Cl2, �78 8C, then 50, then NEt3, �78 8C, 2.5 h; q) Ohira–Bestmann reagent, K2CO3, MeOH, RT, 16 h,
77% over 2 steps; r) iPrMgCl, THF, 45 8C, then (CH2O)n, 45 8C, 2.5 h, 89 %; s) Ms2O, iPr2NEt, CH2Cl2, 0 8C, 1.5 h, 89 %; t) 21, NaH, [15]crown-5, THF,
0 8C, 6 h, 65%; u) TBAF, THF, RT, 16 h, 92 %; v) nitrobenzene, microwave irradiation, 185 8C, 3� 5 min, >99 %; w) NaH, BnBr, nBuN4I, THF, 60 8C,
16 h, 76% (CSA= camphorsulfonic acid, DIBAL-H =diisobutylaluminiumhydride, DMAP = N,N-dimethylaminopyridine, DMF =N,N-dimethyl forma-
mide, DMSO =dimethylsulfoxide, NBS=N-bromosuccinimide, NMO=N-methylmorpholine-N-oxide, Ohira-Bestmann reagent=dimethyl-(1-diazo-2-ox-
opropyl)phosphonate, PS= polystyrene supported, TBS = tert-butyldimethylsilyl).
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significant decomposition owing to the presence of other
acetals within the substrate (56).


Alternatives to the C17 MOM ether : We therefore had to
change the protecting group strategy for the pyran coupling
partner such that the remaining steps in our synthesis could
be achieved. Accordingly, several derivatives of the pyran
fragment were targeted that utilised alternative functionality
at C17, while only making minor adjustments to the synthe-
sis route in place (58–63, Scheme 13). It was first necessary
to find a suitable point in the synthesis of 37 at which selec-
tive cleavage of the C17 MOM ether could be carried out.
We felt that it would not be feasible to remove this protect-
ing group in the presence of either the C23 methyl acetal or
the C14 TBS ether and so we chose to intercept the first
generation route at intermediate 49 (Scheme 13). The TBS
ether in 49 was readily cleaved under mild conditions and
the resulting primary alcohol subjected to an oxidation/
Wittig protocol to effect the necessary homologation. At
this stage, we were able to selectively cleave the C17 MOM
ether to provide the required secondary alcohol (57).


Initially, we targeted 58 as our coupling partner and ac-
cordingly the secondary alcohol in 57 was converted to the
corresponding xanthate 64 (Scheme 14). Although this reac-
tion occurred in excellent yield, the xanthate functionality
could not be carried through subsequent steps owing to its
propensity to undergo a rapid elimination reaction.


Efforts were then directed towards the installation of a
selenide or a bromide at the C17 position to provide access


to propargylic mesylates 59 and 60 in the hope that these
would prove more stable than the aforementioned axial xan-
thate 64. Unfortunately, conditions could not be found to
effect conversion of 57 to the radical precursor 65. Instead,
alternative pathways were observed in which the adjacent
lactone displayed competitive reactivity leading to cyclopro-
pane 66 and pentabromo derivative 67 (Scheme 15).


In view of this result, we opted to install the requisite
methyl acetal unit prior to functionalisation at C17. Lactone
57 was therefore subjected to a reduction/methanolysis se-
quence but this procedure proved unsatisfactory: whilst di-
isobutylaluminium hydride (DIBAL-H) cleanly effected re-
duction of 57 to the corresponding lactol, the requisite
methyl acetal 68 could never be accessed in acceptable yield
owing to competing side reactions (Scheme 16).


Based on earlier findings, we settled on an approach in
which the C17 MOM ether would be directly exchanged for
an alternative protecting group. It was anticipated that this
protecting group could then be transformed to the desired
radical precursor at a later stage in the synthesis. Although
intermediate 57 could be cleanly converted to the corre-
sponding triethylsilyl (TES) ether 70, the ensuing lactone re-
duction then led to about 50 % migration of the silyl ether
group to give 71, a problem which proved insurmountable
(Scheme 17). A trimethylsilylethoxymethyl (SEM) ether was
therefore employed to overcome this migration problem.
Disappointingly, although the corresponding SEM ether 73
could be prepared in quantitative yield, lactone reduction


Scheme 13. Options for introducing a radical precursor at C17. a) TFA/
H2O/CH2Cl2 1:1:20, RT, 81%; b) iPr2NEt, SO3·pyridine, DMSO, 0 8C, 2 h;
c) tBuOK, Ph3PCHBr2·Br, THF, RT, 12 h, 78% over 2 steps; d) Me3SiBr,
CH2Cl2, 0 8C, 30 min, >98% (SEM = trimethylsilylethoxymethyl.


Scheme 14. Options for introducing a radical precursor at C17: xanthate
formation. a) CS2, NaN ACHTUNGTRENNUNG(SiMe3)2, THF, �78 8C, 30 min then MeI, �78 8C,
1 h, 85 %.


Scheme 15. Options for introducing a radical precursor at C17: bromide
and selenide formation. a) CBr4, PPh3 CH2Cl2, 24 h, 66 (32 %), 67
(31 %); b) PhSe-phthalimide, CH2Cl2, 2 h, 66 (51 %).


Scheme 16. Options for introducing a radical precursor at C17: a)
DIBAL-H, CH2Cl2, �78 8C, 3.5 h; b) MeOH, Amberlyst-15, 3 � sieves,
MeCN, RT, 24 h, 57% over 2 steps (with accompanying aldehyde by-
products).
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then proved non-selective and upon treatment of 73 with
1.0 equiv of DIBAL-H a 1:1:1 mixture of starting material
73, lactol 74 and diol 75 was observed which could not be
optimised in favour of 74.


While the above studies were tedious and frustrating, we
reasoned that the use of a para-methoxybenzyl (PMB) ether
could solve our problems. Finally, after exhaustive studies,
we were eventually able to prepare 76 in excellent yield em-
ploying PMB trichloroacetimidate and lanthanum triflate as
catalyst (Scheme 18).[78] Reduction/methanolysis of 76 then
proceeded smoothly to afford methyl acetals 23a-77 and
23b-77 as a 1:1.5 mixture, which were readily separated by
column chromatography. Both epimers were deemed viable
precursors for azadirachtin (1) but were carried forward in-
dividually to provide propargylic mesylates 23a-63 and 23b-
63 in good overall yield.[79]


Fragment coupling and construction of the [3.2.1] bicycle :
With a reliable and scalable route to the new propargylic
mesylate coupling partners (23a-63 and 23b-63) established,
we were in a position to examine the key fragment union
(Scheme 19). Preliminary work employed the reaction con-
ditions developed earlier,[67] namely a 5:1 ratio of mesylate
63 to decalin ketone 21 with 8.0 equiv of sodium hydride
and 5.0 equiv of [15]crown-5. However, this resulted in ex-
tensive decomposition of both decalin 21 and propargylic
mesylate 63, which was presumably due to the excess of
sodium hydride employed in this step. Frustrated by this loss
of the precious mesylate 63, we decided to test whether an
excess of decalin ketone 21 could be employed for the cou-
pling process, as this material was readily available through
degradation.[54] The quantity of sodium hydride present in
this reaction was also reduced and ultimately, the prepara-
tion of the propargylic enol ethers 23a-80 and 23b-80 was
achieved from the corresponding mesylates in excellent
yield. The optimal conditions utilised a 5:1 ratio of decalin
ketone 21 to propargylic mesylate 63 in conjunction with
4.9 equiv of sodium hydride. Fortunately, any unreacted dec-
alin (21) could be recovered by column chromatography
and re-used in further coupling reactions.


We next investigated the critical C8�C14 bond formation
by Claisen rearrangement of propargylic enol ether 80, but
again this proved difficult. Previous work[67] had suggested
that the axial triethylsilyl ether groups present in 80 create a
sterically congested environment, which inhibits the Claisen
process. Accordingly, diol 81 was prepared and we were
pleased to find that this could be converted to our target
allene 82 either by microwave irradiation or by gold(I) cat-
alysis.[80]


Efforts were then focussed on the manipulation of the
C17 PMB ether in 82 to provide an appropriate radical pre-
cursor in preparation for the next key carbon�carbon bond
forming event. It was therefore necessary to reprotect the
1,3-diol unit present in 82, prior to cleavage of the PMB
ether. Disappointingly, conditions could not be found to
effect formation of the C1,C3-bis-acetate (Table 1, entries 1–
3). It appeared that the C3 hydroxyl group was substantially
more reactive than its C1 neighbour, and whilst mild condi-
tions effected selective protection at C3, forcing conditions
resulted in a complex mixture, derived from poly-aldol con-
densation at the C1/C3 acetate groups (Table 1, entry 4).


Although the use of a trifluoroacetate protecting group
circumvented this problem (Table 1, entry 5), the resulting
compound was found to be extremely labile and decom-
posed upon standing. The introduction of a benzylidene
acetal, commonly used for the protection of 1,3-diols, also
met with failure (Table 1, entry 6). Eventually, we decided
to install a silyl ether at C3 (Table 1, entry 7) in the hope
that the poor reactivity of the C1 hydroxyl group would
negate the need for its protection.


Pleasingly 82 was converted to triethylsilyl ether 84 in
quantitative yield and the C17 PMB ether was then readily
cleaved under standard conditions (Scheme 20). The next
task was to install a radical precursor at C17 and for this,


Scheme 17. Options for introducing a protecting group at C17. a)
DIBAL-H, CH2Cl2, �78 8C, 30 min.


Scheme 18. Introduction of the C17 PMB ether and subsequent manipu-
lation to form the propargylic mesylate 63. a) PMB-TCA, La ACHTUNGTRENNUNG(OTf)3,
PhMe, RT, 3 h, 90%; b) DIBAL-H, CH2Cl2, �78 8C, 2 h; c) MeOH, Am-
berlyst-15, MeCN, RT, 12 h, 49% 23a-77, 25% 23b-77 over 2 steps; d)
MeLi·LiBr, THF, �78 8C, 2 h, 97% with 23a-77, 93% with 23b-77; e)
iPrMgCl, THF, 45 8C, 30 min, then (CH2O)n, 45 8C, 1.5 h, 89% with 23a-
78, 5 h, 78% with 23b-78 ; f) Ms2O, iPr2NEt, CH2Cl2, 0 8C, 30 min, 90%
with 23a-79, 90% with 23b-79 (TCA= 1,1,1-trichloroacetimidate).
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the xanthate group was again
selected as this had been used
successfully in previous stud-
ies.[67] Under optimised condi-
tions significant quantities of
bis-xanthate 86 were observed
in addition to the desired prod-
uct 85 and we therefore chose
to re-evaluate our C1/C3 pro-
tecting group strategy. We rea-
soned that the installation of a
larger silyl ether at C3 would
retard this undesired bis-xan-
thate formation and conse-
quently, diol 82 was converted
to the corresponding C3 TBS
ether (Scheme 21). Cleavage of
the C17 PMB ether and xan-
thate formation under opti-


mised conditions led to good isolated yields of the desired
product 87.


Finally, with radical precursor 87 in hand, the stage was
set for the crucial carbon�carbon bond forming event
(Scheme 22). Tributyltin hydride and AIBN were added to a
dilute solution of xanthate 87 and AIBN at 110 8C over 2 h
and the resulting mixture heated for a further 12 h. Upon
analysis of the crude reaction, we were delighted to find
that the desired radical cyclisation had taken place to give
the [3.2.1] bicycle 91 with exquisite selectivity. We rational-
ised that the efficiency of the 5-exo cyclisation was due to
the reactive conformation of 88 in which the central allene
carbon is extremely close in space to the C17 centred radi-
cal. Whilst quenching of the C14 tertiary radical in 89 would
yield the undesired exo alkene, this centre is highly congest-
ed, and thus the desired endo alkene 91 is formed through
quenching of the less hindered C18 primary radical in 90.


Installation of the tetrasubstituted epoxide: Although we
had overcome a considerable hurdle in the synthesis of


Scheme 19. Fragment union and installation of the C8-C14 bond by Claisen rearrangement. a) NaH,
[15]crown-5, THF, �78 8C, 3 h, 82% with 23a-63, 74% with 23b-63 ; b) TBAF, THF, 0 8C , 10 min, 90% with
23a-80, >98% with 23b-80 ; c) DCB, microwave irradiation, 180 8C, 4 � 5 min, 86 % with 23a-81, 83% with
23b-81 or 72 % over 3 steps when used crude; d) (Ph3PAu)3O·BF4, CH2Cl2, RT, 24 h, 81% with 23a-81.


Table 1. Protection of the C1/C3 diol.


Entry Conditions Result


1 isopropenyl acetate, PPTS, RT no reaction
2 Ac2O, NEt3, DMAP, CH2Cl2, RT R1 = H, R2 =Ac
3 Ac2O, NEt3, DMAP, CH2Cl2, reflux R1 = H, R2 =Ac
4 Ac2O, pyridine, DMAP, 40 8C R1, R2 =aldol


product[a]


5 ACHTUNGTRENNUNG(CF3CO)2O, pyridine, DMAP, 40 8C R1, R2 =COCF3


6 PhCH ACHTUNGTRENNUNG(OMe)2, PPTS, 4 � sieves, RT, CH2Cl2 decomposition
7 TESOTf, iPr2NEt, CH2Cl2, �78 8C R1 = H, R3 =TES


[a] Under the forcing reaction conditions the bis-acetyl product under-
went an aldol condensation with Ac2O to give a complex mixture of C1/
C3 esters.


Scheme 20. Xanthate formation in the presence of a C3 TES ether. a)
DDQ, CH2Cl2, H2O, 0 8C, 2 h, 87 %; b) CS2, NaN ACHTUNGTRENNUNG(SiMe3)2, THF, �78 8C,
30 min then MeI, �78 8C, 30 min, 61%.


Scheme 21. Xanthate formation in the presence of a C3 TBS ether. a)
TBS-imidazole, DMF, 80 8C, 2 h, 91% with 23a-82, 86% with 23b-82 ; b)
DDQ, pH 7 buffer, CH2Cl2, H2O, RT, 3 h, 91% for 23a, 95% for 23b ; c)
CS2, NaN ACHTUNGTRENNUNG(SiMe3)2, THF, �78 8C, 30 min, then MeI, �78 8C, 1 h, 86% for
23a, 57 %, 81 % brsm for 23b.
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[3.2.1] bicycle 91, we were immediately presented with an-
other challenging transformation, namely epoxidation of the
hindered tetrasubstituted olefin. Typically the use of meta-
chloroperbenzoic acid (mCPBA) has been reported to bring
about such a transformation either at ambient or at elevated
temperatures.[81] However, 91 failed to react with mCPBA
even upon reflux in CH2Cl2 for an extended period of time.
In fact, many typical oxidation procedures were screened
without success. Even very vigorous oxidants such as di-
methyl or methyltrifluoromethyl dioxirane failed to perform
the required epoxidation but led instead to oxidative deben-
zylation or decomposition. Nevertheless, our persistence was
finally rewarded when we found that the commercially
available magnesium monoperoxyphthalate hexahydrate
(MMPP)[82] 93 could achieve this mischievous transforma-
tion (Scheme 23). However, the reaction was only successful
in methanol at elevated temperatures (110 8C, sealed tube)
using the radical inhibitor 94 to extend the longevity of the
peracid to seven days! Whilst all preliminary studies were
performed on the C23 alkene 23a-91, thorough analysis of
the product 1H NMR spectrum and comparison with an au-
thentic sample[83] revealed that the b-epoxide 92 had in fact
been formed. Treatment of b-alkene 23b-91 under identical
conditions also resulted in the formation of b-epoxide 92,
but in this case a higher yield was observed. We rationalise
this observation by assuming that only the b-alkene 23b-91


is reactive to epoxidation, and that under the reaction condi-
tions the a-alkene 23a-91 can undergo gradual epimerisa-
tion prior to oxidation. This hypothesis is supported both by
the presence of a mass ion corresponding to an intermediate
C23 lactol and the observed stability of the a-epoxide 23a-
93[83] to the MMPP epoxidation conditions.


Final steps : At this stage we had substantial quantities of
material with which to complete the synthesis, both from
the synthesis described thus far and from degradation of the
natural product.[83] Desilylation of 92 with TBAF was fol-
lowed by selective cleavage of the C20 benzyl ether after
3 h to generate 95 in excellent yield (Scheme 24). Selective
acetylation at the C3 position of 95 was then achieved under
standard conditions to provide the C3 acetate. Although
esterification of the hindered C1 hydroxyl group proved
problematic, we were ultimately able to effect this transfor-
mation with a tiglic acid/Yamaguchi mixed anhydride devel-
oped previously within our group.[84] Reduction of the C7
carbonyl group proceeded chemoselectively under Luche[85]


conditions, but stereocontrol in this process could not be
achieved.[86] As a result, a 1:1 diastereomeric mixture was
obtained, from which the unwanted equatorial alcohol could
be reoxidised and subsequently recycled providing 96 in
yields of up to 75 % after one iteration. Cleavage of the re-
maining benzyl ether in 96 then proceeded without incident
to furnish an intermediate C11 lactol (97) in good yield,
with no concomitant reduction of the tiglate functionality.
Finally, it was time to unmask the labile enol ether function-


Scheme 22. Proposed mechanism for the 5-exo radical cyclisation. a)
Bu3SnH, AIBN, PhMe, 110 8C, 12 h, 90% with 23a-87, 91% with 23b-87.


Scheme 23. MMPP-mediated epoxidation of the hindered olefin 91. a)
93, 94, NaHCO3, MeOH, 110 8C, sealed tube, 7 d, 22%, 89% brsm with
23a-92, 65 %, 95 % brsm, with 23b-92.
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ality present in the natural product. This would first require
selective manipulation of the C23 methyl acetal in 97 in the
presence of acetals at C11 and C21, itself a challenging task.
Furthermore, our choice of reagents was severely limited
owing to the instability of azadirachtin and its derivatives
under acidic and basic conditions. Nonetheless, following ex-
tensive experimentation, we found that methyl acetal 97
could be cleanly converted to the epimeric selenoacetals 98
using benzene selenol and pyridinium para-toluenesulfonate
(PPTS).[87] Upon oxidation of 98, spontaneous elimination
of phenylselenenic acid then occurred to provide azadirach-
tin 1, which was found to be identical in all respects to the
natural material![87]


Conclusion


While herein we report the successful outcome of the syn-
thesis of azadirachtin, we also wish to share with readers
some of the problems and frustrations that were encoun-
tered along the way. Synthesis is not always straight-forward
and both effort and commitment are often required to sur-
mount the barriers and recover from the dead-ends. All of
these trials and tribulations teach us many things, not least
of which is how to learn from these failed experiments. Im-
portantly, throughout this synthesis programme, we have
gained access to materials that can aid our understanding of
the biological profile of this fascinating molecule. However,
we hope that it is the new chemistry developed in this syn-
thesis that will have a lasting influence. The advances of
which we are most proud include the use of a silicon sub-
stituent to control intramolecular Diels–Alder reactions as
well as stereoselective events in the formation of the decalin
portion of azadirachtin. The oxidative ring contraction de-
signed to install the hemiacetal feature in the natural prod-
uct also represents a neat solution to a potentially difficult
functional group combination.


Perhaps the most impressive aspect of the synthesis is the
coupling of highly functionalised fragments through O-alky-
lation and subsequent propargylic Claisen rearrangement to
establish the very hindered C8�C14 bond in azadirachtin. In
fact, we believe this to be one of the most functionally com-
plex examples of this process to have ever been reported.
Moreover, the ensuing radical cyclisation onto the newly
formed allene sets up the entire carbon skeleton of the right
hand portion of the natural product in a single operation. Fi-
nally, the last steps of the synthesis clearly demonstrate the
need for careful planning, particularly when faced with a di-
verse array of highly sensitive functionalities such as those
found in azadirachtin.


per ardua ad alta!


Experimental Section


General information : Where appropriate, reactions were performed
using oven-dried glassware under an argon atmosphere. Solvents were
distilled before use, petrol=petroleum ether (40–60 8C). Melting points
were determined using Reichert Hot-Stage apparatus, equipped with a
digital thermometer. Optical rotation was measured using a Perkin–
Elmer Polarimeter 343 with the sample temperature maintained at 25 8C
unless otherwise stated (c =1.0 implies 10 mg mL�1). 1H NMR spectra
were recorded on a Bruker DPX-400 (400 MHz), a Bruker Avance
(500 MHz) fitted with dual cryoprobe or a Bruker DRX 600 (600 MHz)
spectrometer using the deuterated solvent as internal deuterium lock.
Chemical shift data are given relative to residual protic solvent where
d(CHCl3)= 7.26 ppm. 13C NMR spectra were recorded on a Bruker
DPX-400 (100 MHz), a Bruker Avance (125 MHz) or a Bruker DRX 600
(150 MHz) spectrometer with broadband proton decoupling using the
deuterated solvent as internal deuterium lock. Chemical shift data are
given relative to the solvent, where d ACHTUNGTRENNUNG(CDCl3) =77.0 ppm, t. NMR spectra
were assigned using information ascertained from DEPT, COSY, HMBC,
HMQC and NOE experiments. These assignments were made according
to the natural product numbering of azadirachtin (Figure 3) and com-
pounds were named according to IUPAC guidelines. IR spectra were re-
corded on a Perkin–Elmer Spectrum I FTIR spectrometer. High resolu-


Scheme 24. Final steps leading to the completion of the first synthesis of azadirachtin 1. a) TBAF, THF, 0 8C, 1 h, 95 %; b) H2 , Pd/C, EtOH, RT, 3 h,
95%; c) Ac2O, NEt3, DMAP, CH2Cl2, RT, 4 h, 76%; d) MeCHCMeCO2COC6H2Cl3, Cs2CO3, PhMe, reflux, 6 d, 50% (95 % brsm); e) NaBH4,
CeCl3·7 H2O, MeOH, 0 8C, 4 h, 49 %; f) H2, Pd/C, MeOH, RT, 14 h, 81%; g) PhSeH, PPTS, C2H4Cl2, reflux, 4 h; h) H2O2, pyridine, 0 8C, 5 min, 85 % over
2 steps.
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tion mass spectra (HRMS) were recorded on a Waters Micromass LCT
Premier or an Applied Biosystems PE SCIEX QSTAR spectrometer.
Flash column chromatography was carried out using silica gel [Merck
9385].


Numbered compounds which are suffixed with a, b or c refer to inter-
mediates obtained from manipulation of the appropriate compounds,
which have been omitted from certain schemes for reasons of clarity.
Each intermediate is isolated after one (a), two (b) or three (c) transfor-
mations from the numbered compound.


4,6-O-Benzylidene-(pent-4-enyl)-b-d-galactopyranoside (39): Diol 39 was
prepared according to the literature procedure.[69] M.p. 148–149 8C (lit.
158–160 8C); 1H NMR (400 MHz, CDCl3): d=7.53–7.48 (m, 2H; Ph),
7.39–7.34 (m, 3H; Ph), 5.83 (ddt, J =17.0, 10.2, 6.8 Hz, 1 H; pentenyl H4),
5.56 (s, 1 H; OCHPhO), 5.05 (dd, J =17.0, 1.6 Hz, 1 H; pentenyl H5Z),
4.98 (dd, J=10.2, 1.6 Hz, 1H; pentenyl H5E), 4.33 (dd, J =12.5, 1.2 Hz,
1H; H14), 4.27 (d, J=7.5 Hz, 1 H; H21), 4.20 (m, 1H; H16), 4.09 (dd, J =


12.5, 1.8 Hz, 1H; H14), 3.99 (dt, J=9.4, 6.6 Hz, 1H; pentenyl H1), 3.76
(ddd, J =9.3, 7.5, 1.6 Hz, 1 H; H20), 3.72 (ddd, J =9.3, 8.8, 3.7 Hz, 1 H;
H17), 3.53 (dt, J=9.4, 6.9 Hz, 1H; pentenyl H1), 3.48 (m, 1 H; H15), 2.47
(d, J =8.8 Hz, 1H; OH), 2.43 (d, J =1.6 Hz, 1 H; 20OH), 2.16 (dt, J =


7.2 Hz, 6.8 Hz, 2H; 2 � pentenyl H3), 1.82–1.70 ppm (m, 2H; 2� pentenyl
H2); 13C NMR (100 MHz, CDCl3): d=138.1 (d), 137.4 (s), 129.2 (d),
128.2 (2 � d), 126.3 (2 � d), 114.9 (t), 102.7 (d), 101.4 (d), 75.2 (d), 72.6 (d),
71.8 (d), 69.3 (t), 69.1 (t), 66.6 (d), 30.1 (t), 28.6 ppm (t); IR (film): nmax


= 3480, 2910, 1720, 1450, 1400, 1370, 1270, 1170, 1070, 1030, 910 cm�1;
HRMS: m/z : calcd for C18H24NaO6: 359.1471; found: 359.1479 [M+Na]+ ,
D=2.2 ppm. Recorded data consistent with literature values.[69]


4,6-O-Benzylidene-3-O-methoxymethyl-(pent-4-enyl)-b-d-galactopyrano-
side (41): Di-n-butyltin oxide (26.7 g, 107 mmol) was added to a stirred
solution of diol 39 (34.4 g, 102 mmol) in MeOH (340 mL). The reaction
mixture was heated under reflux for 2 h during which time it became
transparent. The reaction mixture was allowed to cool to room tempera-
ture and concentrated in vacuo. To ensure complete removal of MeOH,
the crude product was re-dissolved in toluene and concentrated in vacuo
to yield the crude stanylidene acetal 40. Chloromethyl methyl ether
(8.23 mL, 108 mmol) was added dropwise to a stirred solution of the
crude stanylidene acetal 40 (ca. 102 mmol) in 1,4-dioxane (200 mL). The
reaction mixture was stirred at 55 8C for 1.5 h and then the reaction was
quenched by the addition of water (100 mL). The mixture was extracted
with ethyl acetate (3 � 200 mL) and the organic layers combined, dried
(MgSO4) and concentrated in vacuo. The crude product was purified by
flash column chromatography (10–50 % ethyl acetate in petrol) to yield
alcohol 41 (36.1 g, 93%) as a white solid. M.p. 49–51 8C; [a]D =�4.5 (c =


1.00 in CHCl3); 1H NMR (400 MHz, CDCl3): d= 7.54 (m, 2H; Ph), 7.37–
7.31 (m, 3 H; Ph), 5.83 (ddt, J=17.0, 10.0, 6.6 Hz, 1H; pentenyl H4), 5.54
(s, 1H; OCHPhO), 5.04 (dd, J =17.0, 1.5 Hz, 1H; pentenyl H5Z), 4.98
(dd, J=10.0, 1.5 Hz, 1H; pentenyl H5E), 4.86 (d, J=7.0 Hz, 1H;
OCHHO), 4.82 (d, J=7.0 Hz, 1H; OCHHO), 4.35–4.28 (m, 3H; H21,
H16, H14), 4.07 (dd, J=12.4, 1.7 Hz, 1 H; H14), 3.99 (dt, J= 9.5, 6.7 Hz,
1H; pentenyl H1), 3.95 (ddd, J =9.6, 8.0, 1.7 Hz, 1H; H20), 3.62 (dd, J =


9.6, 3.6 Hz, 1H; H17), 3.55 (dt, J=9.5, 7.0 Hz, 1H; pentenyl H1), 3.45–
3.42 (m, 1 H; H15), 3.43 (s, 3H; OMe), 2.67 (d, J= 1.7 Hz, 1 H; OH), 2.16
(dd, J =14.1, 7.2 Hz, 2H; 2� pentenyl H3), 1.83–1.73 ppm (m, 2H; 2�
pentenyl H2); 13C NMR (100 MHz, CDCl3): d=138.2 (s), 137.8 (d), 129.0
(d), 128.1 (2 � d), 126.4 (2 � d), 114.8 (t), 103.1 (d), 101.3 (d), 96.9 (t), 79.1
(d), 74.9 (d), 69.6 (d), 69.2 (t), 69.2 (t), 66.6 (d), 55.8 (q), 30.2 (t), 28.7 (t);
IR (film): nmax = 3460, 2900, 1450, 1400, 1370, 1170, 1150, 1110, 1090,


1040, 1000, 920 cm�1; HRMS: m/z : calcd for 403.1737 [(M+Na)+


C20H28NaO7 requires 403.1733] D=1.1 ppm.


2-Allyl-4,6-O-benzylidene-3-O-methoxymethyl-(pent-4-enyl)-b-d-talopyr-
anoside (42): iPr2NEt (3.6 mL, 21.05 mmol) was added to a stirred solu-
tion of secondary alcohol 41 (2.0 g, 5.26 mmol) in CH2Cl2 (150 mL) at
room temperature. The mixture was cooled to 0 8C and then a solution of
SO3·pyridine (2.51 g, 15.8 mmol) in dimethylsulfoxide (10 mL) was added
drop wise. The reaction mixture was stirred at 0 8C for 30 min and then
the reaction was quenched by the addition of saturated aqueous NH4Cl
solution (100 mL) and allowed to reach room temperature. The mixture
was extracted with CH2Cl2 (2 � 100 mL) and the organic layers combined,
washed with saturated aqueous CuSO4 solution (2 � 100 mL), dried
(MgSO4) and concentrated in vacuo. Allyl magnesium chloride (2.0 m so-
lution in THF, 5.26 mL, 10.52 mmol) was added to a stirred solution of
the crude ketone in THF (100 mL) at �78 8C. The reaction mixture was
stirred at �78 8C for 30 min and then the reaction was quenched by the
addition of saturated aqueous NH4Cl solution (75 mL). The mixture was
extracted with ethyl acetate (2 � 100 mL) and the organic layers com-
bined, dried (MgSO4) and concentrated in vacuo. The mixture was ex-
tracted with ethyl acetate (3 � 50 mL) and the organic layers combined,
dried (MgSO4) and concentrated in vacuo. The crude product was puri-
fied by flash column chromatography (10–100 % ethyl acetate in petrol)
to yield homoallylic alcohol 42 (21.0 g, 85 % over 2 steps) as a white
solid. M.p. 79–81 8C; [a]D =�18.8 (c=1.00 in CHCl3); 1H NMR
(400 MHz, CDCl3): d= 7.51–7.47 (m, 2 H; Ph), 7.34–7.30 (m, 3 H; Ph),
5.88–5.70 (m, 2 H; pentenyl H4, H23), 5.50 (s, 1H; OCHPhO), 5.17 (dd,
J =17.2, 2.0 Hz, 1H; 23=CHZ), 5.13 (dd, J=10.4, 2.0 Hz, 1 H; 23 =CHE),
5.04 (dd, J=17.1, 1.6 Hz, 1H; pentenyl H5Z), 4.97 (dd, J =10.4, 1.6 Hz,
1H; pentenyl H5E), 4.90 (d, J =7.2 Hz, 1 H; OCHHO), 4.78 (d, J =


7.2 Hz, 1 H; OCHHO), 4.44 (br d, J =3.2 Hz, 1 H; H16), 4.40 (dd, J =


12.4, 1.3 Hz, 1 H; H14), 4.26 (d, J= 12.4, 1.2 Hz, 1H; H21), 4.08 (dd, J =


12.4, 1.6 Hz, 1H; H14), 4.01 (dt, J=9.4, 6.4 Hz, 1H; pentenyl H1), 3.77
(s, 1H; OH), 3.55 (d, J=3.2 Hz, 1 H; H17), 3.51–3.46 (m, 1H; pentenyl
H1), 3.46 (s, 3H; OMe), 3.36 (m, 1H; H15), 2.66 (dd, J=13.6, 7.8 Hz,
1H; H22), 2.56 (dd, J=13.6, 7.6 Hz, 1H; H22), 2.25–2.09 (m, 2H; 2�
pentenyl H3), 1.88–1.68 ppm (m, 2H; 2� pentenyl H2); 13C NMR
(100 MHz, CDCl3): d=138.2 (d), 137.2 (s), 132.8 (d), 129.1 (d), 128.2 (2 �
d), 126.1 (2 � d), 119.1 (t), 114.8 (t), 102.2 (d), 101.5 (d), 96.7 (t), 77.2 (s),
75.6 (d), 74.1 (d), 69.4 (t), 69.3 (t), 66.6 (d), 56.1 (q), 36.4 (t), 30.2 (t),
28.7 ppm (t); IR (film): nmax = 3510, 2920, 2860, 1640, 1450, 1400, 1370,
1330, 1250, 1220, 1170, 1150, 1120, 1050, 1020, 990, 910, 750 cm�1;
HRMS: m/z : calcd for C23H32NaO7: 443.2046; found: 443.2045 [M+Na+],
D=0.2 ppm.


2-Allyl-2-O-benzyl-4,6-O-benzylidene-3-O-methoxymethyl-(pent-4-enyl)-
b-d-talopyranoside (43): Sodium hydride (60 % dispersion in mineral oil,
5.33 g, 133 mmol) was added to a stirred solution of homoallylic alcohol
42 (28.0 g, 66.6 mmol) in DMF (200 mL) at 0 8C. The reaction mixture
was stirred for 45 min before benzyl bromide (15.8 mL, 133 mmol) was
added and the reaction mixture was allowed to reach room temperature.
The reaction mixture was stirred for 18 h before the reaction was
quenched by the addition of saturated aqueous NH4Cl solution (150 mL).
The mixture was extracted with diethyl ether (3 � 300 mL) and the organ-
ic layers were combined, washed with aqueous LiCl solution (10 % wt/
vol) (3 � 500 mL), dried (MgSO4) and concentrated in vacuo. The crude
product was purified by flash column chromatography (10–50 % ethyl
acetate in petrol) to yield benzyl ether 43 (31.4 g, 92 %) as a white solid.
M.p. 63–65 8C; [a]D =�8.9 (c=0.93 in CHCl3); 1H NMR (600 MHz,
CDCl3): d=7.44 (d, J =7.4 Hz, 2H; Ph), 7.36–7.08 (m, 8H; Ph), 5.91–5.79
(m, 2 H; H23, pentenyl H4), 5.50 (s, 1 H; OCHPhO), 5.19 (dd, J =17.1,
1.5 Hz, 1 H; 23= CHZ), 5.14 (dd, J=10.1, 1.5 Hz, 1H; 23=CHE), 5.08 (d,
J =12.2 Hz, 1H; CHHPh), 5.03 (ddd, J=17.3, 3.2, 1.6 Hz, 1H; pentenyl
H5Z), 4.97 (br d, J =10.2 Hz, 1 H; pentenyl H5E), 4.91 (d, J =7.1 Hz, 1 H;
OCHHO), 4.87 (d, J=12.2 Hz, 1 H; CHHPh), 4.76 (d, J=7.1 Hz, 1 H;
OCHHO), 4.43 (d, J =12.5 Hz, 1 H; H14), 4.34 (dd, J =3.8, 1.0 Hz, 1 H;
H16), 4.33 (s, 1 H; H21), 4.11 (dd, J =12.5, 2.1 Hz, 1H; H14), 4.01 (dt, J=


9.1, 6.3 Hz, 1 H; pentenyl H1), 3.65 (d, J =3.8 Hz, 1 H; H17), 3.46 (s, 3H;
OMe), 3.41 (dt, J= 9.1, 6.8 Hz, 1H; pentenyl H1), 3.32 (m, 1H; H15),
2.85 (dd, J =13.3, 7.5 Hz, 1H; H22), 2.79 (dd, J=13.3, 7.6 Hz, 1 H; H22),
2.21–2.10 (m, 2H; 2 � pentenyl H3), 1.81–1.68 ppm (m, 2 H; 2� pentenyl


Figure 3. Numbering of azadirachtin 1.
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H2); 13C NMR (150 MHz, CDCl3): d =140.7 (s), 138.2 (d), 138.0 (s), 133.6
(d), 128.5 (d), 127.9 (2 � d), 127.6 (2 � d), 127.1 (2 � d), 126.6 (2 � d), 126.1
(d), 118.8 (t), 114.7 (t), 103.6 (d), 101.4 (d), 96.4 (t), 77.5 (d), 76.9 (s),
73.3 (d), 69.5 (t), 69.4 (t), 67.3 (d), 66.6 (t), 56.0 (q), 34.9 (t), 30.3 (t),
28.9 ppm (t); IR (film): nmax = 3070, 3030, 2920, 2880, 1640, 1500, 1450,
1370, 1170, 1150, 1110, 1090, 1040, 1030, 990, 910 cm�1; HRMS: m/z :
calcd for C30H38NaO7: 533.2515; found: 533.2512 [M+Na+], D=0.6 ppm.


(2S,4aR,5aR,7R,8aS,9S,9aS)-8a-Benzyloxy-7-bromomethyl-9-methoxy-
methoxy-2-phenyloctahydrofuro[3’,2’:5,6]pyrano[3,2-d,1,3]dioxin (44) and
2-allyl-2-O-benzyl-4,6-O-benzylidene-3-O-methoxymethyl-d-talose (45):
A solution of freshly recrystallised N-bromosuccinimide (3.67 g,
20.6 mmol) in acetonitrile (50 mL) was added dropwise to a stirred solu-
tion of pent-4-enyl pyranoside 43 (5 g, 9.8 mmol) in acetonitrile (100 mL)
and aqueous pH 7 buffer solution (7.5 mL) at room temperature. The re-
action mixture was stirred at room temperature for 1.5 h and then the re-
action was quenched by the addition of saturated aqueous Na2S2O3


(100 mL). The mixture was extracted with diethyl ether (3 � 100 mL) and
the combined organic layers were dried (MgSO4) and concentrated in
vacuo. The crude product was purified by flash column chromatography
(15 % ethyl acetate in petrol) to afford a 1.4:1 mixture of bromoalkane
44 and lactol 45 (2.69 g, 58 %) as a pale yellow oil. Data for 44 : [a]D =


+42.9 (c= 0.35 in CHCl3); 1H NMR (600 MHz, CDCl3): d=7.52 (d, J=


7.3 Hz, 2H; Ph), 7.34–7.30 (m, 3H; Ph), 7.26 (dd, J =7.4, 7.4 Hz, 2 H;
Ph), 7.24–7.21 (m, 3H; Ph), 5.69 (s, 1 H; H21), 5.56 (s, 1H; OCHPhO),
5.07 (d, J =11.6 Hz, 1H; CHHPh), 4.92 (d, J =7.1 Hz, 1H; OCHHO),
4.81 (d, J =7.1 Hz, 1H; OCHHO), 4.75 (d, J =11.6 Hz, 1H; CHHPh),
4.41 (m, 1H; H23), 4.35 (d, J =2.8 Hz, 1H; H16), 4.32 (d, J =12.6 Hz,
1H; H14), 4.08 (dd, J =12.6, 1.1 Hz, 1H; H14), 3.84 (br, 1H; H15), 3.83
(d, J =2.8 Hz, 1H; H17), 3.55–3.49 (m, 2H; CH2Br), 3.48 (s, 3H; OMe),
2.68 (dd, J= 12.7, 6.9 Hz, 1H; H22), 2.13 ppm (dd, J=12.7, 8.8 Hz, 1H;
H22); 13C NMR (150 MHz, CDCl3): d =139.1 (s), 137.7 (s), 128.6 (d),
127.9 (2 � d), 127.8 (2 � d), 127.1 (2 � d), 126.8 (d), 126.4 (2 � d), 104.0 (d),
101.1 (d), 95.8 (t), 77.6 (s), 76.4 (d), 74.4 (d), 71.5 (d), 69.7 (t), 69.2 (t),
64.1 (d), 55.8 (q), 37.6 (t), 36.2 ppm (t); IR (film): nmax = 2920, 1720,
1450, 1370, 1310, 1250, 1160, 1100, 1020, 980, 920 cm�1; HRMS: m/z :
calcd for C25H29BrNaO7: 543.0994; found: 543.0979 [M+Na+], D=


2.8 ppm.


(2S,4aR,5aR,8aS,9S,9aS)-8a-Benzyloxy-9-methoxymethoxy-2-phenyl-oc-
tahydrofuro[3’,2’:5,6]pyrano[3,2-d,1,3]dioxin-7-one (47): NH4Cl (3.39 g,
63.3 mmol) followed by activated zinc dust (8.28 g, 127 mmol) was added
to a stirred solution of bromoalkane 44 (6.6 g, 12.7 mmol) in ethanol
(dry, 333 mL). The reaction mixture was heated under reflux for 2 h then
allowed to cool to room temperature. Diethyl ether (350 mL) was added
and the solids were removed by filtration through Celite. The filtrate was
concentrated in vacuo to give hemiacetal 45 as a crude mixture of C21
anomers (5:1 by 1H NMR). Ozone was bubbled through a stirred solution
of crude d-lactol 45 (ca. 12.7 mmol) in CH2Cl2 (600 mL) at �78 8C for
15 min during which time the solution turned a pale blue. Oxygen was
then bubbled through the reaction mixture for 15 min at �78 8C to
remove excess dissolved ozone, during which time the blue colour faded.
Polystyrene supported triphenyl phosphine (3 mmol g�1, 12.7 g,
38.0 mmol) was added and the reaction mixture allowed to reach room
temperature over 18 h. The polymer supported reagents were removed
by filtration and the filtrate was concentrated in vacuo to yield crude g-
lactol 46 as a white foam. 4 � molecular sieves (6.0 g) were added to a
stirred solution of crude g-lactol 46 (ca. 12.7 mmol) in acetonitrile
(400 mL). The mixture was stirred at room temperature for 15 min then
was cooled to 0 8C and N-methylmorpholine-N-oxide (2.22 g, 19.0 mmol)
followed by tetra-n-propyl ammonium perruthenate (445 mg, 1.3 mmol)
was added. The reaction mixture was stirred at room temperature for 1 h
before the mixture was concentrated in vacuo. Filtration through silica
gel (eluting with 33% CH2Cl2 in diethyl ether) afforded g-lactone 47
(4.24 g, 76% over 3 steps) as a white foam. 1H NMR (600 MHz, CDCl3):
d=7.49 (d, J =7.3 Hz, 2H; Ar), 7.35–7.20 (m, 8 H; Ar), 5.98 (s, 1 H;
21H), 5.58 (s, 1H; OCHPhO), 5.06 (d, J =11.5 Hz, 1 H; CHHPh), 4.92
(d, J= 7.1 Hz, 1H; OCHHO), 4.79 (d, J =7.1 Hz, 1 H; OCHHO), 4.70 (d,
J =11.5 Hz, 1H; CHHPh), 4.45 (d, J=2.3 Hz, 1H; H16), 4.38 (d, J=


12.7 Hz, 1H; H14), 4.12 (d, J= 12.7 Hz, 1 H; H14), 3.85 (s, 1H; H15),
3.75 (d, J =2.3 Hz, 1 H; H17), 3.46 (s, 3 H; OMe), 3.14 (d, J =16.8 Hz,


1H; H22), 2.89 ppm (d, J =16.8 Hz, 1 H; H22); 13C NMR (100 MHz,
CDCl3): d =170.0 (s), 138.4 (s), 137.5 (s), 129.0 (d), 128.2 (4 � d), 127.4
(d), 127.3 (2 � d), 126.5 (2 � d), 104.8 (d), 101.4 (d), 96.1 (t), 76.5 (d), 76.3
(s), 71.3 (d), 70.2 (t), 69.4 (t), 65.3 (d), 56.2 (q), 40.7 ppm (t); IR (film):
nmax = 3050, 2990, 1790, 1260, 1170, 1120, 1030 cm�1; HRMS: m/z : calcd
for C24H27O8: 443.1706; foudn: 443.1727 [M+H+], D=4.7 ppm.


(3aS,4S,5S,6R,7aR)-3a-Benzyloxy-5-hydroxy-6-hydroxymethyl-4-methoxy-
methoxyhexahydro-2H-furo ACHTUNGTRENNUNG[2,3-b]pyran-2-one (47 a): A mixture of tri-
fluoroacetic acid (3 mL, 40.4 mmol) and water (3 mL, 166 mmol) was
added to a solution of benzylidene acetal 47 (3.46 g, 7.8 mmol) in CH2Cl2


(60 mL). The reaction mixture was stirred vigorously at room tempera-
ture until TLC analysis indicated complete conversion. The reaction mix-
ture was neutralised with NEt3 (10 mL) and the mixture was concentrat-
ed in vacuo. The crude product was purified by flash column chromatog-
raphy (75 % ethyl acetate in petrol) to yield diol 47a (2.68 g, 97%) as a
pale yellow oil. [a]D =++1.2 (c =0.48 in CHCl3); 1H NMR (600 MHz,
CDCl3): d= 7.40–7.30 (m, 5H; Ph), 5.82 (s, 1H; H21), 5.08 (d, J=


11.4 Hz, 1 H; CHHPh), 4.95 (d, J=7.0 Hz, 1H; OCHHO), 4.80 (d, J=


7.0 Hz, 1 H; OCHHO), 4.65 (d, J=11.4 Hz, 1 H; CHHPh), 4.17 (d, J=


2.3 Hz, 1 H; H16), 3.94–3.83 (m, 3 H; H14, H15), 3.68 (d, J=2.3 Hz, 1H;
H17), 3.50 (s, 3H; OMe), 3.08 (d, J =16.3 Hz, 1H; H22), 2.89 ppm (d, J=


16.3 Hz, 1 H; H22); 13C NMR (150 MHz, CDCl3): d=169.1 (s), 137.2 (s),
128.5 (2 � d), 128.1 (d), 127.4 (2 � d), 103.7 (d), 95.2 (t), 78.5 (s), 75.4 (d),
74.4 (d), 71.0 (t), 66.3 (d), 62.0 (t), 56.1 (q), 37.8 ppm (t); IR (film): nmax


= 3490, 2950, 1790, 1270, 1220, 1170, 1120, 1040, 1020, 950, 910,
730 cm�1; HRMS: m/z : calcd for C17H22NaO8: 377.1212; found: 377.1229
[M+Na+], D =4.5 ppm.


(3aS,4S,5S,6R,7aR)-3a-Benzyloxy-6-(tert-butyldimethylsilyloxymethyl)-5-
hydroxy-4-methoxymethoxyhexahydro-2H-furo ACHTUNGTRENNUNG[2,3-b]pyran-2-one (47 b):
N,N-Dimethylaminopyridine (51.7 mg, 0.42 mmol), NEt3 (1.77 mL,
12.7 mmol) and tert-butylchlorodimethylsilane (766 mg, 5.08 mmol) was
added to a stirred solution of diol 47a (1.50 g, 4.23 mmol) in DMF
(70 mL). The reaction mixture was stirred at room temperature for 3 h
then diluted with diethyl ether (50 mL) and the reaction was quenched
by the addition of saturated aqueous NH4Cl solution (50 mL). The mix-
ture was extracted with diethyl ether (3 � 50 mL) and the combined or-
ganic layers were washed with aqueous LiCl (10 % wt/vol, 3� 100 mL),
dried (MgSO4) and concentrated in vacuo. The crude product was puri-
fied by flash column chromatography (0 % then 20 % ethyl acetate in
petrol) to afford secondary alcohol 47b (1.40 g, 71 %) as a colourless oil.
[a]D =�8.3 (c =0.54 in CHCl3); 1H NMR (400 MHz, CDCl3): d=7.37–
7.28 (m, 5H; Ph), 5.75 (s, 1H; H21), 5.11 (d, J=11.4 Hz, 1H; CHHPh),
4.95 (d, J =6.9 Hz, 1H; OCHHO), 4.80 (d, J =6.9 Hz, 1H; OCHHO),
4.63 (d, J= 11.4 Hz, 1H; CHHPh), 4.16 (br, 1 H; H16), 3.91 (dd, J =9.2,
7.1 Hz, 1H; H14), 3.82–3.87 (m, 1H; H15), 3.78 (dd, J =9.2, 5.2 Hz, 1 H;
H14), 3.65 (d, J =2.5 Hz, 1 H; H17), 3.50 (s, 3H; OMe), 3.20 (br, 1 H;
OH), 3.09 (d, J= 16.5 Hz, 1H; H22), 2.84 (d, J= 16.5 Hz, 1H; H22), 0.89
(s, 9 H; tBuSi), 0.08 (s, 3H; SiMe), 0.07 ppm (s, 3 H; SiMe); 13C NMR
(150 MHz, CDCl3): d=169.1 (s), 137.3 (s), 128.7 (2 � d), 128.2 (d), 127.6
(2 � d), 104.0 (d), 95.2 (t), 78.9 (s), 75.8 (d), 74.9 (d), 71.4 (t), 65.1 (d),
61.3 (t), 56.1 (q), 38.2 (t), 25.8 (3 � q), 18.3 (s), �5.4 (q), �5.5 ppm (q); IR
(film): nmax = 3520, 2950, 2930, 2890, 2860, 1790, 1470, 1420, 1250, 1220,
1170, 1150, 1100, 1030, 950, 920, 780, 730 cm�1; HRMS: m/z : calcd for
C23H36NaO8Si: 491.2077; found: 491.2069 [M+Na+], D= 1.6 ppm.


O-(3aS,4S,5S,6R,7aR)-3a-Benzyloxy-6-(tert-butyldimethylsilyloxymeth-
yl)-4-methoxymethoxy-2-oxohexahydro-2H-furo ACHTUNGTRENNUNG[2,3-b]pyran-5-yl S-
methyl carbonodithioate (48): Carbon disulfide (1.84 mL, 30.5 mmol) was
added to a stirred solution of secondary alcohol 47 b (4.77 g, 10.2 mmol)
in THF (370 mL) at �78 8C and the reaction mixture was stirred for
30 min. NaHMDS (1.0 m in THF, 11.2 mL, 11.2 mmol) was added and the
reaction mixture stirred at �78 8C for 30 min. Methyl iodide (3.80 mL,
61.1 mmol) was added dropwise and the reaction mixture stirred for a
further 30 min at �78 8C. The reaction was quenched by the addition of
saturated aqueous NH4Cl solution (40 mL) then allowed to reach room
temperature. The mixture was extracted with diethyl ether (3 � 250 mL)
and the organic layers combined, dried (MgSO4) and concentrated in
vacuo. The crude product was purified by flash column chromatography
(0–20 % ethyl acetate in petrol) to yield xanthate 48 (5.26 g, 92 %) as a
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white crystalline solid. [a]D =++62.8 (c =1.13 in CHCl3); 1H NMR
(600 MHz, CDCl3): d= 7.37–7.31 (m, 4 H; Ph), 7.30–7.27 (m, 1 H; Ph),
6.48 (d, J =2.2 Hz, 1H; H16), 5.84 (s, 1H; H21), 5.00 (d, J =11.4 Hz, 1 H;
CHHPh), 4.99 (d, J=7.2 Hz, 1 H; OCHHO), 4.59 (d, J=11.4 Hz, 1 H;
CHHPh), 4.59 (d, J= 7.2 Hz, 1H; OCHHO), 4.13 (m, 1 H; H15), 3.90 (d,
J =2.2 Hz, 1H; H17), 3.74 (dd, J =10.0, 5.8 Hz, 1 H; H14), 3.66 (dd, J=


10.0, 7.9 Hz, 1H; H14), 3.48 (s, 3 H; OMe), 3.09 (d, J=16.7 Hz, 1 H;
H22), 2.85 (d, J=16.7 Hz, 1H; H22), 2.43 (s, 3H; SMe), 0.86 (s, 9 H;
tBuSi), 0.03 (s, 3 H; SiMe), 0.02 ppm (s, 3 H; SiMe); 13C NMR (150 MHz,
CDCl3): d =215.9 (s), 169.1 (s), 138.2 (s), 128.4 (d), 127.8 (2 � d), 127.6
(2 � d), 104.6 (d), 95.1 (t), 77.3 (s), 74.6 (d), 73.1 (d), 71.7 (d), 70.8 (t),
60.7 (t), 56.6 (q), 39.7 (t), 25.8 (q), 18.7 (3 � q), 18.2 (s), �5.5 (q),
�5.6 ppm (q); IR (film): nmax = 2950, 2930, 2890, 2860, 1800, 1260, 1220,
1170, 1140, 1110, 1070, 1040 cm�1; HRMS: m/z : calcd for C25H39O8S2Si:
559.1856; found: 559.1860 [M+H+], D =0.7 ppm; elemental analysis
calcd (%) for C25H38O8SiS2: C 53.8, H 6.9; found: C 54.0, H 6.9.


(3aS,4S,6S,7aR)-3a-Benzyloxy-6-(tert-butyldimethylsilyloxymethyl)-4-
methoxymethoxyhexahydro-2H-furo ACHTUNGTRENNUNG[2,3-b]pyran-2-one (49): Argon was
bubbled through a stirred solution of xanthate 48 (4.20 g, 7.52 mmol),
tributyltin hydride (6.07 mL, 22.5 mmol) and AIBN (62 mg, 0.38 mmol)
in toluene (180 mL) for 30 min at room temperature. The reaction mix-
ture was heated under reflux for 2 h then cooled to room temperature
and the solvents removed in vacuo. The crude mixture was purified by
flash column chromatography (0 % to remove tin byproducts then 15%
ethyl acetate in petrol) to yield 49 (3.40 g, quantitative) as a colourless
oil. [a]D =�8.1 (c=1.09 in CHCl3); 1H NMR (400 MHz, CDCl3): d=


7.29–7.25 (m, 4 H; Ph), 7.23–7.18 (m, 1 H; Ph), 5.67 (s, 1 H; H21), 4.91 (d,
J =11.7 Hz, 1H; CHHPh), 4.72 (d, J =6.9 Hz, 1H; OCHHO), 4.63 (d, J =


6.9 Hz, 1 H; OCHHO), 4.55 (d, J =11.7 Hz, 1H; CHHPh), 3.89–3.82 (m,
1H; H15), 3.73–3.70 (m, 1 H; H17), 3.69 (dd, J =10.7, 4.6 Hz, 1 H; H14),
3.61 (dd, J= 10.7, 5.1 Hz, 1H; H14), 3.35 (s, 3H; OMe), 2.96 (d, J =


16.7 Hz, 1H; H22), 2.75 (d, J =16.7 Hz, 1H; H22), 1.97–1.91 (m, 2 H; 2�
H16), 0.83 (s, 9H; tBuSi), 0.00 ppm (s, 6H; SiMe2); 13C NMR (100 MHz,
CDCl3): d= 169.9 (s), 138.3 (s), 128.3 (2 � d), 127.5 (d), 126.9 (2 � d), 104.9
(d), 95.5 (t), 77.1 (s), 76.0 (d), 72.9 (d), 69.7 (t), 65.0 (t), 55.7 (q), 38.2 (t),
28.2 (t), 25.7 (3 � q), 18.2 (s), �5.4 (q), �5.4 ppm (q); IR (film): nmax =


2950, 2930, 2890, 2860, 1790, 1260, 1170, 1100, 1030, 950, 910 cm�1;
HRMS: m/z : calcd for C23H36NaO7Si: 475.2128; found: 475.2133
[M+Na+], D =1.1 ppm.


(3aS,4S,6S,7aR)-3a-Benzyloxy-6-hydroxymethyl-4-methoxymethoxyhexa-
hydro-2H-furo ACHTUNGTRENNUNG[2,3-b]pyran-2-one (49 a): A mixture of trifluoroacetic acid
(1 mL, 13.4 mmol) and water (1 mL, 55.5 mmol) was added to a vigour-
ously stirred solution of silyl ether 49 (480 mg, 1.06 mmol) in CH2Cl2


(25 mL). When the reaction was deemed complete, NEt3 (2 mL) was
added and the mixture was concentrated in vacuo. The crude product
was purified by flash column chromatography (25 % ethyl acetate in
petrol) to yield primary alcohol 49a (289 mg, 81%) as a colourless oil.
[a]D =�0.1 (c =0.24 in CHCl3); 1H NMR (600 MHz, CDCl3): d=7.37–
7.26 (m, 5H; Ph), 5.75 (s, 1H; H21), 4.97 (d, J=11.7 Hz, 1H; CHHPh),
4.79 (d, J =7.1 Hz, 1H; OCHHO), 4.71 (d, J =7.1 Hz, 1H; OCHHO),
4.59 (d, J =11.7 Hz, 1 H; CHHPh), 3.99–3.94 (m, 1H; H15), 3.80 (dd, J=


11.5, 4.1 Hz, 1 H; H17), 3.71 (dd, J =12.0, 3.2 Hz, 1 H; H14), 3.64 (dd, J=


12.0, 5.6 Hz, 1 H; H14), 3.42 (s, 3 H; OMe), 3.11 (br, 1 H; OH), 3.03 (d,
J =16.7 Hz, 1 H; H22), 2.83 (d, J =16.7 Hz, 1H; H22), 2.05 (ddd, J =12.9,
11.5, 10.6 Hz, 1 H; H16), 1.90 ppm (ddd, J =12.9, 4.1, 2.3 Hz, 1H; H16);
13C NMR (150 MHz, CDCl3): d=170.0 (s), 138.1 (s), 128.4 (2 � d), 127.7
(d), 127.1 (2 � d), 104.8 (d), 95.7 (t), 77.2 (s), 75.9 (d), 72.9 (d), 70.0 (t),
64.7 (t), 55.9 (q), 38.1 (t), 27.6 ppm (t); IR (film): nmax = 3460, 2980,
2930, 1790, 1270, 1170, 1140, 1100, 1040, 1030 cm�1.


(3aS,4S,6S,7aR)-3a-Benzyloxy-6-(2’,2’-dibromovinyl)-4-methoxymethoxy-
hexahydro-2H-furo ACHTUNGTRENNUNG[2,3-b]pyran-2-one (49 c): iPr2NEt (5.4 mL,
30.8 mmol) was added to a stirred solution of secondary alcohol 49a
(2.6 g, 7.7 mmol) in CH2Cl2 (230 mL) at room temperature. The mixture
was cooled to 0 8C and then a solution of SO3·pyridine (3.67 g,
23.1 mmol) in dimethylsulfoxide (16 mL) was added drop wise. The reac-
tion mixture was stirred at 0 8C for 2 h and then the reaction was
quenched by the addition of saturated aqueous NH4Cl solution (100 mL)
and allowed to reach room temperature. The mixture was extracted with


CH2Cl2 (3 � 100 mL) and the organic layers combined, washed with satu-
rated aqueous CuSO4 (2 � 100 mL), dried (MgSO4) and concentrated in
vacuo to give the crude aldehyde 49 b. Potassium tert-butoxide (2.38 mg,
21.2 mmol) was added to a stirred solution of dibromomethyltriphenyl-
phosphonium bromide (11.9 g, 23.1 mmol) in THF (75 mL). The mixture
was stirred for a period of 10 min over which time the colour changed
from yellow to dark brown. A solution of the crude aldehyde 49b (ca.
2.29 mmol) in THF (115 mL) was added and the reaction mixture stirred
at room temperature for 12 h. The reaction mixture was diluted with
ether (250 mL) and the resulting precipitate was removed by filtration.
The organic layers were concentrated in vacuo and the crude product
was purified by flash column chromatography (5 % ethyl acetate in
petrol) to yield dibromoolefin 49c (2.97 g, 78%) as a yellow oil. [a]D =


�25.5 (c=1.30 in CHCl3); 1H NMR (400 MHz, CDCl3): d=7.39–7.27 (m,
5H; Ph), 6.56 (d, J =7.6 Hz, 1 H; H14), 5.71 (s, 1H; H21), 4.99 (d, J=


11.7 Hz, 1 H; CHHPh), 4.81 (d, J=6.9 Hz, 1H; OCHHO), 4.72 (d, J=


6.9 Hz, 1H; OCHHO), 4.61 (d, J=11.7 Hz, 1H; CHHPh), 4.58 (ddd, J =


10.4, 7.6, 3.3 Hz, 1H; H15), 3.81 (dd, J=10.8, 4.8 Hz, 1 H; H17), 3.44 (s,
3H; OMe), 3.06 (d, J =16.6 Hz, 1 H; H22), 2.84 (d, J =16.6 Hz, 1H;
H22), 2.12–1.99 ppm (m, 2 H; 2� H16); 13C NMR (150 MHz, CDCl3): d=


169.6 (s), 138.1 (s), 136.2 (d), 128.5 (2 � d), 127.8 (d), 127.1 (2 � d), 104.4
(d), 95.8 (t), 93.1 (s), 76.8 (s), 75.5 (d), 73.1 (d), 70.2 (t), 56.1 (q), 38.1 (t),
29.9 ppm (t); IR (film): nmax = 2940, 1790, 1630, 1270, 1170, 1110, 1040,
950, 900, 720 cm�1; HRMS: m/z : calcd for C18H20Br2NaO6: 512.9524;
found: 512.9519 [M+Na+], D =1.0 ppm.


(3 aS,4S,6S,7aR)-3a-Benzyloxy-6-(2’,2’-dibromovinyl)-4-hydroxyhexahy-
dro-2H-furo ACHTUNGTRENNUNG[2,3-b]pyran-2-one (57): Bromotrimethylsilane (0.253 mL,
1.9 mmol) was added to a stirred solution of MOM ether 49c (377 mg,
0.77 mmol) in CH2Cl2 (15 mL) at 0 8C. The reaction mixture was stirred
for 30 min and then the reaction was quenched by the addition of saturat-
ed aqueous NaHCO3 (15 mL). The mixture was extracted with CH2Cl2


(3 � 30 mL) and the organic layers combined, dried (MgSO4) and concen-
trated in vacuo. The crude product was purified by flash column chroma-
tography (20–50 % diethyl ether in petrol) to yield secondary alcohol 57
(343 mg, quantitative) as a colourless oil. [a]D =�44.2 (c=1.25 in
CHCl3); 1H NMR (400 MHz, CDCl3): d=7.42–7.30 (m, 5 H; Ph), 6.56 (d,
J =7.6 Hz, 1H; H14), 5.86 (s, 1 H; H21), 4.70 (d, J =11.3 Hz, 1H;
CHHPh), 4.66 (d, J =11.3 Hz, 1H; CHHPh), 4.57 (ddd, J=10.6, 7.6,
2.8 Hz, 1H; H15), 3.79 (ddd, J =10.4, 9.6, 4.3 Hz, 1H; H17), 2.94 (s, 2 H;
H22), 2.50 (d, J =9.6 Hz, 1 H; OH), 1.89 (ddd, J=13.1, 10.6, 10.4 Hz, 1H;
H16), 1.89 ppm (ddd, J=13.1, 4.3, 2.8 Hz, 1H; H16); 13C NMR
(100 MHz, CDCl3): d=169.5 (s), 136.7 (s), 136.2 (d), 128.8 (2 � d), 128.4
(d), 127.3 (2 � d), 101.2 (d), 93.2 (s), 77.0 (s), 72.3 (d), 68.7 (d), 67.6 (t),
35.6 (t), 32.6 ppm (t); IR (film): nmax = 3510, 3040, 2930, 1790, 1270,
1250, 1170, 1130, 1090, 1040, 950, 910, 740 cm�1; HRMS: m/z : calcd for
C16H16Br2NaO5: 468.9262; found: 468.9270 [M+Na+], D=1.7 ppm.


(3aS,4S,6S,7aR)-3a-Benzyloxy-6-(2’,2’-dibromovinyl)-4-para-methoxyben-
zyloxy-hexahydro-2H-furo ACHTUNGTRENNUNG[2,3-b]pyran-2-one (76): To a solution of 57
(0.20 g, 0.45 mmol) in toluene (10 mL) was added para-methoxybenzyl-
1,1,1-trichloroacetimidate (0.34 g, 1.35 mmol) followed by lanthanum ACHTUNGTRENNUNG(III)
triflate (0.02 g, 0.045 mmol) and the resulting mixture stirred at room
temperature for 3 h. The reaction was then partitioned between ethyl
acetate (50 mL) and saturated aqueous NaHCO3 solution (50 mL), the
organic layer separated, dried (MgSO4) and concentrated in vacuo.
Column chromatography afforded the title compound 76 as a colourless
oil (0.23 g, 90%). [a]D =�12.9 (c =1.20 in CHCl3); 1H NMR (600 MHz,
CDCl3): d =7.33–7.21 (m, 7H; Ar), 6.88 (d, J =8.4 Hz, 2 H; Ar), 6.55 (d,
J =7.5 Hz, 1H; H14), 5.64 (s, 1 H; H21), 4.95 (d, J =11.6 Hz, 1H;
CHHAr), 4.70 (d, J =11.4 Hz, 1 H; CHHPh), 4.53 (d, J=11.6 Hz, 1H;
CHHAr), 4.51–4.50 (m, 1 H; H17), 4.40 (d, J=11.4 Hz, 1 H; CHHPh),
3.80 (s, 3 H; OMe), 3.60 (dd, J= 11.3, 3.8 Hz, 1H; H15), 2.88 (d, J =


16.6 Hz, 1H; H22), 2.73 (d, J =16.6 Hz, 1H; H22), 2.07 (app. dt, J =11.3,
3.2 Hz, 1 H; H16), 1.97 ppm (m, 1 H; H16); 13C NMR (150 MHz, CDCl3):
d=169.8 (s), 159.6 (s), 138.2 (s), 136.5 (d), 129.5 (2 � d), 129.1 (s), 128.4
(2 � d), 127.7 (d), 127.3 (2 � d), 114.1 (2 � d), 104.5 (d), 92.6 (s), 77.2 (s),
76.0 (d), 73.3 (d), 71.3 (t), 70.3 (t), 55.3 (q), 38.1 (t), 28.7 ppm (t); IR
(film): nmax = 2925, 1790, 1730, 1610, 1510, 1250, 1130, 1140, 950,
910 cm�1; HRMS (ESI): m/z : calcd for C24H24


81Br79BrO6: 586.0263;
found: 586.0254 [M+NH4


+], D=1.5 ppm.
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(2R,3aS,4S,6S,7aR)-3a-Benzyloxy-6-(2’,2’-dibromovinyl)-2-methoxy-4-
para-methoxybenzyloxyhexahydrofuro ACHTUNGTRENNUNG[2,3-b]pyran (23a-77) and
(2S,3aS,4S,6S,7aR)-3a-benzyloxy-6-(2’,2’-dibromovinyl)-2-methoxy-4-
para-methoxybenzyloxyhexahydro-uro ACHTUNGTRENNUNG[2,3-b]pyran (23b-77): To a solu-
tion of PMB ether 76 (0.30 g, 0.53 mmol) in CH2Cl2 (30 mL) at �78 8C
was added DIBAL-H (1.0 m in hexanes, 0.60 mL, 0.60 mmol) and the re-
action stirred for 1 h. TLC analysis indicated that the reaction was incom-
plete and therefore further DIBAL-H was added (0.20 mL, 0.20 mmol)
and the reaction stirred for 1 h before quenching with MeOH (1 mL).
The reaction was then allowed to warm to room temperature and saturat-
ed aqueous sodium, potassium tartrate solution added, after which stir-
ring was continued for 12 h. The product was extracted with CH2Cl2 (3 �
50 mL) and the combined organic extracts dried (MgSO4) and concen-
trated in vacuo to afford the corresponding lactol as a colourless oil
(0.29 g, 97%) that was used without purification in the subsequent step.
To a solution of the lactol (0.29 g, 0.51 mmol) in acetonitrile (22 mL) was
added 3 � molecular sieves (0.54 g), Amberlyst 15 (0.54 g) and MeOH
(2.2 mL). The reaction was stirred for 16 h at room temperature, filtered
through Celite and then concentrated in vacuo. Column chromatography
afforded epimer 23a-77 (0.150 g, 49 %) and 23b-77 (0.077 g, 25 %) as col-
ourless oils. 23a-77: [a]D =�13.0 (c =0.74 in CHCl3); 1H NMR
(600 MHz, CDCl3): d=7.33–7.25 (m, 7H; Ar), 6.91 (d, J=8.4 Hz, 2H;
Ar), 6.59 (d, J=7.5 Hz, 1 H; H14), 5.36 (s, 1H; H21), 4.95 (d, J =11.8 Hz,
1H; CHHAr), 4.76–4.74 (m, 2H; H23, CHHPh), 4.57–4.53 (m, 2H; H15,
CHHAr), 4.41 (d, J =11.7 Hz, 1H; CHHPh), 3.82 (s, 3 H; OMe), 3.52
(dd, J =11.6, 3.5 Hz, 1H; H17), 3.39 (s, 3 H; OMe), 2.54 (dd, J =13.5,
6.3 Hz, 1H; H22), 2.03–1.98 (m, 2 H; H22, H16), 1.91 ppm (app. q, J =


12.0 Hz, 1 H; H16); 13C NMR (150 MHz, CDCl3): d=159.5 (s), 139.2 (s),
138.0 (d), 129.9 (s), 129.6 (2 � d), 128.2 (2 � d), 127.3 (3 � d), 113.9 (2 � d),
102.8 (d), 100.9 (d), 91.0 (s), 78.1 (s), 77.0 (d), 72.7 (d), 70.8 (t), 69.7 (t),
55.8 (q), 55.3 (q), 36.9 (t), 28.6 ppm (t); IR (film): nmax = 2926, 1612,
1513, 1248, 1111, 1028 cm�1. 23b-77: [a]D =++11.9 (c =0.65 in CHCl3);
7.32–7.26 (m, 7 H; Ar), 6.87 (d, J=8.5 Hz, 2 H; Ar), 6.67 (d, J =7.7 Hz,
1H; H14), 5.34 (s, 1H; H21), 5.05 (dd, J =4.8, 2.8 Hz, 1H; H23), 4.88 (d,
J =11.7 Hz, 1 H; CHHAr), 4.66 (d, J =11.2 Hz, 1H; CHHPh), 4.60–4.58
(m, 2 H; CHHAr, H15), 4.52 (d, J=11.2 Hz, 1H; CHHPh), 4.20 (dd, J=


10.4, 4.1 Hz, 1 H; H17), 3.81 (s, 3H; OMe), 3.39 (s, 3 H; OMe), 2.32–2.31
(m, 2H; 2� H22), 2.00 (app. dt, J =15.5, 4.1 Hz, 1H; H16), 1.94–1.93 ppm
(m, 1 H; H16); 13C NMR (150 MHz, CDCl3): d =159.2 (s), 139.2 (s), 137.8
(d), 130.3 (s), 129.5 (2 � d), 128.2 (2 � d), 127.3 (d), 127.2 (2 � d), 113.9 (2 �
d), 105.2 (d), 102.2 (d), 91.2 (s), 77.5 (s), 77.0 (d), 72.0 (d), 71.5 (t), 68.8
(t), 55.6 (q), 55.3 (q), 38.1 (t), 29.6 ppm (t); IR (film): nmax = 2927, 1613,
1513, 1454, 1248, 1098, 1029 cm�1.


(2R,3aS,4S,6S,7aR)-3a-Benzyloxy-6-ethynyl-2-methoxy-4-para-methoxy-
benzyloxyhexahydrofuro ACHTUNGTRENNUNG[2,3-b]pyran (23a-78): Methyl lithium/lithium
bromide complex (1.50 m in diethyl ether, 0.165 mL, 0.25 mmol) was
added dropwise to a solution of dibromoolefin 23a-77 (30 mg,
0.051 mmol) in THF (2 mL) at �78 8C. After 1 h TLC indicated incom-
plete conversion so a further portion of methyl lithium/lithium bromide
complex (0.165 mL, 0.26 mmol) was added and the reaction stirred for
1 h. The reaction was quenched with MeOH (0.2 mL), allowed to warm
to room temperature and poured onto H2O (20 mL). Diethyl ether
(20 mL) was added and the organic layer was separated, dried (MgSO4)
and concentrated in vacuo to afford 23a-78 as a colourless oil (21 mg,
97%). [a]D =�3.8 (c=0.20 in CHCl3); 1H NMR (600 MHz, CDCl3): d=


7.33–7.23 (m, 7 H; Ar), 6.91 (d, J =8.4 Hz, 2 H; Ar), 5.40 (s, 1 H; H21),
4.94 (d, J=11.8 Hz, 1H; CHHAr), 4.76–4.71 (m, 2H; CHHAr, H23),
4.63 (d, J =11.4 Hz, 1 H; H15), 4.58 (d, J=11.8 Hz, 1H; CHHAr), 4.39
(d, J=11.8 Hz, 1H; CHHAr), 3.82 (s, 3 H; ArOMe), 3.48 (dd, J =11.5,
3.6 Hz, 1 H; H17), 3.37 (s, 3 H; OMe), 2.49 (dd, J =13.5, 6.2 Hz, 1H;
H22), 2.48 (s, 1 H; H13), 2.26 (app. q, J=12.0 Hz, 1 H; H16), 2.13 (dt, J =


12.8, 3.1 Hz, 1 H; H16), 1.99 ppm (dd, J= 13.5, 4.5 Hz, 1H; H22);
13C NMR (150 MHz, CDCl3): d = 159.4 (s), 139.2 (s), 129.8 (s), 129.5 (2 �
d), 128.1 (2 � d), 127.2 (d), 127.1 (2 � d), 113.9 (2 � d), 102.7 (d), 101.0 (d),
81.4 (s), 78.5 (s), 76.9 (d), 73.3 (s), 70.6 (t), 69.4 (t), 61.8 (d), 55.8 (q), 55.3
(q), 36.9 (t), 31.1 ppm (t); IR (film): nmax = 2942, 1514, 1250, 1106,
1050 cm�1; HRMS (ESI): m/z : calcd for C25H28O6Na: 447.1784; found:
447.1780 [M+Na+], D=0.4 ppm.


(2S,3aS,4S,6S,7aR)-3a-Benzyloxy-6-ethynyl-2-methoxy-4-para-
methoxybenzyloxyhexahydrofuro ACHTUNGTRENNUNG[2,3-b]pyran (23b-78): Methyl lithium/
lithium bromide complex (1.50 m in diethyl ether, 1.83 mL, 2.74 mmol)
was added dropwise to a solution of dibromoolefin 23b-77 (0.320 g,
0.548 mmol) in THF (5.5 mL) at �78 8C. The reaction was then allowed
to warm to �20 8C and maintained at this temperature for a further 3 h.
The reaction was quenched with MeOH (1.0 mL), allowed to warm to
room temperature and poured onto H2O (40 mL). Diethyl ether (40 mL)
was added and the organic layer was separated, dried (MgSO4) and con-
centrated in vacuo. Column chromatography (20 % diethyl ether in hex-
anes) afforded the title compound 23b-78 as a colourless oil (0.215 g,
93%). [a]D =++63.5 (c=0.14 in CHCl3); 1H NMR (600 MHz, CDCl3): d=


7.30–7.22 (m, 7 H; Ar), 6.87 (d, 2H; J =9.3 Hz, 2H; Ar), 5.45 (s, 1H;
H21), 5.08 (d, J=5.6 Hz, 1 H; H23), 4.84 (d, J =11.8 Hz, 1 H; CHHAr),
4.75–4.65 (m, 2H; CHHPh, H15), 4.59 (d, J=11.8 Hz, 1 H; CHHAr),
4.49 (d, J=11.3 Hz, 1H; CHHPh), 4.13 (dd, J =9.6, 4.0 Hz, 1H; H17),
3.81 (s, 3 H; OMe), 3.39 (s, 3 H; OMe), 2.46 (s, 1H; H13), 2.33 (dd, J =


13.5, 5.6 Hz, 1H; H22), 2.25–2.18 (m, 2H; H22, H16), 2.13 ppm (app. dt,
J =13.4, 4.0 Hz, 1 H; H16); 13C NMR (150 MHz, CDCl3): d=159.2 (s),
139.4 (s), 130.3 (s), 129.3 (2 � d), 128.2 (2 � d), 127.2 (3 � d), 113.8 (2 � d),
104.5 (d), 103.3 (d), 81.7 (s), 78.7 (s), 76.6 (d), 73.4 (d), 71.3 (t), 68.3 (t),
61.1 (d), 55.8 (q), 55.3 (q), 38.2 (t), 31.3 ppm (t), 1� s not observed; IR
(film): nmax = 2965, 1515, 1215, 1250, 1080 cm�1; HRMS (ESI): m/z :
calcd for C25H28O6Na: 447.1784; found: 447.1789 [M+Na+], D=1.1 ppm.


3-[(2R,3aS,4S,6S,7aR)-3a-Benzyloxy-2-methoxy-4-para-methoxybenzyl-
oxy-hexahydro-furo ACHTUNGTRENNUNG[2,3-b]pyran-6-yl]-prop-2-yn-1-ol (23a-79): Isopropyl
magnesium bromide (2.0 m in THF, 0.112 mL, 0.224 mmol) was added to
a solution of alkyne 23a-78 (0.020 g, 0.047 mmol) in THF (1 mL) and the
mixture was heated at 45 8C. After 30 min paraformaldehyde (0.020 g,
0.188 mmol) was added in a single portion. The reaction was then heated
at 45 8C for 1.5 h before cooling to room temperature and quenching
with saturated aqueous NH4Cl solution (0.2 mL). Diethyl ether (10 mL)
and water (10 mL) were then added, the organic layer separated, dried
(MgSO4) and concentrated in vacuo. Column chromatography (25–50 %
ethyl acetate in hexanes) afforded the title compound 23a-79 as a colour-
less oil (0.019 mg, 89%). [a]D =++6.6 (c=0.045 in CHCl3); 1H NMR
(500 MHz, CDCl3): d=7.32–7.26 (m, 7H; Ar), 6.91 (d, J=8.4 Hz, 2H;
Ar), 5.39 (s, 1 H; H21), 4.94 (d, J= 11.8 Hz, 1H; CHHAr), 4.74–4.72 (m,
2H; CHHPh, H23), 4.67 (d, J =10.8 Hz, 1H; H15), 4.58 (d, J =11.8 Hz,
1H; CHHAr), 4.39 (d, J=11.8 Hz, 1H; CHHPh), 4.29–4.28 (m, 2 H;
H18), 3.82 (s, 3H; OMe), 3.47 (dd, J=11.5, 3.7 Hz, 1H; H17), 3.37 (s,
3H; OMe), 3.31 (m, 1 H; OH), 2.49 (dd, J =13.2, 6.0 Hz, 1H; H22), 2.21
(app. q, J =12.0 Hz, 1H; H16), 2.11 (app. dt, J =12.6, 3.0 Hz, 1H; H16),
1.99 ppm (dd, J= 13.2, 4.8 Hz, 1 H; H22); 13C NMR (125 MHz, CDCl3):
d=159.4 (s), 139.2 (s), 129.8 (s), 129.4 (2 � d), 128.1 (2 � d), 127.2 (3 � d),
113.9 (2 � d), 102.8 (d), 101.1 (d), 83.6 (s), 83.4 (s), 78.1 (s), 76.9 (d), 70.6
(t), 69.4 (t), 62.1 (d), 55.7 (q), 55.3 (q), 51.0 (t), 36.9 (t), 31.1 ppm (t); IR
(film): nmax = 2933, 1513, 1248, 1104, 1027 cm�1; HRMS (ESI): m/z :
calcd for C26H30O7Na: 447.1889; found: 447.1891 [M+Na+], D=0.3 ppm.


3-[(2S,3aS,4S,6S,7aR)-3a-Benzyloxy-2-methoxy-4-para-methoxybenzyloxy-
hexahydrofuro ACHTUNGTRENNUNG[2,3-b]pyran-6-yl]-prop-2-yn-1-ol (23b-79): Isopropyl mag-
nesium bromide (2.0 m in THF, 0.084 mL, 0.168 mmol) was added to a so-
lution of alkyne 23b-78 (15 mg, 0.035 mmol) in THF (0.75 mL) and the
mixture was heated at 45 8C. After 30 min paraformaldehyde (15 mg,
0.14 mmol) was added in a single portion. The reaction was then heated
at 45 8C for 5 h before cooling to room temperature and quenching with
saturated aqueous NH4Cl solution (0.2 mL). Diethyl ether (10 mL) and
water (10 mL) were then added, the organic layer separated, dried
(MgSO4) and concentrated in vacuo. Column chromatography (25–50 %
ethyl acetate in hexanes) afforded the title compound 23b-79 as a colour-
less oil (13 mg, 78%). [a]D =++59.2 (c=0.75 in CHCl3); 1H NMR
(500 MHz, CDCl3): d=7.30–7.21 (m, 7H; Ar), 6.85 (d, J=8.7 Hz, 2H;
Ar), 5.41 (s, 1 H; H21), 5.06 (dd, J=6.2, 2.3 Hz, 1H; H23), 4.81 (d, J=


11.6 Hz, 1H; CHHAr), 4.71–4.70 (m, 1H; H15), 4.67 (d, J =11.3 Hz, 1H;
CHHPh), 4.56 (d, J=11.6, 1 H; CHHAr), 4.47 (d, J =11.3 Hz, 1H;
CHHPh), 4.21–4.20 (m, 2H; H18), 4.11 (dd, J =8.9, 4.0 Hz, 1H; H17),
3.78 (s, 3 H; OMe), 3.36 (s, 3 H; OMe), 2.44 (br s, 1H; OH), 2.31 (dd, J =


13.6, 6.2 Hz, 1H; H22), 2.21–2.15 (m, 2H; H22, H16), 2.10 ppm (app. dt,
J =13.5, 4.0 Hz, 1 H; H16); 13C NMR (125 MHz, CDCl3): d=159.2 (s),
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139.2 (s), 130.2 (s), 129.5 (2 � d), 128.2 (2 � d), 127.2 (d), 127.1 (2 � d),
113.8 (2 � d), 104.2 (d), 103.4 (d), 83.9 (s), 83.4 (s), 78.9 (s), 76.1 (d), 71.1
(t), 68.0 (t), 61.3 (d), 55.9 (q), 55.2 (q), 51.0 (t), 37.9 (t), 31.1 ppm (t); IR
(film): nmax = 3441, 2935, 1514, 1248, 1096, 1028 cm�1; HRMS (ESI):
m/z : calcd for C26H30O7Na: 447.1889; founnd: 447.1890 [M+Na+], D=


0.1 ppm.


Methanesulfonic acid 3-[(2R,3aS,4S,6S,7aR)-3a-benzyloxy-2-methoxy-4-
para-methoxybenzyloxyhexahydrofuro ACHTUNGTRENNUNG[2,3-b]pyran-6-yl]-prop-2-ynyl
ester (23a-63): iPr2NEt (0.095 mL, 0.55 mmol) was added to a solution of
propargylic alcohol 23a-79 (52 mg, 0.11 mmol), in CH2Cl2 (2.5 mL) at
0 8C. Methanesulfonic acid anhydride (48 mg, 0.275 mmol) was then
added and the reaction maintained at 0 8C for 30 min then poured into
saturated aqueous NaHCO3 solution (5 mL). The aqueous layer was ex-
tracted with CH2Cl2 (3 � 5 mL) and the combined organic extracts were
dried (MgSO4) and concentrated in vacuo. Column chromatography
(45 % ethyl acetate in hexanes) afforded the title compound 23a-63
(55 mg, 90%) as a colourless oil. [a]D =++3.8 (c =0.65 in CHCl3);
1H NMR (500 MHz, CDCl3): d=7.32–7.28 (m, 7 H; Ar), 6.91 (d, J=


8.4 Hz, 2H; Ar), 5.37 (s, 1H; H21), 4.93 (d, J =11.8 Hz, 1 H; CHHPh),
4.88–4.87 (m, 2 H; 2 � H18), 4.74–4.72 (m, 2 H; CHHAr, H23), 4.69 (app.
d, J =10.8 Hz, 1 H; H15), 4.57 (d, J=11.8 Hz, 1 H; CHHPh), 4.40 (d, J=


11.6 Hz, 1 H; CHHAr), 3.82 (s, 3H; OMe), 3.49 (dd, J=11.4, 3.6 Hz, 1H;
H17), 3.37 (s, 3H; OMe), 3.09 (s, 3 H; SO2Me), 2.49 (dd, J =13.5, 6.1 Hz,
1H; H22), 2.20 (app. q, J =12.0 Hz, 1 H; H16), 2.10 (m, 1H; H16),
2.00 ppm (dd, J= 13.5, 4.5 Hz, 1 H; H22); 13C NMR (500 MHz, CDCl3):
d=159.5 (s), 139.1 (s), 129.7 (s), 129.5 (2 � d), 128.2 (2 � d), 127.3 (d),
127.2 (2 � d), 114.0 (2 � d), 102.8 (d), 101.2 (d), 87.5 (s), 78.2 (s), 77.3 (s),
76.8 (d), 70.8 (t), 69.4 (t), 61.8 (d), 57.5 (t), 55.8 (q), 55.3 (q), 39.1 (q),
36.8 (t), 30.8 ppm (t); IR (film): nmax = 2918, 2850, 1734, 1514, 1456,
1249, 1177, 1101, 1027 cm�1; HRMS (ESI): m/z : calcd for C27H32O9SNa:
555.1665; found: 555.1647 [M+Na+], D=1.8 ppm.


Methanesulfonic acid 3-[(2S,3aS,4S,6S,7aR)-3a-benzyloxy-2-methoxy-4-
para-methoxybenzyloxyhexahydrofuro ACHTUNGTRENNUNG[2,3-b]pyran-6-yl]-prop-2-ynyl
ester (23b-63): iPr2NEt (0.018 mL, 0.11 mmol) was added to a solution of
propargylic alcohol 23b-79 (10 mg, 0.022 mmol), in CH2Cl2 (1.25 mL) at
0 8C. Methanesulfonic acid anhydride (9 mg, 0.055 mmol) was then added
and the reaction maintained at 0 8C for 30 min then poured into saturated
aqueous NaHCO3 solution (5 mL). The aqueous layer was extracted with
CH2Cl2 (3 � 5 mL) and the combined organic extracts were dried
(MgSO4) and concentrated in vacuo. Column chromatography (45 %
ethyl acetate in hexanes) afforded the title compound 23b-63 (11 mg,
90%) as a colourless oil. [a]D =++71.5 (c =0.80 in CHCl3); 1H NMR
(500 MHz, CDCl3): d=7.31–7.26 (m, 7H; Ar), 6.88 (d, J=8.5 Hz, 2H;
Ar), 5.39 (s, 1H; H21), 5.10 (dd, J =6.1, 2.0 Hz, 1 H; H23), 4.84 (m, 2 H;
2� H18), 4.81 (d, J =11.6 Hz, 1H; CHHAr), 4.80–4.76 (m, 1H; H15),
4.68 (d, J=11.2 Hz, 1H; CHHPh), 4.56 (d, J= 11.6 Hz, 1H; CHHAr),
4.49 (d, J=11.2 Hz, 1H; CHHPh), 4.14 (dd, J =9.1, 3.8 Hz, 1H; H17),
3.81 (s, 3H; OMe), 3.40 (s, 3 H; OMe), 3.05 (s, 3H; SO2Me), 2.35 (dd, J=


13.6, 6.1 Hz, 1H; H22), 2.23–2.17 (m, 2H; H16, H22), 2.12 ppm (app. dt,
J =13.4, 4.0 Hz, 1 H; H16); 13C NMR (150 MHz, CDCl3): d=159.3 (s),
139.0 (s), 130.0 (s), 129.4 (2 � d), 128.2 (2 � d), 127.3 (d), 127.1 (2 � d),
113.8 (2 � d), 104.2 (d), 103.7 (d), 87.8 (s), 79.2 (s), 77.5 (s), 75.9 (d), 71.4
(t), 68.0 (t), 61.1 (d), 57.6 (t), 56.0 (q), 55.3 (q), 39.0 (q), 37.7 (t),
30.7 ppm (t); IR (film): nmax = 2918, 2850, 1734, 1514, 1456, 1249, 1177,
1101, 1027 cm�1; HRMS (ESI): m/z : calcd for C27H32O9SNa: 555.1665;
found: 555.1650 [M+Na+], D =2.7 ppm.


Propargylic enol ether 23a-80 : To a stirred solution of decalin ketone 21
(0.242 g, 0.338 mmol) in THF (1.5 mL) at 0 8C was added sodium hydride
(60 % dispersion in mineral oil, 0.013 g, 0.328 mmol). The reaction was
then stirred for 30 min at 0 8C before [15]crown-5 (0.065 mL, 0.328 mmol)
was added. After stirring for a further 30 min at 0 8C a solution of mesy-
late 23a-63 (36 mg, 0.068 mmol) in THF (1 mL + 2 � 0.5 mL washings)
was added drop wise. The reaction was then allowed to warm to room
temperature and after 3 h was quenched by slow addition of saturated
aqueous NH4Cl solution (0.2 mL). The reaction mixture was then parti-
tioned between ethyl acetate (20 mL) and water (20 mL) and the organic
layer was separated, dried (MgSO4) and the solvent removed in vacuo.
Column chromatography (25–60 % ethyl acetate in hexanes afforded the


title compound 23a-80 as a colourless oil (63 mg, 82%). [a]D =++4.4 (c=


0.30 in CHCl3); 1H NMR (600 MHz, CDCl3): d=7.33–7.22 (m, 12 H; Ar),
6.88 (d, J= 8.5 Hz, 2H; Ar), 5.37 (s, 1 H; H21), 4.92 (d, J =11.9 Hz, 1H;
CHHPh), 4.73 (d, J=11.7 Hz, 1 H; CHHPh), 4.66 (app. t, J=5.1 Hz, 1 H;
H23), 4.57–4.47 (m, 7H; 2� CHHPh, CH2Ar, H18, H6, H15), 4.43 (dd,
J =15.0, 1.0 Hz, 1H; H18), 4.33 (br s, 1 H; H1), 4.10 (d, J=8.0 Hz, 1 H;
H28), 3.97 (d, J =8.0 Hz, 1 H; H28), 3.87 (br s, 1H; H3), 3.82 (s, 3 H;
OMe), 3.78 (s, 3H; CO2Me), 3.52 (s, 3H; CO2Me), 3.46 (d, J =9.5 Hz,
1H; H19), 3.41 (d, J =9.5 Hz, 1 H; H19), 3.38 (dd, J=13.4, 5.7 Hz, 1 H;
H17), 3.35 (s, 3H; OMe), 2.90 (d, J =11.8 Hz, 1H; H5), 3.24 (s, 1H; H9),
2.47 (dd, J=13.5, 6.2 Hz, 1 H; H22), 2.25 (d, J=12.4 Hz, 1 H; H2), 2.20–
2.10 (m, 2 H; 2 � H16), 1.98–1.92 (m, 2H; H2, H22), 1.75 (s, 3 H; 30 Me),
0.94 (q, J =5.6 Hz, 18H; SiCH2CH3), 0.60 ppm (m, 12 H; SiCH2CH3);
13C NMR (150 MHz, CDCl3): d= 175.2 (s), 170.0 (s), 159.3 (s), 152.5 (s),
139.3 (s), 138.4 (s), 129.9 (s), 129.5 (2 � d), 128.5 (2 � d), 128.1 (2 � d),
127.4 (d), 127.2 (2 � d), 127.1 (3 � d), 115.7 (s), 113.9 (2 � d), 105.6 (s),
102.7 (d), 100.9 (d), 83.7 (s), 81.4 (s), 78.0 (s), 77.0 (d), 73.8 (t), 70.8 (d),
70.4 (d), 70.4 (t), 69.4 (t), 67.6 (t), 66.6 (d), 65.4 (t), 62.2 (d), 58.3 (t), 58.1
(d), 55.7 (q), 55.3 (q), 54.2 (s), 52.5 (q), 52.0 (q), 47.6 (s), 46.1 (d), 37.5
(t), 36.9 (t), 30.9 (t), 15.3 (q), 7.0 (3 � q), 7.0 (3 � q), 4.9 (3 � t), 4.7 ppm
(3 � t); IR (film): nmax = 2951, 1730, 1453, 1249, 1106 cm�1; HRMS: m/z :
calcd for C63H90O16Si2N: 1172.5798; found: 1172.5741 [M+NH4


+], D=


4.8 ppm.


Propargylic enol ether 23b-80 : To a stirred solution of decalin ketone 21
(0.10 g, 0.139 mmol) in THF (0.5 mL) at 0 8C was added sodium hydride
(60 % dispersion in mineral oil, 5.4 mg, 0.133 mmol). The reaction was
then stirred for 30 min at 0 8C before [15]crown-5 (0.027 mL, 0.136 mmol)
was added. After stirring for a further 30 min at 0 8C a solution of mesy-
late 23b-63 (14.8 mg, 0.028 mmol) in THF (0.5 mL + 2 � 0.25 mL wash-
ings) was added dropwise. The reaction was then allowed to warm to
room temperature and after 3 h was quenched by slow addition of satu-
rated aqueous NH4Cl solution. The reaction mixture was then partitioned
between ethyl acetate (10 mL) and water (10 mL) and the organic layer
was separated, dried (MgSO4) and the solvent removed in vacuo.
Column chromatography (25–60 % ethyl acetate in hexanes afforded the
title compound 23b-80 as a colourless oil (0.024 g, 74 %). [a]D =++33.4
(c= 1.25 in CHCl3); 1H NMR (600 MHz, CDCl3): d=7.29–7.25 (m, 12H,
Ar), 6.86 (d, J=8.5 Hz, 2H; Ar), 5.41 (s, 1H; H21), 5.03 (d, J =4.7 Hz,
1H; H23), 4.85 (d, J =11.7 Hz, 1 H; CHHPh), 4.68 (d, J =11.2 Hz, 1 H;
CHHPh), 4.64 (d, J =6.7 Hz, 1H; H15), 4.58 (d, J =11.8 Hz, 1H;
CHHPh), 4.56–4.40 (m, 5H; CHHPh, CH2Ar, 2� H18), 4.33 (br s, 1H;
H1), 4.14–4.07 (m, 2H; H17, H28), 3.96 (d, J =8.0 Hz, 1 H; H28), 3.86
(br s, 1 H; H3), 3.80 (s, 3H; OMe), 3.78 (s, 3 H; CO2Me), 3.52 (s, 3 H;
CO2Me), 3.46 (d, J =11.0 Hz, 1H; H19), 3.40 (d, J =11.0 Hz, 1H; H19),
3.34 (s, 3 H; OMe), 3.24 (s, 1H; H9), 2.90 (d, J=11.7 Hz, 1 H; H5), 2.31–
2.21 (m, 3H; 2� H22, H2), 2.19–2.09 (m, 2H; 2 � H16), 1.94 (d, J=


15.5 Hz, 1H; H2); 1.75 (s, 3H; 30Me), 0.97–0.92 (m, 18H; SiCH2CH3),
0.51–0.45 ppm (m, 12H; SiCH2CH3); 13C NMR (150 MHz, CDCl3): d=


175.7 (s), 170.1 (s), 159.6 (s), 153.0 (s), 139.8 (s), 138.8 (s), 130.9 (s), 129.8
(2 � d), 128.7 (2 � d), 128.6 (2 � d), 127.8 (d), 127.6 (3 � d), 127.5 (2 � d),
127.5 (2 � d), 114.3 (s), 108.1 (s), 105.0 (d), 102.8 (d), 84.5 (s), 81.9 (s),
78.6 (d), 77.1 (s), 74.2 (t), 71.1 (t), 70.8 (d), 70.5 (d), 68.9 (t), 68.1 (t), 67.1
(d), 65.9 (t), 61.9 (d), 58.8 (t), 58.5 (d), 56.0 (q), 55.7 (q), 54.7 (s), 52.9
(q), 52.4 (q), 45.7 (s), 43.7 (d), 38.8 (t), 38.0 (t), 31.8 (t), 15.7 (q), 7.4 (6 �
q), 5.6 (3 � t), 5.2 ppm (3 � t); IR (film): nmax = 2627, 1733, 1174,
1087 cm�1; HRMS: m/z : calcd for C63H86O16Si2Na: 1177.5367; found:
1177.5347 [M+Na+], D=1.7 ppm.


Propargylic enol ether diol 23a-81: To a stirred solution of bis triethylsi-
lylether 23a-80 (0.050 g, 0.043 mmol) in THF (3.6 mL) at 0 8C was added
TBAF (2.0 m in THF, 0.112 mL, 0.043 mmol). After 10 min the reaction
was concentrated in vacuo and the crude residue purified by flash
column chromatography on silica (0–3 % MeOH in CH2Cl2) to afford
diol 23a-81 (0.035 mg, 90%) as a colourless oil. [a]D =++10.6 (c =0.45 in
CHCl3); 1H NMR (600 MHz, CDCl3): d= 7.36–7.22 (m, 12H; Ar), 6.90
(d, J=8.4 Hz, 2 H; Ar), 5.34 (s, 1 H; H21), 4.93 (d, J= 11.3 Hz, 1 H;
CHHPh), 4.75 (d, J =15.0 Hz, 1 H; H18), 4.72 (d, J=11.6 Hz, 1 H;
CHHPh), 4.68 (app. t, J =5.1 Hz, 1H; H23), 4.62 (d, J =11.4 Hz, 1H;
H6), 4.60–4.51 (m, 5H; H18, CHHPh, CH2Ar, H15), 4.34 (d, J =11.7 Hz,
1H; CHHPh), 4.30 (br s, 1 H; H1), 4.18 (d, J =8.5 Hz, 1 H; H28), 4.00 (d,
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J =8.5 Hz, 1 H; H28), 3.82 (s, 3H; OMe), 3.80 (s, 3 H; CO2Me), 3.75 (br s,
1H; H3), 3.65 (d, J =8.6 Hz, 1H; H19), 3.62 (br s, 1 H; OH), 3.60 (s, 3 H;
CO2Me), 3.55 (s, 1H; H9), 3.42 (d, J =10.2 Hz, 1H; H19), 3.38 (dd, J=


11.9, 3.5 Hz, 1H; H17), 3.35 (s, 3H; OMe), 3.22 (br s, 1H; OH), 2.76 (d,
J =11.5 Hz; H5), 2.47 (dd, J =13.4, 6.2 Hz, 1 H; H22), 2.15 (app. q, J=


12.0 Hz, 1H; H16), 2.07–1.95 (m, 4H; H16, 2� H2, H20), 1.77 ppm (s,
3H; 30Me); 13C NMR (150 MHz, CDCl3): d=174.1 (s), 170.3 (s), 159.4
(s), 151.4 (s), 138.9 (s), 138.5 (s), 129.9 (s), 129.5 (2 � d), 128.3 (2 � d),
128.2 (2 � d), 127.6 (2 � d), 127.5 (d), 127.2 (d), 126.9 (2 � d), 117.2 (s),
113.4 (2 � d), 105.6 (s), 102.8 (d), 100.9 (d), 84.7 (s), 81.4 (s), 78.1 (s), 77.2
(d), 73.5 (t), 71.3 (d), 70.6 (t), 70.5 (d), 69.8 (t), 68.0 (t), 67.4 (d), 65.5 (t),
62.1 (d), 58.9 (t), 58.3 (d), 55.7 (q), 55.3 (q), 54.5 (s), 52.8 (q), 52.0 (q),
47.9 (s), 43.9 (d), 37.0 (t), 34.5 (t), 30.9 (t), 15.8 ppm (q); IR (film): nmax


= 3486, 2951, 1728, 1514, 1453, 1249, 1104 cm�1; HRMS: m/z : calcd for
C51H58O16Na: 949.3623; found: 949.3592 [M+Na+], D =3.3 ppm.


Propargylic enol ether diol 23b-81: To a stirred solution of bistriethylsilyl-
ether 23b-80 (9 mg, 0.0078 mmol) in THF (0.6 mL) at 0 8C was added
TBAF (1.0 m in THF, 0.023 mL, 0.0234 mmol). After 10 min the reaction
was concentrated in vacuo and the crude residue purified by flash
column chromatography on silica gel (0–3 % MeOH in CH2Cl2) to afford
diol 23b-81 (7 mg, quantitative) as a colourless oil. [a]D =++ 40.7 (c =0.89
in CHCl3); 1H NMR (600 MHz, CDCl3): d=7.30–7.26 (m, 12H; Ar), 6.87
(d, J= 8.5 Hz, 2 H, Ar), 5.36 (s, 1H; H21), 5.03 (d, J= 4.9 Hz, 1H; H23),
4.86 (d, J =11.3 Hz, 1 H; CHHPh), 4.74 (d, J =15.3 Hz, 1 H; H18), 4.67
(d, J =11.2 Hz, 1 H; CHHPh), 4.60–4.50 (m, 6 H; CHHPh, CH2Ar, H18,
H6, H15), 4.46 (d, J= 11.2 Hz, 1H; CHHPh), 4.33 (br s, 1H; H1), 4.18 (d,
J =8.5 Hz, 1 H; H28), 4.10 (app. d, J =8.4 Hz, 1H; H17), 4.01 (d, J=


8.5 Hz, 1 H; H28), 3.82 (br s, 1H; H3), 3.81 (s, 3H; OMe), 3.80 (s, 3 H;
CO2Me), 3.65 (d, J =9.7 Hz, 1H; H19), 3.57 (s, 3H; OMe), 3.45–3.42 (m,
3H; H19, H9, OH), 3.07 (br s, 1H; OH), 2.75 (d, J =11.4 Hz, 1 H; H5),
2.31 (dd, J=13.3, 7.2, 1 H; H22), 2.25 (d, J= 13.2 Hz, 1H; H22); 2.15–
2.02 (m, 4H; 2 � H16, 2 � H2), 1.77 ppm (s, 3H; 30Me), 13C NMR
(150 MHz, CDCl3): d=174.4 (s), 170.3 (s), 159.2 (s), 151.4 (s), 139.0 (s),
138.5 (s), 130.4 (s), 129.4 (2 � d), 128.3 (2 � d), 128.2 (2 � d), 127.5 (2 � d),
127.4 (d), 127.2 (d), 126.9 (2 � d), 117.0 (s), 113.7 (2 � d), 105.6 (s), 104.9
(d), 102.6 (d), 84.9 (s), 81.4 (s), 78.1 (s), 76.8 (d), 73.5 (t), 71.3 (t), 71.2
(d), 70.5 (d), 68.8 (t), 68.0 (t), 67.4 (d), 65.6 (t), 61.5 (d), 58.8 (t), 58.3 (d),
55.7 (q), 55.3 (q), 54.5 (s), 52.8 (q), 52.1 (q), 48.0 (s), 43.9 (d), 38.0 (t),
34.5 (t), 31.2 (t), 15.8 ppm (q); HRMS: m/z : calcd for C51H58O16Na:
949.3643; found: 949.3617 [M+Na+], D=2.8 ppm.


Allene diol 23a-82 : Diol 23a-81 (35 mg, 0.038 mmol) was placed into a
base-washed microwave vial to which was added degassed 1,2-dichloro-
benzene (2 mL). The resulting solution was then further degassed before
subjecting to microwave heating (4 � 5 min at 185 8C with 1 min cooling
between each cycle). The reaction was then allowed to cool to room tem-
perature prior to column chromatography (CH2Cl2 followed by 2 %
MeOH in CH2Cl2). The product 23a-82 was isolated as a colourless oil
(30 mg, 86%). [a]D =�10.0 (c=0.04 in CHCl3); 1H NMR (600 MHz,
CDCl3): d=7.35–7.23 (m, 12 H; Ar), 6.89 (d, J=8.5 Hz, 2H; Ar), 5.32 (s,
1H; H21), 4.96 (d, J =11.5 Hz, 1H; CHHPh), 4.93–4.91 (m, 3 H;
CHHPh, 2� H18), 4.74 (app. t, J =5.6 Hz, 1H; H23), 4.68 (d, J =11.7 Hz,
1H; CHHAr), 4.52 (d, J =11.9 Hz, 1 H; CHHPh), 4.47 (d, J =11.6 Hz,
1H; CHHPh), 4.47–4.45 (m, 1H; H15), 4.39 (d, J=11.5 Hz, 1 H;
CHHAr), 4.36 (br s, 1 H; H1), 4.24 (d, J=14.0 Hz, 1 H; H6), 4.03 (d, J=


8.9 Hz, 1 H; H28), 3.97 (br s, 1H; H3), 3.90 (d, J=8.2 Hz, 1 H; H28), 3.82
(s, 3H; OMe), 3.70 (d, J =9.4 Hz, 1H; H19), 3.60 (s, 3 H; CO2Me), 3.59
(s, 1 H; H9), 3.54–3.45 (m, 5H; H5, H17, H19, 2 � OH), 3.44 (s, 3 H;
CO2Me), 3.36 (s, 3 H; OMe), 2.50 (dd, J =13.9, 6.7 Hz, 1H; H22), 2.25
(m, 1H; H2), 2.21–2.14 (m, 2 H; H2, H16), 1.96 (dd, J =13.9, 4.6 Hz, 1 H;
H22), 1.87 (d, J =12.6 Hz, 1H; H16), 1.56 ppm (s, 3H; 30Me); 13C NMR
(150 MHz, CDCl3): d=207.4 (s), 206.6 (s), 174.3 (s), 168.9 (s), 159.3 (s),
139.3 (s), 137.0 (s), 130.2 (s), 129.6 (2 � d), 128.5 (2 � d), 128.1 (2 � d),
127.8 (d), 127.7 (2 � d), 127.3 (2 � d), 127.2 (d), 113.9 (2 � d), 108.5 (s),
105.8 (s), 103.2 (d), 101.3 (d), 80.1 (t), 78.3 (d), 78.2 (s), 77.2 (d), 75.7 (d),
73.5 (d), 73.0 (t), 71.0 (t), 69.6 (t), 69.1 (t), 67.0 (d), 65.9 (t), 56.6 (d), 55.8
(q), 55.3 (q), 53.5 (s), 53.3 (s), 52.6 (q), 51.9 (q), 48.6 (s), 38.3 (d), 37.1
(t), 34.7 (t), 29.7 (t), 22.9 ppm (q); IR (film): nmax = 2923, 2325, 1725,
1259, 1024 cm�1; HRMS: m/z : calcd for C51H62O16N: 944.4069; found:
944.4089 [M+NH4


+], D =2.1 ppm.


Allene diol 23b-82 : Diol 23b-81 (12 mg, 0.013 mmol) was placed into a
base washed microwave vial to which was added degassed 1,2-dichloro-
benzene (0.3 mL). The resulting solution was then further degassed
before subjecting to microwave heating (4 � 5 min at 185 8C with 1 min
cooling between each cycle). The reaction was then allowed to cool to
room temperature prior to column chromatography on silica gel eluting
with CH2Cl2 followed by 2% MeOH in CH2Cl2. The product 23b-82 was
isolated as a colourless oil (9.9 mg, 83%). [a]D =++13.3 (c =0.58 in
CHCl3); 1H NMR (600 MHz, CDCl3): d= 7.28–7.20 (m, 12H; Ar), 6.87
(d, J= 8.5 Hz, 2H; Ar), 5.31 (s, 1 H; H21), 5.01 (d, J=5.8 Hz, 1 H; H23),
4.95 (d, J=11.8 Hz, 1 H; CHHPh), 4.92–4.88 (m, 3H; CHHPh, 2� H18),
4.62 (d, J =11.2 Hz, 1H; CHHPh), 4.59 (d, J= 11.7 Hz, 1H; CHHPh),
4.55 (d, J =11.2 Hz, CHHPh), 4.51 (br s, 1H; H15), 4.47 (d, J =11.7 Hz,
1H; CHHPh), 4.35 (m, 1 H; H1), 4.22 (d, J =14.5 Hz, 1 H; H6), 4.17 (dd,
J =11.3, 4.1 Hz, 1 H; H17), 4.02 (d, J=8.1 Hz, 1 H; H28), 3.97 (m, 1H;
H3), 3.90 (d, J =8.2 Hz, 1H; H28), 3.81 (s, 3 H; CO2Me), 3.74 (br s, 1H;
H9), 3.70 (d, J =9.5 Hz, 1 H; H19), 3.65 (s, 3H; CO2Me), 3.52 (d, J=


9.5 Hz, 1H; H19), 3.48 (m, 2H; H5, OH), 3.43 (s, 3 H; OMe), 3.40 (s,
3H; OMe), 3.29 (d, J =4.8 Hz, 1H; OH), 2.36–2.16 (m, 4H; 2� H22, 2�
H2), 2.13–2.07 (m, 1H; H16), 1.81 (d, J =23.8 Hz, 1H; H16), 1.56 ppm (s,
3H; 30Me); 13C NMR (150 MHz, CDCl3): d=207.0 (s), 206.5 (s), 174.3
(s), 169.0 (s), 159.1 (s), 139.4 (s), 137.0 (s), 130.8 (s), 129.5 (2 � d), 128.5
(2 � d), 128.2 (d), 128.1 (d), 127.8 (d), 127.7 (2 � d), 127.2 (2 � d), 127.2 (d),
113.7 (2 � d), 106.3 (s), 105.9 (s), 103.2 (d), 101.8 (d), 80.6 (t), 80.6 (d),
76.9 (s), 77.2 (d), 75.6 (d), 73.5 (d), 73.1 (t), 71.8 (t), 69.4 (t), 69.1 (t), 67.1
(d), 65.9 (t), 57.6 (d), 55.5 (q), 55.3 (q), 53.5 (s), 53.4 (s), 52.7 (q), 51.8
(q), 48.5 (s), 38.5 (d), 38.2 (t), 34.8 (t), 29.7 (t), 22.4 ppm (q); IR (film):
nmax = 2627, 1734, 1106 cm�1; HRMS: m/z : calcd for C63H86O16Si2Na:
949.3623; found: 949.3617 [M+Na+], D=2.8 ppm.


The yield over three steps starting from mesylate 63 is here 61 %, how-
ever, if the material is carried forward over the three steps with column
chromatography used only in the final step, the yield is then increased to
72% over three steps (starting from 0.03 mmol mesylate).


TBS ether 23a-82 a : To a stirred solution of diol 23a-82 (0.039 g,
0.042 mmol) in DMF (4 mL) was added tert-butyldimethylsilyl imidazole
(0.080 mL, 0.42 mmol). The resulting solution was heated to 80 8C for 2 h
and then allowed to cool to room temperature. The reaction mixture was
partitioned between ethyl acetate (20 mL) and saturated aqueous LiCl
solution (20 mL) and the organic layer separated and further washed
with saturated aqueous LiCl solution (3 � 10 mL). Column chromatogra-
phy (25–50 % ethyl acetate in hexanes) afforded the title compound 23a-
82a as a colourless oil (0.039 g, 91 %). [a]D =�13.3 (c=0.29 in CHCl3);
1H NMR (600 MHz, CDCl3): d=7.37–7.19 (m, 12H; Ar), 6.90 (d, J=


8.5 Hz, 2H; Ar), 5.33 (br s, 1 H; H21), 5.30 (d, J=11.7 Hz, 1 H; CHHPh),
4.97 (d, J =11.3 Hz, 1 H; H18), 4.88 (d, J=12.3 Hz, 1 H; CHHPh), 4.83
(d, J=11.2 Hz, 1 H; H18), 4.76 (app. t, J =4.8 Hz, 1H; H23), 4.69 (d, J =


11.4 Hz, 1H; CHHAr), 4.57 (d, J= 12.2 Hz, 1H; CHHPh), 4.57 (m, 1H;
H15), 4.50–4.48 (m, 2 H; CHHPh, H1), 4.31 (d, J=11.5 Hz, 1H;
CHHAr), 4.16 (d, J =14.2 Hz, 1 H; H6), 3.88–3.84 (m, 2H; H3, H28),
3.82–3.80 (m, 7 H; CO2Me, OMe, H28), 3.61 (d, J=9.9 Hz, 1H; H19),
3.58 (dd, J =8.3, 3.9 Hz, 1H; H17), 3.52 (s, 1 H; H9), 3.48–3.42 (m, 2H;
H19, OH), 3.50 (s, 3 H; CO2Me), 3.38 (d, J=14.3 Hz, 1H; H5), 3.35 (s,
3H; OMe), 2.43 (dd, J=13.5, 6.2 Hz, 1H; H22), 2.24 (d, J=15.0 Hz, 1 H;
H2), 2.17 (d, J= 15.6 Hz, 1H; H2), 1.99 (d, J= 11.3 Hz, 1H; H16), 1.95
(dd, J =13.5, 4.5 Hz, 1H; H22), 1.86 (d, J =11.2 Hz, 1 H; H16), 1.57 (s,
3H; 30Me), 0.90 (s, 9H; tBuSi),0.13 (s, 3H; SiMe), 0.09 ppm (s, 3H;
SiMe); 13C NMR (150 MHz, CDCl3): d=206.5 (s), 206.3 (s), 174.0 (s),
168.7 (s), 159.2 (s), 139.6 (s), 137.1 (s), 130.4 (s), 129.4 (4 � d), 128.5 (2 �
d), 128.0 (2 � d), 127.7 (d), 127.6 (2 � d), 127.0 (d), 113.8 (2 � d), 109.1 (s),
105.9 (s), 103.3 (d), 101.3 (d), 81.0 (t), 78.5 (d), 77.6 (s), 75.3 (d), 73.2 (d),
72.8 (t), 70.3 (t), 69.1 (t), 69.0 (t), 68.8 (d), 67.6 (d), 65.8 (t), 60.3 (s), 58.2
(d), 55.5 (q), 55.3 (q), 53.2 (s), 52.6 (q), 52.0 (q), 48.3 (s), 38.1 (d), 37.2
(t), 35.5 (t), 29.6 (t), 25.9 (3 � q), 18.3 (q), 14.0 (s), �4.8 (q), �5.1 ppm
(q); IR (film): nmax = 1725, 1454, 1246, 1092, 841 cm�1; HRMS: m/z :
calcd for C57H72O16SiNa: 1063.4487; found: 1063.4488 [M+Na+], D=


0.1 ppm.


TBS ether 23b-82 a : To a stirred solution of diol 23b-82 (49.4 mg,
0.053 mmol) in DMF (1 mL) was added tert-butyldimethylsilyl imidazole
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(0.2 mL, 1.07 mmol). The resulting solution was heated to 80 8C for 2 h
and then allowed to cool to room temperature. The reaction mixture was
partitioned between ethyl acetate (20 mL) and saturated aqueous LiCl
solution (20 mL) and the organic layer separated and further washed
with saturated aqueous LiCl solution (3 � 10 mL). Column chromatogra-
phy (10–50 % ethyl acetate in hexanes) afforded the title compound 23b-
82a as a colourless oil (48.1 mg, 86 %). [a]D =++14.6 (c= 0.79 in CHCl3);
1H NMR (600 MHz, CDCl3): d=7.27–7.21 (m, 12H; Ar), 6.86 (d, J=


8.5 Hz, 2H; Ar), 5.30 (br s, 1 H; H21), 4.99–4.94 (m, 3H; H18, CHHPh,
H23), 4.90 (d, J =12.0 Hz, 1 H; CHHPh), 4.84 (m, 1 H; H18), 4.77–4.62
(m, 1 H; H15), 4.65 (d, J =11.4 Hz, 1H CHHPh), 4.59 (d, J =12.0 Hz, 1 H;
CHHPh), 4.50–4.42 (m, 3H; 2 � CHHPh, H1), 4.26 (dd, J= 11.4, 4.9 Hz,
1H; H17), 4.15 (d, J=14.2 Hz, 1H; H6), 3.88–3.84 (m, 2 H; H28, H3),
3.83–3.82 (m, 1 H; H28), 3.81 (s, 3 H; CO2Me), 3.80 (s, 3 H; OMe), 3.57–
3.49 (m, 4 H; 2� OH, 2� H19), 3.42 (d, J=13.7 Hz, 1H; H5), 3.42 (s, 3 H;
OMe), 3.39 (s, 3H; CO2Me), 2.31–2.22 (m, 3 H; 2� H22, H2), 2.17 (d, J =


15.5 Hz, 1 H; H2), 1.93–1.91 (m, 2 H; 2 � H16), 1.63 (s, 3 H; 30 Me), 0.89
(s, 9 H; tBuSi), 0.12 (s, 3H; SiMe), 0.07 ppm (s, 3 H; SiMe); 13C NMR
(150 MHz, CDCl3): d=206.5 (s), 206.3 (s), 174.1 (s), 168.8 (s), 159.0 (s),
139.8 (s), 137.8 (s), 131.0 (s), 129.1 (2 � d), 128.5 (2 � d), 128.1 (2 � d),
127.7 (d), 127.6 (2 � d), 127.2 (d), 127.0 (2 � d), 113.6 (2 � d), 109.1 (s),
106.7 (d), 106.1 (s), 101.5 (d), 80.5 (t), 79.0 (d), 75.3 (d), 73.2 (d), 72.8 (t),
71.2 (t), 69.4 (d), 68.9 (t), 68.8 (d), 67.3 (t), 65.8 (t), 57.5 (d), 55.2 (q),
54.9 (q), 53.2 (s), 52.6 (q), 52.0 (q), 48.4 (s), 39.8 (t), 38.8(d), 35.6 (t), 30.3
(t), 25.9 (3 � q), 22.4 (q), 18.2 (s), �4.8 (q), �5.1 ppm (q); HRMS: m/z :
calcd for C57H72O16SiNa: 1063.4487; found: 1063.4493 [M+Na+], D=


0.5 ppm.


Diol 23a-82 b : To a stirred solution of TBS ether 23a-82 a (25 mg,
0.024 mmol) in CH2Cl2 (1 mL) was added pH 7 buffer (0.05 mL) followed
by DDQ (8 mg, 0.035 mmol). The reaction was stirred at room tempera-
ture for 3 h and then partitioned between CH2Cl2 (5 mL) and saturated
aqueous NaHCO3 solution (5 mL). The aqueous layer was further ex-
tracted with CH2Cl2 (3 � 5 mL) and then the combined organic extracts
were dried (MgSO4) and concentrated in vacuo. The crude residue was
purified by flash column chromatography (50–100% ethyl acetate in hex-
anes) to afford the title compound 23a-82 b as a colourless oil (20 mg,
91%). [a]D =�16.1 (c =0.13 in CHCl3); 1H NMR (600 MHz, CDCl3): d=


7.34–7.26 (m, 10H; Ar), 5.56 (s, 1H; H21), 5.05 (br s, 1H; H23), 5.02 (d,
J =11.8 Hz, 1 H; CHHPh), 4.96 (d, J=11.5 Hz, 1H; H18), 4.83 (d, J=


11.2 Hz, 1H; H18), 4.63–4.59 (m, 3H; H15, CH2Ph), 4.49 (d, J =11.9 Hz,
1H; CHHPh), 4.46 (br s, 1H; H1), 4.15 (d, J =14.2 Hz, 1H; H6), 3.84 (s,
3H; CO2Me), 3.89–3.70 (m, 4H; 2 � H28, H3, H17), 3.60–3.57 (m, 2H;
OH, H19), 3.50 (s, 1H; H9), 3.49 (d, J =9.2 Hz, 1H; H19), 3.42 (s, 3 H;
OMe), 3.39 (s, 3 H; CO2Me), 3.36–3.34 (m, 2 H; OH, H19), 2.50 (dd, J=


14.1, 6.1 Hz, 1H; H22), 2.20 (d, J=11.5 Hz, 1H; H2), 2.08–2.05 (m, 2H;
H2, H22), 1.87–1.85 (m, 1 H; H16), 1.71 (d, J =11.2 Hz, 1 H; H16), 1.58
(s, 3 H; 30Me), 0.87 (s, 9 H; tBuSi), 0.08 (s, 3H; SiMe), 0.12 ppm (s, 3H;
SiMe); 13C NMR (150 MHz, CDCl3): d=206.6 (s), 206.3 (s), 174.0 (s),
168.7 (s), 138.1 (s), 137.1 (s), 128.5 (2 � d), 128.4 (2 � d), 127.7 (d), 127.6
(3 � d), 127.3 (2 � d), 109.2 (s), 105.9 (s), 101.3 (d), 99.7 (d), 80.7 (t), 78.6
(s), 75.3 (d), 73.0 (d), 72.9 (t), 71.1 (d), 68.9 (t), 68.8 (d), 66.5 (d), 66.0 (t),
65.8 (t), 55.5 (q), 55.2 (d), 53.1 (s), 52.6 (q), 52.0 (q), 52.0 (s), 48.2 (s),
38.2 (d), 35.5 (t), 35.3 (t), 34.0 (t), 25.9 (3 � q), 22.6 (q), 18.6 (s), �4.9 (q),
�5.0 ppm (q); IR (film): nmax = 2927, 2318, 1721, 1453, 1080, 808 cm�1;
HRMS: m/z : calcd for C49H65O15Si: 921.4093; found: 921.4102 [M+H+],
D=0.9 ppm.


Diol 23b-82 b : To a stirred solution of TBS ether 23b-82a (48.1 mg,
0.046 mmol) in CH2Cl2 (2 mL) was added pH 7 buffer (1.0 mL) followed
by DDQ (0.105 g, 0.46 mmol). The reaction was stirred at room tempera-
ture for 3 h and then partitioned between CH2Cl2 (10 mL) and saturated
aqueous NaHCO3 solution (10 mL). The aqueous layer was further ex-
tracted with CH2Cl2 (3 � 10 mL) and then the combined organic extracts
were dried (MgSO4) and concentrated in vacuo. The crude residue was
purified by flash column chromatography (50–100% ethyl acetate in hex-
anes) to afford the title compound 23b-82b as a colourless oil (41 mg,
95%). [a]D =�14.9 (c =2.03 in CHCl3); 1H NMR (600 MHz, CDCl3): d=


7.29–7.21 (m, 10H; Ar), 5.48 (s, 1H; H21), 5.04 (d, J= 6.1 Hz, 1 H; H23),
4.97 (d, J =11.7 Hz, 1 H; CHHPh), 4.92 (d, J =11.3 Hz, 1 H; H18), 4.83
(d, J =11.2 Hz, 1 H; H18), 4.75 (br s, 1 H; H17), 4.59 (app. q, J =11.5 Hz,


2H; CH2Ar), 4.47–4.44 (m, 2 H; CHHPh, H1), 4.33 (m, 1 H; H15), 4.15
(d, J=14.1 Hz, 1 H; H6), 3.87–3.80 (m, 3H; H3, 2 � H28), 3.82 (s, 3 H;
CO2Me), 3.56 (d, J=9.3 Hz, 1H; H19), 3.51 (s, 1 H; H9), 3.49 (d, J=


9.4 Hz, 1H; H19), 3.46 (s, 3H; OMe), 3.41 (d, J=4.8 Hz, 1 H; OH), 3.40–
3.34 (m, 2H; H5, OH), 3.39 (s, 3H; CO2Me), 2.43 (dd, J =9.0, 1.6 Hz,
1H; H22), 2.38 (d, J =10.1 Hz, 1 H; H22), 2.23 (m, 1 H; H2), 2.14 (d, J =


15.8 Hz, 1H; H2), 1.78 (m, 2 H; 2� H16), 1.63 (s, 3H; 30Me), 0.90 (s,
9H; tBuSi), 0.12 (s, 3 H; SiMe), 0.07 ppm (s, 3H; SiMe); 13C NMR
(150 MHz, CDCl3): d=206.5 (s), 206.3 (s), 174.1 (s), 168.1 (s), 138.2 (s),
137.1 (s), 128.5 (2 � d), 128.4 (2 � d), 127.7 (d), 127.7 (d), 127.6 (2 � d),
127.2 (2 � d), 109.2 (s), 106.0 (s), 103.2 (d), 102.1 (d), 80.7 (t), 78.4 (s),
75.3 (d), 73.0 (d), 72.8 (t), 70.7 (d), 68.9 (t), 68.7 (d), 66.6 (d), 66.5 (t),
65.8 (t), 57.3 (d), 56.3 (s), 55.1 (q), 53.2 (s), 52.7 (q), 52.0 (q), 48.4 (s),
38.2 (d), 36.5 (t), 35.6 (t), 34.2 (t), 25.9 (3 � q), 22.3 (q), 18.2 (s), �5.0 (q),
�5.1 ppm (q); IR (film): nmax = 2955, 2930, 2860, 1750, 1720, 1460, 1440,
1240, 1070, 840 cm�1; HRMS: m/z : calcd for C63H86O16Si2Na: 943.3906;
found: 943.3907 [M+Na+], D =0.1 ppm.


Xanthate ester 23a-87: A solution of diol 23a-82b (45 mg, 0.049 mmol)
in THF (6 mL) was cooled to �78 8C and then carbon disulfide
(0.015 mL, 0.25 mmol) was added. After 30 min NaHMDS (2.0 m in THF,
0.028 mL, 0.055 mmol) was added and after a further 30 min methyl
iodide (0.028 g, 0.055 mmol) was added. The reaction was stirred at
�78 8C for 1 h before quenching with saturated aqueous NH4Cl solution
(0.1 mL). The reaction was then partitioned between ethyl acetate
(10 mL) and saturated aqueous NaHCO3 solution (10 mL), the organic
layer separated, dried (MgSO4) and concentrated in vacuo. Column chro-
matography (20–50 % ethyl acetate in hexanes) afforded title compound
23a-87 as a yellow oil (43 mg, 86 %). [a]D =�9.4 (c =0.09 in CHCl3);
1H NMR (600 MHz, CDCl3): d=7.34–7.24 (m, 10 H; Ar), 6.06 (dd, J=


9.3, 4.7 Hz, 1 H; H17), 5.46 (br s, 1H; H21), 5.19 (br s, 1 H; H23), 5.00 (d,
J =11.8 Hz, 1 H; CHHPh), 4.96 (d, J=11.3 Hz, 1H; H18), 4.83 (d, J=


11.2 Hz, 1 H; H18), 4.75–4.73 (m, 1H; H15), 4.69 (d, J =11.6 Hz, 1H;
CHHPh), 4.56 (d, J=11.6 Hz, 1 H; CHHPh), 4.48 (d, J=11.8 Hz, 1 H;
CHHPh), 4.44 (br s, 1H; H1), 4.13 (d, J =14.2 Hz, 1H; H6), 3.88–3.82 (m,
2H; H3, H28), 3.85 (s, 3H; CO2Me), 3.78 (d, J =7.9 Hz, 1H; H28), 3.53–
3.47 (m, 2H; H9, H19), 3.43 (m, 4 H; H19, CO2Me), 3.39 (s, 3 H; OMe),
3.36 (d, J =14.3 Hz, 1 H; H5), 3.24 (br s, 1H; OH), 2.55 (s, 3 H; SMe),
2.46 (dd, J =14.0, 6.0 Hz, 1H; H22), 2.25–2.10 (m, 4H; H22, H2, H16),
1.88 (d, J =13.0 Hz, 1H; H16), 1.57 (s, 3H; 30Me), 0.88 (s, 9H; tBuSi),
0.09 (s, 3H; SiMe), 0.04 ppm (s, 3 H; SiMe); 13C NMR (150 MHz,
CDCl3): d=212.5 (s), 206.5 (s), 206.4 (s), 174.0 (s), 168.8 (s), 138.5 (s),
137.1 (s), 128.5 (2 � d), 128.2 (4 � d), 127.7 (d), 127.7 (2 � d), 127.4 (d),
108.9 (s), 105.9 (s), 104.1 (d), 102.0 (d), 81.2 (t), 79.2 (s), 75.2 (d), 72.8
(d), 72.8 (t), 68.9 (d), 68.6 (t), 68.0 (t), 65.8 (d), 65.7 (t), 63.9 (d), 56.5 (d),
55.7 (q), 53.4 (s), 53.1 (s), 52.7 (q), 52.0 (q), 48.2 (s), 38.1 (d), 36.7 (t),
35.6 (t), 30.5 (t), 25.9 (3 � q), 22.6 (q), 19.1 (q), 18.2 (s), �4.9 (q),
�5.1 ppm (q); HRMS: m/z : calcd for C51H66O15S2SiNa: 1033.3510; found:
1033.3549 [M+Na+], D=3.8 ppm.


Xanthate ester 23b-87: A solution of diol 23b-82b (46 mg, 0.05 mmol) in
THF (5 mL) was cooled to �78 8C and then carbon disulfide (0.015 mL,
0.25 mmol) added. After 30 min NaHMDS (2.0 m in THF, 0.028 mL,
0.055 mmol) was added and after a further 30 min methyl iodide (0.028 g,
0.055 mmol) was added. The reaction was stirred at �78 8C for 1 h before
quenching with saturated aqueous NH4Cl solution (0.1 mL). The reaction
was then partitioned between ethyl acetate (10 mL) and saturated aque-
ous NaHCO3 solution (10 mL), the organic layer separated, dried
(MgSO4) and concentrated in vacuo. Column chromatography (20–50 %
ethyl acetate in hexanes) afforded starting diol 23b-82 b (11 mg, 24 %)
followed by the title compound 23b-87 as a highly unstable yellow oil
(29 mg, 57%) which was used immediately in the subsequent step.ACHTUNGTRENNUNG(23R)-3-O-tert-Butyldimethylsilyl-13,14-desepoxy-1-detigloyl-11,20-O,O-
dibenzyl-22,23-dihydro-23-methoxy-7-oxo-azadirachtin (23a-91): To a so-
lution of xanthate 23a-87 (24 mg, 0.024 mmol) in toluene (0.82 mL) was
added AIBN (0.4 mg, 0.0024 mmol). The reaction vessel was then heated
to 110 8C and a syringe pump used to introduce a solution of AIBN
(1.5 mg, 0.096 mmol) and tributyltin hydride (19.3 mL, 0.072 mmol) in tol-
uene (5.2 mL) over 2 h. The reaction was heated for a further 12 h before
cooling to room temperature and partitioning between acetonitrile
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(20 mL) and hexane (20 mL). The acetonitrile layer was then separated
and concentrated in vacuo. Column chromatography (10–40 % ethyl ace-
tate in hexanes) afforded the title compound 23a-91 as a colourless oil
(19 mg, 90%). [a]D =�11.2 (c=0.47 in CHCl3); 1H NMR (600 MHz,
CDCl3): d= 7.36–7.20 (m, 10H; Ar), 5.40 (dd, J=6.3, 3.8 Hz, 1H; H23),
5.24 (br s, 1 H; H21), 5.01 (d, J=11.6 Hz, 1 H; CHHPh), 4.70 (br s, 1H;
H15), 4.59 (d, J=11.4 Hz, 1 H; CHHPh), 4.52 (d, J=11.4 Hz, 1 H;
CHHPh), 4.46 (d, J=11.6 Hz, 1H; CHHPh), 4.43 (br s, 1 H; H1), 4.24 (d,
J =14.3 Hz, 1 H; H6), 3.87 (d, J= 8.1 Hz, 1 H; H28), 3.80 (s, 3H; OMe),
3.78 (d, J =8.1 Hz, 1 H; H28), 3.56 (d, J =9.3 Hz, 1 H; H19), 3.54 (s, 1H;
H9), 3.49 (d, J =9.3 Hz, 1H; H19), 3.48 (s, 3H; OMe), 3.42 (s, 3 H;
OMe), 3.18 (d, J=9.8 Hz, 1 H; H28), 3.12 (d, J= 14.3 Hz, 1 H; H5), 2.77
(d, J=6.0 Hz, 1 H; H17), 2.38 (dd, J=15.0, 6.5 Hz, 1H; H22), 2.18–2.28
(m, 2H; H2, H22), 2.12 (app. d, J= 15.0 Hz, 1H; H2), 1.91–1.89 (m, 1 H;
H16), 1.77 (s, 3H; 18Me), 1.70 (d, J=11.3 Hz, 1H; H16), 1.56 (s, 3 H;
30Me), 0.88 (s, 9 H; tBuSi), 0.10 (s, 3H; SiMe), 0.02 ppm (s, 3H; SiMe);
13C NMR (150 MHz, CDCl3): d= 209.1 (s), 173.8 (s), 168.7 (s), 140.7 (s),
138.5 (s), 137.7 (s), 137.0 (s), 128.5 (2 � d), 128.3 (2 � d), 127.8 (d), 127.7
(2 � d), 127.5 (2 � d), 127.2 (d), 107.9 (d), 106.0 (s), 103.4 (d), 86.0 (s), 80.6
(d), 75.6 (d), 72.8 (d), 72.5 (t), 68.7 (t), 68.6 (d), 65.7 (t), 65.2 (t), 57.9 (q),
56.6 (s), 53.6 (q), 53.4 (q), 53.1 (d), 53.0 (s), 52.1 (d), 47.8 (s), 38.8 (t),
38.4 (d), 38.2 (t), 35.5 (t), 25.8 (3 � q), 20.4 (q), 18.0 (s), 17.4 (q), �5.1 (q),
�5.3 ppm (q); IR (film): nmax = 3521, 2927, 1754, 1724, 1454, 1243, 1062,
840 cm�1; HRMS: m/z : calcd for C49H64O15SiNa: 927.3963; found:
927.3980 [M+Na+], D =1.8 ppm.ACHTUNGTRENNUNG(23S)-3-O-tert-Butyldimethylsilyl-13,14-desepoxy-1-detigloyl-11,20-O,O-
dibenzyl-22,23-dihydro-23-methoxy-7-oxoazadirachtin (23b-91): To a so-
lution of xanthate 23b-87 (10 mg, 0.010 mmol) in toluene (0.5 mL) was
added AIBN (0.16 mg, 0.001 mmol). The reaction vessel was then heated
to 110 8C and a syringe pump used to introduce a solution of AIBN
(0.63 mg, 0.004 mmol) and tributyltin hydride (0.008 mL, 0.030 mmol) in
toluene (2.1 mL) over 2 h. The reaction was heated for a further 12 h
before cooling to room temperature and partitioning between acetonitrile
(10 mL) and hexane (10 mL). The acetonitrile layer was then separated
and concentrated in vacuo. Column chromatography (20–50 % ethyl ace-
tate in hexanes) afforded the title compound 23b-91 as a colourless oil
(8.2 mg, 91%). [a]D =++8.2 (c =0.15 in CHCl3); 1H NMR (600 MHz,
CDCl3): d= 7.36–7.20 (m, 10H; Ar), 5.30 (dd, J=6.2, 4.2 Hz, 1H; H23),
5.10 (br.s, 1H; H21), 4.98 (d, J =11.6 Hz, 1H; CHHPh), 4.80 (br s, 1 H;
H15), 4.50 (d, J=11.6 Hz, 1 H; CHHPh), 4.44 (d, J=11.6 Hz, 1 H;
CHHPh), 4.43 (br s, 1H; H1), 4.38 (d, J=11.6 Hz, 1H; CHHPh), 4.22 (d,
J =14.3 Hz, 1H; H6), 3.84 (d, J= 4.6 Hz, 1H; H28), 3.82–3.77 (m, 2H;
H3, H28), 3.80 (s, 3H; CO2Me), 3.55 (d, J= 9.3 Hz, 1H; H19), 3.52 (s,
1H; H9), 3.48 (d, J =9.3 Hz, 1H; H19), 3.42 (s, 3 H; CO2Me), 3.41 (s,
3H; OMe), 3.10 (d, J =14.3 Hz, 1H; H5), 2.77 (d, J=5.2 Hz, 1H; H17),
2.48 (dd, J =15.4, 6.2 Hz, 1H; H22), 2.20 (app. d, J=15.8 Hz, 1H; H2),
2.15 (dd, J =15.4, 4.2 Hz, 1H; H22), 2.10 (app. d, J=15.8 Hz, 1H; H2),
1.92 (d, J=11.1 Hz, 1H; H16), 1.82 (ddd, J =11.1, 5.2, 4.7 Hz, 1 H; H16),
1.77 (s, 3 H; 18 Me), 1.51 (s, 3 H; 30 Me), 0.88 (s, 9 H; tBuSi), 0.12 (s, 3 H;
SiMe), �0.01 ppm (s, 3 H; SiMe); 13C NMR (150 MHz, CDCl3): d=209.1
(s), 173.8 (s), 171.1 (s), 140.7 (s), 138.3 (s), 137.7 (s), 137.0 (s), 128.5 (2 �
d), 128.3 (2 � d), 127.8 (d), 127.7 (2 � d), 127.3 (d), 126.9 (2 � d), 108.9 (d),
106.0 (s), 104.3 (d), 87.1 (s), 81.4 (d), 75.6 (d), 72.8 (d), 72.5 (t), 68.7 (t),
68.5 (d), 65.7 (t), 64.8 (t), 58.0 (d), 56.4 (q), 53.7 (s), 53.2 (q), 53.1 (s),
52.8 (d), 52.1 (q), 47.8 (s), 39.1 (t), 38.4 (d), 38.3 (t), 35.5 (t), 25.8 (3 � q),
20.4 (q), 18.0 (s), 17.4 (q), �5.1 (q), �5.3 ppm (q); IR (film): nmax =


2950, 1725, 1453, 142, 1092, 841 cm�1; HRMS: m/z : calcd for
C49H64O15SiNa: 927.3963; found: 927.3931 [M+Na+], D= 3.5 ppm.ACHTUNGTRENNUNG(23S)-3-O-tert-Butyldimethylsilyl-1-detigloyl-11,20-O,O-dibenzyl-22,23-di-
hydro-23-methoxy-7-oxoazadirachtin (92): To a solution of alkene 23a-91
(9 mg, 0.010 mmol) in MeOH (1 mL) was added NaHCO3 (0.017 g,
0.20 mmol), MMPP.6H2O (0.10 g, 0.20 mmol), and 5-tert-butyl-4-hydroxy-
2-methylphenylsulfide (0.071 g, 0.20 mmol). The reaction vessel was
sealed and heated to 110 8C for 7 d. After cooling to room temperature
the reaction was partitioned between saturated aqueous Na2S2O3 solution
(5 mL) and ethyl acetate (5 mL), the organic layer was separated and fur-
ther washed with saturated aqueous NaHCO3 solution (5 mL), then dried
(MgSO4) and concentrated in vacuo. Flash column chromatography (10–
50% ethyl acetate in hexanes) afforded the title compound 92 as a col-


ourless oil (2 mg, 22%) followed by starting alkene 23a-91 (6 mg, 67%).
[a]D =++5.8 (c=1.00 in CHCl3); 1H NMR (600 MHz, CDCl3): d =7.36–
7.20 (m, 10 H; Ph), 5.41 (s, 1 H; H21), 5.22 (dd, J =6.4, 2.8 Hz, 1 H; H23),
5.12 (s, 1H; H15), 4.96 (d, J=11.6 Hz, 1H; CHHPh), 4.45 (d, J =12.2 Hz,
1H; CHHPh), 4.42 (d, J =12.2 Hz, 1H; CHHPh), 4.40 (d, J =11.6 Hz,
1H; CHHPh), 4.38–4.37 (m, 1H; H1), 4.15 (d, J =14.1 Hz, 1 H; H6), 4.08
(d, J =14.1 Hz, 1 H; H5), 3.89–3.88 (m, 1H; H28), 3.87–3.79 (m, 3H;
H28, H3, H9), 3.82 (s, 3 H; OMe), 3.58 (d, J =9.4 Hz, 1H; H19), 3.50 (d,
J =9.4 Hz, 1 H; H19), 3.42 (s, 3 H; OMe), 3.37 (s, 3 H; OMe), 2.55 (d, J =


5.8 Hz, 1H; H17), 2.50 (dd, J =6.4, 5.3 Hz, 1H; H22), 2.22 (dt, J =13.0,
2.5 Hz, 1H; H2), 2.15–2.08 (m, 2H; H2, H22), 1.78 (s, 3 H; 18Me), 1.65
(d, J =12.6 Hz, 1H; H16), 1.50 (s, 3H; 30 Me), 1.49 (ddd, J =12.6, 5.9,
3.0 Hz, 1H; H16), 0.90 (s, 9H; tBuSi), 0.12 (s, 3H; SiMe), �0.02 ppm (s,
3H; SiMe); 13C NMR (150 MHz, CDCl3): d=206.3 (s), 174.4 (s), 168.6
(s), 138.1 (s), 136.9 (s), 128.5 (2 � d), 128.4 (2 � d), 127.8 (2 � d), 127.7 (d),
127.4 (2 � d), 126.8 (d), 107.7 (s), 105.8 (d), 103.9 (d), 86.7 (s), 78.2 (d),
75.3 (d), 73.9 (d), 72.9 (t), 68.9 (t), 68.3 (s), 68.1 (d), 66.9 (s), 65.7 (t), 64.4
(t), 59.8 (q), 55.5 (q), 53.3 (s), 53.0 (q), 52.6 (s), 51.9 (d), 48.5 (s), 47.0
(d), 41.0 (t), 37.3 (d), 35.8 (t), 25.5 (3 � q), 25.2 (t), 19.6 (q), 17.9 (s), 16.5
(q), �5.1 (q), �5.8 ppm (q); IR (film): nmax = 3521, 2931, 1756, 1723,
1454, 1241, 1066 cm�1; HRMS: m/z : calcd for C49H64O15SiNa: 943.3912;
found: 943.3947 [M+Na+], D =3.7 ppm.ACHTUNGTRENNUNG(23S)-3-O-tert-Butyldimethylsilyl-1-detigloyl-11,20-O,O-dibenzyl-22,23-di-
hydro-23-methoxy-7-oxoazadirachtin (92): To a solution of alkene 23b-91
(8 mg, 0.009 mmol) in MeOH (2 mL) was added NaHCO3 (0.015 g,
0.18 mmol), MMPP.6H2O (89 mg, 0.18 mmol) and 5-tert-butyl-4-hydroxy-
2-methyl phenylsulfide (0.064 g, 0.18 mmol). The reaction vessel was
sealed and heated to 110 8C for 7 d. After cooling to room temperature
the reaction was partitioned between saturated aqueous Na2S2O3 solution
(5 mL) and ethyl acetate, the organic layer was separated and further
washed with saturated aqueous NaHCO3 solution (5 mL), then dried
(MgSO4) and concentrated in vacuo. Flash column chromatography (20–
50% ethyl acetate in hexanes afforded the title compound 92 as a colour-
less oil (5.4 mg, 65 %) followed by starting alkene 23b-91 (2.5 mg, 30%).ACHTUNGTRENNUNG(23S)-3-desacetyl-1-detigloyl-11,20-bis-O-benzyl-22,23-dihydro-23-meth-
oxy-7-oxoazadirachtin (92 a): To a stirred solution of silyl ether 92 (1.1 g,
1.2 mmol) in THF (20 mL) was added TBAF (1.0 m in THF, 1.8 mL,
1.8 mmol) and the mixture was stirred at room temperature for 1 h. The
reaction mixture was concentrated in vacuo and purified by flash colmn
chromatography (50–100 % ethyl acetate in hexane) to afford the diol
92a (921 mg, 95 %) as a colourless oil. [a]D =++11.8 (c =0.10 in CHCl3);
1H NMR (600 MHz, CDCl3): d=7.36–7.23 (m, 10H; Ar), 5.50 (s, 1H;
H21), 5.23 (dd, J=6.4, 2.6 Hz, 1 H; H23), 5.08 (br s, 1H; H15), 4.99 (d,
J =12.0 Hz, 1H; H19), 4.51 (d, J=12.6 Hz, 1H; CHHPh), 4.49–4.47 (m,
2H; H19, H1), 4.43 (d, J=12.5 Hz, 1H; CHHPh), 4.21 (d, J =14.0 Hz,
1H; H6), 4.04 (d, J=8.2 Hz, 1H; H28), 3.95 (m, 2 H; H28, H3), 3.88 (d,
J =14.4 Hz, 1H; H5), 3.84 (m, 5H; CO2Me, H9, H17), 3.76 (d, J =9.6 Hz,
1H; CHHPh), 3.54 (d, J=9.6 Hz, 1H; CHHPh), 3.47 (s, 3H; CO2Me),
3.39 (s, 3 H; OMe), 2.78 (d, J =6.3 Hz, 1H; OH), 2.64 (d, J=5.8 Hz, 1 H;
OH), 2.49 (d, J= 15.1 Hz, 1H; H22), 2.24 (m, 2H; H2), 2.12 (dd, J =15.1,
6.5 Hz, 1H; H22), 1.82 (s, 3H; 18 Me), 1.64 (d, J =12.6 Hz, 1H; H16),
1.57 (s, 3H; 30 Me), 1.52 ppm (m, 1 H; H16); 13C NMR (150 MHz,
CDCl3): d=206.2 (s), 174.2 (s), 169.0 (s), 138.1 (s), 136.9 (s), 128.5 (2 � d),
128.4 (2 � d), 127.8 (d), 127.7 (2 � d), 127.4 (d), 126.9 (2 � d), 107.7 (d),
105.8 (s), 103.9 (d), 86.9 (s), 78.0 (d), 75.3 (d), 73.6 (d), 72.9 (t), 69.3 (t),
68.3 (s), 67.4 (d), 67.0 (s), 65.9 (t), 64.4 (t), 55.5 (q), 53.5 (s), 53.0 (q), 52.7
(s), 51.9 (q), 48.7 (s), 46.9 (d), 41.3 (t), 37.7 (d), 35.6 (d), 35.5 (t), 25.1 (t),
20.0 (q), 16.5 ppm (q); IR (film): nmax = 3456, 2953, 1753, 1725, 1440,
1286, 1092 cm�1; HRMS: m/z : calcd for C43H50O15Na: 829.3047; found:
829.3040 [M+Na+], D=0.9 ppm.ACHTUNGTRENNUNG(23S)-3-Desacetyl-1-detigloyl-11-O-benzyl-22,23-dihydro-23-methoxy-7-
oxoazadirachtin (95): To a stirred solution of bis-benzyl ether 92 a
(16 mg, 0.022 mmol) in ethanol (3 mL) was added Pd/C (30 wt %, cat.),
and the resulting solution saturated with H2 gas. After 3 h the reaction
was filtered through a pad of celite and concentrated in vacuo. The crude
product was purified by flash column chromatography (70–90 % ethyl
acetate in petrol) to afford triol 95 (15.2 mg, 95%) as a colourless oil.
1H NMR (400 MHz, CDCl3): d=7.34–7.30 (m, 2H; Ph), 7.28–7.26 (m,
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3H; Ph), 5.23 (s, 1H; H21), 5.14 (dd, J =3.8, 2.4 Hz, 1 H; H23), 4.95 (d,
J =11.6 Hz, 1 H; H19), 4.77 (d, J =14.4 Hz, 1 H; H6), 4.65 (d, J =11.6 Hz,
1H; H19), 4.46 (m, 1H; H1), 4.41 (t, J =3.6 Hz, 1H; H3), 4.28 (d, J=


9.9 Hz, 1H; CHHPh), 4.14 (d, J=8.5 Hz, 1H; H28), 4.11 (d, J =8.5 Hz,
1H; H28), 3.79 (s, 3H; CO2Me), 3.77 (m, 1H; H15), 3.74 (s, 1 H; H9),
3.70 (br s, 1 H; OH), 3.64 (s, 3H; CO2Me), 3.61 (d, J =9.9 Hz, 1H;
CHHPh), 3.38 (s, 3H; 23OMe), 3.33 (d, J =7.3 Hz, 1 H; OH), 3.20 (d, J=


14.4 Hz, 1H; H5), 2.91 (s, 1H; OH), 2.42 (d, J=5.4 Hz, 1 H; H17), 2.32
(dd, J=14.6, 6.3 Hz, 1 H; H22), 2.25 (dt, J= 15.8, 2.9 Hz, 1H; H2), 2.17
(dd, J =14.6, 3.8 Hz, 1H; H22), 2.01 (dt J =17.5 Hz, t not resolved, 1H;
H2), 1.85 (s, 3 H; 30Me), 1.72 (d, J =12.8 Hz, 1H; H16), 1.62 (s, 3 H;
18Me), 1.52 ppm (m, 1H; H16); 13C NMR (150 MHz, CDCl3): d=206.1
(s), 173.8 (s), 170.5 (s), 137.0 (s), 128.5 (2 � d), 127.9 (d), 127.6 (2 � d),
106.4 (d), 105.8 (s), 105.6 (d), 80.9 (s), 77.0 (d), 75.9 (d), 73.3 (t), 72.1 (d),
70.7 (t), 67.4 (s), 67.1 (d), 66.5 (t), 66.0 (s), 56.2 (d), 55.9 (q), 54.7 (s), 53.1
(q), 52.8 (s), 52.2 (q), 50.0 (s), 48.9 (d), 48.3 (t), 39.9 (d), 34.0 (t), 24.6 (t),
20.4 (q), 17.2 ppm (q); IR (film): nmax = 3403, 2930, 1725, 1449, 1241,
1062 cm�1; HRMS: m/z : calcd for C36H45O15Na: 739.2637; found:
739.2601 [M+Na+], D=3.2 ppm.ACHTUNGTRENNUNG(23S)-11-Benzyloxy-1-detigloyl-22,23-dihydro-23-methoxy-7-oxoazadir-
achtin (95 a): Acetic anhydride (0.27 mL, 0.3 mmol), NEt3 (0.66 mL,
0.5 mmol), DMAP (10 mg) and triol 95 (0.34 g, 0.5 mmol) were stirred in
CH2Cl2 (70 mL) for 4 h at room temperature. The reaction was washed
with water (50 mL), then the organic layer was separated and extracted
further with CH2Cl2 (3 � 50 mL). The combined organics were dried
(MgSO4) and concentrated in vacuo. Purification by flash chromatogra-
phy (90 % ethyl acetate in petrol) afforded 95a (0.29 g, 76 %) as a colour-
less, glassy solid. M.p. 89–91 8C; 1H NMR (400 MHz, CDCl3): d=7.36–
7.26 (m, 2H; Ph), 7.25–7.23 (m, 3 H; Ph), 5.53 (app. t, J =2.8 Hz, 1 H;
H3), 5.27–5.24 (m, 2H; H21, H23), 5.01 (d, J=2.1 Hz, 1 H; H1), 4.97 (d,
J =11.5 Hz, 1H; H19), 4.48 (d, J =11.5 Hz, 1 H; H19), 4.23 (d, J=


13.9 Hz, 1 H; CHHPh), 3.95 (d, J =8.6 Hz, 1 H; H28), 3.89–3.83 (m, 5 H;
H6, CO2Me, CHHPh), 3.72 (m, 1H; H15), 3.70 (br s, 1H; OH), 3.55 (d,
J =8.6 Hz, 1 H; H28), 3.51 (s, 3 H; CO2Me), 3.40 (m, 5 H; H9, OMe, OH),
3.03 (d, J =10.8 Hz, 1H; H5), 2.43 (d, J =5.7 Hz, 1H; H17), 2.38 (app. dt,
J =16.3, 3.1 Hz, 1 H; H2), 2.32 (dd, J =14.9, 3.1 Hz, 1 H; H22), 2.28–2.20
(m, 2H; H2, H22), 2.07 (s, 3H; 18 Me), 1.82 (s, 3 H; OAc), 1.69 (m, 1 H;
H16), 1.44 (dd, J =12.8, 3.2 Hz, 1H; H16), 1.58 ppm (s, 3H; 30Me);
13C NMR (150 MHz, CDCl3): d= 205.6 (s), 173.1 (s), 169.1 (s), 168.8 (s),
136.3 (s), 128.5 (2 � d), 127.9 (d), 127.8 (2 � d), 107.1 (d), 105.8 (s), 105.6
(d), 81.2 (s), 77.9 (d), 75.3 (d), 73.1 (t), 72.6 (d), 69.2 (t), 68.5 (d), 68.2 (s),
67.3 (s), 66.0 (t), 58.9 (d), 55.7 (q), 53.1 (q), 52.6 (s), 52.3 (q), 51.9 (s),
49.1 (d), 48.4 (s), 48.3 (t), 39.1 (d), 33.7 (t), 25.4 (t), 20.8 (q), 16.9 (q),
14.2 ppm (q); HRMS: m/z : calcd for C38H47O16: 759.2864; found:
759.2898 [M+H+], D =4.5 ppm.ACHTUNGTRENNUNG(23S)-11-O-Benzyl-22,23-dihydro-23-methoxy-7-oxoazadirachtin 95b : To
a stirred solution of diol 95 a (15 mg, 0.020 mmol) in toluene (0.5 mL)
was added Cs2CO3 (129 mg, 0.40 mmol) followed by a mixed anhydride
from tiglic acid and the Yamaguchi acid chloride (122 mg, 0.40 mmol).
The resulting mixture was heated in a sealed tube for 6 d before cooling
to room temperature and partitioning between ethyl acetate (5 mL) and
water (5 mL). The organic layer was separated, dried (MgSO4) and the
solvent removed in vacuo. Flash colum chromatography (70 % ethyl ace-
tate in hexanes) provided tiglate ester 95b (8.5 mg, 50%) as a colourless
oil. 1H NMR (600 MHz, CDCl3): d=7.27 (m, 5 H; Ar), 6.61 (q, J=


7.1 Hz, 1 H; H3’), 5.50 (app. t, J =2.8 Hz, H3), 5.44 (d, J =14.4 Hz, 1 H;
H6), 5.22 (s, 1H; H21), 5.07 (dd, J =6.1, 1.8 Hz, 1H; H23), 4.80 (app. t,
J =2.7 Hz, 1H; H1), 4.68 (d, J =10.7 Hz, 1H; H19), 4.54 (d, J =9.9 Hz,
1H; H28), 4.40 (d, J =10.7 Hz, 1H; H19), 4.10 (d, J= 9.1 Hz, 1 H;
CHHPh), 3.86 (d, J =3.3 Hz, 1H; H15), 3.84 (s, 3 H; CO2Me), 3.79–3.77
(m, 2H; H28, CHHPh), 3.70 (s, 1 H; H9), 3.68 (s, 3 H; CO2Me), 3.59 (s,
1H; OH), 3.38 (s, 3 H; OMe), 2.76 (d, J=14.4 Hz, 1 H; H5), 2.43–2.41
(m, 2H; H17, H22), 2.33 (app. dt, J=16.9, 2.5 Hz, 1 H; H2), 2.21 (app. dt,
J =16.9, 3.2 Hz, 1H; H2), 2.06 (dd, J=14.3, 4.5 Hz, 1H; H22), 1.94 (s,
3H; 18Me), 1.90 (s, 3 H; OAc), 1.80 (s, 3H; 5’Me), 1.76 (d, J =12.7 Hz,
1H; H16), 1.17 (dd, J=7.1, 0.9 Hz, 3H; 4’Me), 1.58 (s, 3H; 30Me),
1.52 ppm (m, 1H; H16); 13C NMR (100 MHz, CDCl3): d=206.0 (s), 172.6
(s), 169.9 (s), 169.6 (s), 166.4 (s), 137.8 (d), 136.8 (s), 129.0 (s), 128.7 (2 �
d), 128.5 (3 � d), 107.5 (d), 107.3 (s), 105.0 (d), 81.1 (s), 76.8 (d), 76.4 (d),


73.5 (t), 70.5 (d), 70.1 (t), 67.9 (t), 67.0 (s), 66.7 (d), 65.5 (s), 56.5 (q), 53.9
(s), 53.7 (d), 53.6 (s), 53.5 (q), 53.5 (q), 48.9 (d), 48.8 (t), 48.6 (s), 46.3
(d), 30.2 (t), 24.7 (t), 22.0 (q), 21.2 (q), 18.7 (q), 14.5 (q), 12.5 ppm (q);
HRMS: m/z : calcd for C43H53O17: 841.3283; found: 841.3311 [M+H+],
D=3.3 ppm.ACHTUNGTRENNUNG(23S)-22,23-Dihydro-23-methoxyazadirachtin 97 (vepaol): Vepaol was
prepared from 95b following the previously reported steps.[86]


Azadirachtin 1: To a stirred solution of vepaol 97 (50 mg, 0.066 mmol) in
1,2-dichloroethane (2.5 mL) was added benzeneselenol (150 mL,
1.33 mmol) followed by PPTS (cat., five crystals). The resulting mixture
was heated at reflux for 4 h, then loaded directly onto silica and purified
by flash column chromatography (20 to 50 % ethyl acetate in hexane) to
afford selenide 98 (59 mg, quantitative) as a highly unstable yellow oil.
Selenide 98 (59 mg, 0.066 mmol) was dissolved in CH2Cl2 (2 mL) and
cooled to 0 8C. Pyridine (27 mL, 0.33 mmol) followed by hydrogen perox-
ide (30 % aq., 37 mL, 0.33 mmol) was then added and the resulting mix-
ture stirred for 10 min. The reaction was then quenched by the addition
of saturated aqueous Na2S2O3 solution. (1 mL) and the organic layer sep-
arated, dried (MgSO4) and concentrated in vacuo. Column chromatogra-
phy (80 % ethyl acetate in hexane) afforded azadirachtin 6 (41 mg, 85%
over 2 steps) as a white amorphous solid. 1H NMR (400 MHz, CDCl3):
d=6.92 (q, J =7.1 Hz, 1H; H3’), 6.46 (d, J= 2.9 Hz, 1 H; H23), 5.64 (s,
1H; H21), 5.50 (app. t, J =2.8 Hz, 1H; H3), 5.05 (d, J= 2.8 Hz, 1H;
H22), 5.02 (s, 1 H; OH), 4.76 (app. t, J=2.8 Hz, 1 H; H1), 4.74 (br s, 1 H;
H7), 4.67 (d, J= 3.5 Hz, 1H; H15), 4.61 (dd, J=12.5, 2.7 Hz, 1H; H6),
4.15 (d, J =9.7 Hz, 1 H; H19), 4.07 (d, J =9.0 Hz, 1 H; H28), 3.79 (s, 3H;
CO2Me), 3.77 (d, J =9.0 Hz, 1 H; H28), 3.69 (s, 3H; CO2Me), 3.63 (d, J=


9.7 Hz, 1H; H19), 3.35 (d, J =12.4 Hz, 1 H; H5), 3.34 (s, 1H; H9), 2.84
(br s, 1 H; OH), 2.79 (br s, 1H; OH), 2.38 (d, J =5.3 Hz, 1 H; H17), 2.34
(app. dt, J =16.9 Hz, t not resolved, 1 H; H2), 2.23 (app. dt, J =16.9,
3.3 Hz, 1H; H2), 2.00 (s, 3 H; 18 Me), 1.95 (s, 3H; OAc), 1.85 (s, 3 H;
5’Me), 1.78 (d, J =7.1 Hz, 3H; 4’Me), 1.75 (s, 3H; 30Me), 1.76 (ddd, J=


13.2, 5.3, 3.5 Hz, 1 H; H16), 1.31 ppm (ddd, J =13.2, 0.4, 0.3 Hz, 1 H;
H16); 13C NMR (100 MHz, CDCl3): d= 173.4 (s), 171.8 (s), 169.7 (s),
166.2 (s), 146.9 (d), 137.8 (d), 128.5 (s), 108.6 (d), 107.5 (d), 104.2 (s), 83.5
(s), 76.4 (d), 74.3 (d), 73.9 (d), 73.1 (t), 70.5 (d), 70.0 (s), 68.0 (t), 67.5 (s),
66.9 (d), 53.2 (q), 52.7 (q), 52.5 (s), 50.2 (s), 48.6 (d), 45.5 (s), 44.7 (d),
36.9 (d), 29.7 (t), 25.0 (t), 21.3 (q), 20.8 (q), 18.4 (q), 14.3 (q), 11.9 ppm
(q), IR (film): nmax = 3441, 2923, 1741, 1438, 1376, 1265 cm�1.
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Versatile Friedel–Crafts-Type Alkylation of Benzene Derivatives Using a
Molybdenum Complex/ortho-Chloranil Catalytic System


Yoshihiko Yamamoto* and Kouhei Itonaga[a]


Introduction


The development of an efficient method for the alkylation
of benzenes has been of prime importance in organic syn-
thesis because of the ubiquity of substituted benzene deriva-
tives in natural products, pharmaceuticals, and functional
materials. The Friedel–Crafts alkylation is one of the most
common methods for the direct alkylation of aromatic
rings.[1] Conventional Friedel–Crafts alkylation reactions
generally require stoichiometric amounts of Lewis or
Brønsted acid promoters, which produce a large amount of
salt waste after neutralization; hence, considerable effort
has been devoted to the development of an alternative envi-
ronmentally friendly catalytic process.


Another promising method is the ortho metalation/alkyla-
tion approach, which provides access to ortho-substituted
benzene derivatives with precise regiocontrol.[2] However,
this strategy also has certain disadvantages. The use of stoi-


chiometric amounts of strong bases results in the formation
of salt waste. Moreover, this method is incompatible with a
wide range of reactive functional groups. To resolve these
issues, the transition-metal-catalyzed direct C�H alkylation
of benzenes with olefins has been utilized since the first
truly efficient catalysts were identified by Murai et al.[3] Al-
though catalytic C�H alkylation reactions enable the intro-
duction of an alkyl chain under neutral conditions, most ex-
isting methods require aromatic substrates bearing a direct-
ing group and/or specific olefins, thereby limiting the scope
of this methodology.[4,5]


The strong demand for an environmentally friendly pro-
cess that is capable of yielding alkylbenzenes with a wide
scope has led to the recent innovative development of cata-
lytic Friedel–Crafts alkylation reactions. In particular, metal
trifluoromethanesulfonates (triflates) have served as effec-
tive Lewis acid catalysts in Friedel–Crafts alkylation reac-
tions. Kobayashi and co-workers employed hafnium(IV) tri-
flate together with LiClO4 in nitromethane as the solvent
for Friedel–Crafts reactions.[6] In their method, alkylben-
zenes and the parent benzene were alkylated with benzyl
and tert-alkyl chlorides in good yields, even at room temper-
ature.[6b] The study by Kobayashi and co-workers also re-
vealed that scandium ACHTUNGTRENNUNG(III) triflate acted as a catalyst in the
Friedel–Crafts acylation.[7] Yamamoto and co-workers syn-
thesized a-tocopherol by Sc ACHTUNGTRENNUNG(OTf)3-catalyzed cyclocoupling
of hydroquinone and allylic alcohol precursors.[8] Fukuzawa
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alkylation reactions of benzene deriva-
tives with alkenes and alcohols in the
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strates. The electrophilic-substitution
mechanism was proposed on the basis
of the ortho/para selectivities and the
Markovnikov selectivities observed for
the hydroarylation products. Our hy-
pothesis was further corroborated by
the fact that in the presence of the
[CpMoCl(CO)3]/o-chloranil catalytic
system, secondary, benzylic, or allylic
alcohols participated in the alkylation
of benzenes with similar selectivities.


Keywords: Brønsted acid catalysts ·
carbenium ions · chloranil · Frie-
del–Crafts alkylation · molybdenum


[a] Prof. Dr. Y. Yamamoto, K. Itonaga
Department of Applied Chemistry
Graduate School of Science and Engineering
Tokyo Institute of Technology
O-okayama, Meguro-ku, Tokyo 152–8552 (Japan)
Fax: (+81) 3-5734-3339
E-mail : omyy@apc.titech.ac.jp


Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200801105.


Chem. Eur. J. 2008, 14, 10705 – 10715 � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 10705


FULL PAPER







and co-workers further established the general scope of the
Sc ACHTUNGTRENNUNG(OTf)3-catalyzed Friedel–Crafts benzylation and allylation
of substituted benzene derivatives, in which environmentally
friendly benzyl and allyl alcohols can be used as replace-
ments for the corresponding halides.[9] Since then, various
combinations of Lewis acid catalysts and alkylating agents
have been utilized for the Friedel–Crafts alkylation reac-
tions of benzene derivatives,[10] especially in methods that
use late-transition-metal catalysis.[11,12] The catalytic Friedel–
Crafts alkylation reactions have been further extended to
asymmetric versions with chiral catalysts.[13] In this context,
it should be noted that the conventional method of Brønsted
acid catalysis has also gained renewed interest as a metal-
free process.[14]


In contrast to the above catalytic methods that utilize al-
cohols, halides, and their congeners as alkylating agents, the
development of catalytic Friedel–Crafts alkylation reactions
that enable the use of simple olefins with predictable
chemo- and regioselectivities still remains a challenging sub-
ject in organic chemistry. To this end, certain intramolecular
reactions have been accomplished recently by means of car-
bophilic Lewis acid catalysts.[15] However, the development
of efficient and selective intermolecular variants is a formi-
dable task, although a wide variety of both aromatic and
olefinic substrates can be utilized. To the best of our knowl-
edge, to date, there are only a few selective Friedel–Crafts
alkylation catalysts with limited olefins. The hydroarylation
of olefins has been recognized as a side reaction of transi-
tion-metal-promoted olefin metathesis, and Szymańska-
Buzar and co-workers reported the efficient hydroarylation
of a strained olefin, norbornene, with benzenes at room
temperature by means of a W�Sn bimetallic catalyst.[16] An-
other bimetallic catalyst that comprises Pt and Ag has also
been reported to be efficient for the hydroarylation of
simple olefins such as propene, cyclohexene, and cyclopen-
tene, in addition to norbornene.[17] There have also been a
few cases that have utilized more reactive alkenes, such as
styrenes, 1,3-dienes, and methyl vinyl ketone, for the catalyt-
ic Friedel–Crafts-type alkylation of benzenes.[18]


We previously reported the unprecedented single-step as-
sembly of a palladium(IV) complex with a novel palladas-
pirocycle framework from commercially available [Pd2-ACHTUNGTRENNUNG(dba)3] (dba = trans,trans-dibenzylideneacetone), o-chloranil,
and norbornene.[19] Interestingly, the spiropalladacycle was
formed though the twofold oxidative cyclization of each
molecule of norbornene and o-chloranil at the palladium
center. In extending this novel metallacyclic chemistry to
other transition-metal elements, we examined the reaction
of [Mo(CO)6] with norbornene and o-chloranil in benzene
at reflux to observe whether it was possible to obtain a
threefold oxidative cyclization. To our surprise, a small
amount of exo-2-phenylnorbornane was detected instead of
the anticipated metallacycle product. The presence of this
phenyl group was attributed to the solvent; furthermore, it
was concluded that the molybdenum species formed in situ
was involved in this hydroarylation because no reaction
took place in the absence of either [Mo(CO)6] or o-chlora-


nil. This finding is in striking contrast to the report by Shi-
mizu and co-workers, which stated that [Mo(CO)6] catalyzed
the hydroarylation of styrenes and cyclohexenes with ani-
sole.[12d] Hence, in this study, we focused our attention on
this unique catalytic system, which is a combination of a mo-
lybdenum complex and o-chloranil, for the alkylation of
benzenes. The obtained results, including the synthetic scope
and a plausible mechanistic scenario, will be presented
herein.


Results and Discussion


Optimization of the catalytic system : To develop an optimal
catalytic system, we first examined several Group 6 transi-
tion-metal complexes as precatalysts (Scheme 1 and


Table 1). A solution of norbornene (1 mmol) in p-xylene
(6 mL) was heated at 80 8C for 24 h in the presence of cata-
lytic amounts of the precatalyst (10 mol %) and o-chloranil
(20 mol%). The use of [Mo(CO)6] gave the expected adduct
1 a, albeit in 20 % yield (Table 1, entry 1). Although the
yield was not considerable, it indicated the significance of
the molybdenum complex. Notably, compared to [Mo(CO)6]
the related complexes [Cr(CO)6] and [W(CO)6] exhibited no
catalytic ability at all (Table 1, entries 2 and 3). In the ab-
sence of the molybdenum complex, no hydroarylation prod-


Scheme 1. Reaction of norbornene with p-xylene.


Table 1. Influence of Group 6 transition-metal precatalysts and quino-
nes.[a]


Entry ACHTUNGTRENNUNG[MLn] Quinone (mol %) Product Yield
[%]


1 [Mo(CO)6] o-chloranil (20) 1a 20
2 [Cr(CO)6] o-chloranil (20) nd
3 [W(CO)6] o-chloranil (20) nd
4 – o-chloranil (20) 2 trace
5 ACHTUNGTRENNUNG[CpMoCl(CO)3] o-chloranil (20) 1a 87
6 [{Mo ACHTUNGTRENNUNG(OAc)2}2] o-chloranil (20) 1a 78
7 ACHTUNGTRENNUNG[{CpMo(CO)3}2] o-chloranil (20) 1a, 50
8 ACHTUNGTRENNUNG[(h-


C3H5)MoCl(AN)2(CO)2]
o-chloranil (20) 1a 11


9 ACHTUNGTRENNUNG[CpMoCl(CO)3] p-chloranil (20) 1a trace
10 ACHTUNGTRENNUNG[CpMoCl(CO)3] 3,5-di-tert-butyl-1,2-benzo-


quinone (20)
nd


11 ACHTUNGTRENNUNG[CpMoCl(CO)3] – nd
12 ACHTUNGTRENNUNG[CpMoCl(CO)3] o-chloranil (10) 1a 73
13 ACHTUNGTRENNUNG[CpMoCl(CO)3] o-chloranil (30) 1a 84


[a] Reagents and conditions: Norbornene: 1 mmol, [MLn]: 10 mol %,
p-xylene: 6 mL, 80 8C, 24 h. nd= not detected.
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uct was obtained, and instead a trace amount of 2, the
hetero-Diels–Alder cycloadduct between norbornene and o-
chloranil, was detected (Table 1, entry 4).[20] To improve the
yield, several readily accessible molybdenum complexes
were tested under the same conditions. Commercially avail-
able molybdenum(II) complexes, such as [CpMoCl(CO)3]
(Cp=cyclopentadienyl) and [{Mo ACHTUNGTRENNUNG(OAc)2}2], proved to be ef-
ficient precatalysts providing 1 a in 87 and 78 % yield, re-
spectively (Table 1, entries 5 and 6). On the other hand, sim-
ilar molybdenum(II) complexes with Cp or p-allyl ligands,
such as [{CpMo(CO)3}2] and [(h-C3H5)MoCl(AN)2(CO)2]
(AN=MeCN), were less effective (Table 1, entries 7 and 8).
The correlation between the ligands and catalytic ability is
not clear at this stage.


Next, we examined the influence of quinones on catalytic
efficacy. The use of p-chloranil and 3,5-di-tert-butyl-1,2-ben-
zoquinone together with [CpMoCl(CO)3] hardly yielded 1 a,
thus implying that both the o-quinone structure and the
electron-withdrawing chlorine substitution are indispensable
for efficient catalysis (Table 1, entries 9 and 10). The optimal
ratio of Mo/o-chloranil was identified as 1:2 (Table 1,
entry 5 versus entries 12 and 13), and no reaction occurred
in the absence of o-chloranil (Table 1, entry 11).


The other reaction parameters were also optimized
(Table 2). A lower catalyst loading of 5 mol % resulted in a
decrease in the yield (69 %). Similar results were obtained
for longer reaction times or a decrease in the amount of the
solvent (Table 2, entries 1–4). At a lower temperature of
50 8C, the reaction proceeded very slowly, even for an in-
creased catalyst loading of 10 mol %, whereas an increase in
the temperature had a favorable effect on the hydroaryla-
tion. Upon heating the solution in p-xylene to reflux, 1 a was
obtained in a comparably good yield of 73 %, albeit with a
decreased reaction time of 30 minutes (Table 2, entry 5). En-
couraged by this result, we then applied microwave heating
to the present hydroarylation.
Microwave irradiation of a so-
lution of norbornene and the
catalyst (10 mol %) in xylene
at 150 8C for 5 min in a sealed
vessel resulted in a high yield
of 81 % (Table 2, entry 6).
With a catalyst loading of
5 mol %, the reaction proceed-
ed efficiently within 15 min to
produce a yield comparable to
that obtained under conven-
tional heating conditions that
required a much longer reac-
tion time (Table 2, entry 7
versus entry 3). Although inter-
esting but controversial micro-
wave effects have been report-
ed,[21] the present acceleration
of hydroarylation can be attrib-
uted to simple thermal effects
because the reaction with mi-


crowave heating conducted at 90 8C, but otherwise under
the same conditions, yielded only a trace amount of 1 a
within 15 minutes (Table 2, entry 8).


Scope and limitations of the catalytic hydroarylation : The
results of the hydroarylation of norbornene with various
benzenes under the optimal conditions are compiled in
Table 3. Benzene and its substituted derivatives were sub-
jected to hydroarylation to furnish exo-2-arylnorbornanes
1 b–g stereoselectively. Moderate-to-high yields of the isolat-
ed product were obtained by using either one of the two
heating methods. The low yields of 1 b were ascribed to its
low boiling point and the low nucleophilicity of benzene
(Table 3, entries 1 and 2). Anisole afforded the correspond-
ing product 1 e as mixtures of ortho and para isomers in the
ratio of o/p�58:42 (Table 3, entries 7 and 8). On the other
hand, only one of the two possible isomers was formed in
the case of m-xylene, 4-methylanisole, and 4-chloroanisole
(Table 3, entries 3, 4, and 9–12). The absence of meta ad-
ducts suggests that an electrophilic-substitution mechanism


Table 2. Optimization of the [CpMoCl(CO)3]/o-chloranil-catalyzed reac-
tion of norbornene with p-xylene.[a]


Entry Catalyst
loadingACHTUNGTRENNUNG[mol %]


Volume of
p-xylene
[mL]


T [8C] t Yield of
1 a [%]


1 5 6 80 24 h 69
2 5 6 80 36 h 76
3 5 3 80 24 h 72
4 5 1 80 24 h 69
5 5 3 138 (reflux) 30 min 73
6 10 3 150 (MW) 5 min 81
7 5 3 150 (MW) 15 min 74
8 5 3 90 (MW) 15 min trace


[a] Norbornene: 1 mmol, [CpMoCl(CO)3]/o-chloranil: 1:2. MW =micro-
wave irradiation.


Table 3. ACHTUNGTRENNUNG[CpMoCl(CO)3]/o-chloranil-catalyzed reactions of norbornene with various benzenes.[a]


Entry Benzene[a] T [8C] t Product Yield [%]


1 benzene 80 24 h 1 b 31
2 benzene 150 (MW) 15 min 1 b 48


3 m-xylene 80 24 h 1 c 83
4 m-xylene 150 (MW) 15 min 1 c 79


5 mesitylene 80 24 h 1 d 75
6 mesitylene 150 (MW) 15 min 1 d 52


7 anisole 80 24 h 1 e 84[b]


8 anisole 150 (MW) 15 min 1 e 76[b]


9 4-methylanisole 80 24 h 1 f 67
10 4-methylanisole 150 (MW) 15 min 1 f 76


11 4-chloroanisole 80 24 h 1 g 54
12 4-chloroanisole 150 (MW) 15 min 1 g 62


[a] Norbornene: 1 mmol, [CpMoCl(CO)3]/o-chloranil : 1:2 (10 or 5 mol % for entries 7 and 8), p-xylene: 6 mL
(3 mL for MW). [b] The ortho/para isomer ratios were 58:42 for entries 7 and 8.
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is involved in the
[CpMoCl(CO)3]/o-chloranil
catalytic system (see below).
In contrast to the above
arenes, less nucleophilic chlor-
obenzene and aniline deriva-
tives, such as N,N-dimethylani-
line and acetanilide, failed to
undergo addition to norbor-
nene under the same condi-
tions.


To evaluate the generality in
terms of the olefin substrate,
other alkenes were employed
for the hydroarylation. First,
the coupling of styrene and its
derivatives with anisole was
examined (Scheme 2) because
the use of [Mo(CO)6] to cata-
lyze this particular reaction
has already been reported.[12d]


Styrene was subjected to mi-
crowave-irradiation conditions
for 1 h to afford 3 a in 78 %
yield with an ortho/para ratio
of 26:74, which indicates that


the methoxyphenyl group was exclusively introduced at the
a position to the styrene phenyl group (Table 4, entry 1).
Similarly, p-chlorostyrene and p-methylstyrene produced 3 b
and 3 c in 88 and 84 % yield, respectively, with similar iso-
meric ratios (Table 4, entries 3 and 4), whereas the use of p-
methoxystyrene resulted in a complex mixture as a result of
a self-reaction. The hydroarylation also proceeded efficient-
ly with 1-methyl- and 2-methylstyrene, diphenylethene, and
bicyclic analogues, such as indene and 1,2-dihydronaphtha-


lene, to furnish the corresponding products 3 d–h in high
yields in favor of the para isomers (Table 4, entries 5, 7, 9,
11, and 13). It should be noted that the hydroarylation of
the styrenes with anisole also proceeded at 40–60 8C and the
corresponding products were obtained in comparable yields
to those obtained from microwave heating but with slightly
higher para selectivities (Table 4, entries 2, 6, 8, 10, 12, and
14). On the contrary, the reaction of styrene with p-xylene
resulted in a mixture of inseparable products that included
the desired 5 (Scheme 3). This result is probably because p-
xylene has a rather low nucleophilicity that is comparable to
styrene. In addition, the hydroarylation was accompanied by
the dimerization of styrene, as exemplified by the reaction
conducted in chlorobenzene at 80 8C, which produced 1,3-di-
phenyl-1-butene in 11 % yield (Scheme 3).[22]


The present catalytic hydroarylation is not limited to nor-
bornene and styrenes. We conducted experiments in which
cyclohexene reacted with anisole with both microwave irra-
diation at 150 8C and conventional heating at 60 8C to afford
a 56:44 mixture of ortho and para cyclohexylanisole in 84
and 53 % yields, respectively (Scheme 4). A reaction with
the less electron-rich p-xylene resulted in a lower yield of
the corresponding adduct (34 %). The use of 1-methylcyclo-
hexene as an olefin substrate gave suggestive results. Its hy-
droarylation with anisole under microwave-irradiation con-
ditions exclusively produced (1-methylcyclohexyl)anisole in
74 % yield with a high para selectivity (i.e. , o/p=2:98). The
same Markovnikov-type regioselectivity in terms of the ary-
lation position was observed in the hydroarylation per-
formed under conventional heating conditions at 40 8C,


Scheme 2. ACHTUNGTRENNUNG[CpMoCl(CO)3]/o-chloranil-catalyzed hydroarylation of styr-
enes.


Scheme 3. ACHTUNGTRENNUNG[CpMoCl(CO)3]/o-chloranil-catalyzed reactions of styrene.


Table 4. ACHTUNGTRENNUNG[CpMoCl(CO)3]/o-chloranil-catalyzed hydroarylation of styrenes.[a]


Entry Styrenes T [8C] t [h] Product Yields [%] ortho/para


1 150 (MW) 1 3 a 78 26:74


2 40 24 3 a 90 18:82


3 150 (MW) 1 3b 88 24:76


4 150 (MW) 1 3 c 84 20:80


5 150 (MW) 1 3d 82 2:98


6 40 24 3d 80 0:100


7 150 (MW) 1 3 e 89 20:80


8 60 24 3 e 69 14:86


9 150 (MW) 1 3 f 85 0:100


10 40 24 3 f 83 0:100


11 150 (MW) 1 3 g 78 22:78


12 40 24 3 g 74 11:89


13 150 (MW) 1 3h 89 20:80


14 40 24 3h 77 14:86


[a] Styrene: 1 mmol, [CpMoCl(CO)3]/o-chloranil : 1:2 (10 mol %), anisole: 6 mL (3 mL for MW). Ar=o- or
p-MeOC6H4.
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albeit with a diminished yield and ortho/para selectivity.
Moreover, the hydroarylation of 1-hexene with anisole was
carried out under microwave-irradiation conditions to
obtain 3-hexylanisole and the expected 2-hexylanisole in a
46 % combined yield (Scheme 5); both regioisomeric prod-


ucts contained ortho and para isomers. The formation of 3-
hexylanisole indicates that a carbocation species was pro-
duced and underwent a 1,2-hydride shift. In addition, the
ortho/para-selective substitution patterns mentioned above
were also responsible for the electrophilic aromatic substitu-
tion mechanism involving carbocation intermediates.


Mechanistic rationale of molybdenum/o-chloranil-catalyzed
hydroarylation reactions : As described in the introduction,
catalytic Friedel–Crafts-type electrophilic alkylation and
transition-metal-catalyzed directed C�H alkylation reactions
have been developed and employed in a complementary
manner. However, it is often difficult to clearly distinguish
which mechanism is operative when a transition-metal cata-
lyst with latent electrophilic character is used in combina-
tion with benzene substrates that possess no directing group.
Moreover, a slight modification of the catalyst can alter the
mechanistic profile dramatically. For example, Tilley and co-
workers revealed that indolylpyridine-supported platinum
complexes catalyzed the hydroarylation of norbornene with
benzene at 140 8C to afford exo-2-arylnorbornanes in moder-
ate yields.[5g] Notably, chlorobenzene exhibited a higher re-
activity than benzene and toluene, whereas fluorobenzene
and p-xylene failed to undergo hydroarylation. The case in
which toluene was used, the corresponding adducts were ob-
tained in the ratio of o/m/p= 20:50:30. On the other hand,
the combination of a similar platinum–indolylpyridine com-
plex and silver salts catalyzed the reaction of norbornene
with benzene at lower temperatures to furnish the hydroary-


lation products in excellent yields.[17] The use of the Zeise
dimer under otherwise identical conditions enabled the hy-
droarylation of simple olefins: the hydroarylation of pro-
pene afforded isopropylbenzene as an exclusive product and
tolylcyclohexanes were obtained in the ratio of o/m/p=


31:6:63 from cyclohexene and toluene. These observations
allowed the authors to conclude that arene C�H activation
by the platinum complexes might have been operative in the
former, whereas a Friedel–Crafts-type electrophilic substitu-
tion mechanism might have been involved in the latter using
the Pt/Ag system or the Zeise dimer.


In our case, the ortho/para products were exclusively ob-
tained, thus indicating that the electrophilic-substitution
mechanism was involved. As an alternative possibility, the
electrophilic attack by high-oxidation-state molybdenum
species on electron-rich benzenes can give rise to aryl–mo-
lybdenum intermediates 6 with ortho/para selectivity, which
might undergo the insertion of olefins (Scheme 6). However,


the Markovnikov products obtained from styrenes and 1-
methylcyclohexene and the reaction with 1-hexene that
yields the 3-hexyl isomer together with the 2-hexyl product
strongly support the intermediacy of carbocationic species.
All these facts corroborate the presence of an Friedel–
Crafts-type electrophilic-substitution pathway in the
[CpMoCl(CO)3]/o-chloranil-catalyzed hydroarylation reac-
tion.


If this is the case, a question arises about the role of the
putative high-oxidation molybdenum species derived from
the molybdenum precursors and o-chloranil : Do they act as
Lewis acids or do they play some other role? In relation to
this issue, the involvement of protons has been disclosed or
suspected in certain homogeneous transition-metal catalyses.
Dyker and co-workers reported the gold-catalyzed hydroar-
ylation of a,b-unsaturated ketones and later found that the
same reaction could be catalyzed by Brønsted acids such as
HCl, para-toluenesulfonic acid (p-TsOH), and HBF4.


[18a]


The groups of Hashmi and Nair also reported that the addi-
tion of electron-rich arenes to aldehydes proceeded with
both gold and Brønsted acid catalysis.[23] Similar Brønsted
acid catalyzed hydroarylation reactions of norbornene and
styrene with anilines were found independently by the
groups of Bergman and Coates.[24] In the molybdenum-cata-
lyzed hydroarylation reaction observed herein, the Brønsted
acid catalysis by tetrachlorocatechol, which was concomi-
tantly generated through the oxidation of the molybdenum
complexes with o-chloranil and subsequent protonolysis of
the putative molybdenum tetrachlorocatecholate species,
might be responsible for the observed reactions (see below).


Scheme 4. ACHTUNGTRENNUNG[CpMoCl(CO)3]/o-chloranil-catalyzed hydroarylation of cyclo-
hexenes.


Scheme 5. ACHTUNGTRENNUNG[CpMoCl(CO)3]/o-chloranil-catalyzed hydroarylation of 1-
hexene.


Scheme 6. Electrophilic attack by high-oxidation-state molybdenum spe-
cies on the aromatic ring.
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In fact, small amounts of tetrachlorocatechol were detected
in the crude reaction mixture.


We examined several Brønsted acids as catalysts for the
hydroarylation of norbornene with p-xylene (Table 5). We


observed that our catalyst compares well with trifluorome-
thanesulfonic acid (TfOH), a superacid that possesses an
acidity much greater than 100 % sulfuric acid,[25] and catalyz-
es the expected hydroarylation in good yield under both the
conventional and microwave-heating conditions (Table 5,
entries 3 and 4). In stark contrast, a typical Brønsted acid,
namely, TsOH, was reported to promote the hydroarylation
of norbornene with toluene; however, an excess loading is
required for reactions utilizing a weak acid promoter.[26] In
fact, 10 mol % TsOH cannot produce 1 a under the same
conditions (Table 5, entry 5). In this context, a similarly
weak Brønsted acid, tetrachlorocatechol, is also assumed to
be an inferior promoter. Indeed, it failed to catalyze the re-
action of norbornene with p-xylene (Table 5, entry 6).


Although there is no experimental data that clarifies how
the combination of molybdenum complexes and o-chloranil
catalyzes the hydroarylation of alkenes, we have proposed a
likely catalytic species (Scheme 7). First, molybdenum com-
plexes are oxidized by o-chloranil to produce the higher-oxi-
dation-state molybdenum catecholate species 7. As a result
of its electrophilic character, 7 might react with benzenes to


form zwitterionic intermediate 8, in which subsequent
proton abstraction by the oxygen atom of the catecholate
ligand takes place to ultimately generate Brønsted acid spe-
cies 9, which behaves as a proton donor. The reaction of
norbornene with [D10]p-xylene executed by microwave heat-
ing at 150 8C in the presence of 10 mol % [CpMoCl(CO)3]
and 20 mol % o-chloranil produced a mixture of [D10]1 a
(m/z 210 [M+]) and [D9]1 a (m/z 209 [M+]) as confirmed by
GC—mass-spectrometric analysis (see Figure S2 in the Sup-
porting Information). The formation of [D10]1 a is in good
agreement with the proposed mechanism in which the ben-
zene substrates are the proton sources. Despite several at-
tempts to isolate an active species from [CpMoCl(CO)3] and
o-chloranil, we completely failed to obtain an identifiable
complex. To our surprise, the 1H NMR spectroscopic analy-
sis of the solution of [CpMoCl(CO)3] and o-chloranil in
C6D6 revealed the disappearance of the Cp ligand, thus indi-
cating that this ligand has no direct influence on the yield
and isomeric ratio of the products.


To support the above mechanistic scenario, the commer-
cially available molybdenum(V) compound [MoCl5]


[27] was
used as a highly electrophilic molybdenum source. It was
observed that [MoCl5] exhibited moderate catalytic activity,
even in the absence of the oxidant o-chloranil. Under con-
ventional heating conditions, a 10 mol % loading of the cata-
lyst produced 1 a in 48 % yield (Table 5, entry 7). In this
case, [MoCl5] was probably reduced to [MoCl4Ln] (L=


ligand) by p-xylene, thus resulting in the concomitant evolu-
tion of hydrogen chloride, which might be responsible for
the hydroarylation.[28, 29] This suggestion was corroborated by
the detection of a small amount of 1,4-dimethyl-2-(4-methyl-
benzyl)benzene in the crude reaction mixture. Thus, the
combined use of [MoCl5] and o-chloranil provided a superi-
or result (Table 5, entry 8). According to these observations,
it is reasonable to consider that the optimal Mo/o-chloranil
ratio of 1:2 derived from the above experimentations is nec-
essary because the molybdenum catalyst might be reduced
by the aromatic substrates and excess o-chloranil reoxidizes
the resultant inactive lower-oxidation-state species. Alterna-
tively, the molybdenum(II) complexes might undergo a two-
fold oxidation with two equivalents of o-chloranil to pro-
duce molybdenum(VI) biscatecholate species.


Having revealed the Brønsted acid character of our cata-
lytic system, we reasoned that alcohols would be viable sub-
strates for the [CpMoCl(CO)3]/o-chloranil-catalyzed cou-
pling with electron-rich benzenes.


Catalytic coupling of alcohols with electron-rich benzenes :
Recently, the catalytic Friedel–Crafts alkylation of benzenes
with alcohols as alkylating agents has gained considerable
attention as an environmentally friendly process compared
with traditional methods that use halides, thereby producing
stoichiometric amounts of salt waste.[9–12] As a result of the
poor ability of hydroxy groups as leaving groups, excess
amounts of Brønsted acids are generally required to obtain
acceptable yields of the products. Recently, several Brønsted
acid-catalyzed protocols were successfully applied to allylic,


Table 5. Reaction of norbornene with p-xylene in the presence of molyb-
denum or Brønsted acid catalysts.[a]


Entry Catalyst Conditions[b] Yield of 1a [%][c]


1 [Mo][d] A 87 (69)
2 [Mo][d] B 79 (74)
3 TfOH A 76 (80)
4 TfOH B 86 (74)
5 TsOH A nd
6 tetrachlorocatechol A nd
7 ACHTUNGTRENNUNG[MoCl5] A 48[e]


8 ACHTUNGTRENNUNG[MoCl5]
[f] A 79[e]


[a] Norbornene: 1 mmol, cat. : 10 mol %. [b] A: p-xylene: 6 mL, 80 8C,
24 h; B: p-xylene: 3 mL, 150 8C (MW), 15 min. [c] Yields in parentheses
were obtained with 5 mol % catalyst. [d] [CpMoCl(CO)3]/o-chloranil: 1:2.
[e] Small amounts of 1,4-dimethyl-2-(4-methylbenzyl)benzene were de-
tected by 1H NMR spectroscopic analysis of the crude reaction mixtures.
[f] o-Chloranil (20 mol %) was added.


Scheme 7. Possible mechanism for the formation of Brønsted acid species
9.
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benzylic, propargylic alcohols, and 1-hydroxy-d-ribofura-
nose.[14] We then examined the catalytic efficacy of our mo-
lybdenum-based Brønsted acid catalyst toward the Friedel–
Crafts alkylation of benzene derivatives with alcohols as the
alkylating agents.


At the outset, exo-norborneol 10 was allowed to react
with p-xylene and anisole (Table 6). With a catalyst loading
of 10 mol %, 10 was heated at 80 8C in p-xylene for 24 h to
deliver the expected 1 a in a yield slightly lower than that
from norbornene (Table 6, entry 1 versus Table 1, entry 5).
Under the microwave-irradiation conditions (150 8C, 15 min)
1 a was also afforded, albeit in a diminished yield of 60 %


(Table 6, entry 2). The decrease in yield was ascribed to the
pre-equilibrium between 10 and a norbornyl cation inter-
mediate with water. Because p-xylene is an inefficient nucle-
ophile, the regeneration of 10 might have competed with the
attack by p-xylene on the cationic intermediate. In contrast,
the reaction with a stronger nucleophile, namely, anisole,
gave 1 e in excellent yields, irrespective of the heating condi-
tions. The ortho/para selectivities were identical to those ob-
served for the reactions of norbornene (Table 3, entries 7
and 8). Benzyl alcohol 11 a also reacted with p-xylene and
anisole to furnish benzylated products 12 a and 12 b in good-
to-excellent yields (Table 6, entries 5–8). On the other hand,


the reaction of 1-phenylethanol
(11 b) with p-xylene resulted in
the formation of 5 but only in a
low yield (Table 6, entry 9),
which was partly because of the
concomitant formation of 1,3-
diphenyl-1-butene, thus indicat-
ing of the formation of styrene
by the dehydration of 11 b. The
more efficient nucleophile ani-
sole, however, uneventfully fur-
nished 3 a in excellent yield
(Table 6, entries 10 and 11).


The inefficiency of p-xylene
as a nucleophile was observed
again in the reaction with cin-
namyl alcohol 13 a. Although
13 a was consumed within 7 h at
80 8C, the reaction led to a com-
plex mixture. In contrast, the
reaction with anisole completed
uneventfully, even at 40 8C
within 6 h, and produced 14 a in
68 % yield with the selectivity
of ortho/para=12:88
(Scheme 8). Furthermore, the
decreased catalyst loading of
5 mol % gave a comparable
yield and selectivity, albeit with
a longer reaction time. Carrying
out the reaction in a higher
concentration (anisole=3 mL)
led to a diminished reaction
time, and a slightly better yield
was obtained at 60 8C.


Under these modified condi-
tions, isomeric allylic alcohol
13 a’ was converted within 2 h
into the same product 14 a but
with a higher yield of 80 %
(Table 6, entry 12). This result
is probably because the hy-
droxy group in 13 a’ occupies
the allylic and benzylic posi-
tions, and, hence, it has a much


Table 6. ACHTUNGTRENNUNG[CpMoCl(CO)3]/o-chloranil-catalyzed coupling of alcohols.[a]


Entry Alcohol Conditions Product Yield [%] ortho/
para


1 10
p-xylene (6 mL), [Mo] (10 mol %),
80 8C, 24 h


1a 78 –


2 10 p-xylene (3 mL), [Mo] (10 mol %),
150 8C (MW), 15 min


1a 60 –


3 10 anisole (6 mL), [Mo] (5 mol %), 80 8C,
24 h


1e 88 55:45


4 10 anisole (3 mL), [Mo] (5 mol %), 150 8C
(MW), 15 min


1e 91 56:44


5 11a
p-xylene (6 mL), [Mo] (10 mol %),
80 8C, 24 h


12a 76 –


6 11a p-xylene (3 mL), [Mo] (10 mol %),
150 8C (MW), 1 h


12a 70 –


7 11a
anisole (6 mL), [Mo] (10 mol %), 80 8C,
24 h


12b 91 47:53


8 11a anisole (3 mL), [Mo] (10 mol %),
150 8C (MW), 1 h


12b 95 49:51


9 11b
p-xylene (6 mL), [Mo] (10 mol %),
80 8C, 24 h


5 23[b] –


10 11b anisole (6 mL), [Mo] (10 mol %), 40 8C,
24 h


3a 88 21:79


11 11b anisole (3 mL), [Mo] (10 mol %),
150 8C (MW), 1 h


3a 99 25:75


12 13a’
anisole (3 mL), [Mo] (5 mol %), 60 8C,
2 h


14a 80 14:86


13 13b
anisole (3 mL), [Mo] (5 mol %), 60 8C,
4 h


14b 93 4:96


14 13d
anisole (3 mL), [Mo] (5 mol %), 60 8C,
6 h


14d 58 32:68[c]


15 13e
anisole (3 mL), [Mo] (5 mol %), 60 8C,
6 h


14e 58 17:83[d]


16 15a
anisole (3 mL), [Mo] (5 mol %), 40 8C,
5 h


16a 88[e] –


[a] Alcohol: 1 mmol, [CpMoCl(CO)3]/o-chloranil: 1:2. [b] Inseparable mixture with 1,3-diphenyl-1-butene
(19 %). [c] Regioisomer 14d’ was formed (14d/14 d’=9:1). [d] Olefinic isomer 14 e’ was formed (14e/14 e’=
8:1). [e] An unidentified by-product was also formed in a trace amount.
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better leaving ability. Similarly, secondary alcohol 13 b also
provided an excellent yield (93 %) of 14 b (Table 6,
entry 13), whereas tertiary analogue 13 c produced a com-
plex product mixture. Crotyl and prenyl alcohols 13 d, e
were then subjected to the optimal reaction conditions. As a
result, 13 d produced an inseparable mixture of the expected
product 14 d and its regioisomer 14 d’ in 58 % yield with a
ratio of 14 d/14 d’= 9:1 (Table 6, entry 14), whereas 13 e fur-
nished an inseparable mixture of 14 e and its olefinic isomer
14 e’ in 58 % yield with a ratio of 14 e/14 e’=8:1 (Table 6,
entry 15). In contrast, no arylation product was formed from
allyl or methallyl alcohols, thus indicating the necessity of
an internal olefin moiety for the present catalytic reaction.
When 1,3-diphenyl-2-propyn-1-ol (15 a) was subjected to a
catalyzed arylation at 40 8C, the corresponding para-propar-
gylated anisole derivative 16 a was formed as an exclusive
regioisomer in a high yield (Table 6, entry 16). At a higher
temperature, the yield was decreased as a result of unidenti-
fiable side reactions.


To demonstrate the applicability of the molybdenum cat-
alysis to acid-labile substrates, we then examined the reac-
tion of 13 a or 13 a’ with 2-methylfuran, which has been re-
ported to undergo acid-catalyzed polymerization.[30] First,
the reaction with cinnamyl alcohol 13 a was attempted with
the [CpMoCl(CO)3]/o-chloranil catalyst system (Scheme 9).
Although the oligomerization of 2-methylfuran was ob-
served, the desired adducts 17 a and 17 b were formed as an
inseparable mixture in 57 % combined yield with a regioiso-


mer ratio of 80:20. In contrast, the use of TfOH (5 mol %)
as a catalyst led to extensive oligomerization of the furan
ring, and a decrease in both the yield (46 %) and regioselec-
tivity (70:30) were observed. Encouraged by these results,
we then optimized the molybdenum-catalyzed reaction. A
better yield of 65 % was obtained at the expense of regiose-
lectivity, when isomeric alcohol 13 a’ was employed in place
of 13 a under otherwise identical conditions. With the hope
for further improvement, we examined precatalyst
[{CpMo(CO)3}2], which has no electron-withdrawing chlor-
ine ligand and is hence expected to give rise to milder acid
species. In fact, the oligomerization of the aromatic sub-
strate seemed to be well suppressed. As a consequence, the
reaction reached completion within 3 h, and the highest
yield (68%) and regioselectivity (17 a/17 b=80:20) were
achieved. In a similar manner, the use of benzhydrol as an
alcohol component produced 18 in 85 % yield, whereas the
reaction of more labile propargyl alcohol 15 a was carried
out at a lower temperature to give 19, albeit in 37 % yield.


Catalytic [2:1] condensation of benzaldehydes with anisole :
The catalytic twofold Friedel–Crafts-type addition of elec-
tron-rich benzenes to aryl aldehydes and their congeners
provides straightforward access to triphenylmethane deriva-
tives, which have widespread applications.[23,31,32] We finally
examined the catalytic condensation of benzaldehydes with
anisole (Scheme 10 and Table 7). In the presence of
10 mol % molybdenum catalyst, benzaldehyde (1 mmol) was
heated in anisole (3 mL) at 80 8C for 16 hours, thus resulting
in the formation of triarylmethane 20 a in 58 % yield as an
inseparable mixture of regioisomers (Table 7, entry 1). The
1H NMR spectroscopic analysis revealed that a para,para
adduct was formed predominantly, and a minor product was
tentatively assigned as a ortho/para isomer (para,para/ortho,-
para=87:13). The yield was improved to 87 % when the cat-
alyst loading was increased to 20 mol % (Table 7, entry 2).


Scheme 8. ACHTUNGTRENNUNG[CpMoCl(CO)3]/o-chloranil-catalyzed coupling of cinnamyl al-
cohol with anisole.


Scheme 9. Catalyzed reactions of 2-methylfuran.


Scheme 10. ACHTUNGTRENNUNG[CpMoCl(CO)3]/o-chloranil-catalyzed condensation of ben-
zaldehydes with anisole.


Table 7. Catalytic condensation of benzaldehydes with anisole.


Entry R Catalyst
loading [mol %]


TACHTUNGTRENNUNG[ 8C]
t [h] Product Yield


[%]
para,para/
ortho,para


1 H 10 80 16 20a 58 87:13
2 H 20 80 8 20a 87 87:13
3 H 20 150 (MW) 1 20a 68 75:25
4 Cl 20 80 4 20b 86 86:14
5 Cl 20 150 (MW) 1 20b 72 75:25
6 Me 20 80 24 20c 81 86:14
7 Me 20 150 (MW) 1 20c 63 75:25


www.chemeurj.org � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 10705 – 1071510712


Y. Yamamoto and K. Itonaga



www.chemeurj.org





In the same manner, adducts 20 b and 20 c were also formed
in high yield starting from p-chlorobenzaldehyde and p-tolyl-
aldehyde (Table 7, entries 4 and 6). Carrying out these reac-
tions under microwave-irradiation conditions shortened the
reaction time to 1 hour, although both the yield and regiose-
lectivity were lowered (Table 7, entries 3, 5, and 7).


Conclusion


Herein, we have succeeded in identifying a new Friedel–
Crafts alkylation catalyst system, which consists of a molyb-
denum(II) complex and an organic oxidant, [CpMoCl(CO)3]
and o-chloranil, respectively. A strained alkene, norbornene,
underwent hydroarylation with alkylated benzenes and ani-
sole derivatives at 80 8C to produce exo-2-arylnorbornanes
in moderate-to-good yields. The use of microwave irradia-
tion at 150 8C shortened the reaction time to 15 min, thus re-
sulting in the formation of hydroarylation products in com-
parable yields. The same catalyst system also promoted the
hydroarylation of styrenes and cyclic and linear alkenes at
lower temperatures. On the basis of the ortho/para and Mar-
kovnikov selectivities observed for the products, we assumed
that the oxidation of the molybdenum complex by o-chlor-
anil generates an intermediary molybdenum catecholate
species, which then undergoes electrophilic reaction with
aromatic substrates before ultimately producing an elusive
Brønsted acid catalytic species. In accordance with this as-
sumption, exo-norborneol, benzylic, allylic, and propargylic
alcohols underwent arylation by using the [CpMoCl(CO)3]/
o-chloranil catalytic method, and alkylated aromatic prod-
ucts with ortho/para and Markovnikov selectivities were
produced.


Our catalyst system not only compares well with TfOH in
terms of the protonation ability toward norbornene, but also
has a better applicability toward acid-labile substrates, such
as 2-methylfuran. In addition, the present catalyst system
has a significant practical advantage: both of the catalyst
precursors [CpMoCl(CO)3] and o-chloranil are stable, easy-
to-handle solids and, unless mixing in an aromatic solvent,
they do not exhibit acidity. Therefore, directly employing a
harmful strong acid reagent, such as TfOH, which is a hy-
groscopic and corrosive liquid, can be avoided.


Although we were unable to obtain the catalytically
active Brønsted acid species stemming from the molybde-
num precatalysts and o-chloranil, further studies elucidating
the reaction mechanism and expanding the synthetic utility
of our new Friedel–Crafts alkylation catalysis will be report-
ed in due course.


Experimental Section


General : Column chromatography was performed on silica gel (Cica
silica gel 60N or Fuji Silysia FL100D) eluting with hexane or a mixed sol-
vent system (hexane/ethyl acetate). Filtration through alumina was car-
ried out on Merck standadized aluminum oxide 90. The 1H and 13C NMR


spectra were recorded on a Varian Gemini 2000 NMR spectrometer in
solution with CDCl3 at 25 8C. The 1H NMR chemical shifts d are reported
in ppm relative to the singlet at d= 7.26 ppm for CHCl3. Splitting pat-
terns are designated as follows: s= singlet, d=doublet, t= triplet, q=


quartet, quint = quintet, sext= sextet, sept= septet, m= multiplet. Cou-
pling constants are reported in Hz. The 13C NMR spectra were fully de-
coupled and are reported in ppm relative to the triplet at d= 77.0 ppm
for CDCl3. The EI mass-spectrometric measurements were performed on
a Shimadzu GCMS-QP2010 plus mass spectrometer. Elemental analyses
were performed on a Perkin Elmer 2400II CHNS/O elemental analyzer.
The microwave-irradiation experiments were carried out on a single-
mode microwave reactor (CEM Discover LabMate), closed reaction ves-
sels were used, and the temperature was monitored by an online IR de-
tector. All the transition-metal complexes were purchased and used as re-
ceived, except for [(h-C3H5)MoCl ACHTUNGTRENNUNG(MeCN)2(CO)2], which was prepared
according to a previous report.[33] All the products except 1 f,g were
known products.


General procedure for [CpMoCl(CO)3]/o-chloranil-catalyzed arylations:
hydroarylation of norbornene with p-xylene


1) Conventional heating method : [CpMoCl(CO)3] (28.00 mg,
0.100 mmol) and o-chloranil (49.23 mg, 0.200 mmol) were mixed with p-
xylene (3 mL) in a 20-mL round-bottom flask at room temperature in an
argon atmosphere. The solution was immediately darkened and slight gas
evolution was observed. After the mixture had been stirred for 30 min at
room temperature, a solution of norbornene (93.99 mg, 1.00 mmol) in p-
xylene (3 mL) was added by syringe. The reaction mixture was heated on
an oil bath at 80 8C for 24 h. After cooling to room temperature, the solu-
tion was diluted with diethyl ether (5 mL) and filtered through a pad of
alumina. The insoluble materials were further washed with diethyl ether
(40 mL), and the filtrate was concentrated in vacuo. The resulting residue
was purified by flash column chromatography on silica gel eluting with
hexane to give 1a as a colorless oil (173.4 mg, 87%).


2) Microwave heating method : [CpMoCl(CO)3] (27.36 mg, 0.098 mmol)
and o-chloranil (47.95 mg, 0.195 mmol) were mixed with p-xylene (1 mL)
in a 6-mL reaction tube at room temperature in an argon atmosphere.
The solution immediately darkened and slight gas evolution was ob-
served. After the mixture had been stirred for 30 min at room tempera-
ture, a solution of norbornene (91.80 mg, 0.98 mmol) in p-xylene (2 mL)
was added by syringe. The reaction tube was sealed with a teflon cap and
heated in a microwave reactor at 150 8C for 15 min. The same purifica-
tion procedures as above gave 1 a as a colorless oil (157.2 mg, 81 %).


Analytical data for 1 f : colorless oil; 1H NMR (300 MHz, CDCl3, 25 8C):
d=1.19 (m, 1 H), 1.24–1.65 (m, 6H), 1.78 (ddd, J=12.0, 9.0, 2.4 Hz, 1H),
2.29 (s, 3 H), 2.28–2.35 (m, 2H), 2.95 (dd, J =9.0, 6.0 Hz, 1 H), 3.84 (s,
3H), 6.73 (d, J =8.1 Hz, 1H), 6.94 (dd, J=8.1, 2.0 Hz, 1 H), 7.01 ppm (d,
J =2.0 Hz, 1H); 13C NMR (75 MHz, CDCl3, 25 8C): d= 20.7, 29.0, 30.4,
36.2, 36.8, 38.6, 40.3, 41.1, 55.4, 110.2, 126.4, 126.7, 129.2, 135.8,
155.4 ppm; MS (EI): m/z (%): 216 (55) [M+], 149 (14) [M+H+�C5H8],
135 (100) [M+H+�C5H8�CH2]; elemental analysis calcd (%) for
C15H20O: C 83.28, H 9.32; found: C 83.06, H 9.54.


Analytical data for 1g : colorless oil; 1H NMR (300 MHz, CDCl3, 25 8C):
d=1.19 (br d, J= 9.9 Hz, 1 H), 1.24–1.66 (m, 6 H), 1.78 (ddd, J =12.8, 9.0,
2.1 Hz, 1H), 2.32 (s, 2 H), 2.92 (dd, J=8.4, 5.7 Hz, 1 H), 3.80 (s, 3H), 6.73
(d, J =8.7 Hz, 1 H), 7.09 (dd, J=8.4, 2.4 Hz, 1 H), 7.14 ppm (d, J =2.4 Hz,
1H); 13C NMR (75 MHz, CDCl3, 25 8C): d =28.9, 30.2, 36.2, 36.8, 38.6,
40.4, 40.9, 55.5, 111.3, 125.3, 125.8, 126.1, 138.0, 156.0 ppm; MS (EI): m/z
(%): 236 (93) [M+], 201 (31) [M+�Cl], 168 (45) [M+�C5H8], 155 (100)
[MH+�C5H8�CH2]; elemental analysis calcd (%) for C14H17ClO: C
71.03, H 7.24; found: C 70.81, H 7.24.
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2751 – 2764; g) A. V. Malkov, P. Spoor, V. Vinader, P. Kocovský, J.
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Introduction


The coordination chemistry of the heavier analogues of N-
heterocyclic carbenes (NHCs)[1] has attracted considerable
attention in the last decade due to their potential role as li-


gands for transition metals.[2]


NHC ligands are usually consid-
ered strong s donors and weak
p acceptors (Scheme 1).[3] A
similar bonding situation has
been suggested for the heavier
analogues—silylenes, germy-
lenes, and stannylenes.[4] How-
ever, recent theoretical studies
suggested that NHC ligands
may also serve as p donors


when they are bound to an electron-deficient metal atom.[5]


This might in principle also be found for the heavier ana-
logues of NHCs, but there have been only few correspond-
ing reports in the literature so far. In this paper we report
experimental and theoretical studies that shed new light on
the bonding situation in complexes of N-heterocyclic car-
benes, germylenes, and stannylenes.


We have described the preparation and coordination
chemistry with different transition metals of bridged benzan-
nulated biscarbenes A[6] and bisgermylenes B (Scheme 2).[7]


We became interested in the corresponding bisstannylenes
with alkyl or Lewis basic functional groups C (Scheme 2).
Here we describe the preparation and properties of bisstan-
nylenes of type C and compare their coordination chemistry
with Mo0 to that of the biscarbene and bisgermylene ana-
logues A and B.


Results and Discussion


While some bis(diorganostannylene) ligands are known,[8]


only few examples for potentially chelating benzannulated


Keywords: carbene analogues · co-
ordination modes · stannylenes · tin


Abstract: Benzannulated bisstannylenes, exhibiting a CH2C ACHTUNGTRENNUNG(CH3)2CH2 linking unit
and CH2tBu (1) or CH2CH2CH2NMe2 (2) N-substituents, and their molybdenum
tetacarbonyl complexes 3 and 4 have been prepared. The complexes 3 and 4 exhib-
it remarkably short Mo�E bond lengths compared to the related biscarbene and
bisgermylene complexes. The experimentally determined bonding parameters of
the molybdenum bisstannylene complexes are discussed based on DFT calcula-
tions.
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Scheme 1. Proposed bonding
in complexes of diaminocar-
benes and their heavier ana-
logues.


Scheme 2. Bridged benzannulated N-heterocyclic biscarbenes, bisgermy-
lenes and bisstannylenes.
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bisstannylenes have been reported so far[9] next to some
monodentate benzannulated N-heterocyclic stannylenes.[10]


We have prepared the bisstannylenes with a CH2C-ACHTUNGTRENNUNG(CH3)2CH2 bridging group and N-neopentyl (1) or N-3-di-
methylaminopropyl substituents (2) by the transamination
reaction between the corresponding tetraamines[7a] and
[Sn{N ACHTUNGTRENNUNG(SiMe3)2}2]


[11] (Scheme 3). The bisstannylene 2 is a


yellow solid that is moderately soluble in aromatic hydrocar-
bons and THF, while 1 is insoluble in toluene. Both 1 and 2
are sensitive to moisture and air.


The molecular structure of the N-donor functionalized
bisstannylene 2 was determined by X-ray diffraction
(Figure 1). Both tin atoms in 2 are stabilized by intramolecu-


lar Sn�NMe2 donor–acceptor coordination with Sn1�N3 and
Sn2�N6 bond lengths measuring 2.561(4) and 2.530(4) �, re-
spectively. These values like the other bond lengths and
angles found for 2 are in good agreement with equivalent


parameters reported for a series of monodentate benzannu-
lated N-heterocyclic stannylenes.[10]


In addition to the intramolecular stabilization an intermo-
lecular interaction of the empty p orbital at the tin atoms
with the p system of the benzene ring of an anti-parallel-ori-
ented adjacent molecule was observed for 2. This interaction
leads to a polymeric arrangement of the bisstannylene mole-
cules in the crystal lattice. The distances between the tin
atoms and the center of the benzene ring of neighboring
molecules measure 3.338 and 3.807 �. A similar interaction
has been observed previously for N,N’-di(neopentyl)benzi-
midazolin-2-stannylene[12a] and -plumbylene.[12b]


The 119Sn NMR spectrum of bisstannylene 2 does not
show a dependence of the chemical shift (d=95.0 ppm in
[D8]THF, d=95.6 ppm in [D8]toluene) from the solvent in
contrast to the observation made for the coordinatively un-
saturated bisstannylene 1 (d=178.0 ppm in [D8]THF, d=


200.9 ppm in [D8]THF/standard toluene). Apparently, the
intramolecular Sn�NMe2 coordination in 2 is maintained in
both solvents. The N-alkyl-substituted, coordinatively unsa-
turated bisstannylene 1 on the other hand, experiences THF
coordination in this solvent with the concurrent observation
of a high-field shift of the 119Sn resonance.[10]


The molybdenum complexes 3 and 4 of the bisstannylenes
1 and 2 have been synthesized by employing a methodology
we have developed previously for the preparation of molyb-
denum complexes with bisgermylenes (Scheme 4).[7] Com-


plexes 3 and 4 are air-sensitive red or orange solids, which
can be recrystallized from toluene or THF. The 119Sn NMR
spectra of 3 show a strong dependence of the chemical shift
from the solvent (d= 432.0 ppm in [D8]toluene, d=


349.5 ppm in [D8]THF) indicative of THF coordination to
the tin center in this solvent. The upfield shift of the 119Sn
resonance for 4 (d= 299.1 ppm in [D8]THF) on the other
hand demonstrates intramolecular Sn�NMe2 coordination.


An X-ray diffraction analysis with crystals of 3 (Figure 2)
shows the molecular structure of this complex to be related
to the analogous biscarbene (ligand A, 5)[6b] and bisgermy-
lene (ligand B, 6)[7a] complexes. The Mo�Sn distances
(2.6850(3) and 2.6736(4) �) are elongated by about 0.36 �
compared to the Mo�C bond lengths in biscarbene complex
5[6b] and are about 0.15 � longer than in bisgermylene com-


Scheme 3. Preparation of bisstannylenes 1 and 2.


Figure 1. Molecular structure of bisstannylene 2 (top) and intermolecular
interaction of three bisstannylene molecules (bottom). Selected bond
lengths [�] and angles [8]: Sn1�N1 2.090(3), Sn1�N2 2.063(3), Sn1�N3
2.561(4), Sn2�N4 2.082(4), Sn2�N5 2.067(4), Sn2�N6 2.530(4); N1-Sn1-
N2 78.56(13), N1-Sn1-N3 100.10(12), N2-Sn1-N3 78.57(12), N4-Sn2-N5
78.19(15), N4-Sn2-N6 101.50(13), N5-Sn2-N6 79.81(14).


Scheme 4. Preparation of complexes 3 and 4.
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plex 6[7a] (Table 1), reflecting the increasing atomic radius
C<Ge<Sn. The differences in the intracyclic E�N distan-
ces are much more pronounced for the transitions E= C
(5)!E =Ge (6) (0.45 �) and E=Ge (6)!E=Sn (3)
(0.20 �).


Table 1 shows that the Mo�COtrans distances (2.004(2) and
1.991(2) �) are significantly shorter than the Mo�COcis


bond lengths (2.035(2) and 2.053(2) �) and are similar to
those found for the bisgermylene complex 6. The difference
between the Mo�COtrans and Mo�COcis bond lengths in 3
(�0.04 �) is smaller than in the analogous biscarbene com-
plex 6 (�0.07 �).


While M�CO bond lengths are not a good indicator of
the electronic situation in carbonyl complexes, the wave-
numbers of the n(CO) stretching modes are. The vibrational
frequencies for the n(CO) stretching modes in 3 are similar
to those observed for the analogous bisgermylene complex
6. They are significantly higher than the n(CO) frequencies
found for the biscarbene complex 5 (Table 1). These findings
indicate that the bisstannylenes and bisgermylenes are
either better p acceptors or weaker s/p donors than the bis-
carbene. Note that the n(CO) frequencies in 3 and 6 are
similar to those observed for alkylphosphite complexes of
type cis-[Mo{PR ACHTUNGTRENNUNG(OR’)2}2(CO)4],[13] which is in good agree-


ment with theoretical predictions for the influence of diami-
nogermylenes on transition metal complex fragments.[14]


The molecular parameters of bisstannylene complex 4
(Figure 3) with the donor-functionalized N-substituents are


different from those found for 3 (Figure 2, Table 2). As al-
ready observed for the free bisstannylene 2 the NMe2


groups in 4 are intramolecularly coordinated to the tin


atoms. However, the Sn�NMe2 distances in 4 (2.390(2) �)
are significantly shorter than in the free bisstannylene 2
(2.561(4) and 2.530(4) �). At the same time the Mo�Sn
bonds in 4 (2.7046(6) �) are elongated compared to those


found in complex 3 (2.6850(3)
and 2.6736(4) �).


The elongation of the Mo�Sn
bonds in 4 relative to 3 is best
explained by a less effective
Mo(d)!Sn(p) p backbonding
owing to electron donation of
the NMe2 group into the for-
mally empty p orbital at the tin
atom. Coordination of the tin
atoms to molybdenum enhances
the Lewis acidity of the p orbi-
tal at tin and thus leads to a


Figure 2. Molecular structure of complex 3. Selected bond lengths [�]
and angles [8]: Mo�Sn1 2.6850(3), Mo�Sn2 2.6736(4), Mo�C1 2.053(2),
Mo�C2 2.004(2), Mo�C3 2.035(2), Mo�C4 1.991(2), Sn1�N1 2.024(2),
Sn1�N2 2.034(2), Sn2�N3 2.040(2), Sn2�N4 2.018(2), C1�O1 1.139(3),
C2�O2 1.139(3), C3�O3 1.142(3), C4�O4 1.148(3); Sn1-Mo-Sn2
89.734(12), N1-Sn1-N2 81.48(7), N3-Sn2-N4 81.25(7).


Table 1. Bond lengths [�], angles [8] and n(CO) [cm�1] for the stretching modes in complexes 3, 5 and 6.


5[6b]


(E=Ccarbene)
6[7a]ACHTUNGTRENNUNG(E=Ge)


3ACHTUNGTRENNUNG(E=Sn)


d ACHTUNGTRENNUNG(Mo�E) 2.324(3) 2.5189(6), 2.5204(6) 2.6736(4), 2.6850(3)
d ACHTUNGTRENNUNG(E�N) 1.367(4), 1.385(4) 1.823(3)–1.827(3) 2.018(2)–2.040(2)
d ACHTUNGTRENNUNG(Mo�Ccis) 2.035(3) 2.030(5), 2.047(4) 2.035(2), 2.053(2)
d(Mo�Ctrans) 1.963(3) 1.997(4), 1.998(4) 1.991(2), 2.004(2)
n(CO), A1 1889[a] 1942[a] 1947[b]


n(CO), A1 2002[a] 2031[a] 2038[b]


n(CO), B1 1857[a] 1929[a] 1929[b]


n(CO), B2 1799[a] 1908[a] not observed


[a] Infrared data. [b] Raman data (lexc =632.8 nm).


Figure 3. . Molecular structure of the complex 4. Selected bond lengths
[�] and angles [8]: Mo�Sn 2.7046(6), Mo�C21 2.026(2), Mo�C22
1.979(3), Sn�N1 2.033(2), Sn�N2 2.059(2), Sn�N3 2.390(2); Sn-Mo-Sn*


86.87(2), N1-Sn-N2 80.49(7), N1-Sn-N3 84.67(7), N2-Sn-N3 106.33(7).


Table 2. Bond lengths [�], angles [8] and n(CO) [cm�1] for stretching
modes in complexes 3 and 4 and bisstannylene 2.


3 4 2


d ACHTUNGTRENNUNG(Sn�Mo) 2.6736(4), 2.6850(3) 2.7046(6) –
d ACHTUNGTRENNUNG(Sn�Nring) 2.018(2)–2.040(2) 2.033(2), 2.059(2) 2.063(3)–2.090(3)
d ACHTUNGTRENNUNG(Sn�NMe2) – 2.390(2) 2.530(4), 2.561(4)
d ACHTUNGTRENNUNG(Mo�Ccis) 2.035(2), 2.053(2) 2.026(2) –
d(Mo�Ctrans) 1.991(2), 2.004(2) 1.979(3) –
n(CO), A1 1947 1928
n(CO), A1 2038 2008
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shorter Sn�NMe2 bond in 4 compared to 2. The shortening
of the Sn�NMe2 bonds and the elongation of Mo�Sn bonds
in 4 compared to 3 indicate that Mo(d)!Sn(p) p backbond-
ing is less pronounced in 4 than in 3.


To analyze the Mo�Sn bonds in 3 we carried out DFT cal-
culations at the BP86/TZ2P level[15] of the model com-
pounds 3 M shown in Table 3 with E=C, Ge, Sn. The nature


of the Mo�E interactions was then investigated with the
energy decomposition analysis (EDA),[16] which has previ-
ously been used for a variety of transition-metal com-
plexes.[17]


The DFT calculations predict that the Mo�E bond disso-
ciation energies De of 3 M decrease in the order C (77.4 kcal
mol�1)>Ge (46.1 kcal mol�1)>Sn (34.3 kcal mol�1). The
EDA values suggest that the covalent character of the Mo�
E bond given by the percentage values of the orbital term
DEorb increase from carbon (36.8 %) to tin (50.5 %). The
contribution of the s bonding is clearly larger than the p


bonding, but the latter is not negligible. Note that the contri-
bution of the p-orbital interactions to the DEorb term de-
creases from 25.6 % in the carbene complex to 18.4 % in the
stannylene complex.


The comparison of the theoretical and experimental bond
lengths shows that the observed Mo�Sn distance in 3
(�2.68 �) is somewhat shorter than the calculated value for
3 Sn (2.733 �), while the calculated value for the germylene
species 3 Ge (2.530 �) agrees quite well with the experimen-
tal value (�2.52 �), and the theoretical value for the car-
bene complex 3 C (2.232 �) is even shorter than the experi-
mental result (�2.32 �). This may be explained with the
finding that bond lengths of donor–acceptor bonds tend to
become shorter in the solid state than in the gas phase, and
that the shortening increases for weaker bonds.[18]


We also calculated complexes between NMe3 and benzan-
nulated N-heterocyclic carbenes, germylenes, and stanny-
lenes in order to study the strength of the N!E donor–ac-
ceptor interactions. The geometry optimization of the car-
bene did not yield a stable complex, while the germylene
(De = 1.6 kcal mol�1) and stannylene (De =3.3 kcal mol�1)
species gave weakly bonded adducts. The calculated N�Sn
distance (2.799 �) is longer than the experimental value in 2
(2.530(4)–2.561(4) �), which again can be explained with
the bond-shortening solid-state effect on the weak interac-
tions.[18]


The calculated p bonding contribution to the Mo–ligand
interactions DEp indicates the trend 3 C>3 Ge>3 Sn. How
can this be reconciled with the trend of the CO stretching
frequencies? A first hint comes from a comparison of the vi-
brational frequencies of the carbene, germylene, and stanny-
lene complexes with the parent system [Mo(CO)6]. The
wavenumbers for the IR-active CO stretching modes of
[Mo(CO)6] are 2121.6 cm�1 (A1g) and 2026.6 cm�1 (Eg),
while the Raman data are 2119.7 cm�1 (A1g) and 2025.2 cm�1


(Eg).[19] Comparing these values with the wavenumbers
given in Table 1 could lead to the conclusion that the EII li-
gands in 3, 5, and 6 are p donors rather than p acceptors.
This proposition would be in conflict, however, with the
above explanation of the shortening of the Sn�NMe2 bond
and the elongation of the Mo�Sn bond in 4 compared to 3.
A further analysis of the model compounds [(CO)5Mo�
EN2C2H4] (E=C, Ge, Sn) in which EN2C2H4 is a N-hetero-
cyclic carbene, germylene, or stannylene explains the trend
of the CO stretching modes.


The Mo!CO p backdonation has two components, one is
perpendicular to the EN2C2H4 plane (p? ), while the other
one is in the plane (pk).[20] The DEp values in Table 3 give
only the p? contribution of the Group 14 ligands to the
bonding interactions, because the molecules have only Cs


symmetry. A charge analysis of [(CO)5Mo�EN2C2H4], which
has C2v symmetry, shows that the EN2C2H4 ligand is a very
weak p? acceptor with Dq(p?)=�0.064 e (C), �0.075 e
(Ge), and �0.065 e (Sn) and a weak pk acceptor with
Dq(pk)=�0.043 e (C), �0.046 e (Ge), and �0.054 e (Sn).
However, the CO ligand trans to EN2C2H4 also receives p


charge in the complex! The calculated Dq(p) values of
COtrans in [(CO)5Mo�EN2C2H4] are �0.084 e (C), �0.078 e
(Ge), and �0.091 e (Sn). The largest changes and highest
absolute values are found for the [(CO)5Mo !EN2C2H4] s


donation. The calculated values are Dq(s)= 0.593 e (C),
0.503 e (Ge), and 0.247 e (Sn). Thus, the very strong
[(CO)5Mo !EN2C2H4] s donation makes the molybdenum
atom a stronger p donor, which yields p backdonation to-
wards both ligands [(OC) !Mo!EN2C2H4]. The charge
analysis suggests that the trend of the CO stretching modes
3 C<3 Ge<3 Sn comes from the [(CO)5Mo !EN2C2H4] s


donation and not from p bonding! Note that the stretching
frequency and force constant of CO is much higher in pro-
tonated HCO+ , in which CO is bound to a strong s accept-
or.[21] The shift of the CO stretching frequencies toward
lower wave numbers 3 C<3 Ge<3 Sn is in agreement with


Table 3. EDA (BP86/TZ2P) results for complexes of type 3M.[a]


E =C E= Ge E=Sn


DEint �101.4 �62.7 �50.2
DEPauli 175.7 128.5 100.5
DEelstat �175.2 (63.2 %) �100.7 (52.7 %) �74.6 (49.5 %)
DEorb �101.9 (36.8 %) �90.5 (47.3 %) �76.1 (50.5 %)
DEs �75.9 (74.4 %) �71.1 (78.6 %) �62.1 (81.6 %)
DEp �26.1 (25.6 %) �19.4 (21.4 %) �14.0 (18.4 %)
DEprep 24.0 16.7 15.9
DE (=�De) �77.4 �46.1 �34.3
d ACHTUNGTRENNUNG(Mo�E) 2.232 2.530 2.733
exptl value 2.324(3) 2.5204(6)


2.5189(5)
2.6850(3)
2.6736(4)


[a] All structures have been optimized under C2v symmetry constraints.
Energy values are given in kcal mol�1, interatomic distances in �.
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the significant change of the (CO)5Mo !EN2C2H4 s dona-
tion.[22]


Conclusion


Benzannulated bisstannylenes and their complexes have
been prepared and investigated. It was found that bisstanny-
lene and bisgermylene ligands act not only as a s donor and
p acceptor, but also function as p donors.


Experimental Section


For details of the reaction conditions see references [7a,910].


Data for 1: Yield 90%; bright yellow solid; 1H NMR (400 MHz,
[D8]THF): d=6.81 (m, 4H; Ar-H), 6.51 (m, 4 H; Ar-H), 4.14 (s, 4 H;
CH2CACHTUNGTRENNUNG(CH3)2CH2), 3.89 (s, 4H; CH2C ACHTUNGTRENNUNG(CH3)3), 1.17 (s, 6H; C ACHTUNGTRENNUNG(CH3)2),
0.98 ppm (s, 18H; C ACHTUNGTRENNUNG(CH3)3); 13C NMR (100.6, [D8]THF): d=147.6, 147.5
(Ar-Cipso), 116.2, 116.0 (Ar-Cmeta), 110.2, 110.0 (Ar-Cortho), 58.7 (CH2C-ACHTUNGTRENNUNG(CH3)3), 57.3 (CH2C ACHTUNGTRENNUNG(CH3)2CH2), 39.2 (C ACHTUNGTRENNUNG(CH3)2), 33.9 (C ACHTUNGTRENNUNG(CH3)3), 29.1 (C-ACHTUNGTRENNUNG(CH3)3), 27.0 ppm (C ACHTUNGTRENNUNG(CH3)2); 119Sn NMR (149.2 MHz, [D8]THF): d=


178.0 ppm; 119Sn NMR (149.2 MHz, [D8]THF+ toluene (v:v =1:1)): d=


200.9 ppm; MS (70 eV): m/z (%): 658 (31) [M]+ , 601 (33) [M�tBu]+ , 540
(100) [M�Sn]+ , 483 (55) [M�tBu�Sn]+ ; elemental analysis calcd (%)
for C27H40N4Sn2: C 49.28, H 6.13, N 8.51; found: C 49.24, H 6.45, N, 8.26.


Data for 2 : Yield 60%; recrystallized from toluene as yellow crystals;
1H NMR (400 MHz, [D8]toluene): d=6.96–6.94 (m, 2H; Ar-H), 6.91–6.88
(m, 4 H; Ar-H), 6.77–6.74 (m, 2 H; Ar-H), 3.98 (s, 4 H; NCH2C-ACHTUNGTRENNUNG(CH3)2CH2), 3.80 (t, J=5.3 Hz, 4H; NCH2CH2CH2), 1.98 (t, J =5.4 Hz,
4H; NCH2CH2CH2), 1.57 (s, 12 H; CH2N ACHTUNGTRENNUNG(CH3)2), 1.45 (m, 4 H;
CH2CH2N ACHTUNGTRENNUNG(CH3)2), 1.18 ppm (s, 6H; CH2C ACHTUNGTRENNUNG(CH3)2CH2); 13C NMR
(100.6 MHz, [D8]toluene): d=149.1, 146.2 (Ar-Cipso), 116.5, 116.1 (Ar-
Cmeta), 110.5, 108.8 (Ar-Cortho), 60.3, 58.2 (NCH2), 46.1 (CH2CH2N ACHTUNGTRENNUNG(CH3)2),
45.1 (CH2N ACHTUNGTRENNUNG(CH3)2), 39.1 (CH2C ACHTUNGTRENNUNG(CH3)2CH2), 27.0 (CH2CH2N ACHTUNGTRENNUNG(CH3)2),
25.0 ppm (CH2CACHTUNGTRENNUNG(CH3)2CH2); 119Sn NMR (149.2 MHz, [D8]toluene): d=


95.6 ppm; 119Sn NMR (149.2 MHz, [D8]THF): d= 95.0 ppm; MS (70 eV):
m/z (%): 688 (5) [M]+ , 570 (100) [M�Sn]+ .


Data for 3 : Yield 83 %; recrystallized from toluene as red crystals;
1H NMR (400 MHz, [D8]THF): d=6.86–6.84 (m, 4 H; Ar-H), 6.57–6.52
(m, 4H; Ar-H), 3.87 (s, 4 H; NCH2), 3.83 (s, 4H; NCH2), 1.08 (s, 18H; C-ACHTUNGTRENNUNG(CH3)3), 1.01 ppm (s, 6H; CH2C ACHTUNGTRENNUNG(CH3)2CH2); 13C NMR (100.6 MHz,
[D8]THF): d=217.6 (COtrans), 209.5 (COcis), 147.0, 146.9 (Ar-Cipso), 116.4,
115.9 (Ar-Cmeta), 110.7, 109.8 (Ar-Cortho), 59.1 (NCH2C ACHTUNGTRENNUNG(CH3)3), 51.5
(CH2C ACHTUNGTRENNUNG(CH3)2CH2), 41.4 (CH2CACHTUNGTRENNUNG(CH3)2CH2), 35.2 (CH2C ACHTUNGTRENNUNG(CH3)3), 29.3
(CH2C ACHTUNGTRENNUNG(CH3)3), 25.8 ppm (CH2C ACHTUNGTRENNUNG(CH3)2CH2); 119Sn NMR (149.2 MHz,
[D8]toluene): d=432.0 ppm (2J(119Sn,117Sn)=1470 Hz); 119Sn NMR
(149.2 MHz, [D8]THF): d=349.5 ppm; Raman spectrum (pure substrate):
ñ(CO) =2038 (vs, A1), 1947 (s, A1), 1929 cm�1 (s, B1).


Data for 4 : Yield: 90%; recrystallized from THF as orange crystals;
1H NMR (400 MHz, [D8]THF): d= 6.73 (d, J =7.7 Hz, 2H; Ar-H), 6.65
(d, J =7.7 Hz, 2H; Ar-H), 6.52 (t, J= 7.5 Hz, 2 H; Ar-H), 6.46 (t, J=


7.6 Hz, 2 H; Ar-H), 4.10 (t, J =5.0 Hz, 4H; NCH2CH2CH2), 3.70 (s, 4 H;
CH2CACHTUNGTRENNUNG(CH3)2CH2), 2.88 (t, J =5.2 Hz, 4H; CH2CH2N ACHTUNGTRENNUNG(CH3)2), 2.12 (s,
12H; CH2N ACHTUNGTRENNUNG(CH3)2), 1.90 (m, 4H; NCH2CH2CH2), 1.12 ppm (s, 6 H;
CH2CACHTUNGTRENNUNG(CH3)2CH2); 13C NMR (100.6 MHz, [D8]THF): d =218.9 (COtrans),
211.0 (COcis), 148.6, 146.3 (Ar-Cipso), 117.0, 115.7 (Ar-Cmeta), 111.4, 108.0
(Ar-Cortho), 62.8, 52.6 (NCH2), 46.9 (CH2CH2N ACHTUNGTRENNUNG(CH3)2), 46.7 (CH2N-ACHTUNGTRENNUNG(CH3)2), 40.1 (CH2C ACHTUNGTRENNUNG(CH3)2CH2), 25.4 (CH2CH2CH2N ACHTUNGTRENNUNG(CH3)2), 24.5 ppm
(CH2C ACHTUNGTRENNUNG(CH3)2CH2); 119Sn NMR (149.2 MHz, [D8]THF): d= 299.1 ppm.


X-ray structure determinations


Data for 2 : C27H42N6Sn2, Mr = 688.05, yellow crystal, 0.11 � 0.06 �
0.03 mm3, a=9.9259(2), b=11.632(2), c =13.394(3) �, a=102.759(4), b=


94.218(4), g=105.928(4)8, V =1435.4(5) �3, 1calcd =1.592 gcm�3, m=


1.766 mm�1, 14228 measured intensities (3.2�2q�55.08), l=0.71073 �,


T= 153(2) K, semiempirical absorption correction (min/max transmission
0.8295/0.9489), 6560 independent intensities (Rint =0.0522), 4641 observed
intensities, triclinic, P1̄, Z=2, R =0.0443, wR= 0.0689 for 4641 contribu-
ting reflections [I�2s(I)], refinement of 368 parameters against jF2 j of
all unique reflections with hydrogen atoms on calculated positions.


Data for 3 : C31H40N4MoO4Sn2, Mr =865.99, red crystal, 0.41 � 0.37 �
0.21 mm3, a= 10.892(2), b=19.450(3), c =15.846(2) �, b=92.385(3)8, V=


3354.1(9) �3, 1calcd =1.715 gcm�3, m=1.885 mm�1, 37663 measured inten-
sities (3.3�2q�60.08), l= 0.71073 �, T =153(2) K, semiempirical ab-
sorption correction (min/max transmission 0.5120/0.6929), 9710 independ-
ent intensities (Rint = 0.0287), 8973 observed intensities, monoclinic, P21/n,
Z=4, R =0.0267, wR=0.0590 for 8973 contributing reflections [I�
2s(I)], refinement of 387 parameters against jF2 j of all unique reflec-
tions with hydrogen atoms on calculated positions.


Data for 4·C7H8 : C38H50N6MoO4Sn2, Mr =988.17, orange crystal, 0.18 �
0.15 � 0.10 mm3, a=21.271(6), b =15.277(4), c =15.298(4) �, b=


127.716(4)8, V=3932(2) �3, 1calcd = 1.715 g cm�3, m=1.668 mm�1, 22 466
measured intensities (3.6�2q�60.28), l =0.71073 �, T=153(2) K, semi-
empirical absorption correction (min/max transmission 0.7591/0.8547),
5726 independent intensities (Rint =0.0343), 4954 observed intensities,
monoclinic, C2/c, Z= 4, R=0.0271, wR=0.0617 for 4954 contributing re-
flections [I�2s(I)], refinement of 248 parameters against jF2 j of all
unique reflections with hydrogen atoms on calculated positions. The
asymmetric unit contained 1=2 a molecule of 4 that was bisected by a two-
fold axis passing through atoms Mo and C13 and 1=2 a molecule of disor-
dered toluene.


CCDC 690688 (2), 690689 (3) and 690690 (4) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Highly Efficient Copper-Catalyzed Amidation of Aldehydes by C�H
Activation


Long Wang,[a] Hua Fu,*[a] Yuyang Jiang,[a, b] and Yufen Zhao[a]


Introduction


Construction of amide bonds is of great interest in organic,
biological, medicinal, and materials chemistry because the
amide functional group is ubiquitous in natural products,
pharmaceuticals, and polymers.[1] Traditional methods for
the synthesis of amides are highly concentrated on the cou-
pling of activated carboxylic acid derivatives and amines.
Although these methods have been shown to be exception-
ally efficient for the synthesis of small peptides (Scheme 1a),


there are limitations, such as the lability of the activated
acid derivatives and tedious procedures.[2]


In view of the shortcomings above, alternative amide
bond formation strategies have been actively pursued. The
direct reactions of the acyl C�H bond in aldehydes with
amines has attracted attention (Scheme 1b).[3–8] For example,
the radical-mediated oxidative amidation with radical initia-
tors,[3] the amidation by means of Cannizzaro reactions with
lithium diisopropylamide (LDA)[4] or lanthanide reagents,[5]


and the N-heterocyclic carbene (NHC)-catalyzed amida-
tion[6] were reported. Most catalytic amidation processes
have utilized transition-metal complexes[7] (such as cop-
per,[7a] rhodium,[7b] ruthenium,[7c] and palladium[7d]) in the
presence of an oxidant. In addition, metal-free oxidative
amidation of aldehydes has also been reported.[8] Very re-
cently, Milstein and co-workers developed a direct, endo-
thermic ruthenium-catalyzed amidation from alcohols and
amines with the liberation of H2 via aldehyde intermedi-
ates.[9] The previous methods for the amidation of aldehydes
used amines (strong nucleophilic reagents) as the partners;
however, coupling of various amides, such as sulfonamides
and carboxamides (weak nucleophilic reagents), with alde-
hydes is still limited. The direct functionalization of carbon–
hydrogen bonds has recently received increasing atten-
tion,[10] and great progress on the intramolecular and inter-
molecular amidation of C�H bonds has been achieved in
the past two decades.[11–14] Recently, rhodium and rutheni-
um-catalyzed sulfamidation of aldehydes has been devel-
oped via metal–nitrene intermediates.[15]


To the best of our knowledge, amidation of aldehydes to
form imides by using free amides as the partners has not
been reported, although the imide motif often appears as a
key component in a variety of reactions[16] and in certain
natural products, such as fumaramidmycin,[17] coniothyrio-
mycin,[18] and SB-253514.[19] Very recently, we have devel-
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Scheme 1. a) The coupling of activated carboxylic acid derivatives and
amines to form amides; b) the direct reactions of the acyl C�H bond in
aldehydes with amines to form amides.
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oped the iron or copper catalyst/N-halosuccinimide (NXS)-
mediated direct functionalization of carbon–hydrogen bonds
to form C�N and C�C bonds.[20] Herein, we report a novel,
simple, and highly efficient copper-catalyzed coupling of al-
dehydes with free amides in the presence of N-bromosucci-
nimide (NBS) to give imides (Scheme 2).


Results and Discussion


To achieve the amidation of 4-nitrobenzaldehyde, we exam-
ined a variety of conditions including N-halosuccimides,
copper salts, and solvents at 70 8C under a nitrogen atmos-
phere (Table 1). Several solvents were tested by using


5 mol % CuBr as the catalyst and NBS as the oxidant
(Table 1, entries 1–4), and the mixed solvent, CH3CN/CCl4


(volume ratio 1:5), proved to be the best medium for this re-
action (Table 1, entry 4). We attempted to use various
copper salts, including CuBr, CuI, CuCl2, and CuACHTUNGTRENNUNG(OAc)2


(Table 1, entries 4–7), and CuBr showed the highest catalytic
activity. Only a trace amount of imide 3 c was observed
when N-chlorosuccinimide (NCS) replaced NBS as the oxi-
dant (Table 1, entry 8). After the optimization process, cou-
plings of various aldehydes and amides were carried out
under our standard conditions: 5 mol % CuBr as the cata-
lyst, 1.5 equivalents of NBS as the oxidant (relative to alde-
hydes), and CH3CN/CCl4 (volume ratio 1:5) as the solvent.


As shown in Table 2, all the substrates examined provided
good to excellent yields. Aromatic aldehydes containing


electron-withdrawing groups showed higher activity. Nitro-
gen-containing heterocyclic compound, 2-pyridinecarboxal-
dehyde, also provided the target products in good yields
(Table 2, entries 14 and 15). Couplings of secondary amides
with aldehydes gave good results (Table 2, entries 16–18).
We attempted copper-catalyzed intramolecular cyclization
of 4 containing an aldehyde and a secondary amide group
under our standard conditions and the cyclic compound 3 s
was obtained in 85 % yield (Table 2, entry 19). To the best
of my knowledge, there are no examples for couplings of
secondary amides with aldehydes. Remarkable functional-
group tolerability was observed with coupling occurring in
the presence of nitro, carbon–halogen bonds on aryl ring,
and nitrogen-containing heterocycles.


Conclusion


We have developed a highly efficient copper-catalyzed ami-
dation of aldehydes in the presence of NBS, the correspond-
ing target products were obtained in good to excellent
yields, and an array of functional groups are tolerated under
the mild conditions with respect to both amides and alde-
hydes. The protocol uses inexpensive and low loading CuBr
as the catalyst. No additional ligand and additive were re-
quired, so the method is simple, economical, and has practi-
cal advantages for synthesis of imides. Further investigations
in this direction are in progress.


Experimental Section


General methods : All reactions were carried out under a nitrogen atmos-
phere. Unless stated otherwise, all reagents were purchased commercially
without further purification. All reagents were weighed and handled in
air at room temperature. 1H and 13C NMR spectra were recorded by
using tetramethylsilane (TMS) in CDCl3 (1H NMR: TMS at d=


0.00 ppm, CHCl3 at d=7.24 ppm; 13C NMR: CDCl3 at d =77.0 ppm) or
[D6]DMSO as the internal standard (1H NMR: TMS at d=0.00 ppm,
DMSO at d=2.50 ppm; 13C NMR: DMSO at d=40.0 ppm).


General procedure for the synthesis of compounds 3a–s : A round-bot-
tomed flask (10 mL) was charged with a magnetic stirrer, and CH3CN/
CCl4 (volume ratio 1:5, 3 mL), aldehyde (1) (1 mmol), amide (2)
(1.2 mmol), and CuBr (0.05 mmol, 7 mg) were added to the flask at room
temperature under a nitrogen atmosphere (for Table 2, entries 14 and 15,
1.5 mmol of MgO was used to neutralize HBr freed from the reaction).
After stirring for 15 min, NBS (1.5 mmol, 267 mg) was added to the solu-
tion. The mixture was stirred for a time and at a temperature as shown in
Tables 1 and 2. The resulting solution was cooled to room temperature
and filtered. The solid was washed with ethyl acetate (2 � 5 mL) and the
combined filtrate was concentrated by a rotary evaporator. The residue
was purified by column chromatography on silica gel by using petroleum
ether/ethyl acetate as eluent to give the desired product.


4-Nitrodibenzamide (3 a):[21] Eluent: petroleum ether/ethyl acetate 1:1;
white solid; yield: 242.8 mg, 90 %; m.p. 167–169 8C; 1H NMR
([D6]DMSO, 300 MHz): d=11.63 (s, 1H), 8.33 (d, 3J= 8.6 Hz, 2H), 8.10
(d, 3J =8.6 Hz, 2H), 7.95 (d, 3J =7.6 Hz, 2 H), 7.66 (t, 3J=7.8 Hz, 1H),
7.54 ppm (t, 3J =8.0 Hz, 2H); 13C NMR ([D6]DMSO, 75 MHz): d=167.9,
167.6, 150.0, 140.4, 133.8, 133.5, 130.4, 129.3, 129.0, 123.9 ppm; ESI-MS:
m/z : 292.9 [M+Na]+ .


Scheme 2. Our strategy: direct reactions of the acyl C�H bond in alde-
hydes with amides to form imides.


Table 1. Copper-catalyzed coupling of 4-nitrobenzaldehyde with butyra-
mide in the presence of N-halosuccinimide: Optimization of conditions.[a]


Entry Cat. NXS Solvent Yield [%][b]


1 CuBr NBS THF trace
2 CuBr NBS CH3COOCH3 25
3 CuBr NBS CH3CN 69
4 CuBr NBS CH3CN/CCl4


[c] 87
5 CuI NBS CH3CN/CCl4


[c] 72
6 CuCl2 NBS CH3CN/CCl4


[c] 68
7 Cu ACHTUNGTRENNUNG(OAc)2 NBS CH3CN/CCl4


[c] 70
8 CuBr NCS CH3CN/CCl4


[c] trace


[a] Reaction conditions: nitrogen atmosphere, 4-nitrobenzaldehyde
(1 mmol), butyramide (1.2 mmol), catalyst (0.05 mmol), N-halosuccini-
mide (1.5 mmol), solvent (3 mL). [b] Yield of isolated product.
[c] CH3CN/CCl4 (v/v 1:5).
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N-Acetyl-4-nitrobenzamide (3 b):[21] Eluent: petroleum ether/ethyl ace-
tate 1:1; white solid; yield: 193.2 mg, 93 %; m.p. 236–238 8C; 1H NMR
([D6]DMSO, 300 MHz): d =11.3 (s, 1 H), 8.33 (d, 3J =8.9 Hz, 2H), 8.11
(d, 3J=8.9 Hz, 2H), 2.35 ppm (s, 3H); 13C NMR ([D6]DMSO, 75 MHz):
d=172.5, 165.9, 150.2, 139.6, 130.4, 124.0, 26.0 ppm; ESI-MS: m/z : 230.7
[M+Na]+ .


N-Butyryl-4-nitrobenzamide (3 c): Eluent: petroleum ether/ethyl acetate
3:1; white solid; yield: 226.6 mg, 96 %; m.p. 142–144 8C; 1H NMR
(CDCl3, 300 MHz): d =9.63 (s, 1H), 8.35 (d, 3J= 8.6 Hz, 2H), 8.14 (d,
3J=8.6 Hz, 2 H), 3.00 (t, 3J =7.2 Hz, 2H), 1.76 (m, 2H), 1.04 ppm (t, 3J =


7.2 Hz, 3 H); 13C NMR (CDCl3, 75 MHz): d=177.1, 164.3, 150.5, 138.3,
129.3, 124.1, 39.7, 17.5, 13.8 ppm; ESI-MS: m/z : 258.7 [M+Na]+ .


Ethyl N-(4-nitrobenzoyl)carbamate (3 d):[22] Eluent: petroleum ether/
ethyl acetate 3:1; white solid; yield: 204.6 mg, 86%; m.p. 123–126 8C;
1H NMR (CDCl3, 300 MHz): d=8.61 (s, 1 H), 8.33 (d, 3J=8.6 Hz, 2H),
8.04 (d, 3J =8.6 Hz, 2 H), 4.30 (q, 3J =7.2 Hz, 2H), 1.33 ppm (t, 3J=


7.2 Hz, 3 H); 13C NMR (CDCl3, 75 MHz): d=164.2, 151.2, 150.3, 138.6,
129.2, 124.0, 63.0, 14.3 ppm; ESI-MS: m/z : 260.8 [M+Na]+ .


N-(4-Nitrobenzoyl)stearamide (3 e): Eluent: petroleum ether/ethyl ace-
tate 5:1; white solid; yield: 345.5 mg, 80 %; m.p. 88–90 8C; 1H NMR
(CDCl3, 300 MHz): d =9.24 (s, 1H), 8.35 (d, 3J= 8.9 Hz, 2H), 8.07 (d,
3J=8.9 Hz, 2H), 2.99 (t, 3J =7.56 Hz, 2 H), 1.70 (m, 2 H), 1.32 (s, 28H),
0.88 ppm (t, 3J =6.6 Hz, 3 H); 13C NMR (CDCl3, 75 MHz): d =176.7,
164.1, 150.5, 138.4, 129.2, 124.1, 37.8, 32.0, 29.8, 29.7, 29.6, 29.5, 29.2, 24.1,
22.8, 14.2 ppm; ESI-MS: m/z : 455.4 [M+Na]+ .


N-Butyryl-2-nitrobenzamide (3 f): Eluent: petroleum ether/ethyl acetate
3:1; white solid; yield: 203.0 mg, 86 %; m.p. 108–110 8C; 1H NMR
(CDCl3, 300 MHz): d=9.26 (s, 1H), 8.20 (d, 3J= 8.3 Hz, 1H), 7.74 (m,
1H), 7.62 (m, 1H), 7.44 (m, 1H), 2.56 (t, 3J =7.5 Hz, 2H), 1.64 (m, 2H),
0.95 ppm (t, 3J =7.2 Hz, 3 H); 13C NMR (CDCl3, 75 MHz): d =173.4,
167.9, 145.4, 134.4, 132.6, 130.7, 127.8, 124.4, 39.0, 17.7, 13.6 ppm; ESI-
MS: m/z : 258.7 [M+Na]+ .


N-Butyryl-2-bromobenzamide (3 g): Eluent: petroleum ether/ethyl ace-
tate 3:1; white solid; yield: 198.9 mg, 74 %; m.p. 98–102 8C; 1H NMR
(CDCl3, 300 MHz): d =8.58 (s, 1H), 7.60 (m, 1 H), 7.50 (m, 1H), 7.38 (m,
2H), 1.91 (t, 3J =7.2 Hz, 2 H), 1.73 (m, 2H), 1.02 ppm (t, 3J=7.2 Hz, 3H);
13C NMR (CDCl3, 75 MHz): d= 174.9, 166.4, 136.6, 133.8, 132.4, 129.3,
127.8, 119.2, 39.6, 17.3, 13.8 ppm; ESI-MS: m/z : 292.0, 293.9 [M+Na]+ .


N-(4-Chlorobenzoyl)benzamide (3 h):[21] Eluent: petroleum ether/ethyl
acetate 3:1; white solid; yield: 165.6 mg, 64%; m.p. 132–134 8C; 1H NMR
(CDCl3, 300 MHz): d =9.36 (s, 1H), 7.85 (d, 3J= 7.6 Hz, 2H), 7.79 (d,


Table 2. Copper-catalyzed amidation of aldehydes in the presence of
NBS.[a]


Entry Aldehyde Amide T [8C]/t [h] Product [Yield][b]


1 90/15


2 1 a 90/15


3 1 a 90/15


4 1 a 90/15


5 1 a 90/15


6 2c 90/15


7 2c 75/28


8 2a 90/15


9 1 d 2c 90/15


10 1 d 2b 90/15


11 2a 75/28


12 1 e 2b 75/28


13 1 e 2c 75/28


14[c] 2b RT/15


15[c] 1 f 2c RT/15


Table 2. (Continued)


Entry Aldehyde Amide T [8C]/t [h] Product [Yield][b]


16 1 a 90/15


17 1 d 2 f 90/15


18 1 e 2 f 75/28


19 75/12


[a] Reaction conditions: nitrogen atmosphere, aldehyde (1 mmol), amide
(1.2 mmol), CuBr (0.05 mmol), NBS (1.5 mmol), CH3CN (0.5 mL), CCl4


(2.5 mL). [b] Yield of isolated product. [c] 1.5 mmol of MgO was used to
neutralize HBr freed from the reaction.
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3J=8.6 Hz, 1 H), 7.55 (t, 3 H), 7.44 ppm (m, 4H); 13C NMR (CDCl3,
75 MHz): d =166.9, 166.5, 139.5, 133.3, 133.2, 131.8, 129.8, 129.1,
128.2 ppm; ESI-MS: m/z : 281.9 [M+Na]+ .


4-Chloro-N-(1-oxobutyl)benzamide (3 i): Eluent: petroleum ether/ethyl
acetate 5:1; white solid; yield: 206.8 mg, 92%; m.p. 151–153 8C; 1H NMR
(CDCl3, 300 MHz): d =9.41 (s, 1H), 7.90 (d, 3J= 8.6 Hz, 2H), 7.47 (d,
3J=8.6 Hz, 2 H), 2.99 (t, 3J =7.2 Hz, 2H), 1.74 (m, 2H), 1.03 ppm (t, 3J =


7.2 Hz, 3 H); 13C NMR (CDCl3, 75 MHz): d=177.2, 164.9, 139.7, 131.2,
129.5, 129.3, 39.7, 37.6, 13.8 ppm; ESI-MS: m/z : 247.7 [M+Na]+ .


N-Acetyl-4-chlorobenzamide (3 j):[23] Eluent: petroleum ether/ethylace-
tate 3:1; white solid; yield: 143.6 mg, 73 %; m.p. 145–146 8C; 1H NMR
(CDCl3, 300 MHz): d =9.31 (s, 1H), 7.87 (d, 3J= 8.6 Hz, 2H), 7.48 (d,
3J=8.3 Hz, 2H), 2.61 ppm (s, 3 H); 13C NMR (CDCl3, 75 MHz): d=174.2,
165.0, 139.9, 131.1, 129.4, 129.3, 25.8 ppm; ESI-MS: m/z : 219.7 [M+Na]+ .


N-Benzoylbenzamide (3 k):[21] Eluent: petroleum ether/ethylacetate 3:1;
white solid; yield: 137.1 mg, 61%; m.p. 149–150 8C; 1H NMR (CDCl3,
300 MHz): d=9.12 (s, 1 H), 7.86 (d, 3J =7.6 Hz, 4 H), 7.59 (t, 3J =7.2 Hz,
2H), 7.49 ppm (t, 3J =7.2 Hz, 4 H); 13C NMR (CDCl3, 75 MHz): d=166.7,
133.2, 128.9, 128.1 ppm; ESI-MS: m/z : 247.7 [M+Na]+ .


N-Acetylbenzamide (3 l):[21] Eluent: petroleum ether/ethylacetate 3:1;
white solid; yield: 107.3 mg, 66%; m.p. 97–99 8C; 1H NMR (CDCl3,
300 MHz): d=9.10 (s, 1 H), 7.88 (d, 3J =8.3 Hz, 2 H), 7.59 (t, 3J =6.9 Hz,
1H), 7.49 ppm (t, 3J =7.6 Hz, 2 H); 13C NMR (CDCl3, 75 MHz): d=173.9,
165.9, 133.3, 132.8, 129.0, 127.9, 25.7 ppm; ESI-MS: m/z : 185.2 [M+Na]+ .


N-Butyrylbenamide (3 m):[16a] Eluent: petroleum ether/ethylacetate 5:1;
white solid; yield: 145.0 mg, 76%; m.p. 104–106 8C; 1H NMR (CDCl3,
300 MHz): d=9.24 (s, 1 H), 7.92 (d, 3J =7.2 Hz, 2 H), 7.58 (t, 3J =7.2 Hz,
1H), 7.49 (t, 3J= 7.9 Hz, 2 H), 2.99 (t, 3J =7.2 Hz, 2 H), 1.76 (m, 2H),
1.02 ppm (t, 3J =7.2 Hz, 3 H); 13C NMR (CDCl3, 75 MHz): d =176.8,
165.9, 133.2, 132.9, 129.0, 127.9, 39.6, 17.6, 13.8 ppm; ESI-MS: m/z : 213.4
[M+Na]+ .


N-Acetyl-2-pyridinecarboxamide (3 n): Eluent: petroleum ether/ethylace-
tate 3:1; white solid; yield: 119.6 mg, 73 %; m.p. 73–75 8C; 1H NMR
(CDCl3, 300 MHz): d =10.48 (s, 1H), 8.63 (d, 3J= 4.8 Hz, 1H), 8.26 (d,
3J=7.9 Hz, 1 H), 7.94 (m, 1 H), 7.56 (m, 1 H), 2.62 ppm (s, 3H); 13C NMR
(CDCl3, 75 MHz): d =172.1, 163.0, 148.5, 148.2, 137.9, 127.7, 123.2,
25.5 ppm; ESI-MS: m/z : 186.2 [M+Na]+ .


N-Butyryl-2-pyridinecarboxamide (3 o): Eluent: petroleum ether/ethyla-
cetate 3:1; white solid; yield: 155.5 mg, 81%; m.p. 42–43 8C; 1H NMR
(CDCl3, 300 MHz): d =10.47 (s, 1H), 8.62 (d, 1H, 3J=4.5 Hz), 8.26 (d,
3J=7.9 Hz, 1H), 7.94 (t, 3J =7.2 Hz, 1 H), 7.55 (m, 1H), 2.96 (t, 3J=


7.2 Hz, 2H), 1.76 (m, 2 H), 1.04 ppm (t, 3J= 7.2 Hz, 3 H); 13C NMR
(CDCl3, 75 MHz): d=174.8, 162.6, 148.4, 148.3, 138.1, 127.7, 123.3, 39.6,
17.7, 13.8 ppm; ESI-MS: m/z : 214.4 [M+Na]+ .


N-(4-Nitrobenzoyl)caprolactam (3 p): Eluent: petroleum ether/ethyl ace-
tate 3:1; white solid; yield: 225.2 mg, 86 %; m.p. 100–102 8C; 1H NMR
(CDCl3, 300 MHz): d=8.24 (d, 3J= 8.9 Hz, 2 H), 7.60 (d, 3J =8.8 Hz, 2H),
4.03 (s, 2H), 2.71 (m, 2 H), 1.86 ppm (s, 6H); 13C NMR (CDCl3, 75 MHz):
d=177.7, 171.9, 148.8, 143.0, 128.0, 123.6, 44.9, 38.8, 29.5, 29.2, 23.8 ppm;
ESI-MS: m/z : 285.0 [M+Na]+ .


N-(4-Chlorobenzoyl)caprolactam (3 q): Eluent: petroleum ether/ethyl
acetate 5:1; liquid; yield: 160.5 mg, 64 %; colorless oil ; 1H NMR (CDCl3,
300 MHz): d=7.47 (d, 3J =8.6 Hz, 2H), 7.35 (d, 3J= 8.6 Hz, 2 H), 3.96 (t,
2H), 2.69 (t, 2H), 1.83 ppm (m, 6 H); 13C NMR (CDCl3, 75 MHz): d=


177.7, 173.2, 137.6, 135.1, 129.3, 128.5, 45.3, 38.9, 29.6, 29.3, 23.8 ppm;
ESI-MS: m/z : 273.8 [M+Na]+ .


N-Benzoyl caprolactam (3 r):[24] Eluent: petroleum ether/ethylacetate 8:1;
liquid; yield: 151.6 mg, 70%; 1H NMR (CDCl3, 300 MHz): d =7.54 (d,
3J=6.8 Hz, 2H), 7.46 (m, 1 H), 7.38 (m, 2 H), 3.97 (s, 2H), 2.69 (m, 2H),
1.84 ppm (s, 6H); 13C NMR (CDCl3, 75 MHz): d =177.7, 174.3, 136.7,
131.4, 128.2, 127.8, 45.3, 39.0, 29.7, 29.3, 23.8 ppm; ESI-MS: m/z : 239.8
[M+Na]+ .


N-Methylphthalimide (3 s):[25] Eluent: petroleum ether/ethylacetate 3:1;
white solid; yield: 136.9 mg, 85%; m.p. 130–132 8C; 1H NMR (CDCl3,
300 MHz): d =7.84 (m, 2H), 7.72 (m, 2H), 3.18 ppm (s, 3H); 13C NMR
(CDCl3, 75 MHz): d=168.5, 133.9, 132.3, 123.2, 24.0 ppm; ESI-MS: m/z :
200.4 [M+K]+ .
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Construction of Giant Porphyrin Macrorings Self-Assembled from
Thiophenylene-Linked Bisporphyrins for Light-Harvesting Antennae


Kaori Fujisawa,[a] Akiharu Satake,*[a] Shun Hirota,[a] and Yoshiaki Kobuke*[a, b]


Introduction


Photosynthetic purple bacteria have developed the efficient
light-harvesting antenna systems[1–3] LH1[4,5] and LH2.[6] In
pigment array B850 of the LH2 complex, eighteen bacterio-
chlorophylls (Bchls) are arranged in a slipped cofacial barrel
structure supported by the protein matrix. Due to the close
packing of the neighboring Bchl units, the absorption maxi-
mum of the lowest excitation band of B850 is redshifted
from 800 nm, which is the lmax of the monomeric Bchl unit.
The absorption band of an even larger macroring of B870
(LH1) is shifted further to 870 nm by stronger exciton inter-


actions. This energy-cascade system allows efficient harvest-
ing of light energy to the reaction center. The ring structure
without any terminals is a key for intra- and inter-ring
energy migration by their degenerate energy levels.[7–9]


Construction of such antenna systems has long been a
challenging target in view of their importance in biological
energy transformation events. Porphyrin-based LH antennae
have occupied a central position in these efforts because of
their close similarity to the structural and photophysical
properties of chlorophylls. Various covalently[10,11] and non-
covalently[12–17] linked multiporphyrin systems have been
constructed, and extensively reviewed.[18–29] In the prepara-
tion of macrorings, the intramolecular cyclization of the
linear oligomeric species is important for suppressing poly-
mer formation. Template-assisted coupling reactions have
successfully afforded porphyrin macrorings,[30–37] whereas
other investigations have employed coupling reactions[38–42]


and self-assemblies by using coordination bonds[43,44] under
high dilution conditions.


We have developed a supramolecular methodology for
macroring formation by using complementary coordination
of two terminal imidazolylporphyrinatozinc(II) units con-
nected through an appropriate linker under dilute condi-
tions. Coordination equilibrium leads to the exclusive for-
mation of macrorings without production of linear byprod-
ucts. When a m-phenylene unit was used as the linker, pen-


Abstract: As a model of bacterial pho-
tosynthetic light-harvesting antenna, a
large number of porphyrin units were
organized into barrel-shaped macro-
rings. Two imidazolylporphyrinato-
zinc(II) molecules were linked through
either unsubstituted thiophenes or 3,4-
dioctylthiophenes 1 a and 1 b, respec-
tively. These structures were spontane-
ously organized by complementary co-
ordination of the imidazolyl to zinc
and produced a series of self-assembled
fluorescent polygonal macrorings


under high dilution conditions. The
ring size increased compared with pre-
vious m-phenylene examples. The size
distribution was also controlled by the
presence of octyl substituents. A wide
distribution of macrorings from 7- to
>15-mer was obtained from 1 a, where-
as macrorings ranging from 7- to 11-


mer with a maximum population fo-
cused at the 8-mer were formed with
1 b. The size distribution was governed
by competition between entropy-fa-
vored, smaller-ring formation and the
enthalpy-favored, less-strained larger
macroring. The UV/Vis spectra showed
a gradual redshift for the larger rings
reflecting an increase in the transition
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tagonal and hexagonal macrorings were obtained in an
almost 1:1 mixture.[45,46] Interestingly, the hexagonal macror-
ings showed faster excitation energy hopping (EEH) rates
than the pentagonal structures.[47] The result suggested the
importance of the orientation factor of linker-separated
chromophore components in determining the EEH rates
and encouraged us to prepare larger macrorings.


Toward the noncovalent approach, only two examples of
the preparation of polygonal porphyrin rings larger than a
hexagon have been reported.[48,49] Unfortunately, these struc-
tures were nonfluorescent because cobalt–porphyrin[48] was
used or ferrocene[49] was directly connected to the porphy-
rin. Herein, we explored the use of a five-membered aro-
matic thiophene as the linker between bis(imidazolylpor-
phyrinatozinc(II)) molecules for making larger macrorings
with enlarged internal angles. Bisporphyrins 1 a and 1 b were
designed with the two porphyrin units connected through
thiophene as the 2,5-substituents. 3,4-Substituents were in-
troduced into the thiophene of 1 b to control the ring size by
modulating the internal angle of the porphyrins.


Results


Synthesis of unit porphyrins : The synthetic schemes for 8 a
and 8 b are shown in Scheme 1. Condensation of dipyrrome-
thane 2 (2.0 equiv), monoacetal-protected thiophene-2,5-di-
carboxaldehyde 3 (1.5 equiv), and N-methylimidazolcarbox-
aldehyde 4 (1.0 equiv) in the presence of trifluoroacetic acid
gave acetal-protected thiophenylporphyrins 5 a and 5 b.
Acetal deprotection afforded 6 a and 6 b in yields of 5 and
4 %, respectively, based on 4 and the second condensation
was then carried out by stepwise addition of dipyrromethane
2 and aldehyde 4. After neutralization with triethylamine
followed by oxidation with chloranil, compounds 8 a and 8 b
were obtained. Pure 8 a was isolated by a combination of
SiO2 and gel permeation chromatographies (GPC) in a yield
of 10 % based on 6 a. Similarly, bisporphyrin 8 b was ob-
tained in a yield of 6.5 % based on 6 b.


1H NMR spectra of 8 a (Figure 1a) and 8 b (Figure 1b) re-
vealed only one peak for 8 a corresponding to a N-methyl
signal at d=3.44 ppm, and no atropisomer was observed. In
the case of dioctyl-substituted porphyrin 8 b, however, three


N-methyl signals were observed
at d=3.427, 3.422, and
3.415 ppm, suggesting the pres-
ence of atropisomers (syn-anti
isomers; Figure 1d). These re-
sults indicate that the porphyrin
moieties for unsubstituted thio-
phenes rotate around the axis
of the thiophene–porphyrin
bond on the NMR spectroscopy
timescale, but no rotation
occurs with the dioctyl variant.
Similarly, the 1H NMR spec-
trum for 6 b showed the pres-
ence of syn-anti isomers.


Scheme 1. Synthesis of thiophenylene-linked bisporphyrin.
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Ring formation from 1 a and 1 b : Fundamental procedures
for ring formation based on strong complementary coordi-
nation of imidazolyl to zinc have been established in our
previous studies.[45,46, 49–51] Thus, a dilute solution of bis(imi-
dazolylporphyrinatozinc(II)) units linked through an appro-
priate spacer was prepared in chloroform containing a small
amount of methanol or ethanol. After equilibrium was ach-
ieved, ring compounds were formed exclusively without
linear polymeric materials. The ring size should depend on
the internal angle between the two imidazolylporphyrinato-
zinc(II) units separated by the linker.


Zinc(II) ions were introduced into free-base bisporphyrins
8 a and 8 b to give 1 a and 1 b, respectively (Scheme 2). Com-
plementary coordination spontaneously started to give the
initial gel permeation chromatogram at t=0 (Figure 2).
Then, each sample of 1 a or 1 b was diluted to 10 mm by the
addition of chloroform containing 0.5 % ethanol. In the case
of 1 b, 1 % methanol (v/v) was added to accelerate the reor-
ganization. The solutions were warmed to 47 8C. In a typical
GPC analysis of the progress of the reorganization for 1 a
(Figure 2a), the initial peak maximum appeared at 8.4 min,
corresponding to 52 000 Da, as estimated from polystyrene
standards. During the course of reorganization, the peak
maxima shifted progressively to longer retention times cor-
responding to increasingly smaller molecular weights. After
2.5 h, the shift of the peak maximum became significantly
slower, but the reorganization still proceeded, as determined
by the small shift and sharpening of the peak. By 18 h, the


progress had almost stopped at the retention time for the
peak maximum at 11.3 min, corresponding to an apparent
mass of 11 000 Da; no further change was observed after
24 h, suggesting the final convergence (Figure 2a). For 1 b,
the chromatogram after 18 h showed the peak at 11.7 min
(Figure 2b), which was identical to that at 24 h and suggest-
ed that final convergence had been achieved. The observed
behavior is common to the reorganization processes of
other m-phenylene-linked bis(imidazolylporphyrinatozin-
c(II)) structures[45] and the converged compounds suggest
macroring formation.[45,49,51, 52] The whole reorganization pro-
cesses may be illustrated as shown in Scheme 2.


Since coordination-organized supramolecules give only
dissociated ionic species in the mass spectrum, the molecular
weight must be obtained after covalent linking of coordina-
tion pairs through a ring-closing metathesis reaction[46] with
the use of the Grubbs catalyst to produce the converged
sample of 1 b (Scheme 3). In a MALDI-TOF mass spectrum
acquired after the metathesis reaction of the crude con-
verged samples, defined as C-(1 b)mix to differentiate from
samples before metathesis, N-(1 b)mix, 7- to 9-mers were ob-
served as the major products with lesser peaks of 10- and
11-mer also observed (Figure 3a). Fractions 1–4 of the meta-
thesis product, C-(1 b)mix, were isolated by recycling GPC
using pyridine as the eluent (see Figure S1 in the Supporting
Information, fractions 1–4). The mass spectra of fractions 1–
4, which contained oligomers ranging from 7- to 10-mer,
gave a series of peak maxima that agreed well with the cal-


Figure 1. 1H NMR (600 MHz) spectra of a) 8 a and b) 8b in CDCl3 at RT. The inset shows an enlargement of N-methyl part. The proton assignments (c)
and atropisomers in 8b (d; A : anti-syn, B : syn-syn, C : anti-anti) are also shown.


Chem. Eur. J. 2008, 14, 10735 – 10744 � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 10737


FULL PAPERConstruction of Giant Porphyrin Macrorings



www.chemeurj.org





culated[53] molecular weights ([M+H]+) for C-(1 b)n within
an error range of �2 Da (Figure 3b–e). The series of com-
pounds thus proved to be composed of macroring structures.


The size distribution of a mixture before metathesis (N-
(1 b)mix) yields important information about the effect of the
internal angle on the ring size. The distribution of C-(1 b)mix


may not be precise because although the metathesis reaction
proceeds very well it is not quantitative. Therefore, data
from the N-(1 b)mix, showing two peaks and two shoulders in
twice-recycled GPC, were separated into fractions a–d. Frac-
tions a–d were assigned as 7- to 10-mers by comparing the
retention times with the calibration line prepared by C-
(1 b)7–10 (Figure 4). Then, the recycling GPC chart of N-
(1 b)mix was deconvoluted (Figure 5a). The peaks were ap-
proximated by a Gaussian function to give 7- to 11-mers as
major macrorings with a maximum at 8-mer: 7-mer= (27�
2), 8-mer = (36�2), 9-mer= (18�1), 10-mer = (11�2),
larger than 11-mer = (7�3) %. We also tried to estimate the
ring sizes and the distribution of the converged sample of
1 a, N-(1 a)mix (Figure 5b). At least ten peaks were partially
separated, with significant overlapping of the other peaks.
Therefore, the section of the chromatogram showing partial
separation (retention time �130 min) was deconvoluted,
and the higher oligomer section (40%) was ignored. Each
peak was assigned as 7- to >15-mer by comparing the reten-
tion times with the calibration line prepared by C-(1 a)9–11.
When evaluated in this manner, the size distribution of N-
(1 a)7–15 was much wider: 7-mer = (12�1), 8-mer = (12�1),
9-mer= (13�1), 10-mer = (12�1), 11-mer = (11�1), 12-
mer= (10�1), 13-mer= (9�1), 14-mer = (8�1), larger than
15-mer = (10�2) %.


UV/Vis absorption and fluorescence spectra : The UV/Vis
absorption spectra of a series of rings, C-(1 b)7–10, were mea-
sured in pyridine (Figure 6). Even in strongly coordinating
solvents, such as pyridine, covalently linked macrorings
retain their cyclic structures.[46,47,51, 53] The peak maxima of
the split Soret bands at longer wavelengths were gradually
redshifted in the order 7-<8-<9-<10-mer (insets of
Figure 6).


The fluorescence quantum yields (FF) of N-(1 b)7–10 in
chloroform and C-(1 b)7–9 in pyridine showed similar values
(0.015�0.008), which were about half of that of the unit
dimer 11.


Discussion


Macroring formation : If monomeric terminal units exist in
the converged N-(1 b)mix, the size distribution of the mono-
mers in N-(1 b)mix must depend on the concentration.[48, 54]


We analyzed the samples of N-(1 b)mix by GPC at two differ-
ent concentrations (80 and 10 mm), but obtained almost iden-
tical elution curves. More decisively, the mass spectra ob-
tained after the covalent linking gave the correct molecular
weights[53] calculated based on ring structures (Figure 3a–d).
We therefore concluded that converged N-(1 b)n and its co-
valently linked analogue C-(1 b)n are cyclic structures.[46,49,51]


Rotation around the axis of the thiophene–porphyrin bond :
Observation of atropisomers in 6 b and 8 b indicated that
syn-anti isomerization was slowed by the introduction of
octyl groups. Based on variable-temperature NMR spectros-
copy studies performed in (CDCl2)2, the rate constant (kr)


Scheme 2. Synthesis, self-assembly, and reorganization of 1 a and 1 b. Allyloxy propyl groups (R’) at the meso-position are omitted.
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and the activation free energy (DG�) of syn–anti isomeriza-
tion in 6 b were estimated (Figure S2 in the Supporting In-
formation) to be kr(323 K) =12.0 s�1 and kr(383 K) =28.0 s�1, and
DG�


323 K =72.5 kJ mol�1 and DG�
383 K =83.8 kJ mol�1, respec-


tively. The DG�
298 K value of 67.9 kJ mol�1 obtained from the


Eyring plot is slightly less than that of the meso-phenyl
group in the substituted imidazolyl porphyrin (DG�


298 K =


71.1 kJ mol�1). Since the rotational energy of the meso-imi-
dazolyl group on the porphyrin is higher than that of the
meso-phenyl group,[55] the rotation around the porphyrin–di-
octylthiophenylene bond must account for the presence of
atropisomers rather than rotation about the imidazolyl
moiety. Consistent with this proposal, no atropisomer was
observed for 6 a at 298 K, suggesting rapid rotation.


Although the conformational restriction was observed in
the 1H NMR spectrum of 8 b based on the following obser-
vations, rotation should occur under reorganization condi-
tions. Atropisomers of 8 b could be detected as three spots
on a silica gel TLC plate. When any one of the spots were
isolated by column chromatography on SiO2, the collected
fraction showed three spots upon repeated TLC analysis,


confirming that isomerization among atropisomers occurs
after separation. Because reorganization of 1 b usually re-
quires more than 10 h, the presence of atropisomerization
does not introduce any barriers for ring formation.


With respect to slow rotation around the axis connecting
the porphyrin and thiophene, structural isomers arise from


Figure 2. GPC analyses of the reorganization process. a) 1a in chloro-
form: samples of 1 a at various time intervals, from left to right, 0 (dotted
line), 0.5, 1, 1.5, 2.5, 5.5, 7.5, 18 (solid bold line), and 24 h (solid line).
b) For 1 b in chloroform with 1 % (v/v) methanol: 0 h (dotted line), after
18 h (solid bold line). Open triangles at the tops of graphs represent the
maximum peak position of polystyrene standards. Conditions: column:
JAIGEL 3H-A (polystyrene gel, diameter= 8 mm, length =50 cm, exclu-
sion limit =70000 Da); eluent, CHCl3/0.05 % Et3N.


Scheme 3. Covalent linking of N-(1 b)n. Allyloxy propyl groups (R’) at
the meso-position.


Figure 3. Mass spectra of a) C-(1b)mix and fractions 1 (b), 2 (c), 3 (d), and
4 (e); values indicate observed maximum peak number.
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out and in coordination.[55] Two of the possible eight geo-
metrical isomers are depicted schematically for the 7-mer in
Figure 7. Ring D only contains out-in (o-i) geometry, where-


as ring E contains one in-out (i-o) geometry and is repre-
sented by i-o, o-i, o-i, o-i, o-i, o-i, and o-i, from the right-
hand edge (Figure 7). These isomers could not be distin-
guished from each other by GPC analysis.


Size population of reorganized macrorings for 1 a and 1 b :
Introduction of two octyl groups at thiophene b positions
may significantly affect the molecular structure. Molecular
orbital calculations (AM1)[56] showed that the torsional
angles between porphyrin and thiophene are 64 and 548 for
1 a, but were 90 and 898 for 1 b (Figure S3 in the Supporting
Information). The internal angles between two porphyrins
were 1548 for 1 a and 1488 for 1 b. Introduction of two octyl
groups induces not only an orthogonal conformation, but
also a smaller internal angle. The internal angle of 1 a was
decreased to 1518 when two porphyrins were located orthog-
onally to the thiophene moiety. Thus, the internal angles
may vary between 151 and 1548 relative to the tilt motion
and widen the distribution for 1 a. In addition, the internal
angle difference between the cyclic n-mer and the n+1-mer
decreases in larger polygons, and thus the stability differen-
ces become smaller. This factor would also contribute to the
wider size distribution of the macroring N-(1 a)mix.


The calculated internal angle (1488) of the unit bispor-
phyrin 1 b suggests that the cyclic 11-mer is the macroring
with the least steric strain. Experimentally, the distribution
is shifted towards macrorings of smaller unit numbers. To
obtain a quantitative understanding, Gibbs energy differen-
ces were evaluated for equilibria between the 8-mer and the
cyclic n-mer [n=7, 9, and 11; Equilibria (a)–(c)].


8-merÐ 7-mer ðaÞ


8-merÐ 9-mer ðbÞ


8-merÐ 11-mer ðcÞ


The enthalpy changes for the respective equilibrium of
the 8-mer and cyclic n-mer were calculated from the heats
of formation (Hf) by semi-empirical molecular orbital meth-
ods, AM1.[56, 57] To facilitate the calculation, substituents on


Figure 4. a) Logarithmic plots of the molecular weights against the reten-
tion time from Figure S1b in the Supporting Information. &: C-(1b)7–10,
c : the calibration line for a series of C-(1b)n. b) Analytical GPC chro-
matograms of fractions a–d of separated N-(1b)mix. The conditions were
the same as those given in Figure 2. Fractions a–d were assigned as the 7-
to 10-mers by the calibration line given in (a).


Figure 5. Deconvolution analyses of recycling GPC charts for a) N-
(1b)mix, b) N-(1 a)mix. Solid bold line: experimental data, solid line: decon-
voluted peaks, grey line: sum of the deconvoluted peaks. In this analysis,
40% of the higher molecular weight polymer (>15-mer) was ignored.


Figure 6. UV/Vis spectra of C-(1 b)7 (grey dashed line), C-(1 b)8 (solid
line), C-(1b)9 (dotted line), and C-(1b)10 (grey line), in pyridine at RT.
The inset shows an enlargement of the Soret band at longer wavelengths.
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the porphyrin at the meso-positions and on the thiopheny-
lene were replaced by protons and methyl groups, respec-
tively. The entropy changes were estimated by using a
model based on association for an aggregate of rigid parti-
cles.[58] The estimated thermodynamic parameters were
listed in Table 1 and plotted in Figure 8 as a function of the
internal angle of the n-mer. The entropy change per unit
bisporphyrin from 8-mer to cyclic n-mer decreases almost
linearly for larger macrorings and favors entropically smaller
macrorings. On the other hand, smaller macrorings are dis-
favored enthalpically. Calculated Gibbs energies (8-mer�7-
mer<9-mer<11-mer) of formation per unit bisporphyrin
successfully reflected the experimental population of the
macrorings (8-mer<7-mer<9-mer<10-mer<11-mer).


UV/Vis spectra : The origin of
the split Soret bands in 1 a, 1 b,
and the macrorings may be ex-
plained on the basis of excitonic
coupling theory, in a manner
similar to earlier studies.[59, 60]


The degenerated transition
dipole moments are split as a
result of slipped cofacial dimer
formation. In Figure 6, the peak
maxima of the longer Soret
bands were systematically red-
shifted in the order of increased
ring sizes. A similar tendency


was observed for pentagonal and hexagonal macrocyclic
porphyrins.[47,51,60] In the present case, a more generalized
treatment may be required by including interactions among
not only the neighboring porphyrins, but also with other
component porphyrins in the macrorings.


Calculation of the interaction energies was undertaken as
follows: A macroring was placed in the center of x–y coordi-
nate. If the electric field of the input light comes from the x-
axis direction, only the x component of each transition
dipole interacts with the light. All of the transition dipoles,
mm, are divided into x and y components, mmx and mmy (see
Figure S4, left in the Supporting Information). The total ex-
citonic coupling energy for all of the porphyrins in each
macroring can be calculated by using Equation (1).[59, 61]


E ¼
X


n,mðm>nÞ


2mmxmnxkmx,nx


R3
mx,nx


ð1Þ


in which mmx and mnx are the x components of the transition
dipole moments of m and nth complementary dimer units,
Rmx,nx is the center-to-center distance between mmx and mnx,
and kmx,nx is the orientation factor of mmx and mnx. It is de-
fined by Equation (2) and Figure S4, right in the Supporting
Information.


kmx,nx ¼ 1�3cos2q ð2Þ


If the scalar of the transition dipoles, jmm j , is defined as
m0, the total coupling energies are expressed as shown in
Table 2. The coupling energy increases with increasing ring
size. Interestingly, the larger ring is associated with the
larger coupling interactions. Faster rates of EEH for the
hexagons rather than for the corresponding pentagons have


Table 1. Gibbs free energy change (DG) per unit porphyrin in Equili-
bria (a)–(c).


Equilibrium DH [kcal mol] TDS[a] [kcal mol] DG[b] [kcal mol�1]


a 6.3 5.8 0.6
b �2.0 �4.5 2.6
c �3.2 �11.2 8.0


[a] T=320 K. [b] DG =DH�TDS.


Figure 8. Approximate TDS (solid line, T =320 K), DH (dotted line), and
DG (bold line) changes from the 8-mer to the n-mer per coordination
dimer for 7- to 11-mers as a function of the internal angle of the n-mer.


Table 2. The total excitonic coupling energy E in the 7- to 12-mer esti-
mated from Equation (1).


Ring size (n-mer) E � 106 (mo
2)


7 �1451
8 �1810
9 �1981


10 �2299
11 �2491
12 �2788


Figure 7. Two of eight possible macroring structures of C-(1b)7. Ring D is composed of seven A�s and ring E is
composed of five A�s, one B, and one C.
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already been observed[47,51, 60] and measurements of the EEH
rates for a series of systematic ring variations of this study
may extend this tendency. Further studies are ongoing.


Conclusion


Bis(imidazolylporphyrinatozinc(II)) compounds 1 b and 1 a
linked through either 3,4-dioctylthiophenylene or unsubsti-
tuted 2,5-thiophenylene units were synthesized. They were
linked by complementary coordination of imidazolyl to zinc
and produced a series of self-assembled fluorescent polygo-
nal macrorings larger than hexagons under the appropriate
reorganization conditions. The macroring size was controlled
by the internal angles between the two porphyrins linked
through thiophenylene and also by the introduction of the
octyl groups. The ring size distribution was rationalized by
the balance between favorable entropy and enthalpic insta-
bility due to angle strain for the smaller rings. A very wide
distribution of macrorings from 7- to >15-mer was obtained
from unsubstituted bisporphyrin 1 a, whereas for 1 b, the
macroring distribution was limited to 7- to 11-mer, with the
maximum population centering at the 8-mer. After covalent
linking of coordination pairs, cyclic 10-mer (C-(1 b)10), 9-mer
(C-(1 b)9), 8-mer (C-(1 b)8), and 7-mer (C-(1 b)7) were isolat-
ed in a pure form through recycling GPC. In the UV/Vis
spectra, the longer Soret bands in the polygonal macrorings
were gradually redshifted as the ring size increased. This ob-
servation was supported by a gradual increase of the cou-
pling interactions of porphyrin transition dipoles.[47, 51]


Experimental Section


General : Analytical GPC was performed on a Hewlett-Packard HP1100
series instrument using a JAIGEL 3H-A column (Japan Analytical Indus-
try, polystyrene gel, diameter= 8 mm, length =50 cm, exclusion limit=


70000 Da, eluent: CHCl3/0.05% Et3N) or a Shimadzu LC workstation
M10 equipped with an SPD-M10 AVP photodiode array detector using a
Tosoh TSK-GEL G3000HHR column (polystyrene gel, exclusion limit=


60000 Da). Recycling GPC was carried out on a recycling GPC–HPLC
system (Japan Analytical Industry, LC-908) connected with two series
columns (JAIGEL 3HA, diameter =20 mm, length =60 cm � 2, polystyr-
ene, exclusion limit=70 000 Da, eluent: CHCl3/0.05% Et3N), or two
series columns of Tosoh TSK-GEL G3000HHR (polystyrene gel, exclusion
limit =60000 Da, eluent: pyridine). Column chromatography was per-
formed using silica gel (silica gel 60N (spherical, neutral) 63–210 mm,
KANTO) and aluminum oxide (aluminum oxide 90 active basic (0.063–
0.200 mm), Merck). Preparative GPC was performed on a glass column
(diameter=1 cm, length =100 cm) packed with Biobeads SX-3 (BioRad,
polystyrene, exclusion limit=2 000 Da; flow rate: ca. 0.8 mL min�1) using
toluene as the eluent. MALDI-TOF mass spectra were measured on
KRATOS AXIMA and Bruker autoflex II instruments with dithranol
(Aldrich) or trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]ma-
lononitrile (Fluka) as a matrix.


Synthesis of porphyrins : meso-(3-Allyloxypropyl)dipyrromethane 2[53]


and 1-methylimidazol-2-carboxaldehyde 4[62] were synthesized according
to reported procedures. Synthesis of 3,4-dioctylthiophene (S1), 3,4-di-
octylthiophene-1-carbaldehyde (S2), 5-(5,5-dimethyl-[1,3]dioxan-2-yl)-
3,4-dioctylthiophene (S3), compounds 3a, 3b, 5a, 6a, 6b, 8 a, and 8 b are
described in the Supporting Information.


2,5-Bis(15-N-methylimidazolylporphyrinatozinc(II))-3,4-dioctyl-thiophene
(1b): A solution of zinc acetate dihydrate (4.0 mg, 18.2 mmol) in metha-
nol (0.5 mL) was added to a solution of 8b (2.1 mg, 1.4 mmol) in chloro-
form (1.0 mL). The mixture was stirred at RT for 3.5 h. Incorporation of
the zinc(II) ion was confirmed by UV/Vis and fluorescence spectroscop-
ies. A saturated aqueous solution of NaHCO3 (1.0 mL) was added to the
mixture. The organic layer was washed with water, dried over anhydrous
Na2SO4, and evaporated to dryness. The residue was purified by repreci-
pitation from chloroform and n-hexane to afford 1 b (2.0 mg, 90.1 %).
The crude porphyrinatozinc(II) compounds were analyzed by GPC (Fig-
ure 2b, dotted line). The peak maximum appeared at 9.1 min, corre-
sponding to 44000 Da estimated from polystyrene standard. MS
(MALDI-TOF, dithranol): m/z : 1604.9 [M+H]+ (Figure S18a).


2,5-Bis(15-N-methylimidazolylporphyrinatozinc(II))thiophene (1 a): Com-
pound 1a was obtained according to a procedure similar to that for 1b
(3.6 mg, 81.5 %). MS (MALDI-TOF, dithranol): m/z : 1380.8 [M+H]+


(Figure S18b).


Reorganization of 1b : A solution of 1b (0.8 mg, 0.49 mmol) in chloro-
form/1 % MeOH (v/v; 50 mL) was kept at 47 8C in the dark. After 18 h,
the solution was cooled to �40 8C, and then evaporated at 0 8C under re-
duced pressure (ca. 10 hPa) to give N-(1b)mix (Figure 2b). The solution
was divided into several portions (less than 50 mL) and evaporated, since
the use of larger volumes significantly changed the size distribution. The
sample (N-(1b)mix) was separated by recycling GPC (JAIGEL 3HA,
eluent: chloroform/0.05% Et3N) to give fractions a–d. The separated sol-
utions were analyzed by analytical GPC (Figure 4b).


Reorganization of 1a : According to a procedure similar to that for 1b,
compound 1a was reorganized by using a solution of 1a (0.5 mg,
0.36 mmol) in chloroform containing 0.5 % ethanol (36 mL) (Figure 2a).
The sample (N-(1a)mix) was separated by recycling GPC (JAIGEL 3HA,
eluent: chloroform/0.05 % Et3N). The seven separated fractions were an-
alyzed by analytical GPC.


Metathesis reaction of N-(1 b)mix : The ring-closing metathesis reaction
was carried out for the reorganized sample (N-(1 b)mix) (1.4 mg,
0.88 mmol, in dichloromethane (10 mm)) by using the first generation
Grubbs catalyst (0.72 mg, 0.88 mmol). The reaction progress was moni-
tored by GPC analysis (Tosoh; eluent: pyridine). After 5 h the metathe-
sized sample (C-(1 b)mix) was analyzed by MALDI-TOF mass spectrome-
try (Figure 3a). From the mixture of C-(1b)mix, 7-, 8-, 9-, and 10-mer mac-
rorings were isolated by recycling GPC with pyridine as the eluent using
two series columns (Tosoh) (Figure S1 in the Supporting Information).
The total amount of C-(1b)7, C-(1b)8, C-(1b)9, and C-(1b)10 was 0.5 mg.
These samples were reanalyzed by analytical GPC (Figure S1b in the
Supporting Information) to prepare the calibration line (Figure 4a). MS
(MALDI-TOF, trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]-
malononitrile): m/z : 10832 (C-(1b)7), 12385 (C-(1b)8), 13940 (C-(1b)9),
15491 (C-(1 b)10) [M+H]+ .


Estimation of macroring compositions from the recycling GPC chart of
N-(1 b)n : The deconvolution analyses of GPC chromatograms were con-
ducted with the Origin Pro 7 software (OriginLab) with the peak fitting
module using the Gaussian function. The recycling GPC chart of N-(1b)n


(Figure 5a) was analyzed by using the initial parameters in Table S1 in
the Supporting Information. Five components (n=7–11) were prepared
as the initial set, their peak positions being adjusted manually to fit the
observed peaks. Half-band widths of 7- to 11-mers were set as (1.5�
0.5) min. This analysis was carried out five times to give the following
compositions: 7-mer = (27�2), 8-mer = (36�2), 9-mer = (18�1), 10-
mer= (11�2), and larger than 11-mer = (7�3) %. Similarly, deconvolu-
tion analysis of recycling GPC chart of N-(1 a)n was carried out (Fig-
ure 5b). For this analysis higher oligomers (40 % of the total) were ignor-
ed.


Estimated sum of interactions for all of the transition dipoles : To esti-
mate the sum of interactions among all of the transition dipoles, a mac-
roring was placed in the center of x–y coordinate. The numbers were
posted to the transition dipoles clockwise as m1, m2, and so forth. All of
the transition dipoles, mm, were divided into x and y components, mmx


and mmy. The center-to-center distance between the m and nth transition
dipoles was estimated mathematically by using the length of the bispor-
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phyrin dimer (18.38 �) determined by AM1 method. The total excitonic
coupling energy for all of the porphyrins in each macroring was calculat-
ed by using Equations (1) and (2). The results are listed in Tables S3–S8
in the Supporting Information.
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Synthesis and Antibiofilm Activity of a Second-Generation Reverse-Amide
Oroidin Library: A Structure–Activity Relationship Study


T. Eric Ballard, Justin J. Richards, Amanda L. Wolfe, and Christian Melander*[a]


Introduction


It has been estimated that approximately 80 % of the
world�s microbial biomass resides in the biofilm state and
yet there are relatively few known naturally occurring mo-
lecular scaffolds that possess the ability to disrupt biofilm
development and maintenance (e.g., 1–3).[1–4] Bacterial bio-


films are often described as surface-associated complex com-
munities of bacteria encased in a protective extracellular
matrix.[5] Pathogenic infections commonly persist due to the
respective bacteria�s ability to form robust biofilms, which


are much less susceptible to traditional means of eradication
including antiseptics and antibiotic therapy.[5,6] Additionally,
given the combination of high morbidity and mortality rates
of infectious diseases due to biofilm virulence, there is a sig-
nificant need for new antibiofilm modulators.


Antibiotic drug resistance is a matter of survival for bac-
teria and has been problematic since the beginning of heavy
administration of antibiotics in the mid 1900s. With the in-
troduction of penicillin, only several years were needed for
resistant bacterial strains to appear.[7,8] Today, multidrug re-
sistant bacteria are becoming increasingly commonplace and
various antibiotics are being exhausted in attempts to
combat particularly aggressive infections.[8–10] Additionally,
only two new classes of antibiotics (oxazolidinones and lipo-
peptides) have been discovered in the last 40 years.[11] Van-
comycin and its congeners remain at the forefront of antibi-
otic therapy, but even vancomycin-resistant strains are be-
ginning to appear.[8,12]


As most pathogenic bacteria exist as biofilm communities,
which hinder antibiotic effectiveness and facilitate the evo-
lution of resistant phenotypes,[5,6] the discovery and develop-
ment of antibiofilm-modulating compounds should have an
impact on human medicine.[13] Given that antibiofilm modu-
lators inhibit and/or disperse bacterial biofilms in a nontoxic
manner, there is significant potential for co-dosing antibio-
film compounds with an antibiotic to eliminate biofilm in-
fections. This approach may be particularly important to
treat cystic fibrosis (CF) patients, infection of indwelling
medical devices, and the remediation of hospital facilities.
Furthermore, the lack of induced microbicidal activity
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should limit or mitigate development of resistance to the an-
tibiofilm molecule.


Our research[14–20] has focused on the generation of small-
molecule libraries that borrow structural inspiration from
the oroidin family[21] of marine natural products. We have
been able to identify effective antibiofilm modulators by ex-
ploiting the oroidin scaffold against a number of medically
relevant biofilm-forming bacteria (Scheme 1).[14–20] Most no-


tably, the reverse-amide (RA) motif has been one of the
most potent structure classes formulated to date.[17] After
the preliminary success of our pilot RA library, delineation
of a detailed structure–activity relationship (SAR) study
was deemed as an attractive approach to generate antibio-
film compounds with superior activity.


Previously, the first-generation RA library was screened
against PAO1 and PA14, two of the most commonly studied
strains of the bacterium Pseudomonas aeruginosa. P. aerugi-
nosa is an opportunistic Gram-negative g-proteobacteria
that is relatively innocuous to healthy individuals and is
ubiquitous throughout the environment.[22] However, P. aer-
uginosa is the second most common pathogenic bacteria in
hospital-acquired pneumonia and is a serious threat to cystic
fibrosis (CF) patients.[23–27] A combination of genetic disposi-
tion and the abnormal composition of respiratory airways in
CF patients in conjunction with the virulence of P. aerugino-
sa commonly leads to chronic infections that drive increased
morbidity and mortality rates.[28] The inability to treat CF
patients with chronic P. aeruginosa infections has been di-
rectly correlated to the virulence of P. aeruginosa bio-
films.[24,26]


Another opportunistic g-proteobacterium that has
become a serious threat over the last decade due to its mul-
tidrug resistance is Acinetobacter baumannii.[29] This Gram-
negative bacterium is also benign to healthy individuals, but
onset of an A. baumannii infection can be life-threatening.
A. baumannii biofilms are particularly hardy, being able to
survive for weeks on inanimate objects, thus making eradi-


cation especially problematic.[30] Approximately 25 % of all
hospital swabs are positive for A. baumannii.[31] Reports of
antibiotic resistance to carbapenems[32] and polymyxins[33]


are becoming increasingly frequent. It is believed that this is
attributed to changes in porin proteins, development of
efflux pumps, and production of b-lactamases in the bacte-
ria.[26,32] Biofilms easily facilitate these adaptations for sur-
vival through the selection and reproduction of bacteria that
can withstand harsh environmental pressures. Only a few
small molecules have been documented to modulate the
biofilm activity of A. baumannii and these have all originat-
ed from the oroidin scaffold.[14, 18–20] Therefore, screening our
second-generation RA library for inhibition and dispersion
activity against A. baumannii biofilms was also pursued.


Herein, we report the synthesis of a diverse 24-compound
second-generation RA library and its subsequent antibiofilm
properties against Pseudomonas aeruginosa and Acineto-
bacter baumannii. Analysis of the activity trends points to
important structural features that augment antibiofilm prop-
erties.


Results and Discussion


Design : The first-generation RA library identified the dode-
cyl-based RA analogue 7 (Table 1) as being both a potent
inhibitor and disruptor of P. aeruginosa biofilms (PA14 bio-
film inhibition IC50 = (2.3�0.83) mm, PA14 biofilm dispersion
EC50 = (21�3.9) mm).[17] However, a more comprehensive
study was initiated to identify the optimal chain length for
antibiofilm potency (Table 1).


Following the completion of the chain-length study, our
design for a second-generation RA library would be roughly
based on derivatization around the hexyl RA analogue 4,
the synthesis and activity of which was also previously dis-
closed.[17] This analogue was chosen as a template for addi-
tional SAR analysis due to its moderate activity profile
(PA14 IC50 = (40�13) mm), availability, and overall ease of
synthesis across the desired scaffolds for SAR consideration.
The SAR for 4 was divided into six separate themes: dele-
tion of the amide bond, linker chain modification, sliding of
the amide bond, increased substitution of the amide bond,
reversal of the amide bond directionality to mimic oroidin,
and examination of a triazole isostere (Scheme 2).


Scheme 1. Oroidin as inspiration for novel classes of biofilm modulators.


Table 1. Examining the aliphatic chain length.


1st generation Proposed 2nd generation


4 (n =5) 8 (n =10)
5 (n =7) 9 (n =12)
6 (n =9) 10 (n =13)
7 (n =11) 11 (n =15)


12 (n =17)
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Initially, it was planned to evaluate all of the target ana-
logues against Pseudomonas aeruginosa PA14 biofilms.
When active compounds were identified, IC50 values would
then be determined. Additionally, the most active analogues
in each subclass would then be tested for antibiofilm inhibi-
tion activity against Acinetobacter baumannii biofilms. Pend-
ing the identification of active compounds in these screens,
A. baumannii IC50 values would be determined. Finally, the
most active analogues would then be assayed for their abili-
ty to disperse established PA14 and/or A. baumannii bio-
films.


Optimizing the aliphatic RA chain length : The first goal of
the study was to further investigate the full extent of anti-
biofilm activity attainable by tuning the length of the ali-
phatic side chain. To this end, we synthesized compounds
10–12 as their HCl salts following our previously established
chemistry[17] (Table 2).


The hexadecyl- (11) and octadecyl-based (12) analogues
displayed modest antibiofilm activity (PA14 IC50 values of
50 and 110 mm, respectively). Tetradecyl RA analogue 10
was slightly less active than 7 with a PA14 IC50 = (2.9�
1.2) mm, from which can be concluded that the highest activi-
ty for the RA scaffold should be a tridecyl RA analogue.


With that hypothesis, the tridecyl RA analogue 9 was syn-
thesized and assayed for its ability to inhibit PA14 biofilm
formation (Table 2). As anticipated, the tridecyl RA ana-
logue 9 was a potent antibiofilm modulator with an IC50


value of (729�85) nm against PA14. This makes 9 over
threefold more active than 7 in reference to inhibition of
PA14 biofilms and brings the activity profile of this class of
compounds into the high nanomolar region. Analogue 8 was
then synthesized to complete the aliphatic trend and corre-
sponded well with the previously reported aliphatic data
(PA14 IC50 = (4.3�0.67) mm) as it was slightly less active
than the dodecyl RA analogue 7, but slightly more active
than the decyl RA analogue 6. This structure–activity rela-
tionship is graphically depicted in Figure 1. Growth curves
were performed in the presence and absence of 9 with PA14


to ensure that the antibiofilm
activity was not a result of a
bactericidal effect. Bacterial-
cell densities remained the
same throughout a 24 h time
period (Supporting Informa-
tion).


These results show that by
incrementally increasing the
aliphatic chain length for the
RA scaffold, we were able to
identify one of the few nano-
molar inhibitors of biofilm for-
mation that have been dis-
closed.[19,34] It is also worth
noting the correlation between
the aliphatic chain length and


the activity profile of the aliphatic RA analogues (Figure 1).
Based upon this data, it would seem probable that these ali-
phatic RA analogues are eliciting their activity through
binding a hydrophobic pocket. Surpassing the optimum
chain length displays a rapid loss of activity as the analogues
would loose their affinity for the binding pocket.


Lastly, it is important to point out that all of the identified
aliphatic RA derivatives are still more active than the
parent natural product oroidin.[16, 17] Having now identified
the most active aliphatic RA side chain and the break-point
in activity, interest turned to how modifications of the core
scaffold would tune antibiofilm activity with respect to the
derivatization of the hexyl RA analogue 4.


Scheme 2. Core approaches to tuning the RA scaffold for antibiofilm activity.


Table 2. Synthesis and antibiofilm activity of second-generation aliphatic
RA analogues.[a]


Amine Coupled productACHTUNGTRENNUNG(yield [%])
TargetACHTUNGTRENNUNG(yield [%])


PA14 IC50 [mm]


tetradecylamine 13 (24) 10 (92) 2.9�1.2
hexadecylamine 14 (19) 11 (92) 50
octadecylamine 15 (13) 12 (94) 110
undecylamine 16 (31) 8 (98) 4.3�0.67
tridecylamine 17 (25) 9 (99) 0.73�0.08


[a] Reaction conditions: a) EDC, HOBt, DMF; b) TFA, CH2Cl2; c) 2 m


HCl/Et2O.
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Deletion of the amide bond : From a synthetic standpoint,
removal of the amide bond has a great advantage in simpli-
fying the synthetic sequence for this class of compounds,
most notably circumventing the low-yielding amide bond
formation step. A quick search of commercially available
acid chlorides revealed a large number of building blocks
that, when derivatized, would be directly comparable to the
RA scaffold. It also allowed for additional functionality,
such as points of unsaturation along the chains, to be incor-
porated into the molecules. Ultimately, if these compounds
were to show promise, additional analogue development
could easily be executed through further manipulation of
the double bond.[35,36]


Starting with a sampling of commercially available acid
chlorides, we elected to synthesize several analogues that
would mimic the aliphatic RA derivatives in overall length.


Specifically, deletion of the amide bond in the hexyl RA an-
alogue 4 would yield undecyl fatty acid analogue 19
(Scheme 3). Several unsaturated analogues were also pre-
pared. The 2-AI targets were quickly accessed as outlined in
Scheme 3. Briefly, the acid chlorides were homologated with
diazomethane followed by quenching with concentrated
HBr to afford the requisite a-bromoketones. The a-bromo-
ketones were then condensed with Boc-guanidine in the
presence of NaI followed by deprotection with acid and salt
exchange to afford the target compounds.


Antibiofilm assessment of these analogues lacking the
amide bond exhibited a range of potencies. The isopropyl-
based fatty acid 25 exhibited modest activity, inhibiting bio-
film formation 48 % at 100 mm. The most active analogue
obtained was the nonyl 2-AI fatty acid 18 with a PA14 IC50


value of (14�2.2) mm (Table 3). This was followed closely by


the undecyl and tridecyl analogues (IC50 values of (19�
0.70) and (18�1.3) mm, respectively). With the success of
the shorter-chain derivatives (18–20), longer analogues were
analyzed (21 and 22), including several unsaturated deriva-
tives (23 and 24), but these analogues were completely inac-
tive toward inhibiting PA14 biofilms at 100 mm. Analogue 18
was chosen for PA14 growth-curve analysis to represent this


class and in the presence or ab-
sence of 18, PA14 cellular den-
sities remained the same
throughout a 24 h time period
(Supporting Information).


In summary, removal of the
amide bond from the aliphatic
chain of the RA scaffold is not
entirely detrimental to antibio-
film activity. The undecyl 2-AI
fatty acid 19 is directly compa-
rable to the hexyl RA deriva-
tive�s overall chain length, thus
showing that removal of the
amide bond led to activity that
was well over twofold more
active than hexyl analogue 4.
Two additional derivatives
were also shown to be potent
inhibitors of PA14 biofilm for-
mation. Although these com-
pounds are significantly less
active then tridecyl RA ana-
logue 9, simplification of the


Figure 1. Correlation of aliphatic RA analogues and PA14 biofilm inhibi-
tion.


Scheme 3. Deletion of the amide bond: a) i) CH2N2, Et2O/CH2Cl2, 0 8C; ii) conc. HBr; b) Boc-guanidine, NaI,
DMF; c) TFA, CH2Cl2; d) 2 m HCl/Et2O. Boc: tert-butoxycarbonyl; TFA: trifluoroacetic acid.


Table 3. Antibiofilm activity of an amide deletion subclass against PA14.


18 (n =8) 19 (n=10) 20 (n=12)


IC50 = (14�2.2) mm IC50 = (18�0.70) mm IC50 = (18�1.3) mm
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synthetic approach allows rapid access to compounds of this
class.


Linker modification : Examination of the majority of com-
pounds comprising the oroidin class of natural products
often reveals a three-carbon methylene linker between the
2-aminoimidazole (2-AI) head group and the pyrrole car-
boxamide group.[16] This three-carbon linker was previously
confirmed to be required for maximum biological activity by
a thorough oroidin template SAR in the context of P. aeru-
ginosa antibiofilm activity.[16] Although this aspect was not
detailed in our previous RA work (which was solely based
on a three-carbon linker), we felt it necessary to revisit this
structural modification and investigate the spacer effect in
the RA class of molecules. Therefore, the two- and four-
carbon Boc-2-AI carboxylic acid homologues necessary for
amide bond coupling were synthesized (Scheme 4). Briefly,
succinic anhydride was opened with benzyl alcohol followed
by diazomethane/a-bromo homologation of the acid chlo-
ride to afford the a-bromo succinic benzyl ester. The a-bro-
moketone was then condensed with Boc-guanidine followed
by hydrogenolysis of the benzyl ester to afford the two-
carbon Boc-2-AI carboxylic acid 26. Similarly, the four-
carbon homologue was synthesized from the known mono-
benzyl ester of dipentanoic acid following the same proce-
dure to deliver the intermediate acid 27 (Scheme 4).[37]


With these scaffolds in hand, coupling to hexylamine
under carbodiimide conditions afforded derivatives compa-
rable to the hexyl RA analogue 4 in that they were either a
carbon atom shorter (28) or longer (29) in overall length
from the 2-AI motif (Table 4). The two-methylene-unit ana-
logue 28 had much lower activity than the parent three-
carbon linker, displaying only 32 % inhibition at 100 mm.
Similarly, the four-methylene-unit linker 29 only inhibited
PA14 biofilm formation 28 % at 100 mm (Table 4).


Following the use of hexylamine as the coupling partner
and lack of observed potencies with both linker homologues,
we elected to investigate a few additional amines employing
the two-carbon scaffold due to availability (Table 5). The
two compounds prepared were chosen to probe whether a
phenyl ring could mimic the activity of the aliphatic chains
and recapitulate potency. It was anticipated that the p-
bromo phenethyl RA analogue 30 would follow the same
trend observed in other studies with increasing antibiofilm


activity correlating to an increased degree of bromina-
tion.[14,16] Analogue 30 exhibited potent activity with an IC50


value of (15�3.9) mm against PA14, whereas the phenbutyl
RA analogue 31 was less active with an IC50 value of (59�
15) mm. Again, to demonstrate the nontoxic nature of these
analogues on planktonic bacterial growth, growth-curve ex-
periments with the p-bromo analogue 30 were performed.
Both the treated and untreated cell densities remained iden-
tical during a 24 h time period (Supporting Information).


Ultimately either the addition or removal of a single
methylene unit to the linker of the RA scaffold with the
hexylamide drastically reduced antibiofilm potency. Howev-
er, it was shown that activity could be regained with the ad-


dition of a phenyl ring. Com-
pounds possessing increasing
degrees of bromination similar
to 30 along with other various-
ly substituted ring systems are
currently being formulated and
evaluated for antibiofilm prop-
erties to further probe this ob-
servation.


Sliding the amide bond : We
envisioned using the hexyl RA
analogue as our starting point


Scheme 4. Synthesis of Boc-2-AI linker acids: a) BnOH, TEA, DMAP, CH2Cl2 (87 %); b) i) (COCl)2, DMF
(cat.), CH2Cl2; ii) CH2N2, Et2O/CH2Cl2, 0 8C; iii) conc. HBr; c) Boc-guanidine, DMF; d) H2 (1 atm), 10 % Pd/C,
THF. DMAP: 4-dimethylaminopyridine; TEA: triethylamine.


Table 4. Synthesis and antibiofilm activity of modified linker analogues.[a]


Target Biofilm inhibition at 100 mm vs PA14 [%]


28 32�5
29 28�5


[a] Reaction conditions: a) hexylamine, EDC, HOBt, DMF; b) TFA,
CH2Cl2; c) 2m HCl/Et2O.


Table 5. Synthesis and antibiofilm activity of phenylamine analogues.[a]


Target PA14 IC50 [mm]


30 15�3.9
31 59�15


[a] Reaction conditions: a) EDC, HOBt, DMF; b) TFA, CH2Cl2; c) 2 m


HCl/Et2O.
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and sliding the amide bond one carbon atom in each direc-
tion along the chain (Scheme 5). This would be complemen-
tary to the linker-chain modification study detailed above.
By using the aforementioned two- and four-carbon homo-


logue carboxylic acids, 26 was coupled to heptylamine
whereas 27 was coupled to pentylamine to afford the two
analogues both with identical total chain lengths in refer-
ence to the parent hexyl RA analogue 4 (Table 6). Evalua-


tion of these two analogues for biofilm inhibitory activity
against PA14 showed that the two-carbon analogue 32
(PA14 IC50 = (43�8) mm) was only slightly less active than
the parent three-carbon hexyl RA 4, but this difference was
negligible due to associated error (Table 6). The four-carbon
analogue 33 was significantly less active, only being able to
inhibit PA14 biofilm formation 24 % at 100 mm.


Increased substitution : Long aliphatic amides on a RA 2-AI
scaffold afforded compounds that were extremely active at
inhibiting PA14 biofilm formation.[17] Increased molecular
diversity can be accessed through installation of an addition-


al aliphatic chain to the amide moiety in anticipation that it
would be able to further enhance activity.


Therefore, both a secondary and tertiary dihexyl RA de-
rivative were synthesized to simultaneously test for the
affect of additional aliphatic chains and the necessity of the
NH amide proton for antibiofilm activity. The synthesis of
the secondary dihexyl derivatives are outlined in Scheme 6.


Coupling the three- and two-carbon carboxylic acids with
the known branched secondary hexaheptylamine[38] under
EDC conditions followed by deprotection and salt exchange
afforded the target secondary dihexyl RA analogues 34 and
35. Synthesis of the tertiary dihexyl RA analogue 36 was
executed through opening of glutaric anhydride with dihex-
ylamine and transforming the resulting acid intermediate
into the final 2-AI target.


Upon biological evaluation of these analogues, the terti-
ary derivative 36 displayed moderate inhibitory activity
against PA14 biofilms with an IC50 value of (60�12) mm


(Table 7). It is notable that within the experimental errors


Scheme 5. Sliding the amide bond.


Table 6. Synthesis and antibiofilm activity of slider analogues.[a]


Target Biofilm inhibition at 100 mm vs PA14 [%] PA14 IC50 [mm]


32 74�2 43�8
33 24�5 n.d.


[a] Reaction conditions: a) EDC, HOBt, DMF; b) TFA, CH2Cl2; c) 2 m


HCl/Et2O. n.d.= not determined.


Scheme 6. Synthesis of additionally substituted analogues: a) EDC,
HOBt, DMF; b) TFA, CH2Cl2; c) 2 m HCl/Et2O; d) dihexylamine, TEA,
DMAP, CH2Cl2 (87 %); e) i) (COCl)2, DMF (cat.), CH2Cl2; ii) CH2N2,
Et2O/CH2Cl2, 0 8C; iii) conc. HBr; f) Boc-guanidine, DMF (27 % over
2 steps); g) TFA, CH2Cl2; h) 2m HCl/Et2O (94 %). EDC: N’-(3-dimethyl-ACHTUNGTRENNUNGaminopropyl)-N-ethylcarbodiimide; HOBt: 1-hydroxybenzotriazole.


Table 7. Antibiofilm activity of additionally substituted RA analogues.


PA14 IC50 [mm]


34 : 18�1.3 35 : 16�1.8 36 : 60�12
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reported, this activity is almost identical to the monohexyl
RA analogue 4. Evaluation of the three-carbon secondary
dihexyl RA analogue 35 against inhibiting PA14 biofilms,
however, gave an IC50 value of (16�1.8) mm that was over
twofold more active than the monohexyl RA analogue. The
two-carbon secondary dihexyl RA analogue 34 was also
active at inhibiting PA14 biofilms with an IC50 = (18�
1.3) mm, essentially identical to the three-carbon homologue.
Growth curve experiments with compound 35 validated that
cellular densities remained identical over a 24 h time period
(Supporting Information). Clearly, activity increases with
the increased substitution alpha to the amide, and activity is
still retained when the NH amide proton is replaced with an
aliphatic chain in this subset of compounds. Furthermore, it
is anticipated that future analogues, such as those with
longer disubstituted aliphatic chains (i.e. , di-tridecyl), will
also display increased potency in comparison to those con-
taining just a single aliphatic chain.


A native amide approach : Both amide bond deletion and
additional substitution of the amide functionality were ef-
forts to elucidate if the aforementioned region of the mole-
cule was critical to eliciting antibiofilm activity. Some modi-
fications in structure are well tolerated within the context of
antibiofilm activity. Throughout the synthetic efforts on this
project, one aspect that we had not addressed was the con-
struction of dihydrooroidin analogues with aliphatic side
chains that contained the amide in the native orientation.
Evaluation of these derivatives is complicated by the lack of
synthetic methods to rapidly acylate a core 2-AI derivative
to generate molecular diversity. Typical methods to acylate
core 2-AI derivatives, such as 37, rely on the use of trichlor-
oesters as coupling partners.[21] The use of 4-(3-aminoprop-


yl)-2-aminoimidazole 37 in acylation
reactions involving the oroidin class
of molecules leaves much to be de-
sired in terms of yields and ease of
purification.[16] Upon close examina-


tion of the literature, a new approach was developed to cir-
cumvent these problems while also again taking advantage
of the ability to synthesize a large number of chemically
unique derivatives. The idea was to develop acylation
chemistry around a masked amine relative of our estab-
lished Boc-2-AI carboxylic acid intermediates (i.e. , 26 and
27).


Advancement of the known[39] 4-azido-butyric acid pro-
ceeded smoothly to afford the Boc-2-AI azide 38
(Scheme 7). This intermediate was reduced with Pd/C under


a hydrogen atmosphere followed by in situ acylation em-
ploying heptanoic anhydride to afford the native amide ana-
logue 39 in a high yield over two steps (70 %). This pathway
also allows access to a Boc-protected derivative of 37, which
is not accessible through the established routes to this inter-
mediate. Deprotection afforded 39, the native amide hexyl
analogue of 4, thus producing a compound that contains the
amide directionality seen in the natural products.


Assays performed by investigating this analogue against
PA14 proved very interesting as it was completely inactive
within the concentrations tested, yielding <5 % biofilm in-
hibition at 100 mm. This result is in stark contrast to the ac-
tivity reported for 4 and is very instructive in understanding
the impact of amide directionality coupled with an appropri-
ate aliphatic chain on antibiofilm properties. Further devel-
opment and tuning of this methodology is currently under
investigation to increase chemical diversity and antibiofilm
properties around this portion of the molecule.


Examination of a triazole isostere : En route to synthesizing
the natural amide hexyl analogue, it was also observed that
construction of a triazole isostere was possible through the
utilization of the pendant azide functionality.[40] The overall
dipolar moment of a triazole system is larger than that of an
amide bond, thus making its hydrogen-bonding donor and
acceptor properties more pronounced.[41,42] Due to the
recent success of a small library of 2-AI/triazole conjugates
in inhibiting and dispersing various medically relevant bio-
films,[19] an analogue of this nature would be a valuable ad-
dition to the current SAR study. To this end, the Boc-2-AI
azide 38 was reacted with 1-octyne in a [3+2] copper-cata-
lyzed click reaction followed by deprotection to smoothly
afford the triazole hexyl isostere 40 (Table 8). The triazole


analogue 40 was observed to possess an IC50 value of (27�
4) mm, allowing for retainment of activity in comparison with


4. A PA14 growth curve was
also performed in the presence
and absence of 40. Over a 24 h
time period, both the treated
and untreated cell densities re-
mained identical (Supporting
Information). Additional libra-
ries taking advantage of both
the speed and diversity of the


Scheme 7. A native amide bond approach: a) i) (COCl)2, DMF (cat.), CH2Cl2; ii) CH2N2, Et2O/CH2Cl2, 0 8C;
iii) conc. HBr (90 %); b) Boc-guanidine, DMF (63 %); c) i) H2 (1 atm), 10% Pd/C, THF; ii) heptanoic anhy-
dride (70 %); d) TFA, CH2Cl2; e) 2 m HCl/Et2O (99 %).


Table 8. Synthesis and antibiofilm activity of a triazole isostere.[a]


Target PA14 IC50 [mm]


40 27�4


[a] Reaction conditions: a) 1-octyne, CuSO4·5 H2O (20 mol %), Na Ascor-
bate (10 mol %), H2O/EtOH 1:1 (55 %); b) TFA, CH2Cl2; c) 2 m HCl/
Et2O (99 %).
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click reaction with the newly developed scaffold 38 are cur-
rently being generated.


PA14 biofilm inhibition: Activity profile comparisons : A
summary of the results obtained via amide bond modifica-
tions is depicted in Scheme 8. The most revealing observa-
tion about the current RA SAR study (Scheme 8) was the


lack of activity exhibited by the native amide hexyl conge-
ner 39 relative to the RA derivative 4. The native amide 39
was completely inactive, and unable to inhibit PA14 biofilm
formation even at the highest concentration tested (100 mm).
This result confirms that the directionality of the amide
bond can have a significant impact on antibiofilm activities.
Interestingly, 32 (which bears the amide carbonyl towards
the side of the 2-AI motif) was an active biofilm modulator,
in stark contrast to 39 (Scheme 9).


Additionally, exchange of the amide bond with a triazole
surrogate to produce 40 showed that activity could be slight-
ly enhanced with this substitution. These observations again,
may be hinting towards a crucial placement of the amide
carbonyl/triazole moiety to elicit a maximum biological
effect through possible intramolecular or intermolecular in-
teractions. Both the two- (32) and four-carbon (33) ana-


logues were less active than the parent three-carbon hexyl
RA analogue.


While sliding the amide bond and changing the chain
length tended to reduce activity, increasing the substitution
adjacent to the amide bond tended to cause an increase in
activity. Synthesis of the secondary dihexyl derivative 35 in-
creased the PA14 biofilm inhibition activity twofold. While


this may be attributable to an
increase in the longest chain (7
C atoms for 35, 6 C atoms for
4), the activity corresponds
closely to that of the octyl RA
analogue, which indicates that
the increased substitution is
modulating the activity.[17] The
tertiary-amide derivative 36 is
only slightly less active then
the monohexyl RA analogue.


Deletion of the amide bond
provided several active fatty
acid derived 2-AI analogues
(i.e., 19), which displayed in-
creased activity in comparison
to their RA relatives. There
was, however, a clear cut-off
point for the potency of this
class of molecules as only the
shorter-chain saturated deriva-
tives were active.


Acinetobacter baumannii biological evaluation : To this
point, we have exclusively employed PA14 to evaluate the
current library as antibiofilm agents. To determine the
broad spectrum of activity of the compounds, it was deemed
necessary to assay our most active and structurally diverse
analogues against the Gram-negative g-proteobacterium
Acinetobacter baumannii.


Nine of the most active analogues obtained from the
Pseudomonas biofilm inhibition assays underwent a prelimi-
nary screen for biofilm inhibition activity against A. bau-
mannii (Table 9). Three of these derivatives (30, 36, and 40)
showed only marginal activity at 100 mm, which was opposed
to the potency observed for these analogues against PA14.
Tridecyl RA analogue 9, the most active compound with ac-
tivity in the high nanomolar range against PA14, was also
noticeably less potent against A. baumannii (IC50 = (26�
3) mm). The analogues derived from the subclass of com-
pounds in which the amide bond had been removed (18–20)
displayed the greatest activity out of any of the compounds
assayed against Acinetobacter. It was observed that as the
chain length increased, potency increased culminating in the
most potent derivative 20 (IC50 = (13�0.70) mm). This trend
is opposite to that observed for PA14 inhibition activity, as
the shortest-chain fatty acid derivative 18 was the most
potent.


Growth curves were then performed with several of the
active compounds (9, 19, 20, and 35) at their respective IC50


Scheme 8. PA14 inhibition IC50 values from selected SAR analogues.


Scheme 9. Amide orientation comparison.
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values. Surprisingly, the compounds seemed to be eliciting
some of their antibiofilm properties through a bacteriostatic
effect, as evidenced by the lack of bacterial growth for the
bacteria that were dosed with compound. A. baumannii
growth was suppressed by the analogues for at least 9 h, but
by the 24 h time-point, the treated cell densities were nearly
the same as the untreated cell densities. This led to growth
curve experiments performed at the analogues respective
IC30 values (9 : 15, 19 : 10, 20 : 6.3, 35 : 37 mm) as a means to
determine the toxicity of these compounds at lower concen-
trations. At the IC30 value, growth was evident after only
3 h, but was still slower relative to untreated samples. After
24 h at the IC30, the cell densities were, again, relatively
identical to the untreated cell densities. This appears to indi-
cate that these compounds have a very small window be-
tween inhibiting biofilm formation and inhibiting planktonic
A. baumannii growth. Overall, these compounds are still
eliciting a biofilm inhibitory effect that is unique to this
class of compounds. Their A. baumannii biofilm inhibitory
activity may be modulated by slight bacteriostatic effects,
but during the course of the assay (24 h), the treated bacte-
ria have enough time to become homeostatic with respect to
the untreated controls as evidenced by the growth curve.


Despite the overall decrease in the general ability to in-
hibit Acinetobacter biofilm formation relative to PA14, the
inhibition data presented is still noteworthy. Although the


A. baumannii antibiofilm-modulating properties of the RA
class of compounds may be due, in part, to bacteriostatic ef-
fects, their activity lends hope to the RA library�s ability to
possibly inhibit other biofilms formed by medically relevant
bacteria, thus solidifying their importance as novel small
molecules in the antibiofilm arena.


Dispersion of established biofilms : Perhaps a more impor-
tant characteristic of small molecules known to inhibit bio-
film formation is their ability to disperse pre-existing bio-
films (Table 10). This is significant from a biomedical stand-


point as treatment for infections usually begins after biofilm
formation has been initiated and current therapies may be
of no use. It was shown previously that our most active RA
derivative 7 (obtained from the first-generation library)
acted as both a superior inhibitor and dispersal agent against
Pseudomonas PAO1 and PA14 biofilms. With the discovery
of more potent biofilm inhibitors, it was investigated as to
whether this success would also translate into enhanced bio-
film dispersal activity. To test this, PA14 and A. baumannii
biofilms were first allowed to form in the absence of com-
pound before being dosed with our most active derivatives
that encompassed various structural characteristics and po-
tencies against both strains of bacteria.


The stringency applied to the dispersion screens was simi-
lar to that used in the inhibition assays. Dispersal activity
was first assessed at 100 mm to determine which compounds
would then be moved on further for EC50 value determina-


Table 9. Antibiofilm activity against A. baumannii.


Analogue Biofilm inhibition at 100 mm


vs A. baumannii [%] A. baumannii IC50 [mm]


9 �95 26�3
18 �95 43�1
19 �95 13�0.70
20 �95 8.0�0.32
30 18�3 n.d.
34 �95 51�1
35 �95 38�1
36 34�4 n.d.
40 22�4 n.d


Table 10. Selected compounds with biofilm dispersing properties.


Analogue P. aeruginosa : PA14 dispersion A. baumannii dispersion
100 mm [%] EC50 [mm] 100 mm [%] EC50 [mm]


9 73�2 54�6 38�1 75�13
18 �95 64�3 39�3 131�10
19 �95 67�5 72�1 68�2
20 24�4 n.d. 37�3 121�9
30 18�3 n.d. <5 n.d.
34 n.d. n.d. 77�1 60�2
35 �95 26�2 65�3 61�3
40 33�6 n.d n.d. n.d.
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tion. One general trend observed for dispersion activity was
that all biofilm dispersion EC50 values were higher than the
respective compounds biofilm inhibition IC50 values regard-
less of the bacterial strain employed.


The hope of duplicating the dispersal activity of 7 with
the newly identified most active PA14 biofilm inhibitor 9
was not realized. This compound only showed an average
dispersal activity against PA14 with an EC50 value of (54�
6) mm. The only other compound of exceptional note was
the secondary dihexyl derivative 35, the EC50 dispersal activ-
ity of which is, within error, just as potent as 7. Two of the
shorter-chain fatty acid analogues 18 and 19 also showed
moderate biofilm dispersing properties, whereas the triazole
analogue 40, which was a potent PA14 biofilm inhibitor, did
not posses the same dispersal activity.


The most active small molecules identified in the dispersal
of existing Acinetobacter baumannii biofilms were those
bearing the dihexyl side chains on the two- (34) or three-
carbon (35) amide bond linker (EC50 values of (60�2) and
(61�3) mm, respectively). Closely following in potency was
the fatty acid derivative 19 and the tridecyl reverse amide
analogue 9.


Conclusions


Overall, the most insightful information obtained from this
SAR study involved the activities of the analogues bearing
the native oroidin amide directionality and its replacement
with a triazole isostere. Intriguingly, no antibiofilm activity
was observed for the natural amide congener 39, which is in
contrast to the parent hexyl RA 4. Also, a direct amide
bond directionality comparison can be made with analogues
32 and 39 (Scheme 9). Analogue 32 was shown to be nearly
as active as the hexyl RA 4, whereas 39, with the native
amide orientation, displayed no activity. Additionally, the
triazole isostere 40 recapitulated the activity of RA 4, which
will allow for further SAR analysis.


It remains to be seen whether other derivatives bearing
the amide orientation present in the natural products have
the ability to be as potent as those within the RA scaffold.
Exploitation of the click reaction and reductive acylation
methodology outlined above will ultimately allow this point
to be addressed head-on and is currently under intensive in-
vestigation.


Further SAR information indicates that increased substi-
tution directly adjacent to the amide bond is an effective
means of increasing activity. Applying this to the newly
identified tridecyl RA analogue 9, it may be possible to fur-
ther enhance its activity and efforts to address this issue are
also being formulated.


Additionally, removal of the amide bond entirely allowed
for the facile multigram generation of several fatty acid 2-
AI derivatives (18–20) that were shown to possess antibio-
film activity. However, the range of active analogues does
not mirror that of the RA aliphatic chain subclass, but the
three active fatty acid analogues identified were active anti-


biofilm modulators. The fatty acid 2-AI analogues were also
shown to possess some bacteriostatic properties during the
early stages of A. baumannii biofilm development.


Despite the inability of our most active PA14 biofilm in-
hibitor (tridecyl RA analogue 9) to become the most potent
PA14 biofilm dispersal agent, the dispersal activity of select-
ed members from the library is noteworthy due to the po-
tency of analogue 35 in being able to disperse both PA14
and A. baumannii biofilms. It is also interesting that a few
analogues that were active in the inhibition assays lacked
significant dispersal activity (i.e., compounds 30 and 40).
This trend is not without precedence as other active antibio-
film molecules have demonstrated similar activity profiles
against various bacterial biofilms.[14,18,34]


In conclusion, we have demonstrated that the RA class of
2-aminoimidazoles has provided a fertile avenue for the ex-
ploration and development of numerous biofilm modulators.
Information obtained with the SAR profile from this class
of compounds should allow for further analogue tuning and
ultimately facilitate the construction of even more potent 2-
AI antibiofilm derivatives. With the lack of new classes of
antibiotics and increased multidrug resistance, the need for
alternative approaches to mitigate infectious diseases is
sorely needed.


Experimental Section


General : Stock solutions (100, 50, 10, 1 mm) of all compounds assayed
for biological activity were prepared in DMSO and stored at room tem-
perature. The amount of DMSO used in both inhibition and dispersion
screens did not exceed 1 % (by volume). P. aeruginosa PA14 was gra-
ciously supplied by the Wozniak group at Wake Forest University School
of Medicine and by the O�Toole Group at Dartmouth Medical School. A.
baumannii was purchased from ATCC (ATCC 19606).


General static inhibition assay protocol for Pseudomonas aeruginosa and
Acinetobacter baumannii : An overnight culture of the wild-type strain
was subcultured at an OD600 of 0.01 into LBNS (PA14) or LB (A. bau-
mannii) along with a predetermined concentration of the small molecule
to be tested for biofilm inhibition. Samples were then aliquoted (100 mL)
into the wells of a 96-well PVC microtiter plate. The microtiter dishes
were covered and sealed before incubation under stationary conditions at
37 8C for 24 h. After that time, the medium was discarded and the plates
thoroughly washed with water. The wells were then inoculated with a
0.1% aqueous solution of crystal violet (100 mL) and allowed to stand at
ambient temperature for 30 min. Following another thorough washing
with water, the remaining stain was solubilized with 200 mL of 95% etha-
nol. Biofilm inhibition was quantitated by measuring the OD540 for each
well by transferring 125 mL of the ethanol solution into a fresh polystyr-
ene microtiter dish for analysis.


General static dispersion assay protocols for Pseudomonas aeruginosa
and Acinetobacter baumannii : An overnight culture of the wild-type
strain was subcultured at an OD600 of 0.05 into LBNS (PA14) or LB (A.
baumannii) and then aliquoted (100 mL) into the wells of a 96-well PVC
microtiter plate. The microtiter dishes were covered and sealed before in-
cubation under stationary conditions at room temperature to allow for-
mation of the biofilms. After 24 h, the medium was discarded and the
plates thoroughly washed with water. Fresh medium containing the ap-
propriate concentration of compound was then added to the wells. The
plates were again sealed and this time incubated under stationary condi-
tions at 37 8C. After 24 h, the media was discarded from the wells and the
plates washed thoroughly with water. The wells were inoculated with a
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0.1% aqueous solution of crystal violet (100 mL) and allowed to stand at
ambient temperature for 30 min. Following another thorough washing
with water, the remaining stain was solubilized with 200 mL of 95% etha-
nol. Biofilm dispersion was quantitated by measuring the OD540 for each
well by transferring 125 mL of the ethanol solution into a fresh polystyr-
ene microtiter dish for analysis. Percent dispersion was calculated by
comparison of the OD540 for established biofilm (untreated) versus treat-
ed established biofilm under identical conditions.


Chemistry : All reagents including anhydrous solvents used for the chemi-
cal synthesis of the library were purchased from commercially available
sources and were used without further purification unless otherwise
noted. All reactions were run under either a nitrogen or argon atmos-
phere. Flash silica-gel chromatography was performed with 60 � mesh
standard grade silica gel from Sorbtech. 1H and 13C NMR spectra were
obtained by using Varian 300 or 400 MHz spectrometers. NMR solvents
were purchased from Cambridge Isotope Labs and used as is. Chemical
shifts are given in parts per million relative to [D6]DMSO (d =2.50 ppm),
CD3OD (d=3.34 ppm), and CDCl3 (d=7.27 ppm) for proton spectra and
relative to [D6]DMSO (d=39.51 ppm), CD3OD (d =49.86 ppm), and
CDCl3 (d=77.21 ppm) for carbon spectra with an internal TMS standard.
HRMS were obtained at the North Carolina State Mass Spectrometry
Laboratory for Biotechnology. ESI experiments were carried out on an
Agilent LC-TOF mass spectrometer.


Optimizing the RA chain length: General EDC/HOBt procedure : 2-
Amino-4-(3-carboxy-propyl)imidazole-1-carboxylic acid tert-butyl ester[17]


(0.100 g, 0.371 mmol), HOBt (0.100 g, 0.742 mmol), EDC (0.142 g,
0.742 mmol), and diisopropylethylamine (0.260 mL, 1.48 mmol) were dis-
solved in anhydrous DMF (3 mL) and allowed to stir for 15 min. The ap-
propriate amine coupling partner (0.780 mmol) was then added and the
solution was stirred at ambient temperature until completion was evident
by TLC analysis. The reaction was concentrated under reduced pressure
and the residue partitioned between ethyl acetate (20 mL) and water
(10 mL). The organic layer was successively washed with water (3 �
10 mL), 1m HCl (3 � 10 mL), sat. NaHCO3 (2 � 10 mL), and brine
(10 mL) before being dried (Na2SO4) and evaporated to dryness. The
crude product was purified by flash column chromatography (2–10 %
MeOH/CH2Cl2) to afford the target compounds.


2-Amino-4-(3-tetradecylcarbamoyl-propyl)imidazole-1-carboxylic acid
tert-butyl ester (13): By using the general procedure, the title compound
13 (0.042 g, 24%) was formed as a tan-colored solid. 1H NMR (400 MHz,
[D6]DMSO):d =7.72 (m, 1H), 6.50 (s, 1H), 6.37 (s, 2 H), 3.00 (q, 2 H, J=


6.4 Hz), 2.21 (t, 2 H, J= 6.8 Hz), 2.04 (t, 2H, J=7.6 Hz), 1.71 (m, 2H),
1.53 (s, 9H), 1.36 (m, 2H), 1.23 (br s, 22H), 0.85 ppm (t, 3H, J=5.2 Hz);
13C NMR (100 MHz, [D6]DMSO): d =171.64, 149.91, 148.92, 138.26,
105.79, 84.03, 38.32, 34.90, 31.32, 29.16, 29.07, 29.04, 28.74, 28.02, 27.87,
27.51, 27.18, 26.41, 24.07, 22.12, 13.96; HRMS (ESI): m/z : calcd for
C26H48N4O3: 464.3726 [M]+ ; found: 464.3742.


2-Amino-4-(3-hexadecylcarbamoyl-propyl)imidazole-1-carboxylic acid
tert-butyl ester (14): By using the general procedure, the title compound
14 (0.034 g, 19%) was formed as a tan-colored solid. 1H NMR (400 MHz,
[D6]DMSO): d=7.72 (m, 1 H), 6.50 (s, 1H), 6.39 (s, 2H), 3.00 (q, 2 H, J =


6.4 Hz), 2.21 (t, 2 H, J= 7.2 Hz), 2.04 (t, 2H, J=7.2 Hz), 1.71 (m, 2H),
1.53 (s, 9H), 1.36 (m, 2H), 1.23 (br s, 26H), 0.85 ppm (t, 3H, J=5.2 Hz);
13C NMR (100 MHz, [D6]DMSO): d =171.63, 149.89, 148.93, 138.33,
105.79, 84.01, 38.30, 34.89, 31.30, 29.14, 29.03, 28.71, 27.51, 27.19, 26.38,
24.06, 22.10, 13.96 ppm; HRMS (ESI): m/z : calcd for C28H52N4O3:
492.4039 [M]+ ; found: 492.4033.


2-Amino-4-(3-octadecylcarbamoyl-propyl)imidazole-1-carboxylic acid
tert-butyl ester (15): By using the general procedure, the title compound
15 (0.025 g, 13%) was formed as a tan-colored solid. 1H NMR (400 MHz,
[D6]DMSO): d=7.73 (m, 1 H), 6.50 (s, 1H), 6.38 (s, 2H), 3.00 (q, 2 H, J =


6.4 Hz), 2.21 (t, 2 H, J= 7.2 Hz), 2.03 (t, 2H, J=7.2 Hz), 1.70 (m, 2H),
1.53 (s, 9H), 1.35 (m, 2H), 1.22 (br s, 30H), 0.85 ppm (t, 3H, J=6.0 Hz);
13C NMR (75 MHz, [D6]DMSO): d =171.61, 149.84, 148.90, 138.38,
105.76, 83.99, 38.28, 24.88, 31.24, 29.10, 28.96, 28.64, 27.85, 27.48, 27.18,
26.33, 24.04, 22.04, 13.90 ppm; HRMS (ESI): m/z : calcd for C30H56N4O3:
520.4352 [M]+ ; found: 520.4355.


2-Amino-4-(3-undecylcarbamoyl-propyl)imidazole-1-carboxylic acid tert-
butyl ester (16): By using the general procedure, 2-amino-4-(3-carboxy-
propyl)imidazole-1-carboxylic acid tert-butyl ester (0.150 g, 0.58 mmol)
gave the title compound 16 (0.073 g, 31%) as a tan-colored solid.
1H NMR (300 MHz, [D6]DMSO): d=7.72 (t, 1H, J= 7.2 Hz), 6.50 (s,
1H), 6.37 (s, 2 H), 3.00 (q, 2H, J= 6.9 Hz), 2.21 (t, 2 H, J=6.9 Hz), 2.04
(t, 2 H, J =7.2 Hz), 1.70 (quint., 2H, J= 7.5 Hz), 1.53 (s, 9 H), 1.36 (m,
2H), 1.23 (br s, 16H), 0.85 ppm (t, 3 H, J =6.9 Hz); 13C NMR (75 MHz,
[D6]DMSO): d=171.69, 149.90, 148.93, 138.38, 105.81, 84.05, 38.33, 34.92,
31.30, 29.15, 29.01, 28.34, 27.52, 27.21, 26.39, 24.09, 22.11, 13.97 ppm;
HRMS (ESI): m/z : calcd for C23H42N4O3: 422.3257 [M]+ ; found:
422.3257.


2-Amino-4-(3-tridecylcarbamoylpropyl)imidazole-1-carboxylic acid tert-
butyl ester (17): By using the general procedure, 2-amino-4-(3-carboxy-
propyl)imidazole-1-carboxylic acid tert-butyl ester (0.150 g, 0.580 mmol)
gave the title compound 17 (0.062 g, 25%) as a tan-colored solid.
1H NMR (300 MHz, [D6]DMSO). d=7.72 (t, 1H, J= 7.2 Hz), 6.50 (s,
1H), 6.37 (s, 2 H), 3.00 (q, 2H, J= 6.9 Hz), 2.21 (t, 2 H, J=6.9 Hz), 2.04
(t, 2 H, J =7.2 Hz), 1.70 (quint., 2H, J= 7.5 Hz), 1.53 (s, 9 H), 1.36 (m,
2H), 1.23 (br s, 20H), 0.85 ppm (t, 3 H, J =6.9 Hz); 13C NMR (75 MHz,
[D6]DMSO): d=171.70, 149.92, 148.96, 138.39, 105.81, 84.05, 38.38, 34.92,
31.32, 29.16, 29.03, 28.73, 27.53, 27.22, 26.40, 24.09, 22.12, 13.97 ppm;
HRMS (ESI): m/z : calcd for C25H46N4O3: 450.3567 [M]+ ; found:
450.3576.


4-(2-Amino-1H-imidazol-4-yl)-N-undecyl-butyramide hydrochloride (8):
A solution of 16 (0.027 g, 0.064 mmol) in anhydrous dichloromethane
(1 mL) was cooled to 0 8C. TFA (1.0 mL) was charged into the flask and
the reaction was stirred for 6 h. After this time, the reaction was evapo-
rated to dryness and toluene (2 mL) was added. Again the mixture was
concentrated and the process repeated. The resulting TFA salt was dis-
solved in dichloromethane (1 mL), and 2 m HCl in diethyl ether (0.5 mL)
was added followed by cold diethyl ether (8 mL). The precipitate was col-
lected by filtration and washed with diethyl ether (3 mL) to yield the
target compound 8 (0.023 g, 99 %) as a white amorphous solid. 1H NMR
(300 MHz, [D6]DMSO): d= 12.09 (s, 1 H), 11.65 (s, 1 H), 7.85 (m, 1 H),
7.30 (s, 2H), 6.55 (s, 1 H), 3.00 (q, 2H, J =5.7 Hz), 2.38 (t, 2 H, J=


7.5 Hz), 2.07 (t, 2H, J= 7.5 Hz), 1.73 (quint. , 2H, J =7.5 Hz), 1.36 (m,
2H), 1.23 (br s, 16H), 0.85 ppm (t, 3 H, J =6.9 Hz); 13C NMR (75 MHz,
[D6]DMSO): d= 171.29, 146.74, 126.34, 108.64, 38.40, 34.38, 31.27, 29.12,
29.01, 28.98, 28.72, 28.68, 26.41, 23.86, 23.60, 22.07, 13.93 ppm; HRMS
(ESI): m/z : calcd for C18H34N4O: 322.2733 [M]+ ; found: 322.2744.


4-(2-Amino-1H-imidazol-4-yl)-N-tridecyl-butyramide hydrochloride (9):
By using the same general procedure as that used for the synthesis of 8,
17 (0.028 g, 0.062 mmol) gave the title compound 9 (0.024 g, 99%) as a
white amorphous solid. 1H NMR (300 MHz, [D6]DMSO): d =12.08 (s,
1H), 11.66 (s, 1H), 7.85 (m, 1 H), 7.30 (s, 2H), 6.55 (s, 1H), 3.00 (q, 2 H,
J =5.7 Hz), 2.38 (t, 2 H, J=7.5 Hz), 2.07 (t, 2H, J =7.5 Hz), 1.73 (quint. ,
2H, J =7.5 Hz), 1.36 (m, 2H), 1.23 (br s, 20 H), 0.85 ppm (t, 3 H, J=


6.9 Hz); 13C NMR (75 MHz, [D6]DMSO): d=171.29, 146.74, 126.34,
108.64, 38.40, 34.38, 31.27, 29.12, 29.01, 28.98, 28.72, 28.68, 26.41, 23.86,
23.60, 22.07, 13.93 ppm; HRMS (ESI): m/z : calcd for C20H38N4O:
350.3046 [M]+ ; found: 350.3052.


4-(2-Amino-1H-imidazol-4-yl)-N-tetradecyl-butyramide hydrochloride
(10): By using the same general procedure as that used for the synthesis
of 8, 13 (0.030 g, 0.064 mmol) gave the title compound 10 (0.024 g, 92%)
as a white solid. 1H NMR (400 MHz, [D6]DMSO): d =12.05 (s, 1H),
11.62 (s, 1H), 7.83 (m, 1 H), 7.31 (s, 2H), 6.55 (s, 1 H), 3.00 (q, 2H, J=


6.4 Hz), 2.37 (t, 2 H, J= 7.2 Hz), 2.07 (t, 2H, J=7.2 Hz), 1.73 (m, 2H),
1.35 (m, 2H), 1.23 (br s, 22 H), 0.85 ppm (t, 3H, J= 6.4 Hz); 13C NMR
(75 MHz, [D6]DMSO): d=171.30, 146.72, 126.38, 108.67, 38.41, 34.39,
31.28, 29.13, 29.03, 28.99, 28.73, 28.69, 26.42, 23.86, 23.61, 22.08,
13.94 ppm; HRMS (ESI): m/z : calcd for C21H40N4O: 364.3203 [M]+ ;
found: 364.3197.


4-(2-Amino-1H-imidazol-4-yl)-N-hexadecyl-butyramide hydrochloride
(11): By using the same general procedure as that used for the synthesis
of 8, 14 (0.029 g, 0.059 mmol) gave the title compound 11 (0.023 g, 92%)
as a white solid. 1H NMR (400 MHz, [D6]DMSO): d =12.02 (s, 1H),
11.59 (s, 1H), 7.82 (m, 1 H), 7.31 (s, 2H), 6.55 (s, 1 H), 3.00 (q, 2H, J=
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6.4 Hz), 2.37 (t, 2 H, J= 7.2 Hz), 2.07 (t, 2H, J=7.2 Hz), 1.73 (m, 2H),
1.35 (m, 2H), 1.23 (br s, 26 H), 0.85 ppm (t, 3H, J= 6.0 Hz); 13C NMR
(75 MHz, [D6]DMSO): d=171.27, 146.67, 126.38, 108.67, 38.38, 34.36,
31.25, 29.10, 28.99, 28.96, 28.70, 28.66, 26.39, 23.83, 23.58, 22.05,
13.91 ppm; HRMS (ESI): m/z : calcd for C23H44N4O: 392.3515 [M]+ ;
found: 392.3514.


4-(2-Amino-1H-imidazol-4-yl)-N-octadecyl-butyramide hydrochloride
(12): By using the same general procedure as that used for the synthesis
of 8, 15 (0.028 g, 0.054 mmol) gave the title compound 12 (0.023 g, 94%)
as a white solid. 1H NMR (300 MHz, [D6]DMSO): d =12.02 (s, 1H),
11.60 (s, 1H), 7.82 (s, 1 H), 7.31 (s, 2H), 6.55 (s, 1H), 3.00 (q, 2 H, J =


6.6 Hz), 2.37 (t, 2 H, J= 6.6 Hz), 2.06 (t, 2H, J=7.2 Hz), 1.73 (m, 2H),
1.35 (m, 2H), 1.23 (br s, 30 H), 0.85 ppm (t, 3H, J= 6.0 Hz); 13C NMR
(100 MHz, [D6]DMSO): d=171.29, 146.68, 126.38, 108.70, 38.40, 34.38,
31.29, 29.14, 29.02, 28.74, 28.70, 26.42, 23.85, 23.60, 22.09, 13.96 ppm;
HRMS (ESI): m/z : calcd for C25H48N4O: 420.3828 [M]+ ; found: 420.3839.


Deletion of the amide bond


1-Bromo-undecan-2-one : Decanoyl chloride (2.25 mL, 11.0 mmol) was
dissolved into anhydrous dichloromethane (10 mL) and added dropwise
to a 0 8C solution of CH2N2 (33.0 mmol generated from Diazald/KOH) in
diethyl ether (100 mL). This solution was stirred at 0 8C for 1.5 h, after
which time, the reaction was quenched by the dropwise addition of 48 %
HBr (4.0 mL). The reaction mixture was diluted with dichloromethane
(25 mL) and immediately washed with sat. NaHCO3 (3 � 25 mL) and
brine (2 � 25 mL) before being dried (MgSO4), filtered, and concentrated.
The crude oil was purified by flash column chromatography (0–8 %
Et2O/hexanes) to give the title compound (2.31 g, 84 %) as a white solid.
1H NMR (400 MHz, [D6]DMSO): d=4.32 (s, 2H), 2.56 (t, 2 H, J=


7.2 Hz), 1.47 (m, 2 H), 1.23 (br s, 12H), 0.85 ppm (t, 3 H, J =6.0 Hz);
13C NMR (100 MHz, [D6]DMSO): d= 201.70, 39.08, 36.86, 31.29, 28.86,
28.80, 28.67, 28.43, 23.21, 22.12, 13.96 ppm; HRMS (ESI): m/z : calcd for
C11H21BrO: 248.0776 [M]+ ; found: 248.0787.


1-Bromo-tridecan-2-one : By using the same general procedure as that
used for 1-bromo-undecan-2-one, dodecanoyl chloride (4.72 mL,
19.9 mmol) gave a crude oil that was purified by flash column chromatog-
raphy (0–10 % Et2O/hexanes) to give the title compound (4.59 g, 83%)
as a white solid. 1H NMR (300 MHz, [D6]DMSO): d= 4.32 (s, 2H), 2.56
(t, 2H, J =7.2 Hz), 1.47 (m, 2 H), 1.24 (br s, 16H), 0.85 ppm (t, 3 H, J=


6.6 Hz); 13C NMR (75 MHz, [D6]DMSO): d=201.71, 38.96, 36.88, 31.32,
29.02, 28.90, 28.79, 28.73, 28.43, 23.21, 22.12, 13.97 ppm; HRMS (ESI):
m/z : calcd for C13H25BrO: 276.1089 [M]+ ; found: 276.1098.


1-Bromo-pentadecan-2-one : By using the same general procedure as that
used for 1-bromo-undecan-2-one, tetradecanoyl chloride (2.97 mL,
11.0 mmol) gave a crude oil that was purified by flash column chromatog-
raphy (0–8 % Et2O/hexanes) to give the title compound (3.08 g, 92 %) as
a white solid. 1H NMR (400 MHz, [D6]DMSO, 60 8C): d= 4.27 (s, 2H),
2.57 (t, 2H, J= 7.2 Hz), 1.50 (m, 2H), 1.25 (br s, 20 H), 0.86 ppm (t, 3H,
J =6.0 Hz); 13C NMR (100 MHz, [D6]DMSO, 60 8C): d=201.43, 38.93,
36.10, 31.03, 28.77, 28.74, 28.71, 28.60, 28.49, 28.42, 28.20, 23.04, 21.80,
13.60 ppm; HRMS (ESI): m/z : calcd for C15H29BrO: 304.1402 [M]+ ;
found: 304.1415.


1-Bromo-heptadecan-2-one : By using the same general procedure as that
used for 1-bromo-undecan-2-one, hexadecanoyl chloride (3.33 mL,
11.0 mmol) gave a crude oil that was purified by flash column chromatog-
raphy (0–8 % Et2O/hexanes) to give the title compound (3.18 g, 87 %) as
a white solid. 1H NMR (400 MHz, [D6]DMSO, 75 8C): d= 4.25 (s, 2H),
2.58 (t, 2H, J= 7.2 Hz), 1.51 (m, 2H), 1.26 (br s, 24 H), 0.87 ppm (t, 3H,
J =6.0 Hz); 13C NMR (100 MHz, [D6]DMSO, 75 8C): d=201.34, 38.87,
35.83, 30.92, 28.64, 28.48, 28.36, 28.29, 28.11, 22.97, 21.68, 13.46 ppm;
HRMS (ESI): m/z : calcd for C17H33BrO: 332.1715 [M]+ ; found: 332.1725.


1-Bromo-nonadecan-2-one : By using the same general procedure as that
used for 1-bromo-undecan-2-one, octadecanoyl chloride (3.30 g,
11.0 mmol) gave a crude solid that was triturated with a 1:1 EtOAc/
CH2Cl2 mixture and filtered to give the title compound (3.61 g, 91%) as
a white solid. 1H NMR (300 MHz, [D6]DMSO, 80 8C): d= 4.22 (s, 2H),
2.58 (t, 2H, J= 7.2 Hz), 1.52 (m, 2H), 1.26 (br s, 28 H), 0.87 ppm (t, 3H,
J =6.6 Hz); 13C NMR (100 MHz, [D6]DMSO, 61 8C): d=201.41, 38.91,


36.06, 31.02, 28.76, 28.58, 28.47, 28.39, 28.19, 23.03, 21.78, 13.58 ppm;
HRMS (ESI): m/z : calcd for C19H37BrO: 360.2028 [M]+ ; found: 360.2036.ACHTUNGTRENNUNG(Z,Z)-1-Bromo-nonadeca-10,13-dien-2-one : By using the same general
procedure as that used for 1-bromo-undecan-2-one, octadecanoyl chlo-
ride (1.00 g, 3.34 mmol) gave a crude oil that was purified by flash
column chromatography (0–8 % Et2O/hexanes) to give the title com-
pound (0.940 g, 78%) as a colorless oil. 1H NMR (300 MHz,
[D6]DMSO): d =5.32 (m, 4H), 4.31 (s, 2H), 2.74 (t, 2H, J =5.4 Hz), 2.57
(t, 2H, J=4.2 Hz), 2.02 (q, 4H, J=6.6 Hz), 1.48 (quint., 2 H, J =6.6 Hz),
1.27 (br s, 14 H), 0.86 ppm (t, 3H, J= 6.6 Hz); 13C NMR (75 MHz,
[D6]DMSO): d=201.62, 129.70, 129.67, 127.74, 127.72, 39.05, 36.72, 30.89,
28.99, 28.72, 28.63, 28.50, 28.40, 26.60, 25.20, 23.18, 21.96, 13.89 ppm;
HRMS (ESI): m/z : calcd for C19H33BrO: 356.1715 [M]+ ; found: 356.1716.


(Z)-1-Bromo-octadec-10-en-2-one : By using the same general procedure
as that used for 1-bromo-undecan-2-one, octadecanoyl chloride (3.30 g,
11.0 mmol) gave a crude oil that was purified by flash column chromatog-
raphy (0–20 % Et2O/hexanes) to give the title compound (3.89 g, 98%)
as a colorless oil. The product solidified upon standing. 1H NMR
(300 MHz, [D6]DMSO): d =5.31 (t, 2H, J =4.2 Hz), 4.29 (s, 2H), 2.56 (t,
2H, J=6.9 Hz), 1.97 (q, 4H, J =6.0 Hz), 1.47 (t, 2H, J =6.6 Hz), 1.24
(br s, 20H), 0.85 ppm (t, 3 H, J =6.6 Hz); 13C NMR (75 MHz,
[D6]DMSO): d =201.53, 129.56, 129.53, 38.95, 38.66, 36.69, 31.32, 29.14,
29.12, 28.89, 28.74, 28.70, 28.65, 28.52, 28.44, 26.59, 23.20, 22.12,
13.91 ppm; HRMS (ESI): m/z : calcd for C19H35BrO: 358.1871 [M]+ ;
found: 358.1866.


(E)-1-Bromo-9-methyl-dec-7-en-2-one : By using the same general proce-
dure as that used for 1-bromo-undecan-2-one, octadecanoyl chloride
(1.50 g, 7.95 mmol) gave a crude oil that was purified by flash column
chromatography (0–10 % Et2O/hexanes) to give the title compound
(1.92 g, 98%) as an amber oil. 1H NMR (300 MHz, [D6]DMSO): d=5.34
(m, 2H), 4.31 (s, 2H), 2.57 (t, 2H, J =7.2 Hz), 2.20 (m, 1H), 1.93 (q, 2H,
J =6.0 Hz), 1.48 (m, 2 H), 1.28 (m, 2H), 0.92 ppm (d, 6 H, J =6.6 Hz);
13C NMR (75 MHz, [D6]DMSO): d=201.56, 137.41, 126.44, 38.89, 36.75,
31.63, 30.38, 28.37, 22.69, 22.49 ppm; HRMS (ESI): m/z : calcd for
C11H19BrO: 246.0619 [M]+ ; found: 246.0614.


2-Amino-4-nonyl-imidazole-1-carboxylic acid tert-butyl ester : 1-Bromo-
undecan-2-one (0.748 g, 3.00 mmol), Boc-guanidine (1.40 g, 9.00 mmol),
and NaI (0.900 g, 6.00 mmol) were dissolved in DMF (15 mL) and al-
lowed to stir at room temperature. After 72 h, the DMF was removed
under reduced pressure and the residue was taken up in ethyl acetate
(50 mL) and washed with water (3 � 25 mL) and brine (25 mL) before
being dried (Na2SO4), filtered, and evaporated to dryness. The resulting
oil was purified by flash column chromatography (0–50 % EtOAc/hex-
anes) to give the title compound (0.408 g, 44 %) as a tan-colored solid.
1H NMR (400 MHz, [D6]DMSO): d=6.47 (s, 1H), 6.41 (s, 2H), 2.21 (t,
2H, J=7.2 Hz), 1.51 (s, 9H), 1.47 (m, 2H), 1.22 (br s, 12H), 0.84 ppm (t,
3H, J =6.0 Hz); 13C NMR (100 MHz, [D6]DMSO): d=149.93, 148.98,
138.91, 105.44, 83.88, 31.32, 28.99, 28.92, 28.74, 27.83, 27.72, 27.48, 22.13,
13.93 ppm; HRMS (ESI): m/z : calcd for C17H23N3O2: 309.2416 [M]+ ;
found: 309.2426.


2-Amino-4-undecyl-imidazole-1-carboxylic acid tert-butyl ester : By using
the same general procedure as that used for 2-amino-4-nonyl-imidazole-
1-carboxylic acid tert-butyl ester, 1-bromo-tridecan-2-one (4.00 g,
14.4 mmol) gave a crude oil that was purified by flash column chromatog-
raphy (0–30 % EtOAc/hexanes) to give the title compound (2.23 g, 46 %)
as a tan-colored solid. 1H NMR (400 MHz, [D6]DMSO): d=6.49 (s, 1H),
6.37 (s, 2 H), 2.22 (br s, 2H), 1.52 (s, 9 H), 1.48 (m, 2 H), 1.23 (br s, 16H),
0.86 ppm (t, 3H, J =6.0 Hz); 13C NMR (75 MHz, [D6]DMSO): d=149.87,
148.97, 138.94, 105.52, 83.95, 31.31, 29.01, 28.87, 28.72, 27.80, 27.70, 27.51,
22.11, 13.96 ppm; HRMS (ESI): m/z : calcd for C19H35N3O2: 337.2729
[M]+ ; found: 337.2730.


2-Amino-4-tridecyl-imidazole-1-carboxylic acid tert-butyl ester : By using
the same general procedure as that used for 2-amino-4-nonyl-imidazole-
1-carboxylic acid tert-butyl ester, 1-bromo-pentadecan-2-one (0.916 g,
3.00 mmol) gave a crude oil that was purified by flash column chromatog-
raphy (0–60 % EtOAc/hexanes) to give the title compound (0.473 g,
43%) as a tan-colored solid. 1H NMR (400 MHz, [D6]DMSO, 75 8C): d=


6.48 (s, 1H), 6.22 (s, 2H), 2.24 (t, 2H, J=7.2 Hz), 1.54 (s, 9 H), 1.50 (m,
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2H), 1.25 (br s, 20H), 0.86 ppm (t, 3 H, J =6.0 Hz); 13C NMR (100 MHz,
[D6]DMSO, 75 8C): d=149.45, 148.69, 138.82, 105.28, 83.71, 30.92, 28.64,
28.59, 28.48, 28.36, 28.30, 27.51, 27.43, 27.27, 21.67, 13.44 ppm; HRMS
(ESI): m/z : calcd for C21H39N3O2: 365.3042 [M]+ ; found: 365.3048.


2-Amino-4-pentadecyl-imidazole-1-carboxylic acid tert-butyl ester : By
using the same general procedure as that used for 2-amino-4-nonyl-imi-
dazole-1-carboxylic acid tert-butyl ester, 1-bromo-heptadecan-2-one
(1.00 g, 3.00 mmol) gave a crude oil that was purified by flash column
chromatography (0–60 % EtOAc/hexanes) to give the title compound
(0.628 g, 53%) as a tan-colored solid. 1H NMR (400 MHz, [D6]DMSO,
75 8C): d=6.49 (s, 1H), 6.20 (s, 2 H), 2.24 (t, 2H, J= 7.2 Hz), 1.54 (s, 9H),
1.50 (m, 2H), 1.25 (br s, 24 H), 0.86 ppm (t, 3H, J= 6.4 Hz); 13C NMR
(100 MHz, [D6]DMSO, 75 8C): d=149.42, 148.67, 138.82, 105.31, 83.73,
30.90, 28.61, 28.56, 28.45, 28.34, 28.27, 27.49, 27.42, 27.28, 21.65,
13.43 ppm; HRMS (ESI): m/z : calcd for C23H43N3O2: 393.3355 [M]+ ;
found: 393.3362.


2-Amino-4-heptadecyl-imidazole-1-carboxylic acid tert-butyl ester : By
using the same general procedure as that used for 2-amino-4-nonyl-imi-
dazole-1-carboxylic acid tert-butyl ester, 1-bromo-nonadecan-2-one
(1.14 g, 3.15 mmol), with additional DMF (25 mL) for solubility, gave a
crude oil that was purified by trituration (MeOH/H2O 1:20) to give the
title compound (1.10 g, 83%) as a white solid. 1H NMR (400 MHz,
[D6]DMSO, 80 8C): d= 6.49 (s, 1H), 6.19 (s, 2 H), 2.24 (t, 2H, J =7.2 Hz),
1.54 (s, 9H), 1.50 (m, 2H), 1.25 (br s, 28H), 0.87 ppm (t, 3H, J=6.8 Hz);
13C NMR (100 MHz, [D6]DMSO, 80 8C): d=149.45, 148.71, 138.85,
105.33, 83.76, 30.93, 28.64, 28.49, 28.38, 28.30, 27.62, 27.52, 27.45, 27.30,
21.68, 13.44 ppm; HRMS (ESI): m/z : calcd for C25H47N3O2: 421.3668
[M]+ ; found: 421.3678.ACHTUNGTRENNUNG(Z,Z)-2-Amino-4-heptadeca-8,11-dienyl-imidazole-1-carboxylic acid tert-
butyl ester : By using the same general procedure as that used for 2-
amino-4-nonyl-imidazole-1-carboxylic acid tert-butyl ester, 1-bromo-non-
adeca-10,13-dien-2-one (0.660 g, 1.85 mmol) gave a crude oil that was pu-
rified by flash column chromatography (0–30 % EtOAc/hexanes) to give
the title compound (0.382 g, 50 %) as a dark-brown oil; 1H NMR
(400 MHz, [D6]DMSO): d =6.47 (s, 1H), 6.37 (s, 2H), 5.31 (m, 4H), 2.72,
(t, 2 H, J=6.0 Hz), 2.21 (t, 2H, J=7.2 Hz), 2.00 (q, 4H, J=6.8 Hz), 1.52
(s, 9 H), 1.48 (m, 2H), 1.25 (br s, 14H), 0.84 ppm (t, 3H, J=6.4 Hz);
13C NMR (100 MHz, [D6]DMSO): d =149.88, 148.96, 138.92, 129.69,
127.73, 105.45, 83.92, 30.92, 29.04, 28.74, 28.71, 28.61, 27.80, 27.71, 27.49,
26.62, 25.21, 21.98, 13.90 ppm; HRMS (ESI): m/z : calcd for C25H43N3O2:
417.3355 [M]+ ; found: 417.3360.


(Z)-2-Amino-4-heptadec-8-enyl-imidazole-1-carboxylic acid tert-butyl
ester : By using the same general procedure as that used for 2-amino-4-
nonyl-imidazole-1-carboxylic acid tert-butyl ester, 1-bromo-octadec-10-
en-2-one (1.00 g, 2.78 mmol) gave a crude oil that was purified by flash
column chromatography (20–100% EtOAc/hexanes) to give the title
compound (0.578 g, 50%) as pale-yellow oil. 1H NMR (400 MHz,
[D6]DMSO): d =6.48 (s, 1H), 6.36 (s, 2H), 5.31 (t, 2H, J =4.4 Hz), 2.21
(t, 2H, J =7.2 Hz), 1.97 (m, 4H), 1.52 (s, 9 H), 1.48 (m, 2H), 1.25 (br s,
10H), 1.23 (br s, 10H), 0.84 ppm (t, 3H, J=6.0 Hz); 13C NMR (100 MHz,
[D6]DMSO): d=149.88, 148.96, 138.92, 129.65, 105.49, 83.96, 31.30, 29.11,
28.85, 28.72, 28.60, 28.55, 27.80, 27.72, 27.51, 26.57, 22.12, 13.96 ppm;
HRMS (ESI): m/z : calcd for C25H45N3O2: 419.3512 [M]+ ; found:
419.3515.


(E)-2-Amino-4-(7-methyl-oct-5-enyl)imidazole-1-carboxylic acid tert-
butyl ester : By using the same general procedure as that used for 2-
amino-4-nonyl-imidazole-1-carboxylic acid tert-butyl ester, 1-bromo-9-
methyl-dec-7-en-2-one (1.00 g, 4.05 mmol) gave a crude oil that was puri-
fied by flash column chromatography (0–80 % EtOAc/hexanes) to give
the title compound (0.594 g, 48 %) as a yellow oil. 1H NMR (400 MHz,
[D6]DMSO): d=6.49 (s, 1H), 6.38 (s, 2H), 5.34 (m, 2 H), 2.22 (m, 3H),
1.94 (q, 2H, J= 6.4 Hz), 1.52 (s, 9H), 1.48 (m, 2H), 1.31 (m, 2 H),
0.92 ppm (d, 6 H, J= 6.8 Hz); 13C NMR (100 MHz, [D6]DMSO): d=


149.89, 148.95, 138.88, 137.27, 126.76, 105.55, 83.98, 31.80, 30.40, 28.76,
27.51, 27.36, 22.56 ppm; HRMS (ESI): m/z : calcd for C17H29N3O2:
307.2260 [M]+ ; found: 307.2262.


4-Nonyl-1H-imidazol-2-ylamine hydrochloride (18): A solution of 2-
amino-4-nonyl-imidazole-1-carboxylic acid tert-butyl ester (0.200 g,


0.650 mmol) in anhydrous dichloromethane (6 mL) was cooled to 0 8C.
TFA (6 mL) was charged into the flask and the reaction stirred for 6 h.
After this time, the reaction was evaporated to dryness and toluene
(2 mL) was added. Again the mixture was concentrated and the process
repeated. The resulting TFA salt was dissolved in dichloromethane
(1 mL) and 2m HCl in diethyl ether (1.0 mL) was added followed by cold
diethyl ether (8 mL). The precipitate was collected by filtration and
washed with diethyl ether (3 mL) to yield the target compound 18
(0.159 g, 99 %) as a brown amorphous solid. 1H NMR (400 MHz,
[D6]DMSO): d=12.19 (s, 1H), 11.76 (s, 1 H), 7.35 (s, 2H), 6.54 (s, 1 H),
2.37 (t, 2H, J= 7.2 Hz), 1.49 (m, 2H), 1.22 (br s, 12 H), 0.83 ppm (t, 3H,
J =6.0 Hz); 13C NMR (100 MHz, [D6]DMSO): d=146.80, 126.85, 108.42,
31.29, 28.91, 28.69, 28.35, 27.61, 23.99, 22.12, 13.97 ppm; HRMS (ESI):
m/z : calcd for C21H23N3: 209.1892 [M]+ ; found: 209.1901.


4-Undecyl-1H-imidazol-2-ylamine hydrochloride (19): By using the same
general procedure as that used for the synthesis of 18, 2-amino-4-undec-
yl-imidazole-1-carboxylic acid tert-butyl ester (2.23 g, 6.60 mmol) gave
the title compound 19 (1.80 g, 99%) as a brown amorphous solid.
1H NMR (400 MHz, [D6]DMSO): d =12.19 (s, 1H), 11.72 (s, 1 H), 7.34 (s,
2H), 6.54 (s, 1 H), 2.37 (d, 2H, J=5.6 Hz), 1.50 (m, 2 H), 1.24 (br s, 16H),
0.85 ppm (t, 3 H, J =6.0 Hz); 13C NMR (100 MHz, [D6]DMSO): d=


146.76, 126.81, 108.39, 31.32, 29.05, 29.02, 28.96, 28.76, 28.69, 28.36, 27.61,
27.61, 23.99, 22.12, 13.98 ppm; HRMS (ESI): m/z : calcd for C14H28N3:
237.2205 [M]+ ; found: 237.2209.


4-Tridecyl-1H-imidazol-2-ylamine hydrochloride (20): By using the same
general procedure as that used for the synthesis of 18, 2-amino-4-tridec-
yl-imidazole-1-carboxylic acid tert-butyl ester (0.200 g, 0.550 mmol) gave
the title compound 20 (0.158 g, 96%) as a brown amorphous solid.
1H NMR (400 MHz, [D6]DMSO): d =12.19 (s, 1H), 11.68 (s, 1 H), 7.34 (s,
2H), 6.53 (s, 1H), 2.38 (t, 2 H, J =7.2 Hz), 1.50 (m, 2 H), 1.23 (br s, 20H),
0.84 ppm (t, 3 H, J =7.2 Hz); 13C NMR (100 MHz, [D6]DMSO): d=


146.77, 126.80, 108.36, 31.31, 29.08, 29.05, 28.96, 28.73, 28.69, 28.36, 27.61,
23.98, 22.11, 13.96 ppm; HRMS (ESI): m/z : calcd for C16H31N3: 265.2518
[M]+ ; found: 265.2529.


4-Pentadecyl-1H-imidazol-2-ylamine hydrochloride (21): By using the
same general procedure as that used for the synthesis of 18, 2-amino-4-
pentadecyl-imidazole-1-carboxylic acid tert-butyl ester (0.200 g,
0.510 mmol) gave the title compound 21 (0.167 g, 99%) as a tan-colored
solid. 1H NMR (400 MHz, [D6]DMSO): d=12.18 (s, 1H), 11.65 (s, 1H),
7.32 (s, 2H), 6.53 (s, 1H), 2.38 (t, 2 H, J=7.2 Hz), 1.50 (m, 2H), 1.23
(br s, 24 H), 0.84 ppm (t, 3 H, J =7.6 Hz); 13C NMR (100 MHz,
[D6]DMSO): d =146.73, 126.77, 108.33, 31.31, 29.08, 29.03, 28.98, 28.74,
28.71, 28.39, 27.63, 23.99, 22.12, 13.96 ppm; HRMS (ESI): m/z : calcd for
C18H35N3: 293.2831 [M]+ ; found: 293.2844.


4-Heptadecyl-1H-imidazol-2-ylamine hydrochloride (22): By using the
same general procedure as that used for the synthesis of 18, 2-amino-4-
heptadecyl-imidazole-1-carboxylic acid tert-butyl ester (0.400 g,
0.950 mmol) gave the title compound 22 (0.320 g, 94%) as a white solid.
1H NMR (400 MHz, [D6]DMSO): d=12.10 (br s, 1 H), 11.70 (br s, 1H),
7.33 (s, 2H), 6.54 (s, 1H), 2.37 (t, 2 H, J=7.6 Hz), 1.50 (m, 2H), 1.23
(br s, 28H), 0.84 ppm (t, 3 H, J =6.0 Hz); 13C NMR (75 MHz,
[D6]DMSO): d =146.75, 126.80, 108.36, 31.31, 29.06, 28.76, 28.39, 27.62,
24.00, 22.12, 13.96 ppm; HRMS (ESI): m/z : calcd for C20H39N3: 321.3144
[M]+ ; found: 321.3146.ACHTUNGTRENNUNG(Z,Z)-4-Heptadeca-8,11-dienyl-1H-imidazol-2-ylamine hydrochloride
(23): By using the same general procedure as that used for the synthesis
of 18, (Z,Z)-2-amino-4-heptadeca-8,11-dienyl-imidazole-1-carboxylic acid
tert-butyl ester (0.323 g, 0.770 mmol) gave the title compound 23 (0.270 g,
99%) as a brown oil. 1H NMR (400 MHz, [D6]DMSO): d=12.10 (s, 1H),
11.64 (s, 1H), 7.32 (s, 2H), 6.54 (s, 1 H), 5.33 (m, 4 H), 2.73 (t, 2H, J=


6.0 Hz), 2.38 (t, 2 H, J =7.2 Hz), 2.02 (q, 4H, J=5.6 Hz), 1.50 (m, 2H),
1.27 (br s, 14H), 0.85 ppm (t, 3H, J =6.0 Hz); 13C NMR (100 MHz,
[D6]DMSO): d=146.69, 129.70, 127.74, 126.84, 108.42, 30.91, 29.04, 28.74,
28.56, 28.36, 27.61, 26.63, 25.22, 23.98, 21.98, 13.94 ppm; HRMS (ESI):
m/z : calcd for C20H35N3: 317.2831 [M]+ ; found: 317.2836.


(Z)-4-Heptadec-8-enyl-1H-imidazol-2-ylamine hydrochloride (24): By
using the same general procedure as that used for the synthesis of 18,
(Z)-2-amino-4-heptadec-8-enyl-imidazole-1-carboxylic acid tert-butyl
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ester (0.528 g, 1.26 mmol) gave the title compound 24 (0.447 g, 100 %) as
a brown oil. 1H NMR (400 MHz, [D6]DMSO): d=12.10 (s, 1 H), 11.75 (s,
1H), 7.35 (s, 2H), 6.52 (s, 1 H), 5.31 (m, 2H), 2.37 (t, 2 H, J =7.2 Hz),
1.97 (m, 4 H), 1.50 (m, 2H), 1.25 (br s, 10H), 1.22 (br s, 10 H), 0.84 ppm (t,
3H, J =6.0 Hz); 13C NMR (100 MHz, [D6]DMSO): d=146.82, 129.64,
129.61, 126.79, 108.35, 31.31, 29.14, 29.12, 28.86, 28.72, 28.61, 28.58, 28.39,
27.62, 26.62, 26.59, 24.00, 22.12, 13.95 ppm; HRMS (ESI): m/z : calcd for
C20H37N3: 319.2988 [M]+ ; found: 319.3009.


(E)-4-(7-Methyl-oct-5-enyl)-1H-imidazol-2-ylamine hydrochloride (24):
By using the same general procedure as that used for the synthesis of 18,
(E)-2-amino-4-(7-methyl-oct-5-enyl)-imidazole-1-carboxylic acid tert-
butyl ester (0.479 g, 1.56 mmol) gave the title compound 24 (0.350 g,
93%) as a brown oil. 1H NMR (400 MHz, [D6]DMSO): d=12.18 (s, 1H),
11.71 (s, 1H), 7.34 (s, 2H), 6.54 (s, 1 H), 5.35 (m, 2 H), 2.39 (t, 2H, J=


7.6 Hz), 2.20 (m, 1H), 1.94 (q, 2H, J=6.4 Hz), 1.50 (quint. , 2 H, J =


7.6 Hz), 0.92 ppm (d, 6H, J=6.8 Hz); 13C NMR (100 MHz, [D6]DMSO):
d=146.77, 137.46, 126.74, 126.53, 108.44, 31.53, 30.38, 28.33, 27.13, 23.81,
22.53 ppm; HRMS (ESI): m/z : calcd for C12H21N3: 207.1736 [M]+ ; found:
207.1738.


Linker modification


Succinic acid monobenzyl ester : Succinic anhydride (5.00 g, 50.0 mmol)
was dissolved in anhydrous dichloromethane (40 mL). Benzyl alcohol
(5.69 mL, 55.0 mmol), triethylamine (7.50 mL, 55.0 mmol), and a catalytic
amount of DMAP were added to this solution. The resulting clear solu-
tion was stirred at ambient temperature for 15 h, after which time, all vol-
atiles were removed by rotary evaporation. The crude residue was taken
up in diethyl ether (200 mL) and was washed with 2 n NaOH (2 � 75 mL).
The aqueous extracts were carefully acidified to pH 2 with concentrated
HCl and then extracted with diethyl ether (2 � 100 mL) and subsequently
dried (Mg2SO4), filtered, and concentrated to afford the title compound
(9.06 g, 87%) as a white solid with no further purification needed.
1H NMR (400 MHz, [D6]DMSO): d =12.26 (s, 1H), 7.32 (m, 5 H), 5.08 (s,
2H), 2.56 (m, 2H), 2.49 ppm (m, 2H); 13C NMR (100 MHz, [D6]DMSO):
d=173.53, 172.13, 136.26, 128.48, 128.02, 127.88, 65.56, 28.80, 28.73 ppm;
HRMS (ESI): m/z : calcd for C11H12O4: 208.0736 [M]+; found: 208.0736.


5-Bromo-4-oxo-pentanoic acid benzyl ester : Succinic acid monobenzyl
ester (2.00 g, 9.60 mmol) was dissolved in anhydrous dichloromethane
(30 mL) at 0 8C and a catalytic amount of DMF was added. Oxalyl chlo-
ride (2.50 mL, 28.8 mmol) was added dropwise to this solution, and the
resulting mixture was then warmed to room temperature. After 1 h, the
solvent and excess oxalyl chloride were removed under reduced pressure.
The resulting solid was dissolved into anhydrous dichloromethane
(10 mL) and added dropwise to a 0 8C solution of CH2N2 (28.8 mmol gen-
erated from Diazald/KOH) in diethyl ether (75 mL). This solution was
stirred at 0 8C for 1.5 h, after which time, the reaction was quenched by
the dropwise addition of 48 % HBr (3.5 mL). The reaction mixture was
diluted with dichloromethane (25 mL) and immediately washed with sat.
NaHCO3 (3 � 25 mL) and brine (2 � 25 mL) before being dried (MgSO4),
filtered, and concentrated. The resulting yellow oil (2.59 g, 95 %) was car-
ried onto the next step without further purification. 1H NMR (400 MHz,
[D6]DMSO): d= 7.36 (m, 5H), 5.08 (s, 2 H), 4.39 (s, 2H), 2.88 (t, 2 H, J=


6.0 Hz), 2.60 ppm (t, 2H, J =6.0 Hz); 13C NMR (75 MHz, [D6]DMSO):
d=200.35, 171.83, 136.06, 128.36, 127.94, 127.77, 65.54, 36.33, 34.20,
27.77 ppm; HRMS (ESI): m/z : calcd for C12H13BrO3: 284.0048 [M]+ ;
found: 284.0056.


2-Amino-4-(2-benzyloxycarbonyl-ethyl)imidazole-1-carboxylic acid tert-
butyl ester : 5-bromo-4-oxo-pentanoic acid benzyl ester (1.00 g,
3.51 mmol) and Boc-guanidine (1.66 g, 10.5 mmol) were dissolved in
DMF (10 mL) and allowed to stir at room temperature. After 48 h, the
DMF was removed under reduced pressure and the residue was taken up
in ethyl acetate (50 mL) and washed with water (3 � 25 mL) and brine
(25 mL) before being dried (Na2SO4), filtered, and evaporated to dryness.
The resulting oil was purified by flash column chromatography (20–
100 % EtOAc/hexanes) to give the title compound (0.725 g, 60 %) as a
yellow solid. 1H NMR (400 MHz, [D6]DMSO): d=7.32 (m, 5H), 6.54 (s,
1H), 6.44 (s, 2H), 5.09 (s, 2H), 2.58 (m, 4 H), 1.52 ppm (s, 9H); 13C NMR
(100 MHz, [D6]DMSO): d=172.23, 150.00, 148.88, 137.21, 136.27, 128.36,


127.89, 127.74, 105.92, 84.12, 65.33, 32.31, 27.48, 23.31 ppm; HRMS
(ESI): m/z : calcd for C18H23N3O4: 345.1689 [M]+ ; found: 345.1689.


2-Amino-4-(2-carboxy-ethyl)imidazole-1-carboxylic acid tert-butyl ester
(26): 2-Amino-4-(2-benzyloxycarbonyl-ethyl)imidazole-1-carboxylic acid
tert-butyl ester (2.00 g, 5.79 mmol) was added to a solution of anhydrous
THF (50 mL) and 10% Pd/C (0.200 g). Air was removed from the system
and the reaction was back flushed with hydrogen. This process was re-
peated three times before setting the reaction under a hydrogen balloon
at atmospheric pressure and temperature for 1 h. After this time, the re-
action was filtered through a Celite pad and the filter cake was washed
with THF (10 mL). The filtrate was concentrated under reduced pressure
to afford the title compound 26 (1.35 g, 92 %) as a white solid. 1H NMR
(400 MHz, [D6]DMSO): d=6.54 (s, 1 H), 6.44 (s, 2H), 2.46 (m, 4H),
1.53 ppm (s, 9 H); 13C NMR (100 MHz, [D6]DMSO): d=173.98, 149.96,
148.89, 137.55, 105.77, 84.19, 32.51, 27.52, 23.30 ppm; HRMS (ESI): m/z :
calcd for C11H17N3O4: 255.1219 [M]+ ; found: 255.1219.


7-Bromo-6-oxo-heptanoic acid benzyl ester : By using the same general
procedure as that used for 5-bromo-4-oxo-pentanoic acid benzyl ester,
hexanedioic acid monobenzyl ester[37] (2.60 g, 11.0 mmol) gave a crude
amber oil (2.65 g, 77%) that was used in the next steps without further
purification. 1H NMR (300 MHz, CDCl3): d=7.27 (m, 5H), 5.03 (s, 2H),
3.77 (s, 2 H), 2.58 (m, 2H), 2.30 (m, 2H), 1.58 ppm (q, 4 H, J =3.6 Hz);
13C NMR (75 MHz, CDCl3): d=201.80, 173.23, 136.14, 128.75, 128.41,
77.66, 77.23, 76.81, 66.41, 39.48, 34.30, 34.08, 24.35, 23.36 ppm; HRMS
(ESI): m/z : calcd for C14H17BrO3: 312.0361 [M]+ ; found: 312.0367.


2-Amino-4-(4-benzyloxycarbonyl-butyl)imidazole-1-carboxylic acid tert-
butyl ester : By using the same general procedure as that used for 2-
amino-4-(2-benzyloxycarbonyl-ethyl)imidazole-1-carboxylic acid tert-
butyl ester, 7-bromo-6-oxo-heptanoic acid benzyl ester (1.50 g,
4.79 mmol) gave a crude oil that was purified by flash column chromatog-
raphy (40–100 % EtOAc/hexanes) to give the title compound (0.896 g,
50%) as an amber oil. 1H NMR (300 MHz, [D6]DMSO): d=7.35 (m,
5H), 6.51 (s, 1H), 6.38 (s, 2 H), 5.07 (s, 2H), 2.36 (t, 2 H, J =6.9 Hz), 2.24
(t, 2 H, J=6.9 Hz), 1.52 ppm (m, 13 H); 13C NMR (75 MHz, [D6]DMSO):
d=172.73, 149.84, 148.92, 138.54, 136.27, 128.38, 127.91, 127.85, 105.64,
84.00, 65.25, 33.26, 27.48, 27.26, 27.18, 24.08 ppm; HRMS (ESI): m/z :
calcd for C20H27N3O4: 373.2002 [M]+ ; found: 373.2006.


2-Amino-4-(4-carboxy-butyl)imidazole-1-carboxylic acid tert-butyl ester
(27): By using the same general procedure as that used for 26, 2-amino-4-
(4-benzyloxycarbonyl-butyl)imidazole-1-carboxylic acid tert-butyl ester
(0.840 g, 2.25 mmol) gave the title compound 27 (0.538 g, 84%) as a
white solid. 1H NMR (300 MHz, [D6]DMSO): d=6.52 (s, 1H), 6.40 (s,
2H), 2.20 (m, 4H), 1.50 ppm (m, 13H); 13C NMR (75 MHz, [D6]DMSO):
d=174.56, 149.88, 148.92, 138.56, 105.68, 84.03, 33.59, 27.50, 27.32,
24.19 ppm; HRMS (ESI): m/z : calcd for C13H21N3O4: 283.1532 [M]+ ;
found: 283.1532.


2-Amino-4-(2-hexylcarbamoyl-ethyl)imidazole-1-carboxylic acid tert-
butyl ester : By using the general EDC/HOBt procedure, the title com-
pound was formed as a yellow foam (0.021 g, 8 %). 1H NMR (300 MHz,
CDCl3): d=6.57 (s, 1H), 6.06 (s, 1H), 5.67 (br s, 2H), 3.20 (q, 2H, J=


6.9 Hz), 2.69 (t, 2 H, J=7.2 Hz), 2.47 (t, 2H, J=7.2 Hz), 1.57 (s, 9H), 1.43
(m, 2H), 1.25 (br s, 6H), 0.87 ppm (t, 3H, J= 6.6 Hz); 13C NMR
(75 MHz, CDCl3): d=172.58, 150.20, 149.58, 137.38, 107.53, 85.10, 39.63,
35.87, 31.69, 29.69, 28.15, 26.73, 24.37, 22.75, 14.23 ppm; HRMS (ESI):
m/z : calcd for C17H31N4O3: 338.2318 [M]+ ; found: 338.2323.


2-Amino-4-(4-hexylcarbamoyl-butyl)imidazole-1-carboxylic acid tert-
butyl ester : By using the general EDC/HOBt procedure, the title com-
pound was formed as a colorless oil (0.044 g, 17 %). 1H NMR (300 MHz,
[D6]DMSO): d =7.73 (t, 1H, J =5.4 Hz), 6.50 (s, 1 H), 6.38 (s, 2H), 3.00
(q, 2 H, J =6.6 Hz), 2.23 (m, 2 H), 2.03 (m, 2H), 1.53 (s, 9H), 1.47 (m,
4H), 1.35 (m, 2 H), 1.23 (m, 4 H), 0.84 ppm (t, 3H, J =6.6 Hz); 13C NMR
(75 MHz, [D6]DMSO): d=171.78, 149.81, 148.92, 138.70, 105.60, 84.00,
38.31, 35.25, 30.95, 29.09, 27.49, 27.39, 26.03, 25.03, 22.01, 13.85 ppm;
HRMS (ESI): m/z : calcd for C19H34N4O3: 366.2631 [M]+ ; found:
366.2632.


2-Amino-4-{2-[2-(4-bromo-phenyl)ethylcarbamoyl]ethyl}imidazole-1-car-
boxylic acid tert-butyl ester : By using the general EDC/HOBt procedure,
the title compound was formed as an off-white solid (0.019 g, 6%).
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1H NMR (300 MHz, CDCl3): d=7.39 (d, 2H, J =8.1 Hz), 7.03 (d, 2 H, J =


8.4 Hz), 6.58 (s, 1 H), 6.41 (m, 1H), 3.45 (q, 2H, J=6.3 Hz), 2.72 (q, 2 H,
J =6.9 Hz), 2.47 (t, 4H, J =6.9 Hz), 1.59 ppm (s, 9H); 13C NMR (75 MHz,
CDCl3): d= 172.19, 150.03, 148.93, 138.20, 133.98, 131.78, 130.66, 120.44,
107.50, 86.48, 40.53, 35.27, 35.04, 28.12, 23.12 ppm; HRMS (ESI): m/z :
calcd for C19H25BrN4O3: 436.1110 [M]+; found: 436.1112.


2-Amino-4-[2-(4-phenyl-butylcarbamoyl)ethyl]imidazole-1-carboxylic
acid tert-butyl ester : By using the general EDC/HOBt procedure, the
title compound was formed as a yellow foam (0.081 g, 27%). 1H NMR
(400 MHz, CDCl3): d=7.26 (t, 2H, J=7.6 Hz), 7.15 (m, 2H), 6.55 (s,
1H), 6.28 (br s, 1 H), 5.75 (br s, 2H), 3.22 (q, 2H, J =6.4 Hz), 2.66 (t, 2 H,
J =7.2 Hz), 2.59 (t, 2 H, J =7.6 Hz), 2.45 (t, 2 H, J =7.2 Hz), 1.55 (m,
11H), 1.47 ppm (m, 3 H); 13C NMR (75 MHz, [D6]DMSO): d=171.19,
149.79, 148.86, 142.08, 138.12, 128.21, 128.17, 125.58, 105.58, 84.01, 38.09,
34.73, 33.98, 28.77, 28.27, 27.47, 24.01 ppm; HRMS (ESI): m/z : calcd for
C21H31N4O3: 386.2318 [M]+ ; found: 386.2319.


3-(2-Amino-1H-imidazol-4-yl)-N-hexyl-propionamide hydrochloride (28):
By using the same general procedure as that used for the synthesis of 8,
2-amino-4-(2-hexylcarbamoyl-ethyl)imidazole-1-carboxylic acid tert-butyl
ester (0.020 g, 0.062 mmol) gave the title compound 28 (0.017 g, 100 %)
as a tan-colored foam. 1H NMR (300 MHz, CD3OD): d =6.38 (s, 1H),
3.05 (t, 2 H, J =6.6 Hz), 2.66 (t, 2 H, J= 6.6 Hz), 2.37 (t, 2H, J=6.6 Hz),
1.36 (m, 2H), 1.19 (br s, 6H), 0.79 ppm (m, 3 H); 13C NMR (75 MHz,
CD3OD): d=174.12, 148.60, 128.03, 110.15, 40.57, 35.27, 32.75, 30.48,
27.77, 23.73, 21.72, 14.45 ppm; HRMS (ESI): m/z : calcd for C12H22N4O:
238.1794 [M]+ ; found: 238.1795.


5-(2-Amino-1H-imidazol-4-yl)pentanoic acid hexylamide hydrochloride
(29): By using the same general procedure as that used for the synthesis
of 8, 2-amino-4-(4-hexylcarbamoyl-butyl)imidazole-1-carboxylic acid tert-
butyl ester (0.036 g, 0.098 mmol) gave the title compound 29 (0.029 g,
100 %) as a colorless oil. 1H NMR (300 MHz, [D6]DMSO): d =11.99 (s,
1H), 11.55 (s, 1H), 7.78 (m, 1 H), 7.29 (s, 2H), 6.55 (s, 1H), 3.00 (q, 2 H,
J =6.9 Hz), 2.39 (br s, 2 H), 2.06 (br s, 2H), 1.48 (br s, 4H), 1.36 (m, 2H),
1.28 (br s, 4H), 0.85 ppm (m, 3H); 13C NMR (75 MHz, [D6]DMSO): d=


171.62, 146.61, 126.73, 108.51, 38.34, 34.92, 30.93, 29.07, 27.23, 26.03,
24.55, 23.71, 22.00, 13.85 ppm; HRMS (ESI): m/z : calcd for C14H26N4O:
266.2107 [M]+ ; found: 266.2109.


3-(2-Amino-1H-imidazol-4-yl)-N-[2-(4-bromo-phenyl)ethyl]propionamide
hydrochloride (30): By using the same general procedure as that used for
the synthesis of 8, 2-amino-4-{2-[2-(4-bromo-phenyl)ethylcarbamoyl]ethy-
l}imidazole-1-carboxylic acid tert-butyl ester (0.019 g, 0.043 mmol) gave
the title compound 30 (0.016 g, 100 %) as a brown foam. 1H NMR
(300 MHz, CD3OD): d= 7.29 (d, 2 H, J=7.8 Hz), 6.99 (d, 2H, J =8.1 Hz),
6.33 (s, 1H), 3.27 (t, 2 H, J =7.2 Hz), 2.61 (m, 4 H), 2.33 ppm (t, 2 H, J =


6.6 Hz); 13C NMR (75 MHz, CD3OD): d=174.20, 139.89, 132.63, 131.92,
127.98, 121.19, 110.14, 41.72, 35.95, 35.18, 21.62 ppm; HRMS (ESI): m/z :
calcd for C14H17BrN4O: 336.0586 [M]+ ; found: 336.0591.


3-(2-Amino-1H-imidazol-4-yl)-N-(4-phenyl-butyl)propionamide hydro-
chloride (31): By using the same general procedure as that used for the
synthesis of 8, 2-amino-4-[2-(4-phenyl-butylcarbamoyl)ethyl]imidazole-1-
carboxylic acid tert-butyl ester (0.080 g, 0.206 mmol) gave the title com-
pound 31 (0.066 g, 100 %) as a tan-colored foam. 1H NMR (300 MHz,
[D6]DMSO): d =11.91 (s, 1 H), 11.59 (s, 1H), 7.97 (m, 1H), 7.34 (s, 2H),
7.25 (m, 2H), 7.17 (d, 3H, J=7.2 Hz), 6.50 (s, 1H), 3.05 (q, 2H, J=


6.0 Hz), 2.58 (m, 4H), 2.35 (t, 2H, J =7.2 Hz), 1.53 (quint. , 2H, J=


7.2 Hz), 1.38 ppm (quint., 2H, J =7.2 Hz); 13C NMR (75 MHz,
[D6]DMSO): d= 170.62, 146.57, 142.06, 128.24, 128.19, 126.21, 125.61,
108.51, 38.24, 34.73, 33.46, 28.72, 28.30, 20.19 ppm; HRMS (ESI): m/z :
calcd for C16H22N4O: 286.1794 [M]+ ; found: 286.1799.


Sliding the amide bond


2-Amino-4-(2-heptylcarbamoyl-ethyl)imidazole-1-carboxylic acid tert-
butyl ester : By using the general EDC/HOBt procedure, 2-amino-4-(3-
carboxy-propyl)imidazole-1-carboxylic acid tert-butyl ester (0.115 g,
0.450 mmol) gave the title compound (0.044 g, 27%) as a tan-colored
solid. 1H NMR (400 MHz, [D6]DMSO): d= 7.78 (m, 1 H), 6.50 (s, 1H),
6.38 (s, 2H), 3.00 (q, 2 H, J =5.6 Hz), 2.46 (t, 2 H, J=8.0 Hz), 2.28 (t, 2H,
J =7.2 Hz), 1.52 (s, 9H), 1.35 (m, 2H), 1.22 (br s, 8H), 0.85 ppm (m, 3H);
13C NMR (100 MHz, [D6]DMSO): d =171.18, 149.82, 148.91, 138.09,


105.63, 84.05, 38.37, 33.99, 31.23, 29.16, 28.42, 27.51, 26.32, 24.04, 22.06,
13.95 ppm; HRMS (ESI): m/z : calcd for C18H32N4O3: 352.2474 [M]+ ;
found: 352.2489.


2-Amino-4-(4-pentylcarbamoyl-butyl)imidazole-1-carboxylic acid tert-
butyl ester : By using the general EDC/HOBt procedure, the title com-
pound was formed as an amber oil (0.012 g, 5 %). 1H NMR (300 MHz,
CDCl3): d =6.52 (s, 1H), 5.66 (s, 2H), 5.55 (m, 1H), 3.23 (q, 2H, J =


6.0 Hz), 2.38 (t, 2 H, J= 6.6 Hz), 2.18 (t, 2H, J=7.2 Hz), 1.66 (m, 4H),
1.59 (s, 9H), 1.50 (m, 2 H), 1.29 (m, 4 H), 0.89 ppm (t, 3H, J=6.9 Hz);
13C NMR (75 MHz, CDCl3): d=173.07, 150.12, 149.63, 138.74, 106.99,
84.91, 39.70, 36.85, 29.91, 29.58, 29.30, 28.20, 28.14, 27.94, 25.55, 22.56,
14.18 ppm; HRMS (ESI): m/z : calcd for C18H32N4O3: 352.2474 [M]+ ;
found: 352.2482.


3-(2-Amino-1H-imidazol-4-yl)-N-heptyl-propionamide hydrochloride
(32): By using the same general procedure as that used for the synthesis
of 8, 2-amino-4-(2-heptylcarbamoyl-ethyl)imidazole-1-carboxylic acid
tert-butyl ester (0.031 g, 0.088 mmol) gave the title compound 32 (0.025 g,
99%) as a tan-colored amorphous solid. 1H NMR (400 MHz,
[D6]DMSO): d =11.88 (s, 1 H), 11.56 (s, 1H), 7.93 (m, 1H), 7.33 (s, 2H),
6.51 (s, 1H), 3.02 (q, 2 H, J =6.4 Hz), 2.62 (t, 2 H, J=7.2 Hz), 2.35 (t, 2H,
J =7.2 Hz), 1.36 (m, 2H), 1.23 (br s, 8H), 0.86 ppm (t, 3H, J =6.4 Hz);
13C NMR (75 MHz, [D6]DMSO): d=170.61, 146.56, 126.24, 108.55, 38.48,
33.48, 31.20, 29.06, 28.37, 26.33, 22.02, 20.20, 13.93 ppm; HRMS (ESI):
m/z : calcd for C13H24N4O: 252.1950 [M]+ ; found: 252.1959.


5-(2-Amino-1H-imidazol-4-yl)pentanoic acid pentylamide hydrochloride
(33): By using the same general procedure as that used for the synthesis
of 8, 2-amino-4-(4-pentylcarbamoyl-butyl)imidazole-1-carboxylic acid
tert-butyl ester (0.012 g, 0.034 mmol) gave the title compound 33 (0.009 g,
100 %) as an amber oil. 1H NMR (300 MHz, CD3OD): d =6.50 (s, 1H),
3.15 (t, 2 H, J =6.9 Hz), 2.51 (t, 2 H, J= 6.6 Hz), 2.22 (t, 2H, J=6.9 Hz),
1.63 (m, 4H), 1.49 (m, 2H), 1.32 (m, 4 H), 0.91 ppm (t, 3H, J =6.9 Hz);
13C NMR (75 MHz, CD3OD): d =176.25, 149.01, 129.29, 110.34, 40.89,
37.04, 30.72, 30.61, 29.28, 26.69, 25.65, 23.89, 14.82 ppm; HRMS (ESI):
m/z : calcd for C13H24N4O: 252.1950 [M]+ ; found: 252.1951.


Increased substitution


2-Amino-4-[2-(1-hexyl-heptylcarbamoyl)ethyl]imidazole-1-carboxylic
acid tert-butyl ester : By using the general EDC/HOBt procedure, 26 af-
forded an off-white solid (0.176 g, 51 %). 1H NMR (300 MHz,
[D6]DMSO): d=7.46 (d, 1H, J =8.7 Hz), 6.50 (s, 1H), 6.36 (s, 2 H), 3.63
(m, 1 H), 2.47 (t, 2 H, J=7.2 Hz), 2.28 (t, 2H, J=7.2 Hz), 1.52 (s, 9H),
1.20 (m, 20H), 0.84 ppm (t, 6H, J =7.2 Hz); 13C NMR (75 MHz,
[D6]DMSO): d=170.79, 149.80, 148.93, 138.07, 105.66, 83.95, 47.74, 34.65,
33.98, 31.25, 28.63, 27.50, 25.44, 24.24, 22.06, 13.93 ppm; HRMS (ESI):
m/z : calcd for C24H44N4O3: 436.3413 [M]+ ; found: 436.3414.


2-Amino-4-[3-(1-hexyl-heptylcarbamoyl)propyl]imidazole-1-carboxylic
acid tert-butyl ester : By using the general EDC/HOBt procedure, the
title compound was formed as a tan-colored solid (0.035 g, 21%).
1H NMR (400 MHz, [D6]DMSO): d=7.43 (d, 1 H, J =8.8 Hz), 6.48 (s,
1H), 6.38 (s, 2H), 3.66 (m, 1 H), 2.21 (t, 2 H, J= 7.2 Hz), 2.04 (t, 2H, J =


7.2 Hz), 1.71 (m, 2 H), 1.52 (s, 9 H), 1.23 (m, 20 H), 0.84 ppm (m, 6H);
13C NMR (100 MHz, [D6]DMSO): d =171.31, 149.94, 148.94, 138.41,
105.72, 84.01, 47.68, 35.06, 34.67, 31.30, 31.11, 28.63, 27.51, 27.18, 25.52,
24.23, 22.06, 22.03, 13.95 ppm; HRMS (ESI): m/z : calcd for C25H46N4O3:
450.3570 [M]+ ; found: 450.3562.


4-Dihexylcarbamoyl-butyric acid : Glutaric anhydride (1.00 g, 8.76 mmol)
was dissolved in anhydrous dichloromethane (12 mL). Dihexylamine
(2.27 mL, 9.64 mmol), triethylamine (1.30 mL, 9.64 mmol), and a catalytic
amount of DMAP were added to this solution and the resulting clear so-
lution was stirred at ambient temperature for 15 h, after which time, all
volatiles were removed by rotary evaporation. The crude residue was par-
titioned between ethyl acetate (150 mL) and a 1 n HCl aqueous solution
(100 mL). The organic layer was subsequently washed with 1 n HCl (3 �
50 mL), saturated NaHCO3 (2 � 75 mL), and brine (1 � 50 mL). The or-
ganics were then dried over anhydrous Na2SO4, filtered, and evaporated
to dryness to afford the title compound (2.44 g, 93%) as a viscous oil
that required no further purification. 1H NMR (300 MHz, CDCl3): d=


3.28 (t, 2H, J =7.5 Hz), 3.19 (t, 2H, J =7.5 Hz), 2.41 (m, 4H), 1.95 (t,
2H, J =6.9 Hz), 1.51 (m, 4H), 1.27 (br s, 12H), 0.88 ppm (m, 6H);
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13C NMR (75 MHz, CDCl3): d=177.62, 172.32, 48.32, 46.34, 33.65, 32.08,
31.78, 31.69, 29.25, 27.89, 26.89, 26.69, 22.70, 20.74, 14.19, 14.14 ppm;
HRMS (ESI): m/z : calcd for C17H33NO3: 299.2460 [M]+ ; found: 299.2462.


6-Bromo-5-oxo-hexanoic acid dihexylamide : 4-Dihexylcarbamoyl-butyric
acid (1.61 g, 5.40 mmol) was dissolved in anhydrous dichloromethane
(15 mL) at 0 8C and a catalytic amount of DMF was added. Oxalyl chlo-
ride was added (1.41 mL, 16.2 mmol) dropwise to this solution and the
solution was then warmed to room temperature. After 1 h, the solvent
and excess oxalyl chloride were removed under reduced pressure. The re-
sulting oil was dissolved into anhydrous dichloromethane (10 mL) and
added dropwise to a 0 8C solution of CH2N2 (16.20 mmol generated from
Diazald/KOH) in diethyl ether (50 mL). This solution was stirred at 0 8C
for 1.5 h, after which time, the reaction was quenched by the dropwise
addition of 48 % HBr (2.50 mL). The reaction mixture was diluted with
dichloromethane (25 mL) and immediately washed with sat. NaHCO3


(3 � 25 mL) and brine (2 � 25 mL) before being dried (MgSO4), filtered,
and concentrated. The crude yellow oil (0.780 g, 38%) was subsequently
used in the next step without any further purification. 1H NMR
(400 MHz, [D6]DMSO): d =4.33 (s, 2H), 2.45 (t, 2H, J=8.8 Hz), 2.75 (t,
2H, J=7.6 Hz), 2.41 (t, 2 H, J =7.6 Hz), 1.59 (m, 4 H), 1.27 (br s, 12H),
0.86 ppm (m, 6 H).


2-Amino-4-(3-dihexylcarbamoyl-propyl)imidazole-1-carboxylic acid tert-
butyl ester : 6-Bromo-5-oxo-hexanoic acid dihexylamide (0.780 g,
2.07 mmol) and Boc-guanidine (0.988 g, 6.21 mmol) were dissolved in
DMF (8 mL) and allowed to stir at room temperature. After 72 h, the
DMF was removed under reduced pressure and the residue was taken up
in ethyl acetate (100 mL) and washed with water (3 � 50 mL) and brine
(50 mL) before being dried (Na2SO4), filtered, and evaporated to dryness.
The resulting oil was purified by flash column chromatography (30–
100 % EtOAc/CH2Cl2) to give the title compound (0.643 g, 71%) as a
white foam. 1H NMR (400 MHz, [D6]DMSO): d=6.47 (s, 1H), 6.41 (s,
2H), 3.42 (t, 4H, J =7.6 Hz), 2.36 (m, 4 H), 1.51 (br s, 13 H), 1.25 (br s,
14H), 0.84 ppm (t, 6H, J =6.4 Hz); 13C NMR (100 MHz, [D6]DMSO):
d=183.99, 168.98, 149.95, 148.84, 136.98, 106.15, 103.11, 84.86, 84.06,
48.93, 30.75, 28.05, 27.71, 27.46, 25.35, 21.99, 20.89, 13.81 ppm; HRMS
(ESI): m/z : calcd for C24H44N4O3: 436.3413 [M]+ ; found: 436.3412.


3-(2-Amino-1H-imidazol-4-yl)-N-(1-hexyl-heptyl)propionamide hydro-
chloride (34): By using the same general procedure as that used for the
synthesis of 8, 2-amino-4-[2-(1-hexyl-heptylcarbamoyl)ethyl]imidazole-1-
carboxylic acid tert-butyl ester (0.130 g, 0.297 mmol) gave the title com-
pound 34 (0.107 g, 97 %) as an amber oil. 1H NMR (300 MHz,
[D6]DMSO): d=11.92 (s, 1 H), 11.62 (s, 1 H), 7.65 (d, 1H, J =8.7 Hz),
7.36 (s, 2H), 6.51 (s, 1H), 3.65 (m, 1H), 2.63 (t, 2 H, J= 7.2 Hz), 2.36 (t,
2H, J= 7.2 Hz), 1.25 (m, 20H), 0.84 ppm (t, 6H, J=7.2 Hz); 13C NMR
(75 MHz, [D6]DMSO): d=170.24, 146.57, 126.18, 108.50, 47.99, 34.51,
33.54, 31.17, 28.53, 25.39, 21.98, 20.37, 13.87 ppm; HRMS (ESI): m/z :
calcd for C19H36N4O: 336.2889 [M]+ ; found: 336.2894.


4-(2-Amino-1H-imidazol-4-yl)-N-(1-hexyl-heptyl)butyramide hydrochlo-
ride (35): By using the same general procedure as that used for the syn-
thesis of 8, 2-amino-4-[3-(1-hexyl-heptylcarbamoyl)propyl]imidazole-1-
carboxylic acid tert-butyl ester (0.032 g, 0.071 mmol) gave the title com-
pound 35 (0.027 g, 99%) as a tan-colored oil. 1H NMR (300 MHz,
[D6]DMSO): d=11.99 (s, 1 H), 11.57 (s, 1 H), 7.52 (d, 1H, J =8.7 Hz),
7.31 (s, 2H), 6.55 (s, 1H), 3.70 (m, 1H), 2.38 (t, 2 H, J= 7.2 Hz), 2.08 (t,
2H, J=7.2 Hz), 1.73 (m, 2 H), 1.24 (m, 20H), 0.84 ppm (m, 6H);
13C NMR (75 MHz, [D6]DMSO): d=171.00, 146.67, 126.46, 108.70, 47.80,
38.41, 34.59, 31.27, 31.07, 28.61, 25.50, 24.15, 23.60, 22.05, 13.96 ppm;
HRMS (ESI): m/z : calcd for C20H38N4O: 350.3046 [M]+ ; found: 350.3033.


4-(2-Amino-1H-imidazol-4-yl)-N,N-dihexyl-butyramide hydrochloride
(36): By using the same general procedure as that used for the synthesis
of 8, 2-amino-4-(3-dihexylcarbamoyl-propyl)imidazole-1-carboxylic acid
tert-butyl ester (0.562 g, 1.29 mmol) gave the title compound 36 (0.451 g,
94%) as a brown foam. 1H NMR (300 MHz, [D6]DMSO): d=12.21 (s,
1H), 11.67 (s, 1H), 7.39 (s, 2 H), 6.50 (s, 1H), 3.43 (t, 4 H, J =7.5 Hz),
2.45 (m, 4 H), 1.57 (m, 4 H), 1.25 (br s, 14H), 0.85 ppm (t, 6H, J =6.6 Hz);
13C NMR (100 MHz, [D6]DMSO): d=146.78, 125.40, 108.98, 83.99, 49.07,
30.79, 28.11, 25.41, 24.33, 21.99, 20.63, 13.85 ppm; HRMS (ESI): m/z :
calcd for C19H36N4O: 336.2889 [M]+ ; found: 336.2897.


A native amide bond


5-Azido-1-bromo-pentan-2-one : 4-Azido-butyric acid[39] (2.15 g,
16.7 mmol) was dissolved in anhydrous dichloromethane (80 mL) at 0 8C
and a catalytic amount of DMF was added. Oxalyl chloride (4.4 mL,
50 mmol) was added dropwise to this solution and the resulting mixture
was then warmed to room temperature. After 1 h, the solvent and excess
oxalyl chloride were removed under reduced pressure. The resulting oil
was dissolved into anhydrous dichloromethane (10 mL) and added drop-
wise to a 0 8C solution of CH2N2 (50 mmol generated from Diazald/
KOH) in diethyl ether (125 mL). This solution was stirred at 0 8C for
1.5 h, after which time, the reaction was quenched by the dropwise addi-
tion of 48% HBr (6.0 mL). The reaction mixture was diluted with di-
chloromethane (25 mL) and immediately washed with sat. NaHCO3 (3 �
25 mL) and brine (2 � 25 mL) before being dried (MgSO4), filtered, and
concentrated. The amber oil obtained (3.10 g, 90%) upon concentration
was pure and was used in the following steps without further purification.
1H NMR (300 MHz, [D6]DMSO): d=4.35 (s, 2H), 3.33 (t, 2 H, J=


6.9 Hz), 2.66 (t, 2H, J =7.2 Hz), 1.75 ppm (quint. , 2 H, J =6.9 Hz);
13C NMR (100 MHz, CDCl3): d =201.33, 50.62, 36.63, 34.26, 23.25 ppm;
HRMS (ESI): m/z : calcd for C5H8BrN3O: 204.9851 [M]+ ; found:
204.9850.


2-Amino-4-(3-azido-propyl)imidazole-1-carboxylic acid tert-butyl ester
(38): 5-Azido-1-bromo-pentan-2-one (0.870 g, 4.22 mmol) and Boc-guani-
dine (2.00 g, 12.7 mmol) were dissolved in DMF (15 mL) and allowed to
stir at room temperature. After 24 h, the DMF was removed under re-
duced pressure and the residue was taken up in ethyl acetate (50 mL)
and washed with water (3 � 25 mL) and brine (25 mL) before being dried
(Na2SO4), filtered, and evaporated to dryness. The resulting oil was puri-
fied by flash column chromatography (10–100 % EtOAc/hexanes) to give
the title compound 38 (0.700 g, 63%) as a white solid. 1H NMR
(300 MHz, CDCl3): d =6.53 (s, 1H), 5.98 (s, 2H), 3.30 (t, 2H, J =6.9 Hz),
2.43 (t, 2 H), J= 7.2 Hz), 1.87 ppm (quint., 2 H, J= 6.9 Hz); 13C NMR
(75 MHz, CDCl3): d =150.56, 149.56, 137.64, 107.09, 84.82, 50.89, 28.13,
27.79, 25.26 ppm; HRMS (ESI): m/z : calcd for C11H18N6O2: 266.1491
[M]+ ; found: 266.1499.


2-Amino-4-(3-heptanoylamino-propyl)imidazole-1-carboxylic acid tert-
butyl ester : 2-Amino-4-(3-azido-propyl)imidazole-1-carboxylic acid tert-
butyl ester 38 (0.100 g, 0.380 mmol) was added to a solution of anhydrous
THF (4 mL) and 10% Pd/C (0.010 g). Air was removed from the system
and the reaction was back flushed with hydrogen. This process was re-
peated three times before setting the reaction under a hydrogen balloon
at atmospheric pressure and temperature for 8 h. After that time, hepta-
noic anhydride (0.104 mL, 0.390 mmol) was added dropwise to the reac-
tion, which was then allowed to stir overnight. After this time, the reac-
tion was filtered through a Celite pad and the filter cake was washed
with THF (20 mL). The filtrate was concentrated under reduced pressure
to afford the crude product, which was subsequently purified by flash
column chromatography (0–10 % MeOH/CH2Cl2) to give the title com-
pound (0.093 g, 70%) as a white solid. 1H NMR (300 MHz, [D6]DMSO):
d=7.76 (m, 1H), 6.52 (s, 1 H), 6.38 (s, 2H), 3.02 (q, 2H, J=6.9 Hz), 2.35
(t, 2 H, J =7.5 Hz), 2.03 (t, 2 H, J =7.5 Hz), 1.60 (quint., 2 H, J =7.2 Hz),
1.53 (s, 9H), 1.46 (m, 2 H), 1.24 (m, 6 H), 0.85 ppm (t, 3H, J=6.6 Hz);
13C NMR (75 MHz, [D6]DMSO): d =171.89, 149.86, 148.90, 138.36,
105.71, 84.02, 38.10, 35.41, 30.98, 28.28, 27.87, 27.48, 25.27, 25.20, 21.97,
13.88 ppm; HRMS (ESI): m/z : calcd for C18H32N4O3: 352.2474 [M]+ ;
found: 352.2488.


Heptanoic acid [3-(2-amino-1H-imidazol-4-yl)propyl]amide hydrochlo-
ride (39): By using the same general procedure as that used for the syn-
thesis of 8, 2-amino-4-(3-heptanoylamino-propyl)imidazole-1-carboxylic
acid tert-butyl ester (0.041 g, 0.120 mmol) gave the target compound 39
(0.033 g, 99 %) as a tan-colored amorphous solid. 1H NMR (400 MHz,
[D6]DMSO): d =12.08 (s, 1 H), 11.61 (s, 1H), 7.91 (m, 1H), 7.33 (s, 2H),
6.57 (s, 1H), 3.03 (q, 2 H, J =6.8 Hz), 2.39 (t, 2 H, J=6.8 Hz), 2.05 (t, 2H,
J =6.4 Hz), 1.62 (t, 2 H, J= 6.4 Hz), 1.47 (m, 2 H), 1.23 (br s, 6H),
0.85 ppm (t, 3H, J =6.4 Hz); 13C NMR (75 MHz, [D6]DMSO): d=172.21,
146.67, 126.34, 108.65, 37.49, 35.42, 30.99, 28.32, 27.84, 25.25, 21.98, 21.44,
13.90 ppm; HRMS (ESI): m/z : calcd for C13H24N4O: 252.1950 [M]+ ;
found: 252.1957.
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Examination of a triazole isostere


2-Amino-4-[3-(4-hexyl ACHTUNGTRENNUNG[1,2,3]triazol-1-yl)propyl]imidazole-1-carboxylic
acid tert-butyl ester : Azide 38 (0.108 g, 0.406 mmol) was dissolved in a
1:1 mixture of ethanol (2 mL) and water (2 mL). Aodium-l-ascorbate
(0.017 g, 0.081 mmol), CuSO4·5 H2O (0.010 g, 0.041 mmol), and 1-octyne
(0.054 g, 0.487 mmol) were added to this solution. The reaction was
stirred at room temperature and monitored by TLC analysis. When com-
pletion of the reaction was evident, the ethanol was removed by rotary
evaporation. The aqueous residue was diluted with water (50 mL) and
EtOAc (100 mL). The organic layer was washed with sat. NaHCO3 (3 �
50 mL) and brine (50 mL), before being dried (Na2SO4), filtered, and
evaporated to dryness. Purification of the crude product by flash column
chromatography (0–10 % MeOH/CH2Cl2) afforded the desired product
(0.084 g, 55 %) as an amber oil. 1H NMR (300 MHz, [D6]DMSO): d=


7.84 (s, 1H), 6.55 (s, 1 H), 6.41 (s, 2H), 4.30 (t, 2H, J =6.9 Hz), 2.58 (t,
2H, J=7.5 Hz), 2.22 (t, 2H, J =6.9 Hz), 2.02 (quint., 2H, J=6.9 Hz),
1.55 (m, 11 H), 1.27 (m, 6 H), 0.85 ppm (t, 3H, J=6.9 Hz); 13C NMR
(75 MHz, [D6]DMSO): d=149.93, 148.86, 146.77, 137.46, 121.61, 106.02,
84.10, 48.68, 30.95, 28.89, 28.54, 28.19, 27.48, 24.99, 24.56, 21.96,
13.86 ppm; HRMS (ESI): m/z : calcd for C19H32N6O2: 376.2587 [M]+ ;
found: 376.2595.


4-[3-(4-Hexyl ACHTUNGTRENNUNG[1,2,3]triazol-1-yl)propyl]-1H-imidazol-2-ylamine hydro-
chloride (40): By using the same general procedure as that used for the
synthesis of 8, 2-amino-4-[3-(4-hexyl ACHTUNGTRENNUNG[1,2,3]triazol-1-yl)propyl]imidazole-1-
carboxylic acid tert-butyl ester (0.054 g, 1.43 mmol) gave the title com-
pound 40 (0.045 g, 100 %) as an amber oil. 1H NMR (300 MHz,
[D6]DMSO): d=12.12 (s, 1H), 11.68 (s, 1 H), 7.88 (s, 1H), 7.37 (s, 2 H),
6.59 (s, 1H), 4.32 (t, 2 H, J= 6.9 Hz), 2.59 (t, 2 H, J= 7.5 Hz), 2.38 (t, 2 H,
J =7.2 Hz), 2.06 (quint., 2 H, J =7.5 Hz), 1.57 (m, 2 H), 1.27 (m, 6H),
0.85 ppm (t, 3H, J =6.9 Hz); 13C NMR (75 MHz, [D6]DMSO): d=146.83,
146.78, 125.47, 121.83, 108.91, 48.33, 30.97, 28.90, 28.24, 28.01, 24.96,
21.99, 21.20, 13.91 ppm; HRMS (ESI): m/z : calcd for C14H24N6: 276.2062
[M]+ ; found: 276.2066.
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Introduction


Much attention is currently devoted to the synthesis and
properties of shape-persistent macrocycles.[1] Because of
their rigid backbones with reduced conformational flexibili-
ty, such compounds can form ordered structures, such as
tubular channels or two-dimensional nanopatterns on surfa-
ces, and act as scaffolds for placing functional units at prede-
termined spatial positions. This latter feature, together with
the possibility of changing the nature of the functional units
by exploiting accessible synthetic routes, makes these com-
pounds suitable for applications as sensors and catalysts.
Particularly interesting are shape-persistent macrocycles in-
corporating coordination units such as 2,2’-bipyridine


(bpy)[2] in which exocyclic coordination can be exploited to
construct dinuclear metal complexes.[2b–d]


Over the past few years it has been shown that suitably
designed molecular and supramolecular species can perform
as nanoscale devices and machines upon stimulation with
photons, electrons or protons.[3,4] In this regard, shape-per-
sistent macrocycles are particularly interesting because they
can play the dual role of simple scaffolds for placing suitable
functional moieties at fixed spatial positions and also the
role of active components by incorporating acid/base-,
photo-, and/or redox-active units in their backbone. It is
indeed expected that stimulation of such units with the ap-
propriate input can influence the properties of the appended
moieties or the energy- or electron-transfer processes even-
tually occurring between them.


As an extension of our previous work,[2] triads C2-M-C2,
C343-M-C343 and C2-M-C343 (Scheme 1) have been de-
signed and synthesised.[5] All three triads have the same
shape-persistent macrocyclic hexagonal backbone (M) as a
central component, which is composed of two bpy units em-
bedded in opposing sides with four hexyloxymethyl chains
at the remaining four corners for solubility reasons. Their
exocyclic peripheries are decorated with three different
combinations of coumarin 2 (C2) and 343 (C343) chromo-
phores at two opposite corners of the structure.


Abstract: We have investigated the
spectroscopic properties (absorption
spectra, emission spectra, emission life-
times) of three triads in CH2Cl2: C2-M-
C2, C343-M-C343, and C2-M-C343, in
which M is a shape-persistent macrocy-
clic hexagonal backbone composed of
two 2,2’-bipyridine (bpy) units embed-
ded in opposing sides, and C2 and
C343 are coumarin 2 and coumarin 343,
respectively. All the components are
strongly fluorescent species (F= 0.90,
0.79, and 0.93 for M, C2, and C343, re-


spectively, as established by investigat-
ing suitable model compounds). In
each triad excitation of M leads to
almost quantitative energy transfer to
the lowest coumarin-localised excited
state. Upon addition of acid, the two
bpy units of the M component undergo
independent protonation leading to


monoprotonated (e.g., C2-M·H+-C2)
and diprotonated (e.g., C2-M·2 H+-C2)
species. Further addition of acid leads
to protonation of the coumarin compo-
nent so that each triad is involved in
four protonation equilibria. Protona-
tion causes strong (and reversible,
upon addition of base) changes in the
absorption and fluorescence properties
of the triads because of inversion of
the excited-state order and/or the oc-
currence of electron-transfer quenching
processes.
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Because of their absorption and emission properties, cou-
marin 2 and coumarin 343 have been extensively studied,[6]


are employed in dye lasers, and used as energy donor and
acceptor moieties, respectively, in the construction of multi-
component systems.[7] The components M, C2 and C343 of
the triads contain basic sites, that can be protonated leading
to a variety of species.


Here we report 1) the light absorption and emission prop-
erties of triads C2-M-C2, C343-M-C343, and C2-M-C343 in
CH2Cl2, 2) the changes induced by acid addition on the ab-
sorption and emission spectra of these compounds, and
3) the energy- and electron-transfer processes that are at the
basis of the acid-dependent spectroscopic features. For com-
parison purposes the behaviour of unsubstituted macrocycle
1, as a model of the backbone (M) of the triads, and N-
benzyl-coumarin 2 (2) and benzyl ester of coumarin 343 (3),
as model compounds of the C2 and C343 moieties
(Scheme 1) has been examined.


Results and Discussion


Unsubstituted macrocycle 1


Acid-controlled absorption and emission spectra : Macrocycle
1 (Scheme 1) shows a strong structured absorption band in
the UV spectral region at lmax =308 nm (e308 =


190 000 m
�1 cm�1, Figure 1a, c) and a very intense blue


emission at lmax =381 nm and F=0.90 (Figure 1b, c ;
Table 1), similar to those exhibited by an analogous previ-
ously investigated macrocycle.[2b]


Upon addition of triflic acid, strong spectral changes are
observed that can be attributed to monoprotonation of the
bpy units. The absorption changes are complete when
3.2 equivalents of acid are added and the final spectrum
(Figure 1a, b) with lmax =360 nm and e360 = 67 000 m


�1 cm�1


is assigned to the diprotonated macrocycle. The presence of
clean isosbestic points shows that the two bpy units, main-
tained far apart by the rigid structure of the macrocycle,
behave independently. This consideration is supported by
the linear changes, observed up to 3.2 equivalents of acid, of
the absorbance at 308 (Figure 2, *) and 360 nm (Figure 2,
&), which correspond to the absorption maxima of the un-
protonated and diprotonated macrocycle, respectively.


Acid addition induces strong changes in the emission
spectrum, monitored by exciting at the 278 nm isosbestic
point (Figure 1b): the disappearance of the intense emission
with lmax = 381 nm, characteristic of the unprotonated mac-
rocycle, is accompanied by the appearance of a broad and
weak emission at lmax =514 nm, which reaches its maximum
intensity (F =0.12) when 3.2 equivalents of acid are added
(Figure 1b, b ; Table 1) and can be attributed to the dipro-
tonated macrocycle.


As shown in Figure 2, the decrease of the emission inten-
sity at 381 nm (*) does not parallel the decrease in the ab-
sorption at 308 nm (*). When half of the acid equivalents
needed to diprotonate the macrocycle is added, the absorp-
tion is that expected for a 1:1 mixture of the unprotonated
(*) and diprotonated (&) species, whereas the emission at
381 nm (*) is quenched to about 25 % of the initial value.
This finding corresponds to a statistic distribution, that is,
25 % of the macrocycle is present as the unprotonated spe-
cies, 25 % as the diprotonated species and 50 % as the mo-
noprotonated species, in which the emission at 381 nm of
the unprotonated bpy unit is quenched by the monoproto-
nated one.


Figure 2 also shows that the changes of the emission in-
tensity at 514 nm (&) upon excitation with light at 278 nm
(absorbed by the macrocycle regardless of its protonation
state) are similar to those observed for the absorption at
360 nm (&). This result indicates that 1) the emission spectra
of the mono- and diprotonated species have the same shape
and the same quantum yield, and that 2) in the monoproto-
nated macrocycle the quenching of the unprotonated bpy
unit emission does not occur by energy transfer to the pro-
tonated bpy unit. Energy transfer, which could seem the
most obvious kind of quenching process by considering that
the protonated species lies at a lower energy than the un-
protonated one, can be, indeed, ruled out because, in such a
case, the emission increase at 514 nm would be the mirror
image of the emission decrease at 381 nm (&).


It is likely that the quenching occurs by photoinduced
electron transfer from the excited state of the unprotonated
to the protonated bpy because it is easier to reduce the pro-


Abstract in Italian: Il presente lavoro riporta lo studio effet-
tuato in CH2Cl2 delle propriet� spettroscopiche (spettri di as-
sorbimento ed emissione, tempi di vita degli stati eccitati) di
tre triadi: C2-M-C2, C343-M-C343 e C2-M-C343. M rappre-
senta un macrociclo rigido a struttura esagonale in cui sono
incorporate in posizioni diametralmente opposte due unit�
2,2’-dipiridina (bpy), mentre C2 e C343 indicano, rispettiva-
mente, la cumarina 2 e la cumarina 343. Tutte le unit� com-
ponenti le triadi sono fortemente luminescenti (F =0.90, 0.79
e 0.93 per M, C2 e C343, rispettivamente, come stabilito stu-
diando opportuni composti modello). In ciascuna triade l�ec-
citazione selettiva di M porta ad un trasferimento di energia
al pi� basso stato eccitato localizzato sulle cumarine con
un�efficienza praticamente unitaria. Aggiunte crescenti di
acido inducono, dapprima, l�indipendente protonazione delle
due unit� bpy del componente M con formazione delle specie
monoprotonate (per esempio, C2-M·H+-C2) e diprotonate
(per esempio, C2-M·2 H+-C2) e, successivamente la protona-
zione delle cumarine. Ciascuna triade � quindi coinvolta in
quattro equilibri di protonazione che, invertendo l�ordine
energetico degli stati eccitati e/o favorendo l�insorgere di pro-
cessi di trasferimento elettronico che spengono le emissioni,
sono accompagnati da modifiche consistenti (e reversibili per
aggiunta di base) delle propriet� spettroscopiche (assorbi-
mento ed emissione) delle triadi esaminate.
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tonated bpy than the unprotonated one.[8] Unfortunately
such hypothesis cannot be verified experimentally because
in argon-purged CH2Cl2 or in purified tetrahydrofuran
(under vacuum conditions) the protonated macrocycle
shows irreversible reduction processes and the unprotonated
macrocycle does not exhibit oxidation processes in the ac-
cessible potential window (+1.7/�1.7 V for CH2Cl2, and + 1/
�3 V for THF versus SCE).


Time-resolved fluorescence experiments : Time-resolved fluo-
rescence experiments, with excitation at 278 nm, have shown
that the excited states of the unprotonated and the diproto-
nated forms of macrocycle 1 have lifetimes of 750 ps and
11.5 ns (Table 1), respectively, and that during acid titration
only two such lifetimes are present. These results enable us
to conclude that 1) the mono- and diprotonated species of 1
have the same lifetime and 2) in the monoprotonated mac-
rocycle the quenching of the excited state of the unprotonat-
ed bpy unit by the protonated one is a very fast process be-
cause only the unquenched lifetime of the unprotonated bpy
is observed. Upon addition of increasing amounts of acid


(from 0 to 3.2 equiv), the pre-exponential factor of the un-
protonated macrocycle decay (monitored in the isoemitting
point at 472 nm) changes as expected for statistical protona-
tion.


Reversibility of the acid-controlled luminescence changes :
The switch off of the intense emission of the unprotonated
macrocycle and the switch on of the emission of its diproto-
nated species obtained upon the addition of 3.2 equivalents
of triflic acid can be completely reversed by adding a stoi-
chiometric amount of tributylamine. We have verified that
the acid–base cycle can be repeated at least ten times with-
out loss of absorption and emission intensities (Figure 3).


Triad C2-M-C2


Acid-controlled absorption and emission spectra : The ab-
sorption spectrum (Figure 4, c) of triad C2-M-C2
(Scheme 1) coincides with that of a 1:2 mixture of 1 and 2
(Scheme 1; lmax =346 nm; e346 =15 300 m


�1 cm�1), used as
model compounds of macrocyclic backbone M and of the


Scheme 1. Structural formulae of the triads investigated, unsubstituted macrocycle 1, N-benzyl-coumarin 2 (2) and the benzyl ester of coumarin 343 (3).
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appended C2 moieties, respectively. This finding indicates
that the component units of the triad do not interact in the
ground state. The situation is, however, completely different
as far as the emission properties are concerned. Upon exci-
tation of the triad with 278 nm light, absorbed almost exclu-
sively by the macrocyclic component M, only an emission
with a maximum at 427 nm and F= 0.73 is observed
(Figure 5: c ; Table 1) that can be straightforwardly as-
signed to the C2 moieties on the basis of the emission prop-
erties of the model compound 2 (lem =436 nm; F=0.79;
Table 1). This result clearly evidences that an energy-trans-
fer process from the excited state of the unprotonated mac-


rocyclic component to C2 (Figure 6a) occurs with an almost
unitary efficiency.


During the titration with triflic acid, strong changes in the
absorption and emission spectra are observed (Figures 4 and
5, respectively).


Upon addition of up to 3.2 equivalents of acid, the ab-
sorption changes are consistent with the protonation of the
bpy units contained in the macrocyclic component, and the
final spectrum (Figure 4, b) shows that diprotonation of
the macrocyclic component has occurred.


The absorption decrease at 308 and increase at 352 nm,
characteristic of the unprotonated and protonated forms of
the macrocyclic component (Figure 7: * and &, respective-
ly), are equal to those found for macrocycle 1.


These changes in the absorption spectrum are accompa-
nied by a decrease in the intensity of the C2-based emission,
which disappears almost completely when 3.2 equivalents of
acid are added (Figure 5, b). Such a decrease (Figure 7,
*) can be interpreted by considering that during the statistic
protonation of the macrocycle the exciting light is distribut-
ed between the unprotonated species, which transfers


Figure 1. Changes in a) absorption and b) emission (lexc =278 nm) ob-
served in CH2Cl2 air-equilibrated solution of 1 (3.4 � 10�6


m) at 298 K
during the titration with triflic acid. c : starting spectrum; b : after
the addition of 3.2 equivalents of acid.


Table 1. Photophysical parameters of the investigated triads and model
compounds.[a]


lem [nm] F[b] t [ns]


1 381 0.90 0.75
1·2H+ 514 0.12 11.5
C2-M-C2 427 0.73 3.6
2 436 0.79 3.2
C343-M-C343 471 0.92 3.0
3 470 0.93 3.0
C2-M-C343 471 0.82 3.0


[a] Air-equilibrated solutions in CH2Cl2 at 298 K. [b] Calculated by using
a solution of 9,10-diphenylanthracene in deoxygenated ethanol (F =0.88)
as the standard.


Figure 2. Normalised absorption (308 nm: *; 360 nm: &) and emission
(381 nm: *; 514 nm: &; lexc =278 nm) changes in an air-equilibrated solu-
tion of 1 (3.4 � 10�6


m) in CH2Cl2 at 298 K as a function of the number of
equivalents of triflic acid added.


Figure 3. Normalised emission intensities (lexc =278 nm; lem =381 nm: *;
lem =514 nm: *) of a solution of 1 (3.2 � 10�6


m) in CH2Cl2 at 298 K ob-
served during protonation (CF3SO3H)/deprotonation (Bu3N) cycles.
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energy to the C2 moiety, and the protonated species, the ex-
cited state of which lies below that of C2. The lack of pro-
tonated macrocycle emission can be explained by the occur-
rence of an electron transfer involving the C2 moiety and
the excited state of the protonated macrocycle, as schemati-
cally shown in Figure 6b.


Upon further addition of acid (from 3.2 to 10 equiv), the
C2 moieties are transformed into their non-emissive proton-
ated form (Figure 4, g), as established by protonating
model compound 4. Under such conditions the emission
with a maximum at around 500 nm appears, characteristic of
the diprotonated macrocycle (Figure 5, g ; Figure 6c). This
finding is consistent with the fact that protonated C2 is no
longer able to reduce the excited state of the diprotonated
macrocycle. As expected, the increase in emission of the di-
protonated macrocycle at 500 nm (Figure 7, &) mirrors the
decrease in absorption of the unprotonated C2 moieties at
352 nm (Figure 7, &).


Time-resolved fluorescence experiments : Time-resolved fluo-
rescence experiments were performed by exciting with
278 nm light, which is almost exclusively absorbed by the
macrocyclic component regardless of its protonation state.
Triad C2-M-C2 exhibits only one mono-exponential decay
with a t value of 3.6 ns (Table 1). This decay can be attribut-


ed, for comparison with model compound 2 (t=3.2 ns;
Table 1), to the C2 moieties and confirms the occurrence of
a fast energy transfer from the excited state of the macrocy-
clic component to appended C2. This lifetime is observed
until complete protonation of M is achieved. For further ad-


Figure 4. Absorption changes of an air-equilibrated solution of triad C2-
M-C2 (3.0 � 10�6


m) in CH2Cl2 at 298 K upon addition of triflic acid: a) 0–
3.2 equivalents; b) 3.2–10 equivalents. c : starting spectrum; b : after
the addition of 3.2 equivalents of acid; g : after the addition of
10 equivalents of acid.


Figure 5. Emission changes (lexc = 278 nm) of an air-equilibrated solution
of triad C2-M-C2 (3.0 � 10�6


m) in CH2Cl2 at 298 K upon addition of triflic
acid: a) 0–3.2 equivalents; b) 3.2–10 equivalents. c : starting emission;
b : after the addition of 3.2 equivalents of acid; g : after the addition
of 10 equivalents of acid.


Figure 6. Energy-level diagram of the excited states involved in the
energy- and electron-transfer processes occurring in triad C2-M-C2 and
its protonated forms. Solid line: selective excitation, dashed line: radia-
tive decay; wavy line: non-radiative decay; ICT (intercomponent charge
transfer): the energy of this state is uncertain.
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dition of acid, a longer lifetime component with t= 11 ns ap-
pears, similar to that of 1·2 H+ , which indicates that protona-
tion of the C2 prevents electron-transfer quenching of the
excited state of the diprotonated macrocycle.


Reversibility of acid-controlled luminescence changes : The
reversibility of the switching off of the C2-based lumines-
cence and the switching on of the diprotonated macrocycle-
based luminescence has been proven by repetitive (at least
ten times) addition of 10 equivalents of triflic acid followed
by an equivalent addition of tributylamine.


Triad C343-M-C343


Acid-controlled absorption and emission spectra : The ab-
sorption and emission properties of triad C343-M-C343
(Scheme 1) can be substantially interpreted on the basis of
the considerations drawn for the previously described triad
C2-M-C2. Its absorption spectrum (Figure 8a, c) is coinci-
dent with the sum of the spectra of the components, in par-
ticular for l<350 nm it is dominated by absorption of the
macrocyclic component, whereas the band at lmax =440 nm
and e440 = 88 000 m


�1 cm�1 can be straightforwardly assigned
to the C343 moieties for comparison with the absorption
spectrum of the benzyl ester of coumarin 343 (3 in
Scheme 1; lmax = 438 nm; e438 = 40 000 m


�1 cm�1) taken as a
model compound.


Selective excitation of the macrocyclic component (lexc =


278 nm) leads to an emission with a maximum at 471 nm
and F=0.92 (Figure 8b, c ; Table 1) that can be assigned
to the C343 moieties, on the basis of the emission properties
of model compound 3 (lem =470 nm, F =0.93; Table 1). This
result evidences that energy transfer from the excited state
of the macrocyclic component to the peripheral moieties
occurs (Figure 9a) with an almost unitary efficiency, as we
have also found for triad C2-M-C2. In the case of C343-M-
C343, this conclusion is further supported by the fact that
the same emission quantum yield is obtained by selective
excitation of the C343 moiety with 440 nm light.


As observed for C2-M-C2, addition of 3.2 equivalents of
acid (Figure 8a, b) causes absorption changes for l<


400 nm that are consistent with the protonation of the two
bpy units contained in the macrocyclic component and a
small shift of the C343-based band towards lower energy.
During protonation of the macrocycle, almost complete dis-


Figure 7. Normalised absorption (308 nm: *; 352 nm: &) and emission
(427 nm: *; 500 nm: &; lexc =278 nm) changes of an air-equilibrated solu-
tion of triad C2-M-C2 (3.0 � 10�6


m) in CH2Cl2 at 298 K upon addition of
triflic acid.


Figure 8. Changes in a) absorption and b) emission (lexc =278 nm) ob-
served of an air-equilibrated solution of triad C343-M-C343 (1.1 � 10�6


m)
in CH2Cl2 at 298 K upon addition of triflic acid. c : starting spectrum;
b : after the addition of 3.2 equivalents of acid.


Figure 9. Energy-level diagram of the excited states involved in the
energy- and electron-transfer processes occurring in triad C343-M-C343
and its protonated forms. Solid line: selective excitation, dashed line: ra-
diative decay; wavy line: non-radiative decay; ICT (intercomponent
charge transfer): the energy of this state is uncertain.
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appearance of the C343-based emission is observed (Fig-
ure 8b, b). Because, as established by the absorption spec-
tra, the excited state of C343 lies at a lower energy than the
diprotonated macrocycle, the emission disappearance is not
due to a lack of population of the coumarin-based excited
state, as previously observed for C2-M-C2, but to an elec-
tron-transfer quenching process (Figure 9b). Two paths are
possible: electron-transfer quenching of the *M·2 H+ excited
state by C343, or energy transfer from *M·2 H+ to C343 fol-
lowed by electron transfer from the excited *C343 moiety to
the protonated species of the macrocycle. The latter possi-
bility is consistent with the fact that the quenching of the
C343 emission is observed when such a unit is directly excit-
ed.


From a quantitative viewpoint (Figure 10), 1) the decrease
of the absorption band of the unprotonated macrocycle at
lmax =308 nm (&), 2) the increase of the absorption band of


the protonated macrocycle at lmax =360 nm (*), and 3) the
decrease of the C343-based emission with lmax =471 nm (*)
show trends similar to those observed for triad C2-M-C2.


Upon further addition of acid, the observed changes in
absorption (Figure 11a) and emission (Figure 11b) indicate,
on the basis of results obtained for the model compound,
that protonation of C343 moieties occurs. This process, how-
ever, is incomplete even when 50 equivalents of acid are
added, evidencing that C343 is a weaker base than C2.


When C343 is protonated, its emission is sensitised by
energy transfer from the protonated macrocyclic component
(Figure 9c). This finding suggests that, as expected, protona-
tion of the C343 moiety prevents its involvement in elec-
tron-transfer quenching. Incidentally, this result shows that
the system is also stable in the presence of a large amount
of acid (50 equiv), that is, under conditions in which cleav-
age of the ester bond connecting the C343 moieties and the
macrocyclic component could be expected to occur.


Time-resolved fluorescence experiments : Time-resolved fluo-
rescence experiments performed at 278 nm, which is ab-


sorbed almost exclusively by the macrocyclic component re-
gardless of its protonation state, have shown that triad
C343-M-C343 exhibits only one mono-exponential decay
with t= 3.0 ns (Table 1). This decay can be attributed, for
comparison with model compound 3 (t=3.0 ns, Table 1), to
the C343 moieties and confirms the occurrence of a fast
energy transfer from the excited state of the macrocyclic
component to the appended C343 moieties.


During the addition of up to 3.2 equivalents of acid, only
the lifetime of the unquenched C343 moiety is observed,
which indicates that the quenching electron-transfer process-
es in the C343-M·2 H+-C343 species are very fast.


Reversibility of the acid-controlled luminescence changes :
Because C343 is a very weak base, only the reversibility of
the protonation/deprotonation process involving the macro-
cyclic component and thereby the reversibility of the off/on
switching of the C343-based luminescence has been investi-
gated. We have found that addition of 3.2 equivalents of
triflic acid followed by adding an equivalent amount of trib-
utylamine can be repeated at least ten times with very small
changes in the starting absorption and emission spectra.
This result shows that the C343 peripheral units do not
modify the acid/base properties of the central macrocycle,
whereas the protonation state of the macrocycle affects the


Figure 10. Normalised absorption (308 nm: *; 360 nm: &) and emission
(471 nm: *; lexc =278 nm) changes of an air-equilibrated solution of triad
C343-M-C343 (1.1 � 10�6


m) in CH2Cl2 at 298 K upon addition of triflic
acid.


Figure 11. Changes in a) absorption and b) emission (lexc =278 nm) ob-
served for an air-equilibrated solution of triad C343-M-C343 (1.1 � 10�6


m)
in CH2Cl2 at 298 K upon addition of triflic acid: from 3.2 (b) to 50
(d) equivalents.
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C343-based emission that is reversibly switched off/on
through electron transfer.


Triad C2-M-C343


Acid-controlled absorption and emission spectra : The ab-
sorption spectrum of the triad C2-M-C343 (Scheme 1) coin-
cides with the sum of the absorption of its components, in
the same way as the symmetrically substituted compounds;
in particular, its spectrum is exactly the sum of half of the
absorption spectra of triads C2-M-C2 and C343-M-C343
(Figure 12a, c).


Upon excitation of M in the C2-M-C343 triad no emission
from the macrocycle is observed, whereas the C343- and C2-
based emissions (lem =471 nm and 430 nm, respectively) are
sensitised with 90 and 5 % efficiencies, respectively (Fig-
ure 12b, c ; Table 1). These values could reflect the differ-
ent rates of *M to C343 or *M to C2 energy-transfer pro-
cesses, but population of the *C343 excited state via *C2
cannot be excluded. An estimation of the rate constant of
energy transfer from *C2 to C343, based on the Fçrster
equation,[9] shows that this process can compete with the in-
trinsic decay of C2.[10]


Upon addition of 3.2 equivalents of triflic acid, triad C2-
M-C343 behaves like triad C343-M-C343: protonation of


the two bpy units of the macrocyclic component takes place
(Figure 11a, b) with the concomitant, almost complete
disappearance of the C343-based emission (Figure 12b,
b).


Further acid addition (up to 25 equiv) causes protonation
first of the C2 and then of the C343 moieties without recov-
ery of the emission of the diprotonated macrocycle, as al-
ready observed for triad C343-M-C343.


It is important to notice that triad C2-M-C343, although
its behaviour matches, particularly in emission, that of C343-
M-C343, is characterised by a more complex pattern of
energy- and electron-transfer processes.


As schematically shown in the energy-level diagram of
Figure 13, this multicomponent system undergoes efficient
energy-transfer processes that lead to the appearance of the


emission characteristic of the C343 moiety (Figure 13a).
Upon protonation of the bpy units of M, such an emission is
quenched by the occurrence of an electron-transfer process
(Figure 13b), that is prevented upon successive protonation
of the amine units of C2 and C343. An energy transfer from
the excited state of the protonated macrocycle to protonated
C343 occurs (Figure 13c), which results in the appearance of
the characteristic emission of this latter moiety.


Time-resolved fluorescence experiments : Time-resolved fluo-
rescence experiments performed by selective excitation of
the macrocyclic component at 278 nm confirms almost com-
plete energy transfer from the excited states of the macrocy-
cle and appended C2 moiety to the C343 moiety. Indeed,
only one mono-exponential decay with t=3.0 ns (Table 1)
was observed that could be assigned to the C343 moiety, in
comparison with the data obtained for model compound 3
and triad C343-M-C343.


Upon acid addition, the changes observed are practically
identical to those obtained for triad C343-M-C343, showing
once again that the behaviour of triad C2-M-C343 is almost
exclusively determined by the C343 moiety.


Figure 12. Changes in a) absorption and b) emission (lexc =278 nm) ob-
served for an air-equilibrated solution of triad C2-M-C343 (2.0 � 10�6


m)
in CH2Cl2 at 298 K upon addition of triflic acid. c : starting spectrum;
b : after the addition of 3.2 equivalents of acid.


Figure 13. Energy-level diagram of the excited states involved in the
energy- and electron-transfer processes occurring in triad C2-M-C343
and its protonated forms. Solid line: selective excitation, dashed line: ra-
diative decay; wavy line: non-radiative decay; ICT (intercomponent
charge transfer): the energy of this state is uncertain.
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Reversibility of the acid-controlled luminescence changes : As
in the case of triad C343-M-C343, and for the same reasons,
only the reversibility of the protonation/deprotonation pro-
cess involving the macrocyclic component M and thereby of
the off/on switching of the C343-based luminescence has
been investigated.


In agreement with the results obtained for triad C343-M-
C343, we have found that the addition of 3.2 equivalents of
triflic acid followed by adding an equivalent amount of trib-
utylamine can be repeated at least ten times with relatively
small changes in the absorption and emission spectra of the
triad C2-M-C343 (Figure 14). This result shows that the


C343 and C2 peripheral units do not modify the acid/base
properties of the central macrocycle and that the emission
characteristics of the C343 moiety are reversibly switched
off/on upon acid/base addition.


The slight decrease in the C343-based emission observed
by increasing the number of the protonation/deprotonation
cycles could be due to a very small percentage of photode-
composition that occurs upon long irradiation.


Conclusion


Suitably designed multicomponent systems can play interest-
ing functions upon chemical, electrochemical, and photo-
chemical stimulation.[11]


Starting with the shape-persistent macrocyclic hexagonal
backbone M, which contains two bpy units, and the well-
known coumarin 2 (C2) and coumarin 343 (C343) dyes, we
have designed and synthesised three novel triads (C2-M-C2,
C343-M-C343 and C2-M-C343), the outstanding spectro-
scopic properties of which (in particular, very strong fluores-
cence signals) can be profoundly and reversibly modified by
chemical inputs (acids and bases). Comparison with the be-
haviour of model compounds of the component units M, C2
and C343, has allowed us to understand the reasons for the


observed changes. Each of the investigated triads is, indeed,
involved in protonation equilibria among five species;
taking C2-M-C343 as an example they are C2-M-C343, C2-
M·H+-C343, C2-M·2 H+-C343, C2·H+-M·2 H+-C343 and
C2·H+-M·2 H+-C343·H+ .


In the unprotonated triads, excitation of M leads to
almost quantitative energy transfer to the lowest coumarin-
localised excited state. Protonation of the bpy units of M
and of the amine units of C2 and C343 causes inversion of
the excited-state order and/or the occurrence of electron-
transfer quenching processes in these multicomponent sys-
tems.


The possibility of manipulating the absorption spectra and
the very strong fluorescence signals by successive acid/base
inputs suggests that these compounds could be profitably
used for molecular logic purposes.[3g,h]


Experimental Section


Materials : Tributylamine (Bu3N, Fluka, �99.5 %) and triflic acid
(CF3SO3H, Fluka, >99.8 %) were used as received. The solvent dichloro-
methane used was purchased from Merck (Uvasol) for the photophysical
experiments and from Romil (Hi-dry) for the electrochemical experi-
ments.


Syntheses : Triads C2-M-C2, C343-M-C343, C2-M-C343, and unsubstitut-
ed macrocycle 1 were synthesised as described in the literature.[5]


Photophysical experiments : All the experiments were carried out at
298 K on air-equilibrated solutions that were kept and manipulated in the
dark because the compounds investigated, particularly compounds 2 and
3, are slightly photodecomposed upon long irradiation. UV/Vis absorp-
tion spectra were recorded with a Perkin–Elmer l40 spectrophotometer,
using quartz cells with a path length of 1.0 cm. Fluorescence spectra were
performed with a Perkin–Elmer LS-50 spectrofluorimeter, equipped with
a Hamamatsu R928 phototube, using spectrofluorimetric quartz cells
with a path length of 1.0 cm. 9,10-Diphenylanthracene in deoxygenated
ethanol (F=0.88)[12] was used as the standard for evaluation of the lumi-
nescence quantum yield. Fluorescence lifetime measurements were per-
formed by using an Edinburgh FLS920 spectrofluorimeter equipped with
a TCC900 card for data acquisition in time-correlated single-photon
counting experiments (0.5 ns time resolution) with a D2 lamp.


Titration experiments : Titrations were performed by adding small ali-
quots (typically 5 mL) of a concentrated (1.0 � 10�3


m) solution of either
acid or base to a dilute (1 � 10�6–4� 10�6


m) solution of the sample (3 mL)
by using a microsyringe. UV/Vis absorption and luminescence changes
were monitored during the titration. Whenever possible, excitation was
performed at an isosbestic point and corrections for inner filter effects[13]


were carried out if necessary.


Electrochemical experiments : The electrochemical investigation of mac-
rocycle 1 and its protonated species was carried out by using the equip-
ment and procedure previously described.[2b]
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Introduction


The concept of kinetic stabilization of monovalent group 13
compounds ER by the use of very bulky substituents (e.g.
Cp*, substituted terphenyl- or bisimidinate ligands) has led
to a rich chemistry.[1–8] Quite recently, it was reported that
even sterically not shielded and thus elusive species such as


GaI[9] and GaCH3
[10] can be trapped as terminal ligands in


the coordination sphere of transition metal centers. Obvi-
ously, the ultimate limit in this series is the chemistry of
naked, substituent-free Ga+ .[11] Indeed, the reaction of
[Ga2Cp*] ACHTUNGTRENNUNG[BArF] (Cp*=C5Me5, [BArF]= [B ACHTUNGTRENNUNG{C6H3ACHTUNGTRENNUNG(CF3)2}4])
with the electron rich 18 valence electron (VE) complexes
[PtL4] (L=PR3, GaCp*) leads to [L4PtGa]+ , which displays
terminally bound Ga+ ions.[12–14] density functional theory
(DFT) calculations confirm the nature of the Pt�Ga interac-
tion as weakly polar donor-acceptor bond with the Ga+ ion
acting as strong s- and p-acceptor without any donor prop-
erties, that is, the s-type free electron pair of Ga+ is sterical-
ly and chemically not active. One may call the donor proper-
ties for Ga+ as “switched off” in this situation. A distinctive
organometallic chemistry of Ga+ , however, has not been in-
vestigated so far. The major problem with Ga+ is the tre-
mendous redox lability, being easily reduced or oxidized by
many reaction partners including redox-active transition
metal centers. Nevertheless, we regard naked Ga+ as a very
interesting synthon for unusual complexes of the type
[LnM�GaR’] (M= transition metal, R’=anionic ligand,
other than Cp*, etc.), for example, by insertion of Ga+ into
M�R’ bonds or by addition of nucleophilic fragments R’ to
electrophilic [LnMGa]+ complexes. Although such reactions


Abstract: New insights into the distinct
organometallic chemistry of the Ga+


ion are presented. Ga+ reacts as a
strong electrophile with the electron
rich ligand trismethylene-methane (C-ACHTUNGTRENNUNG(CH2)3


2�) attached at Ru by insertion
into a Ru�C bond. The resulting “gal-
lamethylallyl” ligand behaves like
strong nucleophile similar to known
monovalent GaR species. This donor
property leads to the dimeric structure
of the product [{Ru ACHTUNGTRENNUNG(GaCp*)3-


ACHTUNGTRENNUNG[h3- ACHTUNGTRENNUNG(CH2)2C ACHTUNGTRENNUNG{CH2ACHTUNGTRENNUNG(m-Ga)}]}2]ACHTUNGTRENNUNG[(BArF)2]
(4) (Cp*=C5Me5, [BArF]= [B ACHTUNGTRENNUNG{C6H3-ACHTUNGTRENNUNG(CF3)2}4]). Very unexpectedly, the two
gallium ligands in this dimer are found
in close vicinity to each other with a
distance in the range of Ga�Ga bonds.


Indeed, AIM calculations confirm a
weak attractive closed shell Ga�Ga in-
teraction. Finally, a novel example of a
complex with substituent-free Ga+ as a
ligand was found in the compound
[Ru ACHTUNGTRENNUNG(PCy3)2ACHTUNGTRENNUNG(GaCp*)2(Ga)] ACHTUNGTRENNUNG[BArF] (6)
(Cy=C6H11, cyclohexyl), the very short
Ru�Ga bond length confirming the as-
sumption that Ga+ represents a pure s/
p-accepting ligand in this case.
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are unknown for Ga+ so far, many examples exist of inser-
tion reactions of neutral GaR species more or less always
leading to complexes of the type [LnM�GaXR].[10,15–19] Ex-
ceptions from this general reaction are known, for example,
for starting complexes bearing two (or potentially more)
anionic groups X, leading to formation of the GaIII side
product RGaX2 and thus reduction of the transition metal
center. A recent example for this would be the reduction of
SnCl2 by the beta-diketiminate Ga ACHTUNGTRENNUNG(DDP) (DDP=


HC(CMeHC6H3-2,6-iPr2)2) leading to the unusual gallium-
ligand stabilized metalloid tin cluster [Sn17{Ga ACHTUNGTRENNUNG(DDP)Cl}4].[20]


Along these lines, we wish to address two major questions
concerning the organometallic reactivity of the cation Ga+


in this report: First, if Ga+ behaves as a strong electrophile
towards Lewis basic transition metal centers, how about its
behavior towards nucleophilic p-ligands? Secondly, what
can we tell about its reactivity towards M�X motifs, taking
into account the numerous examples of reactions of GaR
with complexes [LnM�X]? As starting points for these reac-
tivity studies of Ga+ towards organometallic substrates we
chose the 18 VE complex [Ru ACHTUNGTRENNUNG(GaCp*)3ACHTUNGTRENNUNG(TMM)] (1)
(TMM =h4-CACHTUNGTRENNUNG(CH2)3) as an example for a transition metal
complex bearing the strongly p-donating ligand trismethyl-
enemethane as well as [Ru ACHTUNGTRENNUNG(PCy3)2 ACHTUNGTRENNUNG(GaCp*)2(H)2] (2) as a
complex featuring two potentially reactive M�H bonds.


Results and Discussion


Synthesis and characterization of [Ru ACHTUNGTRENNUNG(GaCp*)3ACHTUNGTRENNUNG(TMM)] (1)
and [Ru ACHTUNGTRENNUNG(PCy3)2 ACHTUNGTRENNUNG(GaCp*)2(H)2] (2): First, we describe the
preparation characterization of the two new compounds
[Ru ACHTUNGTRENNUNG(GaCp*)3ACHTUNGTRENNUNG(TMM)] (1) and [Ru ACHTUNGTRENNUNG(PCy3)2 ACHTUNGTRENNUNG(GaCp*)2(H)2] (2),
which are the starting materials for the study below. As for
complex 1, the reaction of the octahedral RuII starting com-
plex [Ru ACHTUNGTRENNUNG(h4-COD)(h3-CH2CMeCH2)2]


[21] (COD =cycloocta-
diene) with three molar equivalents of GaCp* in toluene at
80 8C, cleanly leads to [Ru ACHTUNGTRENNUNG(GaCp*)3ACHTUNGTRENNUNG(TMM)] (1) in a yield of
62 % within 1 hour. The formation of a TMM ligand by hy-
drogen transfer from a coordinated 2-methylallyl moiety is
well known and has been described in literature in numer-
ous examples.[22] The analysis of the 1H NMR and 13C spec-
tra is in agreement with the proposed structure, and features
signals for the TMM ligand at d= 1.76 ppm (6 H) in the
1H NMR spectrum and at d=84.1 (central carbon) and d=


24.5 pm (CH2) in the 13C NMR spectrum, respectively. The
solid-state structure of 1 has been determined by a single
crystal X-ray diffraction experiment. A POVRAY plot of 1
is shown in Figure 1 and important crystallographic data are
summarized in Table S1 (see the Supporting Information).
The umbrella-like puckering of the TMM ligand is usually
quantified in terms of the angle q, which is measured to be
12.08 for 1. This value matches well with the data of most
other TMM complexes.[22,23] The Ru�Ga bond length aver-
ages to 2.348 �, which is relatively short, but still in line
with known RuII�GaCp* complexes that also show symmet-
rically h5-coordinated Cp* ligands at the Ga centre.[16,19] The


preparation of the second test complex, the RuII hydride,
[Ru ACHTUNGTRENNUNG(PCy3)2ACHTUNGTRENNUNG(GaCp*)2(H)2] (2) starts out from Chaudret�s
ruthenium polyhydride [Ru ACHTUNGTRENNUNG(PCy3)2(H2)2(H)2] (Cy= C6H11,
cyclohexyl).[24] Reaction of a freshly prepared sample of this
complex with two equivalents of GaCp* in hexane results in
evolution of H2 and formation of 2 in high yield. The hy-
dride signal appears at d=�12.74 ppm in the 1H NMR spec-
trum as a triplet due to coupling with the PCy3 ligands indi-
cating that PCy3 does not dissociate in solution. The shift of
the hydride signal is well in agreement with terminal Ru�H
complexes reported in literature.[25–27]


In addition, the transversal relaxation time T1 of 2 has
been determined to be above 300 ms, which clearly indicates
the classical dihydride structure of 2.[28,29] Single crystals suit-
able for X-ray diffraction studies, were obtained by slowly
cooling a saturated pentane solution of 2 down to �30 8C
for several days. Important crystallographic data are sum-
marized in Table S1 (see the Supporting Information) and
the molecular structure is shown in Figure 2. Compound 2
crystallizes in the monoclinic space group P2(1)/c with two
almost identical molecules in the asymmetric unit. The hy-
dride ligands were located in the course of the refinement
of the solid state structure. The presence of terminal hydride
ligands in the solid state structure of 2 is further substantiat-
ed by IR spectroscopy which reveals two sharp absorptions
in the typical region for terminal ruthenium hydride ligands
(ñ=2026 and 2002 cm�1). The coordination geometry
around the metal center is described as a distorted octahe-
dron defined by the two axial phosphines in the trans posi-
tion, two GaCp* ligands are cis to each other and two hy-
drides are trans to the GaCp* moieties. As already observed
in similar complexes,[30,31] the phosphorous atoms are bent
towards the hydride ligands resulting in a P 2-Ru-P 1 angle
of 145.54(4)8. The angle between the GaCp* ligands is
about 94.67(2)8 and the Ru�Ga bond lengths (Ru 1�Ga1 =


2.4019(7) � and Ru1�Ga2=2.4014(7) �) are in the range
of other Ru�GaCp* complexes. The Cp* groups are clearly


Figure 1. Molecular structure of [RuACHTUNGTRENNUNG(GaCp*)3ACHTUNGTRENNUNG(TMM)] 1 in the solid state
as determined by X-ray single crystal diffraction (thermal ellipsoids are
shown at the 50% probability level, hydrogen atoms have been omitted
for clarity).
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h5-bound to the Ga atoms
(Ga 1�Cp*centr 2.046 �, Ga2�
Cp*centr 2.053 �), and do not ex-
hibit any unusual features.


It should be noted, that a re-
action analogous to the synthe-
sis of 2 that uses AlCp* instead
of GaCp* clearly leads to the
related complex [Ru ACHTUNGTRENNUNG(PCy3)-ACHTUNGTRENNUNG(AlCp*)2(H)2] bearing one
PCy3 ligand less than the galli-
um complex 2. Analysis of the
1H and 13C, as well as 31P NMR
spectra, of the reaction product
leads to a very good agreement
with the proposed 16 VE structure, however, the separation
of the liberated PCy3 and the isolation of the aluminum
complex in pure form were unsuccessful. Therefore, neither
elemental analysis nor single crystal X-ray structural analy-
sis of this complex could be performed.


The addition of H+ and Ga+ to [Ru ACHTUNGTRENNUNG(GaCp*)3ACHTUNGTRENNUNG(TMM)] (1):
The bis-allyl type TMM ligand represents a strongly stabiliz-
ing, yet potentially reactive organometallic co-ligand and,
therefore, 1 seemed to be a good candidate to study the re-
activity of the Ga+ ion. As Ga+ is a strong Lewis acid, simi-
lar to H+ ,[12] we first studied the protonation of 1 by [H-ACHTUNGTRENNUNG(OEt2)2]ACHTUNGTRENNUNG[BArF] and consequently obtained [Ru ACHTUNGTRENNUNG(GaCp*)4-ACHTUNGTRENNUNG{h3-ACHTUNGTRENNUNG(CH2)2C ACHTUNGTRENNUNG(CH3)}] ACHTUNGTRENNUNG[BArF] (3) in good yield of about 60–
70 % (Scheme 1). The selectivity of the reaction is high, no
organometallic by-products were detected by in situ NMR
spectroscopy. In particular, protolysis of a Cp* group was
not observed. This is in sharp contrast to [Rh ACHTUNGTRENNUNG(Cp*Ga)4(h1-


Cp*GaCH3)], which reacted with [H ACHTUNGTRENNUNG(OEt2)2]ACHTUNGTRENNUNG[BArF] by liber-
ation of Cp*H to yield the first terminally coordinated
GaMe species, namely [Rh ACHTUNGTRENNUNG(Cp*Ga)4ACHTUNGTRENNUNG(GaCH3)] ACHTUNGTRENNUNG[BArF].[10]


This result shows that the most nucleophilic site in 1 is
indeed the TMM ligand. The formation of a h3-p-allylic
ligand by protonation of the h4-p-allylic TMM suggests that
only a small fraction of the p-bond energy is lost, which cer-
tainly contributes to the overall driving force of the reaction.
The exact origin of the fourth equivalent of GaCp* in 2
which saturates the formal 18 VE count of the ruthenium
center is unclear, so far. Some decomposition of the starting
complex 1 on protonation under liberation of GaCp* is
likely. Analysis of the 1H as well as 13C NMR spectra is in
good agreement with the proposed structure of 3, with three
signals at d= 2.52 (d, syn-H), d=2.29 (d, anti-H) and d=


2.11 ppm (s, CH3) for the methylallyl ligand.
Upon slow diffusion of n-hexane into a THF solution of 3


at room temperature, pale yellow single crystals were isolat-
ed. A single crystal X-ray diffraction study reveals a distort-
ed octahedral structure for the cation [Ru ACHTUNGTRENNUNG(GaCp*)4-ACHTUNGTRENNUNG{h3-ACHTUNGTRENNUNG(CH2)2C ACHTUNGTRENNUNG(CH3)}]+ (Figure 3, see Table S1 in the Support-
ing Information for details of the analysis). Two GaCp* li-


gands occupy the axial positions (Ga 2-Ru1-Ga 4 trans-angle
of 172.93(2)8), whereas the remaining two GaCp* ligands
are localized in the equatorial plane trans to the methylallyl
group (Ga 1-Ru 1-Ga 3 cis-angle of 99.09(2)8) The Ru�Ga
bond lengths range from 2.3848(6) � for Ru 1�Ga 2 to
2.4433(6) � for Ru1�Ga4 with an average value of 2.412 �
and are, therefore, elongated by 2.7 % compared to the
starting complex [Ru ACHTUNGTRENNUNG(GaCp*)3 ACHTUNGTRENNUNG(TMM)] (1). The Cp* groups
of each low-valent group 13 ligand are in a clear h5 binding
mode with Ga�Cp*centr bond lengths of 1.960–1.995 � (aver-
age 1.977 �). Notably, the Cp* group bound to Ga 4 is sig-
nificantly bent to the equatorial plane resulting in an angle
Ru-Ga 4-Cp*centr of 150.578. The methylallyl ligand is charac-
terized by a typical h3 coordination mode with C�C and
Ru�C bond lengths similar to those of reported ruthenium
allyl complexes.[32–37]


In analogy to the addition of H+ , we treated of 1 with
one molar equivalent of the Ga+ transfer reagent [Ga2Cp*]-


Figure 2. Molecular structure of [Ru ACHTUNGTRENNUNG(PCy3)2ACHTUNGTRENNUNG(GaCp*)2(H)2] 2 in the solid
state as determined by X-ray single crystal diffraction (thermal ellipsoids
are shown at the 50% probability level, hydrogen atoms except H 1 and
H2 have been omitted for clarity).


Scheme 1. Reaction of 1 with [H ACHTUNGTRENNUNG(OEt2)2] ACHTUNGTRENNUNG[BArF] and [Ga2Cp*] ACHTUNGTRENNUNG[BArF] in fluorobenzene solution.
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ACHTUNGTRENNUNG[BArF] in fluorobenzene at room temperature. Subsequent
crystallization by means of slow diffusion of n-hexane into
this solution at 25 8C afforded air sensitive deep red crystals
of [{Ru ACHTUNGTRENNUNG(GaCp*)3ACHTUNGTRENNUNG[h3-ACHTUNGTRENNUNG(CH2)2C ACHTUNGTRENNUNG{CH2ACHTUNGTRENNUNG(m-Ga)}]}2]ACHTUNGTRENNUNG[(BArF)2] (4) in
a preparative yield of �80 % (Scheme 1). Complex 4 is
stable in the solid state, but isomerizes in polar solvents
such as fluorobenzene at elevated temperature (vide infra).
In the solid state structure of 4 (Figure 4), both ruthenium
centers are coordinated in a distorted octahedral environ-
ment. A “gallamethylallyl” fragment, in which one proton
of the methyl group of a methylallyl ligand is replaced by a
gallium atom, coordinates in the equatorial plane of each
ruthenium center trans to two GaCp* ligands. The gallium
atom of the gallamethylallyl ligand is coordinated at the ad-
jacent ruthenium center and is therefore part of its axial en-
vironment which is completed by a third GaCp* ligand. The


Ga1�C 3 bond length of 1.959(3) � is almost identical to
the reported Ga�CH3 bond length in the isoelectronic and
structurally related complex [RhACHTUNGTRENNUNG(GaCp*)4ACHTUNGTRENNUNG(GaCH3)] ACHTUNGTRENNUNG[BArF]
(Ga�CH3 1.958(11) �).[10] The most striking feature of 3 is
the short Ga 1�Ga1’ length of 2.5836(8) �. Comparable
lengths are found in GaI clusters (e.g. 2.568 � in [Ga4-ACHTUNGTRENNUNG(SitBu3)4])


[38] or GaII�GaII dimers (e.g. 2.515 � in [Ga2-ACHTUNGTRENNUNG(C6H2iPr3)4]).[39]


Interestingly, compound 3 undergoes an irreversible ther-
mal isomerization upon prolonged heating (Figure 5). When
a pure crystalline sample of 3 was refluxed in fluorobenzene
for 30 min at 85 8C a color change from dark red to pale
yellow took place. Upon slow diffusion of n-hexane into this
solution at 25 8C, pale-yellow single crystals of the salt [{Ru-ACHTUNGTRENNUNG(GaCp*)3ACHTUNGTRENNUNG[h3- ACHTUNGTRENNUNG(CH2){CH ACHTUNGTRENNUNG(m-Ga) ACHTUNGTRENNUNG(CH3)}]}2]ACHTUNGTRENNUNG[(BArF)2] (5) were
isolated in 91 % yield. The molecular structure of 5 was de-
termined by X-ray analysis (Figure 5, Table S1) and is very
similar to that of 4 (Figure 3). However, in 5 the gallium
atom is no longer bound to an aliphatic CH2 group, but
rather to a vinyl group, that is, the terminal carbon of the al-
lylic unit. Thus the thermal isomerization 4!5 can be
viewed as a “tautomerism” of the allyl fragment. As a result
of this rearrangement the Ru1�Ga1 length 2.3920 � is
slightly elongated compared to 4 whereas the corresponding
Ru1�Ga 5 (2.8734 �) as well as the Ga 1!Ga 5 (2.5399 �)
bonds are slightly shortened. Interesting features of both
isomers 4 and 5 are the angles Ru1-Ga 1-C 3’ of 159.0(1)8
and Ru1-Ga 1-C 37 and Ru 2-Ga5-C 3 of 171.808 and 171.818
respectively. The bending of the Ru-Ga-C unit of 4 is signifi-
cantly different from the linear arrangement seen in [Rh-ACHTUNGTRENNUNG(GaCp*)4ACHTUNGTRENNUNG(GaCH3)] ACHTUNGTRENNUNG[BArF] (Rh-Ga-CH3 176.1(5)). Appa-
rently, the driving force of the isomerization 4!5 correlates
with the relaxation of the Ru-Ga-C angle.


To get more insight into the bonding situation of the iso-
mers 4 and 5 DFT calculations were performed[40] for the


model compounds 4 M and 5 M


where Cp* is replaced by Cp.
Geometry optimizations at RI-
BP86/def2-SVP of 4 M and 5 M


gave bond lengths and angles,
which are very similar to the
experimental data of 4 and 5.
In particular, the calculated
Ga�Ga lengths of 4 M


(2.580 �, exptl: 2.584 �) and
5 M (2.577 �, exptl: 2.540 �)
concur quite well with experi-
ment. The calculations show
that isomer 5 M is 5.76 kcal
mol�1 lower in energy than 4 M,
in agreement with the experi-
mental evidence that 4 is the ki-
netic and 5 the thermodynamic
product. We analyzed the bond-
ing situation in 4 M and 5 M by
using the AIM method[41] to un-
derstand the nature of the Ga�


Figure 3. Molecular structure of the cationic part of 3 in the solid state as
determined by X-ray single crystal diffraction (thermal ellipsoids are
shown at the 50% probability level, hydrogen atoms have been omitted
for clarity).


Figure 4. Molecular structure of the cationic part of 4 in the solid state as determined by X-ray single crystal
diffraction (thermal ellipsoids are shown at the 50 % probability level, hydrogen atoms have been omitted for
clarity).
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Ga interactions. Figure 3 displays the results of the topologi-
cal analysis of 4 M. There are bond paths and bond-critical
points for Ga�C and Ga�Ru as expected, but surprisingly
there is also a bond path and a bond-critical point for the
Ga�Ga interactions. The calculated energy density at the
Ga�Ga bond-critical point H(rb)=�0.014 Hartree ��3 sug-
gests a closed-shell interaction with only weak covalent
bonding contributions.[42] However, the calculated values for
the Ga�Ru bond (H(rb)=�0.030 Hartree ��3) and the Ga�
C bond (H(rb)=�0.051 Hartree/�3) indicate that the cova-
lent contributions in the latter bonds are not much higher.
The results for 5 M are not very different from 4 M and,
therefore, are not given here. We conclude that there is
indeed a weak attractive Ga�Ga interaction in both com-
pounds 4 and its isomer 5 (Figure 6)


The reaction of Ga+ with [Ru ACHTUNGTRENNUNG(PCy3)2ACHTUNGTRENNUNG(GaCp*)2(H)2] (2):
Protonation of the closed shell 18 VE complex 2 by [H-ACHTUNGTRENNUNG(OEt2)2]ACHTUNGTRENNUNG[BArF] leads to unselective decomposition of the
starting material with crystals of [HPCy3]ACHTUNGTRENNUNG[BArF] as the only
isolable decomposition product. Remarkably, the analogous
treatment of 2 with one molar equivalent of [Ga2Cp*] ACHTUNGTRENNUNG[BArF]
selectively gives the ionic compound [Ru ACHTUNGTRENNUNG(PCy3)2-ACHTUNGTRENNUNG(GaCp*)2(Ga)] ACHTUNGTRENNUNG[BArF] (6) under evolution of H2 (Scheme 2),
which is clearly visible on mixing the starting materials. The
1H NMR of 6 does not show any signals in the typical range
of Ru�H groups, whereas the typical region for Ga�H
groups is covered by the broad PCy3 signals. However, also
the IR spectrum does not exhibit any bands in the typical


region of Ga�H or Ru�H stretching frequencies. Upon slow
diffusion of n-hexane into a fluorobenzene solution of 6 at
room temperature, colorless single crystals of 6 are ob-
tained. The cation of 6 exhibits a slightly distorted trigonal-
bipyramidal structure with the Ga+ ligand in an equatorial
position (Figure 7).


Both GaCp* ligands now occupy the axial positions of a
heavily distorted trigonal bipyramidal coordination sphere
around the Ru centre with an angle Ga 1-Ru-Ga 2 of
157.94(3)8. In contrast to compound 2 the bulky PCy3


groups move towards each other into equatorial positions
with an angle P 1-Ru-P 2 of 145.58(4)8. Probably as a result
of this cis coordination of the phosphine ligands, the Ru�P
bond lengths are slightly elongated in comparison to the
starting complex 2 (2.3286 � in 2 versus an average of
2.3719 � in 6). The GaCp* ligands are significantly bent to-
wards the terminal Ga+ ligand, and the Ga3-Ru-Ga 1 and
Ga3-Ru-Ga2 angles are closer to 808 than 908. The Ru�
GaCp* bond lengths average to 2.4236 � and are thus com-
parable to those of 2 (2.4017 �). The Ga�Ga lengths are
2.994(2) � and 3.0148(8) � respectively. In comparison with
the Ga�Ga interactions of 3 and 5 this lengths are quite
long and weak bonding interactions in the Ga+/GaCp* pairs
are unlikely.


Figure 5. Molecular structure of the cationic part of 5 in the solid state as
determined by X-ray single crystal diffraction (thermal ellipsoids are
shown at the 50% probability level, hydrogen atoms have been omitted
for clarity).


Figure 6. Laplacian 521(r) of 4M. Solid lines indicate areas of charge
concentration (521(r)<0) while dashed lines show areas of charge deple-
tion (521(r)>0). The thick solid lines connecting the atomic nuclei are
the bond paths. The thick solid lines separating the atomic basins indicate
the zero-flux surfaces crossing the molecular plane. Red circles indicate
bond-critical points and blue circles show ring critical points.


Scheme 2. Reaction of 2 with [Ga2Cp*] ACHTUNGTRENNUNG[BArF] in fluorobenzene solution.
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Most interestingly, the bond length of the ruthenium atom
to the naked Ga+ ion of 2.300(2) � (Ru�Ga3) is shortened
by more than 5 % with respect to the Ru�GaCp* bonds
(e.g., Ru�Ga 1=2.4206(6) �). Notably, this Ru�Ga+ bond
is the shortest Ru�Ga contact known to date. The cation of
6 could formally be described as a 16 e fragment [Ru ACHTUNGTRENNUNG(PCy3)2-ACHTUNGTRENNUNG(GaCp*)2], which is electronically saturated by the donation
of the remaining electron pair of Ga+ to yield a complex
[(Ga)Ru ACHTUNGTRENNUNG(PCy3)2ACHTUNGTRENNUNG(GaCp*)2]


+ with a formal 18 e count, but
this would be a wrong interpretation of the situation. It was
shown by a detailed bonding analysis of the related plati-
num cations [(Ga)PtACHTUNGTRENNUNG(GaCp)n]


+ (n= 3, 4) based on DFT cal-
culations that the Ga+ ligand exhibits no Lewis basic prop-
erties at all, but acts as strong s and p acceptor, only.[12] This
is particularly interesting in case of the formally unsaturated
16 e platinum complex [(Ga)PtACHTUNGTRENNUNG(GaCp)3]


+ , which is of imme-
diate relevance for our discussion of [(Ga)RuACHTUNGTRENNUNG(PCy3)2-ACHTUNGTRENNUNG(GaCp*)2]


+ . The electron pair of Ga+ possesses mainly s
character and does not participate in coordinative bonding.
The energy decomposition analysis of [(Ga)Pt ACHTUNGTRENNUNG(GaCp)n]


+


showed that the partitioning of the DEorb term into the con-
tributions of the s and p orbitals reveals strong E+�Pt p in-
teractions leading to a Ga+�Pt p bonding with nearly the
same strength as the Ga+�Pt s bonding. Note, that the d8


Ru center of the fragment [Ru ACHTUNGTRENNUNG(PCy3)2ACHTUNGTRENNUNG(GaCp*)2] is suppos-
edly even more basic as compared with to the platinum
centre of [Pt ACHTUNGTRENNUNG(GaCp)3]


+ . This reasoning explains the very
short Ru�Ga3 bond length of 2.302(2) �. There is as strong
s/p back donation of the basic ruthenium atom to the very
good s/p acceptor ligand Ga+ .


Conclusion


The key messages of the above presented results can be
summarized in the following way. First, an attack of carbon
nucleophiles at the electrophilic ion Ga+ yields an RGa spe-
cies which expectedly “switches on” the free electron pair of
GaI, that is, the electrophilic Ga+ is converted to a basic
GaR. This results in the coordination of the monovalent
RGa unit to an adjacent Ru centre and finally leads to di-
merization as shown by the reactions of Scheme 1 and the
compounds 3–5. Second and more unexpectedly: even metal
coordinated, and thus trivalent RGa units, can weakly bind
to each other through closed-shell interactions. This effect
appears to be important enough to favor the discrete dimer-
ic structures of 4 and 5 over the possible alternative of a
polymeric chain. Finally, compound 6 represents just the
second example of a complex featuring a naked Ga+ coordi-
nating to a transition metal in a terminal fashion. The rather
basic Ru0 d8 metal center and the strong s/p-acceptor ligand
properties favor an extremely short Ru�Ga length well in
line with previous findings on related platinum complexes
such as [(Ga)Pt ACHTUNGTRENNUNG(GaCp*)4].[12] Although the exact mechanism
of the reaction of [Ru ACHTUNGTRENNUNG(PCy3)2ACHTUNGTRENNUNG(GaCp*)2(H)2] (2) with the
Ga+ transfer reagent [Ga2Cp*]ACHTUNGTRENNUNG[BArF], which yields 6 is un-
known and no intermediates were detectable by in situ
NMR spectroscopy, it may be reasonable to assume that the
primary step of this reaction is an insertion of Ga+ into a
Ru�H bond. This would give an intermediate featuring one
more acidic Ru�H and one more basic Ga�H unit. A subse-
quent polar intra- or intermolecular reaction would lead to
H2 elimination and formation of the final product.[45] By pre-
senting this speculative explanation of the formation of 6 we
like to point out that transition metal coordinated GaH spe-
cies are still unknown and remain a challenge for synthe-
sis.[17]


Experimental Section


General considerations : All manipulations were carried out in an atmos-
phere of purified argon using standard Schlenk and glove box techniques.
The solvents were dried using an mBraun Solvent Purification System.
The final H2O content in all solvents was checked by Karl–Fischer titra-
tion and did not exceed 5 ppm. [Ga2Cp*] ACHTUNGTRENNUNG[BArF],[12] GaCp*,[43] [Ru(h3-
CH2CMeCH2)2ACHTUNGTRENNUNG(h4-COD)][21] as well as the hydride complex [Ru-ACHTUNGTRENNUNG(PCy3)2(H2)2(H)2]


[24] were prepared according to literature methods. Ele-
mental analyses of all compounds were performed at the Laboratory for
Microanalytics of the University of Essen (EA 1110 CHNS-O Carlo
Erba Instruments). NMR spectra were recorded on a Bruker Avance
DPX-250 spectrometer (1H at 250.1 MHz; 13C at 62.9 MHz) in C6D6


298 K unless otherwise stated. Chemical shifts are given relative to TMS
and were referenced to the solvent resonances as internal standards. All
crystal structures were measured on an Oxford Excalibur diffractometer.
The structures were solved by direct methods using SHELXS-97 and re-
fined against F2 on all data by full-matrix least-squares with SHELXL-
97.[44] Details of the structure determinations of products 1–6 are given in
Table S1. CCDC 693098 (1), 693099 (2), 693100 (3), 693101 (4), 693102
(5) and 693103 (6) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cam-


Figure 7. Molecular structure of the cationic part of 6 in the solid state as
determined by X-ray single crystal diffraction (thermal ellipsoids are
shown at the 50% probability level, hydrogen atoms have been omitted
for clarity).
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bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.


Preparation of [Ru ACHTUNGTRENNUNG(GaCp*)3 ACHTUNGTRENNUNG(TMM)] (1): To a solution of [Ru ACHTUNGTRENNUNG(h4-
COD)(h3-CH2CMeCH2)2] (0.300 g, 0.939 mmol) in toluene (6 mL)
GaCp* (0.616 g, 3.005 mmol) was added. The reaction mixture was
stirred for 1 h at 80 8C. The solvent was removed in vacuo and the dark-
red residue was washed with a small amount of cold n-hexane. The pre-
cipitate was dissolved in n-hexane and slowly cooled to �30 8C while 1
crystallized in form of pale yellow prisms. Yield: 0.448 g yellow crystals
(62 %). 1H NMR (C6D6): dH =1.89 (s, 45 H; GaCp*), 1.76 ppm (s, 6 H;
CH2); 13C{1H} NMR (C6D6): dC{H} =113.5 (C5Me5), 84.1(Ccentr, TMM), 24.5
(CH2, TMM), 10.2 ppm (C5Me5); elemental analysis calcd (%) for
C34H51Ga3Ru: C 53.03, H 6.68; found: C 52.14, H 6.54.


Preparation of [Ru ACHTUNGTRENNUNG(PCy3)2 ACHTUNGTRENNUNG(GaCp*)2(H)2] (2): To a solution of [Ru-ACHTUNGTRENNUNG(PCy3)2(H2)2(H)2] (0.300 g, 0.449 mmol) in hexane (6 mL) GaCp*
(0.203 g, 0.988 mmol) was slowly added at room temperature. The reac-
tion mixture was stirred for 30 min at 60 8C, then all volatiles were re-
moved in vacuo. The bright yellow residue was redissolved in pentane
and slowly cooled to �30 8C while 2 crystallized in form of colorless nee-
dles. Yield: 0.405 g (84 %). 1H NMR (C6D6): dH =2.07 (s, 30 H; GaCp*),
1.63 (s, 66H; PCy3), �12.74 (triplet, 2J(P�H) =26.31 Hz, 2H); 13C{1H} NMR
(C6D6); dC{H} =113.5 (C5Me5), 42.6 (br, PCy3), 39.4 (br, PCy3), 32.4 (br,
PCy3), 31.2 (br, PCy3), 29.4 (br, PCy3), 28.5 (br, PCy3), 27.6 (s, PCy3), 27.3
(s, PCy3), 27.1 (s, PCy3), 26.9 (s, PCy3), 26.5 (s, PCy3), 10.8 (C5Me5);
31P{1H} NMR (C6D6, 298 K, 101.25 MHz): dP =87.04 (s); IR (Nujol): ñ=


2026 and 2002 cm�1 (vs, Ru�H); elemental analysis calcd (%) for
C55H96Ga2P2Ru: C 62.33, H 9.13; found: C 62.02, H 8.74.


Preparation of [Ru ACHTUNGTRENNUNG(GaCp*)4 ACHTUNGTRENNUNG{h3- ACHTUNGTRENNUNG(CH2)2C ACHTUNGTRENNUNG(CH3)}] ACHTUNGTRENNUNG[BArF] (3): After a
Schlenk tube was charged with a pure crystalline sample of 1 (0.300 g,
0.390 mmol) and [H ACHTUNGTRENNUNG(OEt2)2] ACHTUNGTRENNUNG[BArF] (0.394 g, 0.390 mmol), fluorobenzene
was added at �30 8C. The reaction mixture was stirred for 2 h at room
temperature. All volatiles were removed in vacuo and the pale orange
residue was washed with hexane (3 � 5 mL). The residue was dissolved in
fluorobenzene and the product was crystallized by slow diffusion of n-
hexane into this solution. Yield: 0.423 g orange crystals (59 %). 1H NMR
([D8]THF): dH =7.80 (s, 8 H; BArF), 7.58 (s, 4H; BArF), 2.52 (t, 3J(H�H) =


1.22 Hz, 2 H; syn-CH2), 2.29 (t, 2H; 3J(H�H) =1.22 Hz, anti-CH2), 2.11 (s,
3H; CH3), 2.01 ppm (s, 60H; GaCp*); 13C{1H} NMR ([D8]THF): dC{H} =


162.8 (q, J =49.8 Hz, [BArF]), 135.6 ([BArF]), 130.0 (q, J =34.4 Hz,
[BArF]), 125.5 (q, J=272.2 Hz, [BArF]), 118.2 ([BArF]) 116.5 (C5Me5),
92.9 (C, methylallyl) 68.2 (CH2, methylallyl), 19.5 (CH3, methylallyl),
10.9 ppm (C5Me5); elemental analysis calcd (%) for C76H79BF24Ga4Ru: C
49.63, H 4.33; found: C 50.39, H 3.98.


Preparation of [{Ru ACHTUNGTRENNUNG(GaCp*)3 ACHTUNGTRENNUNG[h3- ACHTUNGTRENNUNG(CH2)2C ACHTUNGTRENNUNG{CH2 ACHTUNGTRENNUNG(m-Ga)}]}2] ACHTUNGTRENNUNG[(BArF)2] (4):
After a Schlenk tube was charged with a pure crystalline sample of 1
(0.300 g, 0.390 mmol) and [Ga2Cp*] ACHTUNGTRENNUNG[BArF] (0.443 g, 0.390 mmol), fluoro-
benzene was added at room temperature. The reaction mixture was
stirred for 30 min at room temperature. All volatiles were removed in
vacuo and the dark-red residue was washed with hexane (3 � 5 mL). The
residue was dissolved in fluorobenzene and the product was crystallized
by slow diffusion of n-hexane into this solution. Yield: 0.531 g dark-red
crystals (80 %). The 1H NMR spectra in CD2Cl2 or fluorobenzene solu-
tion is unexpectedly complicated, probably a result of a fluxional process-
es or parallel equilibria. However, it seems to be possible to assign the
main signals to the expected structure (vide infra). Variable temperature
NMR measurements are not possible, owing to the fast isomerization of
the complex as well as its marked insolubility in organic solvents.
1H NMR (CD2Cl2): dH = 7.73 (s, 8H; BArF), 7.56 (s, 4H; BArF), 2.44 (br,
4H), 2.28 (br, 4 H), 2.25 (4 H), 2.04 (s, 30 H), 1.94 ppm (60 H); elemental
analysis calcd (%) for C76H79BF24Ga4Ru: C 46.55, H 3.73; found: C
46.31, H 3.34;


Preparation of [{Ru ACHTUNGTRENNUNG(GaCp*)3 ACHTUNGTRENNUNG[h3- ACHTUNGTRENNUNG(CH2){CH ACHTUNGTRENNUNG(m-Ga) ACHTUNGTRENNUNG(CH3)}]}2] ACHTUNGTRENNUNG[(BArF)2]
(5): A solution of a freshly prepared sample of 4 (0.300 g, 0.088 mmol)
was refluxed in fluorobenzene for 1 h. After removal of all volatiles in
vacuo, the pale yellow residue was washed with hexane (3 � 5 mL). The
residue was dissolved in fluorobenzene and the product was crystallized
by slow diffusion of n-hexane into this solution. Yield: 0.273 g yellow
crystals (91 %). 1H NMR (CD2Cl2): dH =7.73 (s, 16 H; BArF), 7.56 (s, 8 H;


BArF), 5.16 (d, 3J(H�H) = 3.04 Hz, approx. 2H; syn-CH2), 2.45 ppm (s, 6 H;
CH3), 1.98 (s, 90H; GaCp*), 1.68 (t, 2 H; 3J(H�H) =3.22 Hz, anti-CH2),
�2.09 ppm (d, 3J(H�H) =3.41 Hz, 2 H); 13C{1H} NMR (CD2Cl2): dC{H} =


164.6 (q, J =49.8 Hz, [BArF]), 137.7 ([BArF]), 131.7 (q, J =31.5 Hz,
[BArF]), 127.5 (q, J=272.4 Hz, [BArF]), 120.3 ([BArF]) 118.8 (broad,
C5Me5), 106.7 (gallallyl), 104.8 (gallallyl), 37.8 (gallallyl), 23.4 (CH3, gall-
allyl), 13.4 ppm (C5Me5); elemental analysis calcd (%) for
C76H79BF24Ga4Ru: C 46.55, H 3.73; found: C 46.51; H 3.52.


Preparation of [Ru ACHTUNGTRENNUNG(PCy3)2 ACHTUNGTRENNUNG(GaCp*)2(Ga)] ACHTUNGTRENNUNG[BArF] (6): A sample of 2
(0.300 g, 0.283 mmol) in 4 mL fluorobenzene was treated with a fluoro-
benzene solution (3 mL) of [Ga2Cp*] ACHTUNGTRENNUNG[BArF] (0.322 g, 0.283 mmol) at
room temperature. The reaction mixture was stirred for 1 h at room tem-
perature. The solvent was reduced in vacuo to about 2 mL, and the prod-
uct was precipitated by addition of n-hexane to give a colorless crystal-
line solid. The solvent was removed by filtration, the residue washed with
hexane (2 � 2 mL), and dried in vacuo. Recrystallization of the crude
product by slow diffusion of hexane into a fluorobenzene solution gave
well formed needle-shaped crystals. Yield: 0.440 g (78 %). 1H NMR
(C6H5F/C6D6, 10:1): dH =8.32 (s, 8H; BArF), 7.67 (s, 4 H; BArF), 1.97 (s,
30H; GaCp*), 1.36 (s, 66H; PCy3). 31P NMR (C6H5F/C6D6, 10:1): dP =


66.9 (s, PCy3); 13C{1H} NMR (CD2Cl2 10:1): dC{H} =162.2 (q, J =49.2 Hz,
[BArF]), 135.2 ([BArF]), 130.4 (q, J =34.1 Hz, [BArF]), 125.9 (q, J =


272.2 Hz, [BArF]), 118.3 ([BArF]) 119.5 (C5Me5), 36.8 (s, PCy3), 33.9 (s,
PCy3), 31.8 (s, PCy3), 31.4 (s, PCy3), 30.6 (s, PCy3), 30.5 (s, PCy3), 29.3 (s,
PCy3), 28.6 (s, PCy3), 28.4 (s, PCy3), 27.1 (s, PCy3), 13.2 ppm (C5Me5); ele-
mental analysis calcd (%) C87H106BF24Ga3P2Ru: C 52.49, H 5.37; found:
C 52.00, H 6.08.
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Abstract: The quinonoid ligand-bridg-
ed diruthenium compounds [(acac)2Ru-ACHTUNGTRENNUNG(m-L2�)Ru ACHTUNGTRENNUNG(acac)2] (acac�= acetylaceto-
nato=2,4-pentanedionato; L2�= 2,5-di-
oxido-1,4-benzoquinone, 1; 3,6-di-
chloro-2,5-dioxido-1,4-benzoquinone,
2 ; 5,8-dioxido-1,4-naphthoquinone, 3 ;
2,3-dichloro-5,8-dioxido-1,4-naphtho-
quinone, 4 ; 1,5-dioxido-9,10-anthraqui-
none, 5 ; and 1,5-diimido-9,10-anthra-
quinone, 6) were prepared and charac-
terized analytically. The crystal struc-
ture analysis of 5 in the rac configura-
tion reveals two tris(2,4-
pen ACHTUNGTRENNUNGtane ACHTUNGTRENNUNGdionato)ruthenium moieties
with an extended anthracenedione-de-
rived bis(ketoenolate) p-conjugated
bridging ligand. The weakly antiferro-
magnetically coupled {RuIII ACHTUNGTRENNUNG(m-L2�)-ACHTUNGTRENNUNGRuIII} configuration in 1–6 exhibits


complicated overall magnetic and EPR
responses. The simultaneous presence
of highly redox-active quinonoid-bridg-
ing ligands and of two ruthenium cen-
ters capable of adopting the oxidation
states +2, + 3, and + 4 creates a large
variety of possible oxidation state com-
binations. Accordingly, the complexes
1–6 exhibit two reversible one-electron
oxidation steps and at least two reversi-
ble reduction processes. Shifts to posi-
tive potentials were observed on intro-
duction of Cl substituents (1!2, 3!4)
or through replacement of NH by O


(6!5). The ligand-to-metal charge
transfer (LMCT) absorptions in the
visible region of the neutral molecules
become more intense and shifted to
lower energies on stepwise reduction
with two electrons. On oxidation, the
para-substituted systems 1–4 exhibit
monocation intermediates with interva-
lence charge transfer (IVCT) transi-
tions of RuIIIRuIV mixed-valent species.
In contrast, the differently substituted
systems 5 and 6 show no such near in-
frared (NIR) absorption. While the
first reduction steps are thus assigned
to largely ligand-centered processes,
the oxidation appears to involve
metal–ligand delocalized molecular or-
bitals with variable degrees of mixing.
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Introduction


Bridging ligand mediated electronic coupling in mixed-
valent polynuclear metal complexes constitutes the basis for
intramolecular electron-transfer processes that have applica-
tions in designing molecular electronic devices[1] and in bio-
chemical processes.[2] In this context, ruthenium compounds
form the largest group of the mixed-valent systems as they
undergo facile electron-transfer processes between the va-
lence states of RuII, RuIII, and RuIV. Thus, there have been
continuous research efforts towards the development of new
classes of polynuclear ruthenium complexes with the per-
spective of variable electronic and conformational effects
from the bridging and ancillary ligands on the extent of cou-
pling.[3] Recent experimental and theoretical studies with
novel molecular frameworks have facilitated the emergence
of 1) hybrid class II–class III systems,[4] in addition to the
classical Robin and Day definitions of class II and class III
mixed-valent species;[5] 2) large electrochemical coupling
with comproportionation constants Kc>1010 in the RuIIRuIII


state, yet without detectable intervalence charge transfer
(IVCT) transitions in the near infrared (NIR) region;[6] 3)
the isolation of antiferromagnetically coupled diamagnetic
radical-bridged mixed-valent species;[7] and 4) the detection
of distinct IVCT transitions in the NIR region for the less
common RuIII/RuIV (d4/d5) mixed-valent state.[8]


The present work originates from our recent approach of
introducing redox noninnocent quinonoid bridging ligands
into diruthenium complexes.[9] This can introduce additional
challenging features for the assignment of metal-, ligand-, or
mixed metal–ligand-based frontier orbitals in the associated
electron-transfer processes.[10] Thus, a group of six dirutheni-
um complexes [{(acac)2Ru}2ACHTUNGTRENNUNG(m-L)] (acac�=acetylacetona-
to=2,4-pentanedionato) containing quinonoid bridging
units of varying character and size were studied (1–6).


Ortho- and para-quinones are heavily investigated organic
compounds. Their characteristically low-lying unoccupied
molecular orbitals can be occupied stepwise to result in cor-
responding three-component redox systems. The relevance
of quinones ranges from naturally occurring substances,
such as vitamins,[11] melanins, neurotransmitter metabo-
lites,[12] electron-transport components,[13] or quinoproteins[14]


and drugs (e.g., antiinfective[15] or cytostatic[16]) through ana-
lytical, electrochemical or color reagents[17] and optically in-
teresting materials[18] to synthetic organic and industrial


chemicals (anthraquinone dyes,[19] AO= alkylanthraquinone
oxidation process of H2O2 production[20]). The conjugated
nonaromatic p system of quinones is fascinating, especially
when coupled with deprotonable OH functions and when in-
corporated in condensed, unsaturated ring systems. Coordi-
nation of metal ions within five- or six-membered chelating
rings is a further option;[21,22] however, p-quinones have
been much less studied[21] than the apparently better suited
ortho analogues.[22]


In this work we present three kinds of quinone systems
with different modes of p delocalization, but double metal-
chelation potential towards the potentially redox-active [Ru-ACHTUNGTRENNUNG(acac)2]


n (n=++ 1, +2 or 0, acac�= 2,4-pentanedionato).
Two [Ru ACHTUNGTRENNUNG(acac)2] complex fragments were bridged in each


case by L� : 2,5-dioxido-l,4-benzoquinones (1 and 2), 5,8-di-
oxido-l,4-naphthoquinones (3 and 4) or 1,5-dioxido- or 1,5-
diimido-9,10-anthraquinones (5 and 6). Chloride acceptors
were introduced (in 2 and 4) in order to investigate substitu-
ent effects; the metal coordination involves five-membered
chelating rings for 1 and 2, but six-membered 2,4-pentane-
dionato-type chelating rings for complexes 3–6. The capabil-
ity of the redox-active bridging ligands to undergo stepwise
one-electron transfer as illustrated (see Scheme 1) leads to
aromatic polyanions on reduction.


Like the corresponding dinu-
clear complex 7 of the quinizar-
ine dianion (1,4-dioxidoanthra-
quinone),[23] the isomeric 5 and
the NH analogue 6 exhibit par-
tial p conjugation within the tri-
cyclic ring system, and the simi-
larity between 3 and 7 is evi-
dent.


The preferential choice of s-donating acac� as ancillary li-
gands in 1–6 facilitates the stabilization of the metal ions in
the RuIII state, which extends the possibility of 1) generating
hitherto relatively little explored mixed-valent RuIIIRuIV in-
termediate states and 2) allowing for magnetic exchange be-
tween two paramagnetic RuIII centers in 1–6. So far, only a
limited number of dinuclear ruthenium complexes with such
ligands have been reported: containing pyridine,[24] 2,2’-bi-
pyridine,[25] 1,10-phenanthroline,[24] triphenylphosphine,[24] 2-
(2’-pyridyl)quinoxaline,[26] and acac�[27] as ancillary ligands
with the 2,5-dioxido-1,4-benzoquinone bridge (L12�), and
containing NH3 as ancillary ligands with the 2,5-dioxido-3,6-
dichloro-1,4-benzoquinone (L22�) bridge.[28] In the case of
5,8-dioxido-1,4-naphthoquinone (L32�) and 1,5-dioxido-9,10-
anthraquinone (L52�), two complexes for each have been re-
ported with the ancillary ligands pap[29] and bpy,[30,16b] re-
spectively (pap= 2-phenylazopyridine, bpy= bipyridine).
However, an appreciable number of dinuclear complexes of
the ligands L2� with other metal ions are known.[31]


Herein, we describe the synthesis of 1–6, the crystal struc-
ture of the rac isomer of 5, and the valence-state analysis of
the complexes [(acac)2Ru ACHTUNGTRENNUNG(m-L)Ru ACHTUNGTRENNUNG(acac)2]


n+ in the accessible
oxidized and reduced forms (n=++ 2, +1, 0, �1, �2). Sus-
ceptibility and EPR measurements as well as electrochemi-
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cal and spectroelectrochemical studies were undertaken for
the systems 1–6.


Results and Discussion


Synthesis and characterization of 1–6 : The complexes 1–6
were prepared through the reaction of [Ru ACHTUNGTRENNUNG(acac)2ACHTUNGTRENNUNG(CH3CN)2]
with the corresponding dihydroxy (H2L1–H2L5) or diamino
ligand (H2L6) in the presence of NEt3 (Et =ethyl) as a base
under aerobic conditions, followed by chromatographic pu-
rification using a silica gel column. The apparent rutheni-ACHTUNGTRENNUNGum(II) to rutheniumACHTUNGTRENNUNG(III) oxidation was facilitated by the ad-
mission of air. The presence of s-donating acac� in 1–6 sta-
bilizes the paramagnetic +3 oxidation state under aerobic
reaction conditions as observed for many other Ru ACHTUNGTRENNUNG(acac)2


derivatives.[32] The suggested chelating coordination involv-
ing the carbonyl functions in an electron-delocalized ar-
rangement is supported by infrared (IR) vibrational spec-
troscopy. The nC=O bands from the coordinated ligands could
not be found above 1600 cm�1 in the complexes 1–6. The
NH stretching band of coordinated L62� in 6 appears at
3307 cm�1.


The electrically neutral complexes 1–6 exhibit satisfactory
microanalytical data (see Experimental Section). The posi-
tive ion electrospray mass spectra are shown in Figure 1,


which correspond to the respective molecular ion signals of
[1]+–[6]+ (Table 1).


Although the reactions could be expected to yield mix-
tures of rac (C2 symmetry, DD/LL) and meso (Ci symmetry,
DL) species,[33] the preparatory TLC experiments suggested
the presence of only one isomer in each case. Compounds 1,
2, 5, and 6 exhibit reasonably resolved 1H NMR spectra in
CDCl3 with a wide range of chemical shifts due to paramag-
netic contact interactions (Figure 2, see Experimental Sec-
tion).[3v, 34,35] The 1H NMR spectra of the complexes 3 and 4
were too broad and complicated to be analyzed. The NMR
spectra of 1, 2, and 6 in CDCl3 exhibit signals corresponding
to half of the molecules, indicating formation of only the
meso isomers. In contrast, 5 exhibits eight methyl and four
CH proton resonances corresponding to four nonequivalent
acac ligands, in addition to six “aromatic” protons (Figure 2,
Experimental Section), as expected for a molecule of the
rac isomers.


The crystal structure analysis of 5 confirms the crystalliza-
tion of the rac isomer. The molecular structure in the crystal
of 5 is shown in Figure 3. Crystallographic parameters and
selected bond lengths and angles are given in Table 2 and
Table 3.


The ruthenium ions are bonded to L52� through the
oxygen donor centers in the p-conjugated “acac” mode at
each end, leading to six-membered chelating rings. The


Scheme 1.
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metal ions are displaced by only 2.88 from the mean plane
of the planar ligand bridge. Each RuO6 chromophore is in a
slightly distorted octahedral arrangement, as can be seen
from the angles subtended at the metal ions (Table 3). The
C�O distances pertaining to the bridging ligand are about
1.27 �, which is in between the standard single (1.34 �) and


double (1.22 �) bond C�O lengths.[36] The intraligand dis-
tances are given at the bottom of Table 3 and are compati-
ble with the single/double-bond arrangement. Along with
the Ru�O bond lengths of about 1.97 �, this confirms the
p-delocalized state of the keto–enolate forms in the ligand
L52� of 5.[3x,37] The RuIII�OACHTUNGTRENNUNG(acac) distances (average


Figure 1. Electrospray mass spectra of a) 1, b) 2, c) 3, d) 4, e) 5 and f) 6
in CH3CN.


Table 1. Mass spectral data.[a]


Complex m/z (obsd) Correspondence m/z (calcd)


1 738.06 [1]+ 737.98
639.00 ACHTUNGTRENNUNG[1�acac]+ 638.94


2 807.00 [2]+ 805.90
705.94 ACHTUNGTRENNUNG[2�acac]+ 706.85


3 788.06 [3]+ 787.99
688.99 ACHTUNGTRENNUNG[3�acac]+ 688.95


4 855.12 [4]+ 855.92
5 839.10 [5]+ 838.01


738.04 ACHTUNGTRENNUNG[5�acac]+ 738.97
6 835.98 [6]+ 836.04


[a] In acetonitrile.


Figure 2. 1H NMR spectrum of 5 in CDCl3.


Figure 3. ORTEP diagram of 5. Ellipsoids are drawn at the 50% proba-
bility level.


Table 2. Crystallographic data for 5·0.25 H2O.


formula C34H34O12.25Ru2


Mr 840.75
crystal size [mm] 0.30 � 0.20 � 0.15
crystal system monoclinic
space group C2/c
a [�] 28.988(9)
b [�] 8.110(3)
c [�] 30.896(10)
b [8] 108.368(5)
V [�3] 6893(4)
Z 8
F ACHTUNGTRENNUNG(000) 3392
m [mm�1] 0.939
T [K] 293(2)
hkl range �31 to 31, �8 to 8, �33 to 33
1calcd [gcm�3] 1.620
2q range [8] 4.66–45
reflns collected 27579
unique reflns [Rint] 4499 [0.1046]
data/restraints/parameters 4499/0/446
R1 [I>2s(I)] 0.0886
wR2 [all data] 0.2263
goodness-of-fit 1.171
residual electron density [e ��3] 1.672, �1.366
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1.995 �) agree well with those of analogous complexes.[20]


The average RuIII�O ACHTUNGTRENNUNG(L52�) distance of 1.969 � is slightly
shorter (0.03 �) than that of Ru�OACHTUNGTRENNUNG(acac) bond lengths, indi-
cating a relatively stronger ppACHTUNGTRENNUNG(L52�)!dpRuIII interaction on
either side of the bridging unit. The Ru�Ru distance in 5 is
8.495 �. It may be noted that, to the best of our knowledge,
5 represents the first structurally characterized dimetal com-
plex of potentially bis-chelating 1,5-dioxido-9,10-anthraqui-
none; the main result is that the stability of the b-diketonato


chelating configuration determines the overall structure and
bonding.


The magnetic properties of the compounds will be dis-
cussed starting with compound 6. The magnetic susceptibili-
ty of 6 at 10 000 G increases from 300 to 2 K (Figure 4a).


The magnetic moment of 2.92 mB at room temperature is
slightly higher than that expected for the presence of two
isolated unpaired electrons per molecule; however, it drops
to 2.02 mB at 2 K. The magnetization versus magnetic field
measurement from �50 000 to 50 000 G at 300 K shows a
nearly linear variation (Figure S1, Supporting Information).
Thus, for magnetic fields higher than 5000 G the magnetiza-
tion increases linearly with the magnetic field, with lower
values than those predicted from Brillouin	s function[38] for
two paramagnetic S= 1=2 centers (g=2.00) and in accordance
with the presence of antiferromagnetic interactions. At low-
field, the magnetization shows a slight deviation from linear-
ity and reaches values slightly higher than those predicted,
suggesting the presence of weak ferromagnetism.[39] The de-
crease of the magnetic moment on lowering the temperature
indicates antiferromagnetic coupling. Although the magneti-
zation versus magnetic field correlation is not strictly linear
at room temperature, the magnetic moment and susceptibili-
ty have been simulated using Equation (1), which is based
on a model that considers the exchange spin Hamiltonian
H=�2 JS1S2 operating over two RuIII (S= 1=2) centers that
are antiferromagnetically coupled.[40] The presence of a (S=


1) paramagnetic impurity and temperature-independent par-
amagnetism (TIP) have also been considered in Equa-
tions (1) and (2), respectively.


c0 ¼ ð1�PÞcþ P
2Ng2b2


3kT
ð1Þ


c ¼ Ng2b2


kT
2 expð2J=kTÞ


1þ 3 expð2J=kTÞ þ TIP ð2Þ


Table 3. Selected bond lengths [�] and angles [o] for 5·0.25 H2O.


Bond lengths Bond angles


Ru1�O2 1.968(7) O2-Ru1-O1 91.5(3)
Ru1�O1 1.969(7) O2-Ru1-O5 87.6(3)
Ru1�O5 1.972(8) O1-Ru1-O5 87.7(3)
Ru1�O8 1.994(8) O1-Ru1-O8 89.7(3)
Ru1�O6 1.997(7) O2-Ru1-O8 92.0(3)
Ru1�O7 1.999(8) O5-Ru1-O8 177.3(3)
Ru2�O3 1.964(7) O2-Ru1-O6 179.2(3)
Ru2�O4 1.977(7) O1-Ru1-O6 89.2(3)
Ru2�O9 1.992(9) O5-Ru1-O6 92.1(3)
Ru2�O10 2.004(8) O8-Ru1-O6 88.3(3)
Ru2�O11 2.006(8) O2-Ru1-O7 90.1(3)
Ru2�O12 2.007(8) O1-Ru1-O7 177.3(3)
O1�C13 1.271(11) O5-Ru1-O7 90.2(3)
O2�C11 1.280(13) O8-Ru1-O7 92.5(3)
O3�C6 1.267(12) O6-Ru1-O7 89.2(3)
O4�C4 1.283(12) O3-Ru2-O4 92.7(3)
O5�C16 1.272(16) O3-Ru2-O9 89.5(4)
O6�C18 1.241(14) O4-Ru2-O9 89.0(3)
O7�C21 1.243(14) O3-Ru2-O10 177.0(3)
O8�C23 1.246(14) O4-Ru2-O10 89.0(3)
O9�C26 1.303(18) O9-Ru2-O10 93.0(4)
O10�C28 1.252(15) O3-Ru2-O11 89.8(3)
O11�C31 1.308(12) O4-Ru2-O11 91.3(3)
O12�C33 1.283(14) O9-Ru2-O11 179.2(4)
C1�C2 1.371(14) O10-Ru2-O11 87.7(3)
C1�C14 1.383(13) O3-Ru2-O12 85.9(3)
C2�C3 1.372(15) O4-Ru2-O12 176.9(3)
C3�C4 1.417(14) O9-Ru2-O12 88.2(3)
C4�C5 1.429(14) O10-Ru2-O12 92.5(3)
C5�C14 1.410(14) O11-Ru2-O12 91.4(3)
C5�C6 1.451(14) C13-O1-Ru1 128.9(6)
C6�C7 1.476(14) C11-O2-Ru1 124.0(6)
C7�C8 1.345(14) C6-O3-Ru2 128.6(7)
C7�C12 1.428(14) C4-O4-Ru2 123.4(6)
C8�C9 1.373(17) C16-O5-Ru1 124.7(8)
C9�C10 1.344(18) C18-O6-Ru1 124.2(7)
C10�C11 1.433(15) C21-O7-Ru1 125.1(9)
C11�C12 1.419(15) C23-O8-Ru1 124.7(9)
C12�C13 1.421(13) C26-O9-Ru2 122.0(9)
C13�C14 1.441(13) C28-O10-Ru2 125.5(9)


C31-O11-Ru2 122.0(7)
C33-O12-Ru2 121.6(7)


Intraligand bond lengths
C10�C11 1.433(15) C3�C4 1.417(14)
C11�C12 1.419(15) C4�C5 1.429(14)
C12�C13 1.421(13) C5�C6 1.451(14)
C13�C14 1.441 (13) C6�C7 1.476(14)
C14�C1 1.383(13) C7�C8 1.345(14)
C14�C5 1.410(14) C8�C9 1.373(17)
C1�C2 1.371(14) C9�C10 1.344(18)
C2�C3 1.372(15) C7�C12 1.428(14)


Figure 4. Temperature dependence of the molar susceptibility (blue) and
magnetic moment (red) for a) 6, b) 5, c) 1, and d) 2. Solid lines result
from least-squares fits using the model described in the text.
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The terms N, g, b, k, J and T in Equations (1) and (2)
have the usual meaning and P is the mole fraction of the
noncoupled paramagnetic impurity. The fit of the experi-
mental data using Equation (1) gives good agreement be-
tween the experimental and calculated curves (Figure 4a).
The parameters obtained in the best fits include a J value of
�0.43 cm�1, indicating a very weak antiferromagnetic inter-
action between the diruthenium ACHTUNGTRENNUNG(III) centers. The g value of
1.79 is lower than that expected for RuIII compounds, TIP =


1.59 � 10�3 emu mol�1, P<10�6 %. To confirm these parame-
ters, a fit of the magnetic data was also carried out at low
temperature (50–2 K) , at which the magnetization versus
magnetic field dependence is linear. The alternative parame-
ters, g=1.76, J=�0.31 cm�1, TIP =1.89 � 10�3 emu mol�1,
and P=8.1 � 10�3 % are similar to those obtained using the
full temperature range.


The magnetic moment of structurally characterized 5 at
room temperature is 2.45 mB, in accordance with two isolated
unpaired electrons per molecule. This magnetic moment de-
creases to 0.77 mB at 2 K, indicating a higher degree of anti-
ferromagnetic interaction than that observed for 6 (Fig-
ure 4b). The magnetic susceptibility of 5 increases with de-
creasing temperature and reaches a maximum at 11 K. The
magnetization versus magnetic field measurement at 300 K,
from �50 000 to 50 000 G, shows a nearly linear response
with values according to the presence of antiferromagnetic
interaction. The parameters obtained in the fit using Equa-
tion (1) are TIP= 4.19 � 10�5 emumol�1, g=2.00, and J=


�9.00 cm�1, indicating a stronger, more moderate magnetic
coupling between the rutheniumACHTUNGTRENNUNG(III) ions in 5 versus 6. The
J parameter is, however, lower than in [(acac)2RuACHTUNGTRENNUNG(m-
boptz)Ru ACHTUNGTRENNUNG(acac)2] (boptz=3,6-bis(2-oxidophenyl)-1,2,4,5-tet-
razine; �36.7 cm�1)[41] or [L ACHTUNGTRENNUNG(acac)Ru ACHTUNGTRENNUNG(m-O)Ru ACHTUNGTRENNUNG(acac)L]ACHTUNGTRENNUNG(PF6)2 (here, L=1,4,7-trimethyl-1,4,7-triazacyclononane;
�53 cm�1).[37l] The fitting procedure implied 10.3 % of para-
magnetic impurity, suggesting the presence of magnetically
nonequivalent species as has been previously reported for
diruthenium complexes.[42]


The weaker spin–spin coupling in 6 is confirmed by an in-
tense if poorly resolved EPR signal at g �2.00 (110 K),
while 5 exhibits a very weak EPR response, reflecting en-
hanced coupling.[43, 44] The reason for this difference may lie
in the greater dissymmetry in 6, in which the metals are be-
lieved to be bonded more strongly by the peripheral NH
donors than by the central O functions.


The complexes 1 and 2 show similar magnetic behavior
with magnetic moments of 2.66 and 3.31 mB, respectively, at
room temperature. The magnetic moment of 1 is close to
that expected for two isolated ruthenium centers per mole-
cule, whereas for 2 it is slightly higher. In both complexes,
the magnetic moment decreases with decreasing tempera-
ture to 1.00 and 0.87 mB at 2 K for 1 and 2, respectively.
Thus, the decrease of the magnetic moment with lower tem-
peratures is more pronounced for 2. In the magnetic sus-
ceptibility versus temperature correlations, a shoulder near
20 K and one well-defined maximum at a similar tempera-
ture are observed for 1 and 2, respectively (Figure 4c and d).


These maxima indicate antiferromagnetic interactions
higher than those calculated for complexes 6 or 5 (Figure 4a
and b). On the other hand, the tail at very low temperatures
indicates the presence of magnetically nonequivalent species
in both complexes.


The magnetization curves at 300 K for 1 and 2 show a
similar shape as described for 6. The magnetization versus
magnetic field correlation is not linear and also indicates the
presence of weak ferromagnetism at room temperature.
Only a tentative fitting of the magnetic data was thus possi-
ble yielding values of about J��13.5 cm�1 (g=2.02) for 1
and J��15.5 cm�1 (g= 1.99) for 2. The most noticeable fea-
ture is the stronger antiferromagnetic coupling with respect
to the calculated values for 6 and 5, which indicates better
magnetic communication between RuIII in the five-mem-
bered chelating ring configuration through the bridging li-
gands L12� and L22� in 1 and 2 as compared to RuIII in the
six-membered chelating ring configurations offered by the li-
gands L52� and L62� in 5 and 6, respectively.


To evaluate the origin of the ferromagnetism observed at
300 K, several measurements on different samples of com-
plexes 1, 2, 5, and 6 at 300 and 2 K were carried out. In
some of these measurements, different magnetization curves
for the same compound were obtained. Thus, at 300 K,
normal or higher magnetization values were observed, sug-
gesting the presence of a variable ferromagnetic contribu-
tion. However, in all cases, the measurements at 2 K show
lower values than those predicted by Brillouin	s function, in-
dicating the presence of a dominant antiferromagnetic inter-
action.


The absence of ferromagnetic response at low tempera-
tures suggests that the ferromagnetism in these compounds
is probably due to a small quantity of impurity. The ferro-
magnetic contribution is presumably hidden at low tempera-
ture due to the high values of the magnetic susceptibility
corresponding to weakly antiferromagnetically coupled com-
plexes. However, the possibility of an intramolecular antifer-
romagnetic interaction together with intermolecular ferro-
magnetic exchange enhanced at high temperatures cannot
be discarded in these complexes.


Electrochemistry, EPR, and UV/Vis/NIR spectroelectro-
chemistry : Compounds 1–6 display two successive one-elec-
tron oxidation steps and three reduction processes (Figure 5,
Table 4). The potentials vary depending on the type of L2�


associated with the complexes: 2 ACHTUNGTRENNUNG(X=Cl)>1 ACHTUNGTRENNUNG(X=H)>4-ACHTUNGTRENNUNG(X=Cl)>3 ACHTUNGTRENNUNG(X=H)>5 ACHTUNGTRENNUNG(X=O)>6 ACHTUNGTRENNUNG(X=NH). The differences
in potentials between the successive oxidation (ox1 and ox2,
Table 4) and reduction processes (red1, red2, and red3,
Table 4) have led to comproportionation constants
(RT lnKc = nF(DE)[45]) in the ranges of 107.8–102.7, 1014.3–106.1,
and 1015.8–108.3, for Kc1, Kc2, and Kc3, respectively (Table 4).
In general, the Kc value associated with the oxidation pro-
cesses appears to be smaller than for the reduction process-
es. Moreover, Kc changes substantially depending on L2�.


The metal ion (RuIII) as well as the bridging ligand (L2�)
in 1–6 are in principle susceptible to undergo two-step oxi-
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dation and reduction processes (Scheme 1); therefore, an at-
tempt has been made to address the question of primary in-
volvement of either the metal- or the ligand-based orbitals
towards the observed redox processes (Figure 5, Scheme 1)
through EPR and UV/Vis/NIR spectroelectrochemistry in
accessible redox states.


In the respective native states, 1–6 exhibit EPR spectra
(Figure 6) typical for the low-spin RuIII ion.[44] However, the
signals are weak and the expected half-field signals at
around g�4[9a,b] , which would correspond to a triplet state,
could not be resolved under the experimental conditions,
possibly due to complex[8a, 41] magnetic exchange processes.
The one-electron oxidized (1+–6+) or reduced (1�–6�) spe-
cies show similar spectral profiles. Both metal- and ligand-


based electron transfer would
result in RuIII-centered spin
(Schemes 1 and 2). For in-
stance, substance 6 was electro-
lyzed at the appropriate poten-
tial for the amount of time suf-
ficient to produce the oxidized
species. A color change from
purple to green was observed
during electrolysis. There are
slight differences in the form of
the signals between the nonoxi-
dized 6 and oxidized 6+ . Very
similar EPR responses for a
RuIII/RuIII state and the corre-
sponding RuIII/RuIV form were
observed previously.[8a]


Therefore, the UV/Vis/NIR
spectroscopic features of [1]n–
[6]n in the accessible redox
states (n=++2, +1, 0, �1, and
�2) were investigated.


Oxidation : Upon one-electron
oxidation of 1 or 2 to the corre-
sponding 1+ or 2+ the RuIII-
based lowest energy ligand-to-
metal charge-transfer (LMCT) band near 600 nm is redshift-
ed to about 700 nm with slight enhancement in intensity. In
addition, one moderately intense IVCT band appears in the
NIR range at about 1900 nm, which expectedly vanishes on
further oxidation to 12+ or 22+ state (Figure 7a,b, Table 5).
The appearance of moderately intense NIR IVCT bands in
the one-electron oxidized state suggests a preferentially
metal-based oxidation leading to a mixed-valent RuIIIRuIV


configuration ([(acac)2RuIII ACHTUNGTRENNUNG(m-L2�)RuIVACHTUNGTRENNUNG(acac)2]
+) instead of


the alternative of [(acac)2RuIIIACHTUNGTRENNUNG(m-LC�)RuIIIACHTUNGTRENNUNG(acac)2]
+ . The


band widths at half height (Dn1/2) of the IVCT transitions
for 1+ and 2+ were measured as 800 and 980 cm�1, respec-
tively, only slightly lower than the corresponding calculated
values of 1091 and 1079 cm�1 using the Hush approximation
of Dn1/2 = (2310Eop)


1/2 for a class II system.[46] This suggests a
localized (class II) situation for the mixed-valent 1+ and 2+


although the Kc1 values of >106 (Table 4) could also be com-
patible with a borderline (clas-
s II/III) situation.[4] It may be
noted that distinct IVCT bands
corresponding to a RuIIIRuIV


(d5/d4) mixed-valent state have
been reported recently for
[(acac)2RuIII ACHTUNGTRENNUNG(m-gbha2�)RuIV-ACHTUNGTRENNUNG(acac)2]


+ (gbha2� is the dianion-
ic form of glyoxalbis(2-hydrox-
yanil)),[8a] and in a C4-linked
bis ACHTUNGTRENNUNG[tris(b-diketonato)rutheni-
um] complex.[8b] On further oxi-
dation to 12+ or 22+ , the LMCT


Figure 5. Cyclic voltammograms (c) and differential pulse voltammo-
grams (a) of a) 1, b) 2, c) 3, d) 4, e) 5 and f) 6 in CH3CN/0.1 m


NEt4ClO4 at 298 K.


Table 4. Electrochemical data.[a]


Complex E1/2 (DEpp)
[b] Kc1


[c,d] Kc2
[c,e] Kc3


[c,f]


ox1 ox2 red1 red2 red3


1 1.03(90) 1.49 ACHTUNGTRENNUNG(110) �0.19(70) �0.90(90) �1.72 ACHTUNGTRENNUNG(100) 107.8 1012.0 1013.9


2 1.16(60) 1.51 ACHTUNGTRENNUNG(110) �0.02(80) �0.82(90) �1.51(80) 105.9 1014.3 1011.7


3 0.84(80) 1.19(70) �0.39(90) �0.94 ACHTUNGTRENNUNG(100) �1.87 ACHTUNGTRENNUNG(120) 105.9 109.3 1015.8


4 0.92(90) 1.24(90) �0.31(80) �0.89(90) �1.77 ACHTUNGTRENNUNG(100) 105.4 109.8 1014.9


5 0.96(60) 1.12(60) �0.41(90) �0.83(90) �1.71(90) 102.7 107.1 1014.9


6 0.58 ACHTUNGTRENNUNG(110) 0.81 ACHTUNGTRENNUNG(100) �0.71(90) �1.07(90) �1.56 ACHTUNGTRENNUNG(100) 103.9 106.1 108.3


[a] From cyclic voltammetry in CH3CN/0.1 m Et4NClO4 at 100 mVs�1. [b] In V versus SCE; peak potential dif-
ferences DEpp [mV] (in parentheses). [c] Comproportionation constant from RT lnKc =nF(DE). [d] Kc1 be-
tween ox1 and ox2. [e] Kc2 between red1 and red2. [f] Kc3 between red2 and red3.


Figure 6. EPR spectra of a) 6,
b) 6+ , and c) 6� in CH3CN/
0.1m Bu4NPF6 at 110 K. The
sharp signal at 2.003 in 6� is at-
tributed to an organic free rad-
ical generated during the elec-
trolysis process inside the EPR
tube.
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band is observed to be blue-shifted with substantial decrease
in intensity. This is in corroboration with the disappearance
of the IVCT band, suggesting
either [(acac)2RuIVACHTUNGTRENNUNG(m-L2�) RuIV-ACHTUNGTRENNUNG(acac)2]


2+ or [(acac)2RuIIIACHTUNGTRENNUNG(m-
L0)RuIII ACHTUNGTRENNUNG(acac)2]


2+ (more likely)
as possible configurations for
12+ or 22+ .


Low-energy LMCT bands of
3 and 4 are redshifted from
�550 to �650 nm with appreci-
able reduction in intensity after
oxidation to the RuIIIRuIV state
in 3+ and 4+ . These mixed-
valent RuIIIRuIV species exhibit
intense IVCT bands in the NIR
at 1400 nm (e=5100 m


�1 cm�1)
and 1430 nm (e=


9800 m
�1 cm�1), respectively


(Figure 8a, Table 5). The Hush
calculated Dn1/2 values of the
IVCT bands at 4062 and
4019 cm�1, respectively, are
somewhat larger than the ex-
perimental values at 3700 and
2590 cm�1, while the Kc1 values
for 3+ and 4+ are similar at
105.9 and 105.4. Thus, mixed-
valent 3+ and 4+ are also po-
tential borderline (class II/III)
hybrid systems.[4] However, the
absence of the typical high-
energy cutoff for class II/III
species argues against this as-
signment. On further oxidation


to 32+ and 42+ , the IVCT transition around 1400 nm vanish-
es with the concomitant growth of an intense absorption
near 1100 nm (Figure 8b). These long-wavelength bands sug-
gest an LMCT transition from the doubly reduced L2� to
the oxidized RuIV centers in [(acac)2RuIVACHTUNGTRENNUNG(m-L2�)RuIV-


Figure 7. UV/Vis/NIR spectroelectrochemistry for the conversions of a)
2!2+ , b) 2+!22+ , c) 2!2�, and d) 2�!22� in CH3CN/0.1 m Bu4NPF6.


Scheme 2.


Table 5. UV/Vis/NIR spectroelectrochemical data for 1–6.[a]


Complex lmax [nm] (e [M�1 cm�1])


12+ 640 ACHTUNGTRENNUNG(6900), 528(sh), 285 ACHTUNGTRENNUNG(22 800)
1+ 1940 ACHTUNGTRENNUNG(4000), 1480(sh), 840(sh), 681 ACHTUNGTRENNUNG(12 100), 400(sh), 284 ACHTUNGTRENNUNG(24 800)
1 605 ACHTUNGTRENNUNG(10 700), 344 ACHTUNGTRENNUNG(14 800), 284 ACHTUNGTRENNUNG(24 600)
1� 980 ACHTUNGTRENNUNG(4600), 776 ACHTUNGTRENNUNG(13 700), 485(sh), 425(sh), 352 ACHTUNGTRENNUNG(10 400), 273 ACHTUNGTRENNUNG(28 700)
12� 1410(sh), 1184 ACHTUNGTRENNUNG(21 700), 980(sh), 502 ACHTUNGTRENNUNG(11 400), 475(sh), 271 ACHTUNGTRENNUNG(33 700)
22+ 669 ACHTUNGTRENNUNG(6900), 528(sh), 325(sh), 283 ACHTUNGTRENNUNG(14 800)
2+ 1985 ACHTUNGTRENNUNG(2600), 890(sh), 710 ACHTUNGTRENNUNG(10 200), 428 ACHTUNGTRENNUNG(4200), 340(sh), 285 ACHTUNGTRENNUNG(19 000)
2 1040(sh), 645 ACHTUNGTRENNUNG(9600), 545(sh), 331 ACHTUNGTRENNUNG(17 500), 276 ACHTUNGTRENNUNG(24 500)
2� 750 ACHTUNGTRENNUNG(14 200), 485 ACHTUNGTRENNUNG(4900), 425(sh), 352 ACHTUNGTRENNUNG(11 500), 273 ACHTUNGTRENNUNG(32 100)
22� 1555(sh), 1235 ACHTUNGTRENNUNG(31 100), 910(sh), 478 ACHTUNGTRENNUNG(10 700), 505(sh), 272 ACHTUNGTRENNUNG(40 500)
32+ 1095 ACHTUNGTRENNUNG(7200), 840(sh), 651 ACHTUNGTRENNUNG(9800), 521 ACHTUNGTRENNUNG(9300), 281 ACHTUNGTRENNUNG(26 200)
3+ 1400 ACHTUNGTRENNUNG(5100), 788(sh), 638 ACHTUNGTRENNUNG(10 600), 480 ACHTUNGTRENNUNG(9700), 344(sh), 279 ACHTUNGTRENNUNG(27 300)
3 553 ACHTUNGTRENNUNG(16 900), 347 ACHTUNGTRENNUNG(12 000), 270 ACHTUNGTRENNUNG(27 900)
3� 824 ACHTUNGTRENNUNG(23 700), 473(sh), 386 ACHTUNGTRENNUNG(13 200), 274 ACHTUNGTRENNUNG(34 800)
32� 1180(sh), 917 ACHTUNGTRENNUNG(34 500), 807(sh), 489 ACHTUNGTRENNUNG(11 900), 355(sh), 272 ACHTUNGTRENNUNG(39 600)
33� 1465(sh), 1136 ACHTUNGTRENNUNG(6400), 899 ACHTUNGTRENNUNG(7100), 654(sh), 578 ACHTUNGTRENNUNG(13 000), 520 ACHTUNGTRENNUNG(13 700), 427(sh), 347(sh), 271 ACHTUNGTRENNUNG(43 500)
42+ 1083 ACHTUNGTRENNUNG(13 400), 667 ACHTUNGTRENNUNG(18 600), 523 ACHTUNGTRENNUNG(18 000), 280 ACHTUNGTRENNUNG(48 500)
4+ 1430 ACHTUNGTRENNUNG(9800), 802(sh), 646 ACHTUNGTRENNUNG(20 100), 492(sh), 345(sh), 279 ACHTUNGTRENNUNG(48 300)
4 559 ACHTUNGTRENNUNG(31 600), 342 ACHTUNGTRENNUNG(24 600), 269 ACHTUNGTRENNUNG(53 300)
4� 833 ACHTUNGTRENNUNG(43 500), 485(sh), 385 ACHTUNGTRENNUNG(25 600), 274 ACHTUNGTRENNUNG(63 200)
42� 1210(sh), 937 ACHTUNGTRENNUNG(71 600), 483 ACHTUNGTRENNUNG(23 000), 358 ACHTUNGTRENNUNG(16 900), 273 ACHTUNGTRENNUNG(74 400)
43� 1555(sh), 1188 ACHTUNGTRENNUNG(16 800), 919 ACHTUNGTRENNUNG(17 400), 648(sh), 570 ACHTUNGTRENNUNG(27 500), 523 ACHTUNGTRENNUNG(29 700), 353(sh), 272 ACHTUNGTRENNUNG(78 900)
52+ 859(sh), 712 ACHTUNGTRENNUNG(9900), 515 ACHTUNGTRENNUNG(10 200), 283(sh)
5+ 900(sh), 740 ACHTUNGTRENNUNG(8100), 530 ACHTUNGTRENNUNG(10 700), 340(sh), 280(sh), 243 ACHTUNGTRENNUNG(39 700)
5 685 ACHTUNGTRENNUNG(6000), 533 ACHTUNGTRENNUNG(13 000), 347ACHTUNGTRENNUNG(11 100), 267 ACHTUNGTRENNUNG(28 600), 243 ACHTUNGTRENNUNG(34 200)
5� 967 ACHTUNGTRENNUNG(19 700), 630(sh), 502 ACHTUNGTRENNUNG(8300), 419 ACHTUNGTRENNUNG(12 300), 383 ACHTUNGTRENNUNG(12 700), 274 ACHTUNGTRENNUNG(33 300), 244 ACHTUNGTRENNUNG(37 500)
52� 1255(sh), 970 ACHTUNGTRENNUNG(31 600), 481 ACHTUNGTRENNUNG(14 500), 437(sh), 360 ACHTUNGTRENNUNG(9000), 274 ACHTUNGTRENNUNG(38 300), 240 ACHTUNGTRENNUNG(41 600)
53� 1520(sh), 1200 ACHTUNGTRENNUNG(6900), 870 ACHTUNGTRENNUNG(13 200), 788 ACHTUNGTRENNUNG(9600), 710(sh), 603(sh), 567 ACHTUNGTRENNUNG(14 200), 503 ACHTUNGTRENNUNG(16 100), 360(sh),


267 ACHTUNGTRENNUNG(42 800), 248 ACHTUNGTRENNUNG(43 600)
6+ 702(sh), 617(sh), 554 ACHTUNGTRENNUNG(18 700), 488(sh), 447 ACHTUNGTRENNUNG(13 500), 330(sh), 267 ACHTUNGTRENNUNG(42 100), 234 ACHTUNGTRENNUNG(53 600)
6 732(sh), 606 ACHTUNGTRENNUNG(16 600), 558 ACHTUNGTRENNUNG(19 000), 490(sh), 453ACHTUNGTRENNUNG(14 700), 344 ACHTUNGTRENNUNG(16 600), 270 ACHTUNGTRENNUNG(44 200), 234ACHTUNGTRENNUNG(55 600)
6� 1205(sh), 961(sh), 867 ACHTUNGTRENNUNG(23 700), 578(sh), 441 ACHTUNGTRENNUNG(17 900), 389 ACHTUNGTRENNUNG(18 700), 272ACHTUNGTRENNUNG(59 400), 236 ACHTUNGTRENNUNG(55 700)
62� 860 ACHTUNGTRENNUNG(32 800), 499(sh), 464 ACHTUNGTRENNUNG(18 300), 431(sh), 375ACHTUNGTRENNUNG(15 700), 272 ACHTUNGTRENNUNG(62 100), 236 ACHTUNGTRENNUNG(59 700)
63� 1101 ACHTUNGTRENNUNG(6500), 862 ACHTUNGTRENNUNG(22 300), 785(sh), 640(sh), 545(sh), 489 ACHTUNGTRENNUNG(21 900), 377 ACHTUNGTRENNUNG(14 600), 271ACHTUNGTRENNUNG(68 500), 236 ACHTUNGTRENNUNG(59 400)


[a] In CH3CN/0.1 m Bu4NPF6.
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ACHTUNGTRENNUNG(acac)2]
2+ instead of the alternative formulation


[(acac)2RuIII ACHTUNGTRENNUNG(m-L0)RuIII ACHTUNGTRENNUNG(acac)2]
2+ .


On one-electron oxidation of 5 to 5+ the lowest energy
LMCT transition (L2�!RuIII) is red-shifted from 685 to
740 nm. However, unlike for 1+–4+ , a RuIII to RuIV based
IVCT band was not detected in the low-energy NIR region
of 5+ (Figure 9a). This absence of a low-energy IVCT band
in 5+ indicates that the first oxidation takes place at the
bridging ligand, leading to the formation of a radical-bridg-
ed isovalent [RuIII]2 species, [(acac)2RuIIIACHTUNGTRENNUNG(m-LC�)RuIII-ACHTUNGTRENNUNG(acac)2]


+ instead of a mixed-valent alternative such as
[(acac)2RuIII ACHTUNGTRENNUNG(m-L2�)RuIVACHTUNGTRENNUNG(acac)2]


+ , as was proposed for 1+–
4+ . The doubly oxidized 52+ exhibits a broad LMCT band
centered at 712 nm (Figure 9b), suggesting either
[(acac)2RuIII ACHTUNGTRENNUNG(m-LC�)RuIVACHTUNGTRENNUNG(acac)2]


2+ or [(acac)2RuIVACHTUNGTRENNUNG(m-L2�)-ACHTUNGTRENNUNGRuIVACHTUNGTRENNUNG(acac)2]
2+ . The long-wavelength absorption in 52+ is


less compatible with the alternative option of a fully oxi-
dized quinone-bridged configuration [(acac)2RuIII ACHTUNGTRENNUNG(m-L0)RuIII


(acac)2]
2+ . In case of the analogous imine derivative, upon


going from 6 to 6+ , the LMCT band is blue-shifted from 606
to 554 nm, with a slight increase in the intensity; again, no
IVCT band is detected in the NIR region (Figure 10a). The
doubly oxidized species 62+ was found to be unstable. The
absence of a NIR absorption of 6+ raises the possibility of
the oxidation of the bridging diiminoquinone ligand, leading
to the formulation of [(acac)2RuIII ACHTUNGTRENNUNG(m-LC�)RuIII ACHTUNGTRENNUNG(acac)2]


+


rather than the mixed-valent alternative [(acac)2RuIII ACHTUNGTRENNUNG(m-
L2�)RuIVACHTUNGTRENNUNG(acac)2]


+ . Thus, metal-based orbitals seem to be
primarily involved in the first oxidation processes of the
smaller quinone-bridged complexes (1+ , 2+ and 3+ , 4+),


whereas quinone-based orbitals are the redox-active molec-
ular orbitals (MOs) for the larger quinone-bridged com-
plexes (5+ and 6+).


It is remarkable that the spectroelectrochemical response
of 5 differs from that of isomeric 7,[23] reflecting a different
p-conjugation pattern and, thus, a different oxidation loca-
tion based on different orbital ordering. However, systems
3n and 7n display strikingly similar effects such as the broad
NIR band emerging after first oxidation (1400 nm for meso-
3+ , 1390 nm for meso-7+) and its decrease after second oxi-
dation with concomitant rise of a band at about 1095 nm.


Figure 8. UV/Vis/NIR spectroelectrochemistry for the conversions of a)
3!3+ , b) 3+!32+ , c) 3!3�, d) 3�!32�, and e) 32�!33� in CH3CN/0.1 m


Bu4NPF6.


Figure 9. UV/Vis/NIR spectroelectrochemistry for the conversions of a)
5!5+ , b) 5+!52+ , c) 5!5�, d) 5�!52�, and e) 52�!53� in CH3CN/0.1 m


Bu4NPF6.


Figure 10. UV/Vis/NIR spectroelectrochemistry for the conversions of a)
6!6+ , b) 6!6�, c) 6�!62�, and d) 62�!63� in CH3CN/0.1 m Bu4NPF6.
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This and the similarly close correspondence on stepwise re-
duction reflect the similarity of the ligand p structures of 3n


and 7n ; which differ only by the annelated benzene ring; in
both cases the redox-active MO seems to be metal-centered,
whereas the 5n analogue appears to offer a more ligand-
based MO due to more efficient p conjugation.


Reduction : Reduction of 1 or 2 to 1�or 2� causes LMCT
band shifts from about 650 to near 800 nm with appreciable
increase in intensity, which is still more pronounced after
adding another electron in the doubly reduced species
(Table 5). Both 1� and 2� failed to show any distinct IVCT
bands in the NIR region up to 2000 nm (Figure 7, Table 5).
These spectral features are less compatible with a mixed-
valent [(acac)2RuIII ACHTUNGTRENNUNG(m-L2�)RuII ACHTUNGTRENNUNG(acac)2]


� formulation.[41] The
alternative interpretation, encompassing the singly reduced
form of the bridging ligand in combination with isovalent
rutheniumACHTUNGTRENNUNG(III) centers, [(acac)2RuIII ACHTUNGTRENNUNG(m-LC3�)RuIII ACHTUNGTRENNUNG(acac)2]


� ,
appears to be more probable with antiferromagnetic cou-
pling between one RuIII ion and the ligand radical leading to
a RuIII-type EPR response. The intense and sharp band near
1200 nm in 12� or 22� suggests an LMCT transition of
[(acac)2RuIII ACHTUNGTRENNUNG(m-L4�)RuIII ACHTUNGTRENNUNG(acac)2]


2� rather than [(acac)2RuIII-ACHTUNGTRENNUNG(m-LC3�) RuII ACHTUNGTRENNUNG(acac)2]
2� or [(acac)2RuII ACHTUNGTRENNUNG(m-L2�)RuII ACHTUNGTRENNUNG(acac)2]


2�.
Similar features of successive red-shifting of the LMCT


band (�550!�800!�900 nm) along with the enhance-
ment of intensity on moving from 3/4!3�/4�!32�/42� and
the absence of a NIR band due to an IVCT transition in the
3�/4� states (Figure 8, Table 5) signify stepwise ligand-based
reductions, [(acac)2RuIII ACHTUNGTRENNUNG(m-L2�)RuIII ACHTUNGTRENNUNG(acac)2]! ACHTUNGTRENNUNG[(acac)2RuIIIACHTUNGTRENNUNG(m-
LC3�)RuIII ACHTUNGTRENNUNG(acac)2]


�! ACHTUNGTRENNUNG[(acac)2RuIII ACHTUNGTRENNUNG(m-L4�)RuIII ACHTUNGTRENNUNG(acac)2]
2�, re-


spectively. Further reduction to 33� or 43� leads to a substan-
tial decrease in the intensity of the band near 900 nm, with
the simultaneous growth of a new metal-to-ligand charge
transfer (MLCT) band near 550 nm. Moreover, an intense
low-energy (NIR, Table 5, Figure 8) absorption band near
1100 nm has been observed for 33�/43�, suggesting a delocal-
ized [(acac)2RuIII ACHTUNGTRENNUNG(m-L4�)RuII ACHTUNGTRENNUNG(acac)2]


3� configuration.[4d]


The spectral features of the successive reduced states of
the larger anthraquinone-derived 5�/6�, 52�/62�, and 53�/63�


are very similar to those of the benzoquinone and naptho-
quinone complexes, leading to the formulations of
[(acac)2RuIII ACHTUNGTRENNUNG(m-LC3�)RuIII (acac)2]


�! ACHTUNGTRENNUNG[(acac)2RuIIIACHTUNGTRENNUNG(m-
L4�)RuIII ACHTUNGTRENNUNG(acac)2]


2�! ACHTUNGTRENNUNG[(acac)2RuIIIACHTUNGTRENNUNG(m-L4�)RuII ACHTUNGTRENNUNG(acac)2]
3�, re-


spectively.


Conclusion


By using three different kinds of p-quinones with deproton-
ated OH or NH2 substituents in suitable positions for
double metal chelation we have shown that the reaction
with [RuACHTUNGTRENNUNG(acac)2ACHTUNGTRENNUNG(CH3CN)2] yields bridged dinuclear com-
plexes with antiferromagnetically coupled rutheniumACHTUNGTRENNUNG(III)
centers. The magnetic coupling, although complicated by
ferromagnetic contributions, shows higher J values for the
smaller systems. Similarly, the electrochemical compropor-


tionation constants Kc for two reversible oxidative and two
reversible reductive one-electron processes were found to
be larger for the smaller p systems 1 and 2 as compared to
naphthoquinone (3/4) and anthraquinone (5/6) complexes.
Chloride substitution (1/2 and 3/4) and the O�/NH� ex-
change (5/6) gave the expected effects from decreasing and
increasing the electron density, respectively. Comparison of
the previously studied 7 with the isomeric 5 showed not only
qualitative but also quantitative differences, which could be
rationalized based on the similarity of electronic structures
and spectral features of 3 and 7. While EPR was inconclu-
sive, the UV/Vis/NIR spectroelectrochemistry supported re-
duction and oxidation of the ligand for the larger p systems
5 and 6 (Scheme 3). With the smaller bridging ligands and


their larger HOMO–LUMO gaps in 1–4, the oxidation to 1+


–4+ produces near infrared absorptions, which we have as-
signed to IVCT transitions of RuIIIRuIV mixed-valent spe-
cies. Analysis according to Hush suggests localized (class II)
to class II/III borderline descriptions of the valence situa-
tion. Reduction to 1�–4� occurs predominantly on the
ligand (Scheme 3).


Thus, with the support of strategically situated negatively
charged substituents for chelation, bridging p-quinones of
different p-conjugation patterns are well suited to engage in
double metal binding. As noninnocent ligands, they may
eventually provide similarly fascinating coordination chemis-
try, especially versus redox active transition metals, such as
the ortho analogues.[22]


Experimental Section


Materials and instrumentations : The starting complex [RuACHTUNGTRENNUNG(acac)2-ACHTUNGTRENNUNG(CH3CN)2] was prepared according to the reported procedure.[47] The li-
gands 2,5-dihydroxy-1,4-benzoquinone (H2L1), 2,5-dihydroxy-3,6-di-
chloro-1,4-benzoquinone (H2L2), 5,8-dihydroxy-1,4-naphthoquinone


Scheme 3.
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(H2L3), 2,3-dichloro-5,8-dihydroxy-1,4-naphthoquinone (H2L4), 1,5- dihy-
droxy-9,10-anthraquinone (H2L5) and 1,5-diamino-9,10-anthraquinone
(H2L6) were purchased from Aldrich (USA). Other chemicals and sol-
vents were reagent grade and used as received. For spectroscopic and
electrochemical studies HPLC grade solvents were used.


UV/Vis/NIR spectroelectrochemical studies were performed in CH3CN/
0.1m Bu4NPF6 at 298 K using an optically transparent thin-layer electrode
(OTTLE) cell[48] mounted in the sample compartment of a J&M Tidas
spectrophotometer. FTIR spectra were taken on a Nicolet spectropho-
tometer with samples prepared as KBr pellets. Solution electrical conduc-
tivity was checked by using a Systronic 305 conductivity bridge. 1H NMR
spectra were obtained with a 400 MHz Varian FT spectrometer. The
EPR measurements were performed in a two-electrode capillary tube[49]


with an X-band Bruker system ESP300, equipped with a Bruker ER035 m


gaussmeter and a HP 5350B microwave counter. Cyclic voltammetric,
differential pulse voltammetric, and coulometric measurements were car-
ried out using a PAR model 273 A electrochemistry system. Platinum
wire working and auxiliary electrodes and an aqueous saturated calomel
reference electrode (SCE) were used in a three-electrode configuration.
The supporting electrolyte was Et4NClO4 and the solute concentration
was approximately 10�3


m. The half-wave potential Eo
298 was set equal to


0.5 ACHTUNGTRENNUNG(Epa+Epc), in which Epa and Epc are anodic and cathodic cyclic voltam-
metric peak potentials, respectively. A platinum-wire gauze working elec-
trode was used in coulometric experiments. All experiments were carried
out under a nitrogen atmosphere. The elemental analysis was carried out
with a Perkin–Elmer 240C elemental analyzer. Electrospray mass spectra
were recorded on a Micromass Q-ToF mass spectrometer.ACHTUNGTRENNUNG[{(acac)2RuIII}2 ACHTUNGTRENNUNG(m-L12�)] (1) and [{(acac)2RuIII}2 ACHTUNGTRENNUNG(m-L22�)] (2): The ligands
H2L1 (0.018 g, 0.13 mmol) and H2L2 (0.027 g, 0.13 mmol) were each sep-
arately added to a solution of [RuACHTUNGTRENNUNG(acac)2 ACHTUNGTRENNUNG(CH3CN)2] (0.10 g, 0.26 mmol)
in of ethanol (20 mL) in the presence of excess NEt3 (0.09 mL,
0.65 mmol) as a base and the mixtures were heated to reflux for 12 h
under atmospheric conditions. The initial orange solutions gradually
changed to blue. The reaction mixtures were evaporated to dryness
under reduced pressure. The solid masses thus obtained were then puri-
fied using a silica gel column. Initially, a red compound corresponding to
[Ru ACHTUNGTRENNUNG(acac)3] was eluted by CH2Cl2/CH3CN (25:1 v/v), followed by a blue
compound with CH2Cl2/CH3CN (15:1 v/v) in each case, corresponding to
1 and 2. Evaporation of the solvents under reduced pressure yielded pure
complexes 1 and 2.


Data for 1: Yield: 0.025 g (26 %); elemental analysis calcd (%) for
C26H30O12Ru2: C 42.28, H 4.10; found: C 42.60, H, 4.15; 1H NMR
(400 MHz, CDCl3, 298 K): d=�22.34 (3 H), �21.84 (3 H), �19.19 (3 H),
�18.80 (3 H; 4CH3 ACHTUNGTRENNUNG(acac)), �10.12 (1 H), �9.60 (1 H; 2CH ACHTUNGTRENNUNG(acac)),
5.29 ppm (2 H; 2CH ACHTUNGTRENNUNG(L12�)).


Data for 2 : Yield: 0.03 g (28 %); elemental analysis calcd (%) for
C26H28O12Cl2Ru2: C 38.71, H 3.50; found: C 38.39, H, 3.59; 1H NMR
(400 MHz, CDCl3, 298 K): d=�23.92 (3 H), �23.53 (3 H), �21.14 (3 H),
�20.68 (3 H; 4CH3 ACHTUNGTRENNUNG(acac)), �14.19 (1 H), �13.68 ppm (1 H;2 CHACHTUNGTRENNUNG(acac)).ACHTUNGTRENNUNG[{(acac)2RuIII}2 ACHTUNGTRENNUNG(m-L32�)] (3) and [{(acac)2RuIII}2 ACHTUNGTRENNUNG(m-L42�)] (4): The ligands
H2L3 (0.024 g, 0.13 mmol) and H2L4 (0.033 g, 0.13 mmol) were each sep-
arately dissolved in a solution of [Ru ACHTUNGTRENNUNG(acac)2ACHTUNGTRENNUNG(CH3CN)2] (0.10 g,
0.26 mmol) in ethanol (20 mL) in the presence of excess NEt3 (0.09 mL,
0.65 mmol) as a base and the mixtures were heated to reflux for 12 h
under atmospheric conditions. The initial orange solutions gradually
changed to violet. The reaction mixtures were evaporated to dryness
under reduced pressure. The resultant solid masses were purified using
silica gel column. Initially, a red solution of [Ru ACHTUNGTRENNUNG(acac)3] was eluted by
CH2Cl2/CH3CN (25:1 v/v), followed by a violet compound in each case
with CH2Cl2/CH3CN (4:1 v/v), corresponding to 3 and 4. Evaporation of
the solvents under reduced pressure yielded pure complexes 3 and 4.


Data for 3 : Yield: 0.035 g (34 %); elemental analysis calcd (%) for
C30H32O12Ru2: C 45.69, H 4.09; found: C 45.31, H, 4.17.


Data for 4 : Yield: 0.03 g (27 %); elemental analysis calcd (%) for
C30H30O12Cl2Ru2: C 42.06, H 3.53; found: C 42.24, H, 3.64.ACHTUNGTRENNUNG[{(acac)2RuIII}2 ACHTUNGTRENNUNG(m-L52�)] (5) and [{(acac)2RuIII}2 ACHTUNGTRENNUNG(m-L62�)] (6): The ligands
H2L5 (0.031 g, 0.13 mmol) and H2L6 (0.031 g, 0.13 mmol) were each sep-


arately mixed in a solution of [Ru ACHTUNGTRENNUNG(acac)2 ACHTUNGTRENNUNG(CH3CN)2] (0.10 g, 0.26 mmol)
in ethanol (20 mL) and excess NEt3 (0.09 mL, 0.65 mmol) was added as a
base. The mixture was then heated to reflux for 12 h under atmospheric
conditions. The initial orange solutions gradually changed to reddish-
purple. The reaction mixtures were evaporated to dryness under reduced
pressure. The solid masses thus obtained were then purified using a silica
gel column. Initially, a red compound corresponding to [RuACHTUNGTRENNUNG(acac)3] was
eluted by CH2Cl2/CH3CN (4:1 v/v), followed by purple-red and purple
compounds with CH2Cl2/CH3CN (3:2 v/v) corresponding to 5 and 6, re-
spectively. Evaporation of solvent under reduced pressure yielded pure
complexes 5 and 6.


Data for 5 : Yield: 0.04 g (36 %); elemental analysis calcd (%) for
C34H34O12Ru2: C 48.69, H 4.09; found: C 48.76, H, 4.07; 1H NMR
(400 MHz, CDCl3, 298 K): d=�17.98 (3 H), �16.65 (3 H), �15.49 (3 H),
�13.62 (3 H), �2.40 (3 H), �1.04 (3 H), 2.83 (3 H), 1.68 (3 H; 8CH3-ACHTUNGTRENNUNG(acac)), �8.49 (1 H), �8.33 (1 H), �5.93 (1 H), �5.55 (1 H; 4CH ACHTUNGTRENNUNG(acac))
�20.40 (1 H), �7.02 (1 H), 4.32 (2 H), 18.25 (1 H), 18.56 ppm (1 H; 6CH-ACHTUNGTRENNUNG(L52�)).


Data for 6 : Yield: 0.025 g (23 %); elemental analysis calcd (%) for
C34H36O10N2Ru2: C 48.80, H 4.34; found: C 48.68, H, 4.36; 1H NMR
(400 MHz, CDCl3, 298 K): d=7.26 (3 H), 5.30 (3 H), 1.58 (6 H; 4CH3-ACHTUNGTRENNUNG(acac)) �25.12 (1 H), �45.19 (1 H; 2 CHACHTUNGTRENNUNG(acac)), 3.02 (1 H), �0.28 (1 H),
�4.39 ppm (1 H; 3 CHACHTUNGTRENNUNG(L62�)).


Magnetic susceptibility measurements : The variable-temperature mag-
netic susceptibilities were measured on polycrystalline samples with a
Quantum Design MPMSXL SQUID (Superconducting Quantum Inter-
ference Device) susceptometer over a temperature range of 2 to 300 K at
a constant field of 10000 G. Each raw data field was corrected for the di-
amagnetic contribution of both the sample holder and the complex to the
susceptibility. The molar diamagnetic corrections were calculated on the
basis of Pascal constants. The fit of the experimental data was carried out
using the MATLAB V.5.1.0.421 program. Magnetization measurements
were carried out at 2 and 300 K in the �50 000 to +50000 G range.


Crystallography : Single crystals were grown by slow evaporation of a 1:1
CH2Cl2/CH3OH mixture of 5. The crystal data of 5·0.25 H2O were collect-
ed on a Bruker SMART APEX CCD diffractometer at 293 K. Selected
data collection parameters and other crystallographic results are summar-
ized in Table 2. All data were corrected for Lorentz polarization and ab-
sorption effects. The program package of SHELX-97 (SHELXTL)[50, 51]


was used for structure solution and full-matrix least-squares refinement
on F2. Hydrogen atoms were included in the refinement using the riding
model. Contributions of H atoms for the water molecules were included
but were not fixed. CCDC-685676 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.
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A Comparison of the Magnetic Structures of KMn4ACHTUNGTRENNUNG(PO4)3 and KCo4ACHTUNGTRENNUNG(PO4)3
Based on the Connectivity of the Coordination Polyhedra


Mar�a Luisa L�pez,*[a] Abdelaali Daidouh,[a] Carlos Pico,[a]


Juan Rodr�guez-Carvajal,[b] and Mar�a Luisa Veiga[a]


Introduction


Phosphates of transition metal elements in low oxidation
states have aroused great interest in recent years.[1–3] The
phosphate frameworks are able to stabilise metal-rich
phases due to the relatively high charge of the PO4


3� tetra-
hedral basic units, which favours the formation of anionic
frameworks with high mechanical, chemical, and thermal
stabilities. In particular, the complex structural chemistry of
several orthophosphates of the general formula AM4ACHTUNGTRENNUNG(PO4)3


(A=alkali metal, M= divalent metal cation) has been stud-
ied for many years,[4–10] and different crystal structures have
been described.


Members of this series of phosphates show orthorhombic
symmetries and quite similar unit-cell parameters, which
mainly depend on the cation sizes. Nevertheless, very notice-
able differences in the metal coordination polyhedra and


their connectivity are encountered, the main consequence of
which is wide variation in their magnetic properties. In this
context, some of us have recently reported the crystal and
magnetic structures of the nickel derivative of this series of
compounds, KNi4 ACHTUNGTRENNUNG(PO4)3.


[10] In this phase, three magnetic
crystallographic sites of Ni2+ ions interact through common
oxygen atoms of the phosphate groups, giving rise to ferro-
magnetic (FM) and antiferromagnetic (AFM) couplings.
The resulting macroscopic behaviour is FM.


The structural similarity between the nickel and manga-
nese derivatives was suggested by Yakubobich et al.,[7] al-
though there are some differences between the two struc-
tures that are reflected in their different space groups. A
key difference is the pentagonal arrangement of the Mn2+


ions, as is discussed later, which is not present in the Ni2+


compound. This feature must be taken into account when
the respective magnetic properties are analysed.


We report herein the room temperature crystal structure
refinements and the low-temperature magnetic structures of
KM4ACHTUNGTRENNUNG(PO4)3 (M= Mn, Co), as obtained by high-resolution
neutron powder diffraction (NPD) analysis. On the basis of
these results, the magnetic structures are interpreted in
terms of possible M-O-M superexchange and super–super-
exchange (M-O-O-M) interactions mediated by isolated
phosphate groups. The analogies and differences between
the crystal structures are discussed on the basis of the coor-
dination polyhedra of the metal cations, and these permit ra-
tionalisation of their respective magnetic behaviours. More-
over, the magnetic single-ion anisotropy of the Co2+ elec-


Abstract: The crystal structures of
KMn4ACHTUNGTRENNUNG(PO4)3 and KCo4ACHTUNGTRENNUNG(PO4)3 have
been determined by neutron diffraction
at room temperature. Both compounds
are orthorhombic with similar cell pa-
rameters, but they crystallize in differ-
ent space groups, Pnam for the Mn
phosphate and Pnnm for the Co ana-
logue. On the basis of the metal cation


polyhedra and their connectivity, the
crystal structures have been rational-
ised, which allow interpretation of the
main magnetic interactions between


them. Magnetic measurements show
ferromagnetic behaviour for the Co
compound, whereas in the Mn deriva-
tive antiferromagnetism is observed.
Both magnetic structures are described
and qualitatively analysed in terms of
superexchange and super–superex-
change interactions.
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tronic configuration may explain its contrasting behaviour
compared to that of the isomorphous Ni2+ phosphate.


Results and Discussion


Crystal structures : Structural refinements of KM4ACHTUNGTRENNUNG(PO4)3


(M= Mn, Co) were carried out from high-resolution NPD
patterns collected at room temperature with l=1.911 �.
Rietveld refinement for the manganese derivative was car-
ried out in the Pnam space group, taking the cell parameters
reported for a single-crystal specimen by Yakubovich et al.[7]


as a starting point. For this phosphate, the minor Mn2O3 im-
purity was included as a second crystallographic phase in
the refinements. The cobalt compound was refined in the
Pnnm space group, being isostructural with the nickel phos-
phate of the same stoichiometry, the crystal and magnetic
structures of which have already been published by some of
us.[10]


The agreement between the observed and calculated pat-
terns was satisfactory, and the Mn and Co Rietveld plots are
shown in Figures 1 and 2, respectively. The structural param-
eters calculated in the refinement are gathered in Table 1.
The final refined positional and thermal parameters are
given in Tables 2 and 3, and the main interatomic distances,
angles, and bond valence sums (BVS) around the cations
are listed in Tables 4 and 5.


On the basis of these results, the different cation poly-
hedra can be described as follows. In both phosphates, the
potassium cations adopt a six-fold coordination in a distort-
ed trigonal prism. Three independent crystallographic sites
for M (M= Mn, Co) and the phosphorus atoms were found.
In the first compound, two manganese atoms are arranged


in distorted trigonal bipyramids, labelled Mn1 and Mn2, and
the third one is in a square pyramid, Mn3. The three kinds
of Co atoms are arranged in distorted trigonal bipyramids,


Table 1. Cell parameters and agreement factors of full-profile refine-
ments from the neutron diffraction pattern of KM4ACHTUNGTRENNUNG(PO4)3 at room tem-
perature.


M Mn Co


space group Pnam Pnnm
a [�] 9.985145(13) 9.62897(9)
b [�] 16.049761(17) 16.48179(17)
c [�] 6.558394(8) 6.16644(6)
V [�3] 1051.04(28) 978.63(17)
reflections 661 597
parameters 61 61
Rp (%)=� jyi,obs�yi,calc j /�yi,obs 10.5 12.0
Rwp (%)= [�wi{yi,obs�yi,calc}


2/�wi ACHTUNGTRENNUNG[yi,obs]
2]1/2 11.7 12.6


RB (%)= [� j Iobs�Icalc j ]/�Iobs 5.58 4.20
c2 =�wi{yi,obs�yi,calc}


2/ ACHTUNGTRENNUNG(N�P+C) 3.537 1.52


Figure 1. Observed (circles), calculated (solid line), and difference (at the
bottom) neutron diffraction (D1A, ILL) profiles for KMn4ACHTUNGTRENNUNG(PO4)3 at
room temperature. Vertical marks correspond to the position of the al-
lowed reflections for the crystallographic structure. The second series of
tick marks corresponds to the Bragg reflections of the Mn2O3 impurity
phase.


Figure 2. Observed (circles), calculated (solid line), and difference (at the
bottom) neutron diffraction (D1A, ILL) profiles for KCo4 ACHTUNGTRENNUNG(PO4)3 at room
temperature. Vertical marks correspond to the position of the allowed re-
flections for the crystallographic structure.


Table 2. Final refined positional and thermal parameters from the neu-
tron diffraction pattern (D1A) of KMn4 ACHTUNGTRENNUNG(PO4)3 at room temperature.


Atom Site x y z Biso [�2]


K 4c 0.2369(8) 0.2832(5) 0.25 1.61(18)
Mn1 4c 0.4685(6) 0.8666(4) 0.25 1.12(17)
Mn2 4c 0.0745(7) 0.8749(4) 0.25 0.55(12)
Mn3 8d 0.2461(5) 0.0505(3) 0.0025(6) 0.12(7)
P1 4c 0.0244(4) 0.4382(3) 0.25 0.40(8)
P2 4c 0.4480(4) 0.4476(3) 0.25 0.01(11)
P3 4c 0.2964(4) 0.7226(3) 0.25 0.45(9)
O1 4c 0.1163(5) 0.5201(3) 0.25 0.71(9)
O2 4c 0.3753(5) 0.0265(3) 0.25 1.34(11)
O3 8d 0.0505(3) 0.38931(17) 0.0610(5) 0.48(7)
O4 4c 0.1059(4) 0.0521(3) 0.25 0.31(8)
O5 4c 0.4020(4) 0.5390(3) 0.25 0.85(11)
O6 8d 0.3933(4) 0.40765(20) 0.0577(5) 0.99(7)
O7 4c 0.2537(5) 0.8149(3) 0.25 0.57(9)
O8 8d 0.2447(4) 0.6768(2) 0.0587(5) 1.33(7)
O9 4c 0.4482(4) 0.7278(3) 0.25 0.69(10)
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labelled Co1, and in octahedral coordination environments,
labelled as Co2 and Co3. The phosphorus atoms form slight-
ly distorted tetrahedra. From the data gathered in Tables 4
and 5, it can be seen that the mean bond lengths and the
BVS values are in good agreement with the sum of the ionic
radii[13] and the calculated valences for all atoms, respective-
ly.


The projections of the overall structures in the b-c plane
(Figure 3a, b) show their complexity, and they can be
viewed as being made up of [M4 ACHTUNGTRENNUNG(PO4)3] groups forming tun-
nels parallel to the a axis, in which the potassium cations are
located. The M-O framework is the primary focus of this de-
scription in order to later rationalise the respective magnetic
behaviours.


For KMn4ACHTUNGTRENNUNG(PO4)3, abbreviated as KMn hereafter, the
framework defined by the transition metal polyhedra can be
decomposed into two different fragments for clarity. One of
them is defined by the Mn3 (yellow) arrangement, which
forms one-dimensional chains of edge-sharing square pyra-
mids that extend along the c axis. The second fragment is
built-up of the Mn2 (green) and Mn1 (pink) polyhedra,
which share two contiguous corners giving rise to zigzag
chains along the a axis (Figure 3c). Each link of the chains is
formed by two alternating pairs of Mn1-O-Mn2. Both frag-
ments collapse around tetrahedral [PO4] groups giving rise
to pentagonal rings formed by neighbouring Mn2+ ions that
lie parallel to the b axis. These pentagonal rings defined by
manganese ions (i.e., Mn1-Mn2-Mn3-Mn1-Mn2) give rise to
parallel sheets, which are joined by [PO4] anions along the b
axis (see Figure 3c). Visualisation of these structural features
is essential to interpret the overall magnetic behaviour of
this compound.


As has already been mentioned, KCo4ACHTUNGTRENNUNG(PO4)3, abbreviated
as KCo, is isostructural with the
nickel compound;[10] therefore,
we only point out here the
main similarities and differen-
ces of this phosphate with re-
spect to KMn that are pertinent
to interpreting their magnetic
structures.


As a consequence of the
cation sizes and the arrange-
ment of the cation polyhedra in
these phosphates, their unit cell
metrics are very similar. In this
context, Figures 3a), b) show
the bc projections of these
structures, in which the resem-
blances between them can
clearly be seen. Sheets of Mn
or Co and P polyhedra parallel
to the (100) planes of the struc-
tures are observed, although
the Co2 and Co3 atoms are six-
coordinated whereas all of the
Mn atoms are five-coordinated
by oxygen.


On the other hand, Fig-
ure 3c), d) show the perpendic-
ular perspectives of the above
structures, which reveal the
main differences in the connec-
tivities of their polyhedra. For


Table 3. Final refined positional and thermal parameters from the neu-
tron diffraction pattern (D1A) of KCo4 ACHTUNGTRENNUNG(PO4)3 at room temperature.


Atom Site x y z Biso [�2]


K 4g 0.2976(11) 0.4640(7) 0.0 2.6(2)
Co1 4g 0.5314(14) 0.0941(8) 0.0 0.7(2)
Co2 4g 0.9729(15) 0.1408(8) 0.0 1.0(3)
Co3 8h 0.2439(10) 0.2528(13) 0.2000(7) 1.34(18)
P1 4g 0.0427(7) 0.3358(4) 0.0 0.91(12)
P2 4g 0.4534(7) 0.2804(4) 0.0 0.12(11)
P3 4g 0.2087(6) 0.0368(4) 0.0 0.28(11)
O 4g 0.8811(6) 0.3218(4) 0.0 0.79(11)
O2 4g 0.6134(6) 0.2760(3) 0.0 0.66(12)
O3 8h 0.5907(4) 0.1208(3) 0.2983(7) 1.15(8)
O4 4g 0.3906(6) 0.1940(4) 0.0 1.00(11)
O5 4g 0.1100(7) 0.2465(4) 0.0 1.45(14)
O6 4g 0.8616(7) 0.0440(4) 0.0 1.76(14)
O7 8h 0.1660(4) 0.0889(3) 0.1987(7) 1.38(8)
O8 8h 0.9002(4) 0.1790(2) 0.7068(7) 1.00(8)
O9 4g 0.3668(7) 0.0207(4) 0.0 1.76(14)


Table 4. Main bond lengths [�], angles [8], and bond valence sums around the cations for KMn4 ACHTUNGTRENNUNG(PO4)3.


KO6


K–O3 2.811(8) � 2 K–O6 2.832(8) � 2 K–O8 2.660(6) � 2
mean 2.767(3)
Shannon 2.795
valence sum 1.101(9)


P1O4 P2O4 P3O4


P1–O1 1.603(7) P2–O4 1.577(6) P3–O7 1.542(7)
P1–O2 1.593(6) P2–O5 1.537(7) P3–O8 1.538(4) � 2
P1–O3 1.490(4) � 2 P2–O6 1.517(4) � 2 P3–O9 1.518(6)
mean 1.544(2) mean 1.536(6) mean 1.533(7)
Shannon 1.534 Shannon 1.534 Shannon 1.534
valence sum 4.925(34) valence sum 4.980(35) valence sum 5.011(36)


Mn1O5 Mn2O5 Mn3O5


Mn1–O1 2.342(8) Mn2–O5 2.208(8) Mn3–O1 2.206(6)
Mn1–O3 2.081(3) � 2 Mn2–O6 2.110(4) � 2 Mn3–O2 2.109(5)
Mn1–O7 2.300(8) Mn2–O7 2.032(8) Mn3–O4 2.144(5)
Mn1–O9 2.237(8) Mn2–O9 2.075(8) Mn3–O5 2.228(5)
mean 2.208(9) mean 2.107(3) Mn3–O8 2.070(6)
Shannon 2.129 Shannon 2.129 mean 2.151(4)
valence sum 1.688(11) valence sum 2.147(18) Shannon 2.1501(26)


valence sum 1.907(13)


Mn1O5 Mn2O5 Mn3O5


O1-Mn1-O3 84.2(3) � 2 O5-Mn2-O6 87.0(3) � 2 O1-Mn3-O2 98.6(2)
O1-Mn1-O7 149.9(5) O5-Mn2-O7 167.6(5) O1-Mn3-O5 80.6(3)
O1-Mn1-O9 145.3(5) O5-Mn2-O9 92.1(4) O1-Mn3-O8 92.7(3)
O3-Mn1-O3 156.3(3) O6-Mn2-O6 144.2(3) O2-Mn3-O4 79.6(4)
O3-Mn1-O7 89.9(4) � 2 O6-Mn2-O7 89.2(4) � 2 O2-Mn3-O8 108.4(3)
O3-Mn1-O9 100.7(4) � 2 O6-Mn2-O9 107.7(4) � 2 O4-Mn3-O5 97.2(2)
O7-Mn1-O9 64.8(4) O7-Mn2-O9 100.3(5) O4-Mn3-O8 100.5(3)


O5-Mn3-O8 88.1(3)
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instance, in KCo one can observe that Co3 (yellow) octahe-
dra chains are joined by isolated Co2 (green) octahedral
units. These latter octahedra share two edges with one chain
and two vertices with two apical oxygen atoms of the adja-
cent Co3 chain, thereby forming zigzag layers that extend
along the a axis. Finally, these layers are joined by the Co1
(pink) dimers, [Co2O9] trigonal bipyramids, each sharing an
equatorial corner of an opposite Co3 octahedron along the
b direction.


It is noteworthy that all of the metal cations in KCo are
bridged by oxygen, which favours magnetic superexchange
interactions. In contrast, the pentagonal sheets in KMn are
joined through PO4 groups, which allows both superex-
change and super–superexchange interactions. These differ-
ences are responsible for the contrasting magnetic behav-
iours of these compounds, as is discussed later.


Magnetic properties : Variable-temperature susceptibility
measurements on KMn and KCo were carried out on pow-
dered samples in the 4.2–300 K temperature range. Figure 4


shows the temperature depend-
ence of the magnetic suscepti-
bilities and the reciprocal sus-
ceptibilities for both com-
pounds.


The thermal evolution of cm


in KMn follows the Curie–
Weiss law, c =C/ ACHTUNGTRENNUNG(T�q), at high
temperatures (T > 125 K),
with Cm =4.43 emu K mol�1


Mn2+ and q=�39.06 K. The
experimental effective magnetic
moment is 5.89 mB per Mn2+ , in
good agreement with the theo-
retical value taking into account
only the spin contribution. The
first signal observed at about
80 K can be attributed to a
small amount of Mn2O3 as an
impurity, as was also detected
in the neutron diffraction pat-
terns. This phase shows an anti-
ferromagnetic (AFM) ordering
below TN =90 K.[14] The appar-
ent FM behaviour detected
below 100 K is attributed to
Mn3O4 (not detected in neutron
diffraction patterns). On the
basis of the susceptibility data
for KMn, the amount of impur-
ity was estimated as 0.6 % by
mass.[15] At low temperature (T
< 20 K), another magnetic
signal appears, centred at 10 K,
which may be attributed to 3D
AFM ordering of the studied
compound.


Different magnetic behaviour
is seen for KCo, for which the thermal evolution of cm


above 20 K follows the Curie–Weiss law with Cm =


3.64 emu K mol�1 Co2+ and q=�22.21 K. The experimental
magnetic moment is 5.39 mB per Co2+ , in good agreement
with the theoretical value, taking into account the un-
quenched orbital contribution corresponding to the 4T1g


term. Below 20 K, the molar susceptibility increases noticea-
bly with decreasing temperature and reaches a maximum
value at 7 K, indicating that a long magnetic order is estab-
lished at this temperature. This behaviour can be attributed
to the dominant magnetic exchange interaction of ferromag-
netic (FM) character.


In order to clarify the meaning of the above signals, meas-
urements of magnetisation versus magnetic field for the two
compounds, obtained at 2 K, are shown in Figure 5. For the
KMn derivative, a small hysteresis loop is detected, for
which the Hc and Mr values are 200 Oe and 0.028 mB, respec-
tively. These results can be interpreted in terms of weak fer-
romagnetic interactions. On the other hand, for KCo, the


Table 5. Main bond lengths [�], angles [8], and bond valence sums around the cations for KCo4ACHTUNGTRENNUNG(PO4)3.


KO6


K–O3 2.733(11) � 2 K–O7 2.795(10) � 2 K–O8 2.856(11) � 2
mean 2.7947(43)
Shannon 2.795
valence sum 1.010(12)


P1O4 P2O4 P3O4


P1–O1 1.573(9) P2–O2 1.542(9) P3–O6 1.494(9)
P1–O3 1.507(6) � 2 P2–O4 1.547(9) P3–O7 1.552(6) � 2
P1–O5 1.608(9) P2-O-8 1.529(5) � 2 P3–O9 1.545(9)
mean 1.5490(38) mean 1.5356(38) mean 1.5356(38)
Shannon 1.5344 Shannon 1.5344 Shannon 1.5344
valence sum 4.840(48) valence sum 4.995(53) valence sum 4.995(53)


Co1O5 Co2O6 Co3O6


Co1–O3 1.976(7) � 2 Co2–O5 2.186(15) Co3–O1 2.049(10)
Co1–O4 2.133(15) Co2–O6 1.922(15) Co3–O2 2.015(10)
Co1–O9 1.994(15) Co2–O7 2.385(13) � 2 Co3–O4 2.106(10)
Co1–O9 2.131(15) Co2–O8 2.038(8) � 2 Co3–O5 2.163(10)
mean 2.041(5) mean 2.159(5) Co3–O7 2.007(12)


Co3–O8 2.515(11)
Shannon 2.098 Shannon 2.098 mean 2.098
valence sum 1.980(27) valence sum 1.891(28) Shannon 2.1501(26)


valence sum 1.941(24)


Co1O5 dimers Co2O6 isolated Co3O6 chains


O3-Co1-O3 137.2(9) O5-Co2-O6 176.7(5) O1-Co3-O2 82.7(5)
O3-Co1-O4 90.7(8) O5-Co2-O7 79.3(4) � 2 O1-Co3-O4 96.3(2)
O3-Co1-O9 111.4(8) O5-Co2-O8 87.7(5) � 2 O1-Co3-O5 169.2(2)
O3-Co1-O9 93.7(2) O6-Co2-O7 97.8(8) � 2 O1-Co3-O7 101.8(4)
O4-Co1-O9 87.9(8) O6-Co2-O8 93.7(5) O1-Co3-O8 80.6(1)
O4-Co1-O9 167.8(4) O7-Co2-O7 61.7(9) O2-Co3-O4 170.9(5)
O9-Co1-O9 80.0(5) O7-Co2-O8 146.5(1) � 2 O2-Co3-O5 95.9(4)


O7-Co2-O8 85.6(1) � 2 O2-Co3-O7 94.1(3)
O8-Co2-O8 124.9(3) O2-Co3-O8 107.6(2)


O4-Co3-O5 83.2(9)
O4-Co3-O7 94.8(6)
O4-Co3-O8 63.4(3)
O5-Co3-O7 88.9(2)
O5-Co3-O8 89.6(7)
O7-Co3-O8 158.2(4)
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presence of an FM component is confirmed. Thus, the iso-
thermal magnetisation curve corresponding to 2 K shows a
remanent magnetisation, its value being around 3.46 mB, and
a coercitive field of 2500 Oe. This hysteresis loop does not
saturate, even at fields as high as 50 kOe, suggesting that an
AFM component is also present.


Magnetic structure determination : The thermal evolution of
the neutron diffraction pattern (D1B) for KMn4ACHTUNGTRENNUNG(PO4)3 from


1.5 to 100 K is shown in Figure 6. Extra magnetic peaks
appear below 10 K and can be attributed to three-dimen-
sional antiferromagnetic ordering in the sample. The intensi-
ty of the magnetic reflections increases progressively, reach-
ing a maximum at 1.5 K. The (001) and (003) reflections
start to be observed, while others, such as the (101), (102),
(111), and (200) reflections, increase in intensity. Thus, the
ND patterns at high temperature are characteristic of nucle-
ar scattering alone, and the observed variations should be
due to magnetic interactions, in accordance with the above
magnetic measurements.


Figure 7 shows the thermal neutron diffraction patterns
for KCo4ACHTUNGTRENNUNG(PO4)3 from 2 to 55 K. At around 20 K, noticeable
changes in intensity are observed in certain Bragg reflec-
tions, all of them allowed in the space group Pnnm. In this
respect, one can see a noticeable difference between the


Figure 3. Crystal structure of KM4ACHTUNGTRENNUNG(PO4)3. Projection along the [100] di-
rection for M =Mn (a) and M= Co (b). Projection along the [001] direc-
tion for M =Mn (c) and M=Co (d). Colour codes: M1 pink, M2 green,
and M3 yellow; PO4 groups dark-grey tetrahedra; K blue.


Figure 4. Temperature dependence of molar magnetic susceptibility (c)
and inverse (1/c) for a) KMn and b) KCo. The apparent FM behaviour of
KMn below 100 K is due to an impurity (see text). Note the difference in
the scales of c.


Figure 5. Magnetisation versus magnetic field at 2 K for a) KMn and
b) KCo. The curve obtained for KMn clearly indicates antiferromagnetic
behaviour and the very weak spontaneous magnetisation is due to an im-
purity (see text).


Figure 6. Low-angle part of diffraction patterns for KMn4 ACHTUNGTRENNUNG(PO4)3 over a
temperature range of 1.8–100 K.
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two phosphates, because in the case of KMn some of the
above reflections are not permitted in its space group
(Pnam).


In both cases, the above changes correspond to the onset
of magnetic ordering, in accordance with previous studies
on a related system [10] . All
peaks can be indexed with a
propagation vector k= (0,0,0),
referred to the reciprocal basis
of the room temperature unit
cell, indicating that both the
magnetic and nuclear cells are
similar.


Group theory analysis : The
magnetic structures were solved
by a systematic search for solu-
tions using the representation
symmetry analysis method in-
troduced by Bertaut[16] and ex-
tensively developed by Izyumov
and co-workers.[17] The possible
magnetic structures compatible
with the Pnam and Pnnm space
groups and the vector k= (0, 0,
0) were evaluated with the help
of the program BasIreps,[18]


which allows determination of
the symmetry constraints be-
tween each magnetic moment
of all M2+ residing in the same
general crystallographic posi-
tions. Nevertheless, the present
problem is quite complex be-
cause the magnetic cations
occupy three different crystallo-
graphic sites, giving rise to 2 � 4
+ 8=16 magnetic sublattices
interacting simultaneously.
Eight sublattices arise from the


general site 8d or 8h (desig-
nated as M3 in Tables 2 and 3
for KMn and KCo, respective-
ly) and the other two four sub-
lattices arise from the special
site 4c or 4g (labelled M1 and
M2, respectively). The basis
vectors obtained for each irre-
ducible representation Gi, ac-
cording to the projection opera-
tor method, are reported in
Tables 6 and 7.


The agreement between the
observed and calculated diffrac-
tion patterns for each possible
magnetic structure was tested.
After checking all of these solu-


tions, the best fittings were obtained with G8 for Mn and
with G7 for Co. The best fit of the D1A experimental
pattern at 1.5 K is plotted in Figures 8 and 9. The saturat-
ed magnetic moments of all of the cations are given in
Table 8.


Figure 7. Low-angle part of diffraction patterns for KCo4ACHTUNGTRENNUNG(PO4)3 over a temperature range of 1.8–100 K.


Table 6. Basis vectors for Pnam and k=0. Symmetry operators for Mn1 and Mn2: 1. (x, y, z), 2. (�x, �y, z+


1/2), 3. (x+1/2, �y +1/2, �z+ 1/2), 4. (�x+1/2, y+1/2, �z); Gm =G1 + 2G2 + G3 + 2G4 + 2G5 + G6 + 2G7 +


G8. For Mn3: 1. (x, y, z), 2. (�x, �y, z +1/2), 3. (x+1/2, �y +1/2, �z+ 1/2), 4. (�x+1/2, y+1/2, �z), 5. (�x,
�y, �z), 6. (x, y, �z+1/2), 7. (�x +1/2, y +1/2, z +1/2), 8. (x+1/2, �y +1/2, z)[a] ; Gm =3G1 + 3G2 +3G3 + 3G4


+ 3G5 + 3G6 + 3G7 + 3G8.


Mn1 and Mn2 Mn3
x y z x y z


G1 0 0 C G+G’ A +A’ C+C’
G2 G A 0 G�G’ A�A’ C�C’
G3 0 0 F A+A’ G +G’ F+F’
G4 A G 0 A�A’ G�G’ F�F’
G5 F C 0 F+ F’ C +C’ A+A’
G6 0 0 A F�F’ C�C’ A�A’
G7 C F 0 C+C’ F +F’ G+G’
G8 0 0 G C�C’ F�F’ G�G’


[a] The notation for the modes for the four sublattices 1, 2, 3, 4 are: F = (+ + + + ); A= (+ � � + ); G= (+
� + �); C = (+ + � �). The primed modes correspond to the same sequence of signs for the remaining four
atoms 4, 5, 6, 7.


Table 7. Basis vectors for Pnnm and k=0. Symmetry operators for Co1 and Co2: 1. (x, y, z), 2.(�x, �y, z), 3.
(�x+1/2, y+ 1/2, �z +1/2), 4. (x +1/2, �y +1/2, �z+1/2); Gm = G1 + 2G2 + G3 + 2G4 + 2G5 + G6 + 2G7 +


G8. For Co3: 1. (x, y, z), 2.(�x, �y, z), 3. (�x +1/2, y +1/2, �z+ 1/2), 4. (x +1/2, �y+ 1/2, �z+1/2), 5. (�x, �y,
�z), 6. (x, y, �z), 7. (x+1/2, �y+1/2, z +1/2), 8. (�x+1/2, y +1/2, z+1/2)[a] ; Gm = 3G1 + 3G2 + 3G3 + 3G4 +


3G5 + 3G6 + 3G7 + 3G8.


Co1 and Co2 Co3
x y z x y z


G1 0 0 C A+A’ G+G’ C+C’
G2 A G 0 A�A’ G�G’ C�C’
G3 0 0 F G+G’ A+A’ F+F’
G4 G A 0 G�G’ A�A’ F�F’
G5 C F 0 C+C’ F+F’ A+A’
G6 0 0 A C�C’ F�F’ A�A’
G7 F C 0 F+F’ C+C’ G+G’
G8 0 0 G F�F’ C�C’ G�G’


[a] The notation for the modes for the four sublattices 1, 2, 3, 4 are: F = (+ + + + ); A= (+ � � + ); G= (+
� + �); C = (+ + � �). The primed modes correspond to the same sequence of signs for the remaining four
atoms 4, 5, 6, 7.
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The refined magnetic structural model of KMn4ACHTUNGTRENNUNG(PO4)3,
corresponding to the representation G8 of Pnam for k=0, is
depicted in Figure 10a). As previously pointed out, the crys-
tal structure consists of an arrangement of three types of en-
tities sharing corners: Mn1 (pink) and Mn2 (green) poly-
hedra, which are mutually isolated, and Mn3 (yellow)
square-pyramidal chains extending parallel to the y direc-
tion. In the magnetic structure, all of these entities are ferro-
magnetically ordered along the c direction. A striking fea-
ture is that three chains of Mn3 with the same spin orienta-


tion are arranged in nearly equilateral triangles, the bases of
which are in the xz plane, and these triangles are superim-
posed with antiparallel magnetic moment orientations in the
y direction. Within the vertical limits of these triangles, the
Mn1 and Mn2 chains are mutually AFM coupled in the
same plane, showing an antiparallel orientation of the Mn2
ions with respect to the others. Therefore, there are FM
layers of Mn3, with the Mn1 and Mn2 between them and
showing AFM interactions. As can be seen in Table 6, the
representation G8 does not allow FM components, so the
very weak ferromagnetism seen in the magnetisation curve
of Figure 5a is certainly due to impurities.


The magnetic ordering of KCo4ACHTUNGTRENNUNG(PO4)3, corresponding to
the representation G7 of Pnnm for k=0, is depicted in Fig-
ure 10b). In this perspective, the octahedral Co3 (yellow)
chains show an FM component along the x direction; with
respect to the y component, the magnetic structure consists
of FM chains that are antiferromagnetically coupled. Be-


tween these Co3 chains, the
Co2 (green) isolated octahedra
are ferromagnetically coupled
along the x direction; in con-
trast, along the y direction the
coupling is FM with one of the
Co3 chains and AFM with the
other. Finally, the Co1 (pink)
trigonal dimers are ferromag-
netically ordered along the x di-
rection, being also antiferro-


magnetically coupled with the Co3 chains. As can be seen in
Table 7, the representation G7 allows FM components along
the x direction. This is in complete agreement with the fer-
romagnetism seen in the magnetisation curve of Figure 5b).


Discussion


The above structural models allow one to interpret the re-
spective magnetic behaviours of the studied compounds,


Figure 8. Observed and calculated neutron diffraction patterns of KMn4-ACHTUNGTRENNUNG(PO4)3 at 1.5 K and the difference between them.


Table 8. Magnetic moments and discrepancy factors associated with the models for T =2 K for KM4ACHTUNGTRENNUNG(PO4)3


(M= Mn[a] and Co[b]).


Gz Fx Cy Gz m (mB)


Mn1 +4.43 Co1 �2.16 +0.10 – 2.16
Mn2 �4.21 Co2 +2.80 �1.51 – 3.18
Mn3 �4.57 Co3 +2.94 +1.11 0 3.14


[a] Rp =4.81; Rwp = 6.10, c2 =3.9, RB =3.90, and Rmag =4.58. [b] Rp =5.32; Rwp =6.85, c2 =2.4, RB =4.58, and
Rmag =7.99.


Figure 9. Observed and calculated neutron diffraction patterns of KCo4-ACHTUNGTRENNUNG(PO4)3 at 1.5 K and the difference between them.


Figure 10. Magnetic structure model showing the three transition metal
sites and their respective magnetic moments: a) KMn4 ACHTUNGTRENNUNG(PO4)3 and
b) KCo4 ACHTUNGTRENNUNG(PO4)3.
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which were found to be AFM in the KMn phosphate and
FM with an AFM component in the KCo phosphate. This
latter behaviour was also encountered in the isostructural
nickel phosphate, with neither of these compounds being
collinear, with spin modes (Fx,Cy,0) and (Cx,Fy,0), respective-
ly. The different spin direction in KCo4ACHTUNGTRENNUNG(PO4)3 is probably
due to the high contribution of magnetic anisotropy of the
Co2+ cations as compared to that of the more isotropic Ni2+


cations.
The changes observed in the neutron diffraction patterns


at 10 K (see Figures 6 and 7) are clearly due to the establish-
ment of long-range AFM ordering in the KMn derivative
and FM ordering in the KCo analogue. The magnetic mo-
ments obtained at 1.5 K in KMn (4.43 mB for Mn1, 4.21 mB


for Mn2, and 4.57 mB for Mn3) are less than 85 % of the
spin-only moment of Mn2+ ions. A reduction to the spin-
only values of free ions is normally due to a combination of
covalence effects and zero-point spin fluctuations in antifer-
romagnets.[19] The magnetic moments obtained in KCo (3.18
and 3.14 mB for Co2 and Co3, respectively) are slightly
higher than the maximum value of 3 mB expected for the
electronic configuration of a high-spin Co2+ free ion (3d7,
t5


2ge
2
g). This slightly overestimated value may be due to the


well-known fact that this ion in its high-spin state exhibits
relatively strong spin-orbit coupling and an orbital contribu-
tion to the magnetic moment.[20] This is also the physical
origin of the strong single-ion anisotropy shown by Co2+ in
many oxides. This particular anisotropy also accounts for
the different magnetic structure observed for KCo4ACHTUNGTRENNUNG(PO4)3 as
compared with the Ni phosphate. Finally, we note that the
refined magnetic moments of the Co2 and Co3 octahedral
ions are always higher than that of the bipyramidal-trigonal
Co1.[3]


Spontaneous static ordering of magnetic moments at low
temperatures is caused by exchange interactions between
the moments, making it energetically favourable for them to
align in a parallel or anti-parallel manner. To study the main
characteristics of the magnetic ordering in these phases,
only isotropic exchange interactions were taken into ac-
count. The anisotropic terms, which act as a perturbation
fixing the orientation of the spins with respect to crystallo-
graphic lattice, were taken to be negligible. The possible
competition between exchange and anisotropy may play a
non-negligible role in the case of the Co compound, giving
rise to the observed non-collinear structure.


Analysis and discussion of the magnetic structure of KMn4-ACHTUNGTRENNUNG(PO4)3 : The magnetic ions interact through super or super-
superexchange mediated by oxygen ions, all of them belong-
ing to discrete tetrahedral PO4 anions. The nature of these
interactions between two Mn2+ (d5–d5) ions should be anti-
ferromagnetic at 1808 and ferromagnetic for an angle of 908,
in accordance with the Goodenough–Kanamori–Anderson
(GKA) rules.[21–23]


Analysis of the crystal structure of KMn4ACHTUNGTRENNUNG(PO4)3 allows us
to establish several main exchange pathways (see Figure 11):


* The shortest path (Mn3–Mn3 (yellow) =3.23 �) is of a
superexchange type; the Mn2+ ions belong to the same
chains and the Mn-O-Mn angles of 97.58 indicate, accord-
ing to the GKA rules, an FM exchange pathway.


* Superexchange paths are operative between Mn3
(yellow)–Mn1 (pink) and Mn3 (yellow)–Mn2 (green);
the bond lengths between the cations are 3.55 and
3.82 �, respectively. The Mn3-O-Mn1 and Mn3-O-Mn2
angles are 102 and 1198, respectively. According to the
GKA rules, these angles are close to the threshold be-
tween FM and AFM coupling; the first corresponds to a
weak FM exchange and the second to weak AFM ex-
change.


* The Mn2 (green)–Mn1 (pink) distances are 3.92 � and
3.99 �. Superexchange interactions between [Mn2O5]
and [Mn1O5] polyhedra may be operative through the
O9 and O7 atoms, with angles of 133 and 1398, respec-
tively. Therefore, AFM interactions between them are
expected.


* The Mn2+ ions of different pentagonal sheets are con-
nected by PO4 groups, and therefore super-superex-
change interactions through [P1O4] or [P2O4] could be
operative. In these cases, the angles are always greater
than 1208, and therefore AFM couplings are favourable.


Figure 12 shows the magnetic structure, together with the
coordination polyhedra, for the manganese compound. The
Mn2+ ions form pentagons, which extend in a zigzag manner
along the a direction and in a parallel manner along c, and
are AFM or FM coupled (Mn3–Mn1). These pentagonal
blocks are linked along the b direction to other similar
blocks through isolated [PO4] groups. Therefore, the only
possible pathway between the above ac layers is the super-
superexchange interaction. This situation produces a change
in the signs of the magnetic moments orientation in Mn
chains. As a consequence, successive pentagons along b are
reverse images of the previous ones. This AFM structure is
in complete agreement with the results obtained from the
magnetic measurements and with the predictions of the


Figure 11. Exchange pathway for KMn4 ACHTUNGTRENNUNG(PO4)3. Interactions via vertex
oxygen bridges and phosphate groups.
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qualitative analysis of the exchange interactions using the
GKA rules described in the previous paragraph.


Analysis and discussion of the magnetic structure of KCo4-ACHTUNGTRENNUNG(PO4)3 : By means of an analogous procedure to that dis-
cussed above, the main magnetic exchange pathways in
KCo4 ACHTUNGTRENNUNG(PO4)3 have been identified as the following (see
Figure 13):


* The shortest path (Co3 (yellow)–Co3 (yellow)= 2.94 �)
is of a superexchange type; the Co2+ ions belong to the
same chains and the Co-O-Co angles of 93.58 correspond,
according to the GKA rules, to an FM exchange path-
way.


* Superexchange intradimer interactions through oxygen
atoms involving metal dx2�y2 orbitals from edge-sharing
cobalt polyhedra in (Co12O8) trigonal-bipyramidal
dimers, in which the Co-O-Co angles are 98.88, give rise
to FM coupling.


* The interactions between Co3 (yellow)–Co2 (green) with
distances of 3.15 and 3.71 �, respectively, are of a super-
exchange type. Superexchange interactions between
(Co3O8) chains and (Co2O6) isolated octahedral may op-
erate through the O5 and O8 atoms, the former provid-
ing the greatest opportunity for orbital overlap, Co3-O5-


Co2 (bond lengths 2.15, 2.09 � and angle 95.58). There-
fore, FM interactions are to be expected.


* The distance between Co3 (yellow) and Co1 (pink) is
3.69 � and superexchange interactions between [Co3O6]
and [Co1O5] polyhedra may operate through the O4
atoms, with angles of 1188. Therefore, AFM interactions
are to be expected in this case.


Figure 14 shows the final magnetic structure of the KCo
phosphate, in which Co1 (pink) dimers seem to be responsi-
ble for FM couplings between Co3 (yellow) chains, which
give rise to a global FM response with a spontaneous net
magnetisation.


Conclusion


We have solved and refined the magnetic structures of two
orthophosphates, KMn4ACHTUNGTRENNUNG(PO4)3 and KCo4ACHTUNGTRENNUNG(PO4)3, the crystal
structures of which are closely related. These systems show
complex interactions between the magnetic ions. Different
magnetic orderings are set up below the respective N�el
temperatures, both of which are close to TN =10 K. In the
manganese phosphate, three kinds of Mn2+ cations are fer-
romagnetically ordered in parallel infinite chains along the
c-direction and are mutually antiferromagnetically and fer-
romagnetically coupled through superexchange interactions.
The most prominent aspect of the magnetic topology of
KMn4ACHTUNGTRENNUNG(PO4)3 is the arrangement of such chains in nearly
planar pentagonal rings of Mn2+ ions. These rings share
edges in the ab plane, giving rise to double layers along the
ac plane. It is noteworthy that the Mn2+–Mn2+ magnetic in-
teractions between parallel layers are of the super-superex-
change type through [PO4] anions and are of weak AFM
character. The main consequence of this coupling is the in-
version of spin moment alignment in each chain. As a
result, the global magnetic structure is purely AFM.


The KCo4ACHTUNGTRENNUNG(PO4)3 derivative is isostructural with the nickel
phosphate of the same stoichiometry, but shows a different
spin orientation that may be attributed to the single-ion ani-
sotropy contribution of Co2+ . The competition between ani-
sotropy and exchange is probably the origin of the non-col-
linear magnetic structure in this case. The main feature is


Figure 12. Magnetic structure of KMn4 ACHTUNGTRENNUNG(PO4)3.


Figure 13. Exchange pathway for KCo4 ACHTUNGTRENNUNG(PO4)3. Interactions via vertex
oxygen bridges.


Figure 14. Magnetic structure of KCo4 ACHTUNGTRENNUNG(PO4)3.
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the FM character of the Co3 chain polyhedra, which differs
from that encountered in the manganese derivative with
both FM and AFM couplings for the Mn cations with the
same label (i.e. , Mn1–Mn1, Mn2–Mn2, Mn3–Mn3). Superex-
change interactions starting from ferromagnetically coupled
Co2 dimers are responsible for the overall FM character of
this phosphate.


Experimental Section


Polycrystalline samples of KM4 ACHTUNGTRENNUNG(PO4)3 (M =Mn and Co) were obtained
by the “liquid mix” technique[11] from powdered mixtures of KNO3,
C10H14MnO4, Co ACHTUNGTRENNUNG(NO3)2·6H2O, and (NH4)2HPO4 (supplied by Merck,
Germany), in stoichiometric ratios. The reactants were heated in an alu-
mina crucible at temperatures above 1100 K for 24 h.


Neutron diffraction patterns were recorded at room temperature and 2 K
on a D1A high-resolution diffractometer at the ILL (Grenoble, France).
A wavelength of 1.911 � was selected by means of a germanium mono-
chromator. The counting time was 6 h using about 4 g of sample con-
tained in a vanadium can. Diffraction patterns were analysed using the
FullProf program.[12] A D1B powder diffractometer, equipped with a
PSD multidetector and a pyrolitic graphite monochromator providing a
wavelength of 2.52 �, was used to obtain diffraction patterns in the tem-
perature range 1.5–300 K.


Magnetic susceptibility data were measured with a SQUID magnetome-
ter (Quantum Design, MPMS-XL model) in the temperature range 1.9–
300 K at different applied fields. Isothermal magnetisation measurements
were made at up to 60 kOe at different temperatures.
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Introduction


Characterization of reactive intermediates involved in the
various processes catalyzed by heme enzymes continues to
inspire the research of synthetic analogues, from both the
experimental and computational points of view.[1] This may
be appreciated by the structures depicted in Scheme 1, rep-
resenting intensely investigated iron porphyrin complexes,
in which the overall oxidation state is higher by one (1–3)
and two (4) units relative to the ironACHTUNGTRENNUNG(III) resting state of the
enzymes. Insight into the metal versus porphyrin oxidation
dilemma, arising from similar redox potentials of the metal
and the porphyrin ligand, has previously been obtained
from the combination of various spectroscopic methods,
electrochemistry, X-ray crystallography, and computational
methods.[2]


The unpaired electrons in 1 a are all of identical spin,
while the spin of the single electron from the porphyrin rad-


Abstract: There is a longstanding
debate in the literature on the electron-
ic structure of chloroiron corroles, es-
pecially for those containing the highly
electron-withdrawing meso-tris(penta-
fluorophenyl)corrole (TPFC) ligand.
Two alternative electronic structures
were proposed for this and the related
[FeCl ACHTUNGTRENNUNG(tdcc)] (TDCC= meso-tris(2,6-di-
chlorophenyl)corrole) complex, namely
a high-valent ferryl species chelated by
a trianionic corrolato ligand ([FeIV-ACHTUNGTRENNUNG(Cor)3�]+) or an intermediate-spin (IS)
ferric ion that is antiferromagnetically
coupled to a dianionic p-radical corrole
([FeIII ACHTUNGTRENNUNG(Cor)C2�]+) yielding an overall
triplet ground state. Two series of cor-
role-based iron complexes ([Fe(L)-ACHTUNGTRENNUNG(Cor)], in which L=F, Cl, Br, I, and


Cor=TPFC, TDCC) have been investi-
gated by a combined experimental
(Mçssbauer spectroscopy) and compu-
tational (DFT) approach in order to
differentiate between the two possible
electronic-structure descriptions. The
experimentally calibrated conclusions
were reached by a detailed analysis of
the Kohn–Sham solutions, which suc-
cessfully reproduce the experimental
structures and spectroscopic parame-
ters: the electronic structures of
[Fe(L) ACHTUNGTRENNUNG(Cor)] (L=F, Cl, Br, I, Cor=


TPFC, TDCC) are best formulated as
([IS-FeIII ACHTUNGTRENNUNG(Cor)C2�]+), similar to chloro-


iron corrole complexes containing elec-
tron-rich corrole ligands. The antiferro-
magnetic pathway is composed of
singly occupied Fe dz2 and corrole a2u-
like p orbitals, with coupling constants
that exceed those of analogous porphy-
rin systems by a factor of 2–3. In the
corroles, the combination of lower sym-
metry, extra negative charge, and
smaller cavity size (relative to the por-
phyrins) leads to exceptionally strong
iron–corrole s bonds. Hence, the Fe
dx2�y2-based molecular orbital is un-
available in the corrole complexes
(contrary to the porphyrin case), and
the local spin states are SFe = 3/2 in the
corroles versus SFe =5/2 in the porphyr-
ins. The consequences of this qualita-
tive difference are discussed for spin
distributions and magnetic properties.
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ical in 2 is opposite to those on iron. These two cases are
commonly referred to as ferromagnetic and antiferromag-
netic coupling, respectively, adopting the term from bulk
magnetic material for describing intramolecular interactions.
The influence of the type of axial ligands may be appreciat-
ed by the comparison of 1 a with 1 b and of 2 with 3. Metal
rather than porphyrin oxidation as in 1 b and 3 was found to
be favored only when the ligands are p-donating (e.g., F�,
CH3O


�, O2�).[3] Such ligands are known to stabilize high oxi-
dation states of transition metals. A different effect is evi-
dent in the doubly oxidized complex 4, which represents the
most important intermediate in catalysis by heme enzymes
(Compound I).[4] Possible interactions of the two unpaired
electrons in the dp orbitals with the single porphyrin-based
electron were classified as either: strongly ferromagnetic
(e.g., in synthetic complexes with L=Cl�, ClO4


�, MeOH),[5]


exceedingly weak (e.g., in horseradish peroxidase, HRP, L=


histidine)[6] and moderately strong antiferromagnetic (e.g.,
in chloroperoxidase, CPO, L=cysteinate).[1f] In the last case,
DFT calculations have provided significant insight into the
underlying principles that govern the type and strength of


intramolecular interactions between the paramagnetic cen-
ters.[7] The last few years have witnessed an enormous in-
crease in the research activities dealing with transition-metal
complexes of corroles, the one-carbon-atom-short analogues
of porphyrins.[8] The main cause for this renaissance (cor-
roles have been known since 1965) is the simple synthetic
access to corroles now available,[9] which in turn triggered
their exploration in the many applications that are dominat-
ed by porphyrins and related macrocycles. Particularly,
metal complexes of tris(pentafluorophenyl)corrole (TPFC)
were shown to be promising catalysts,[10] to display unique
photophysical properties,[11] and to have significant potential
for medical applications.[12]


From the chemical property point of view, iron corroles
are quite different from iron porphyrins. This may be exem-
plified by the oxygenation of iron ACHTUNGTRENNUNG(III) corroles to binuclear
m-oxoiron(IV) derivatives,[10d] a reaction that takes place
with iron(II), but not ironACHTUNGTRENNUNG(III), porphyrins. [FeCl ACHTUNGTRENNUNG(tpfc)] is
also the only iron complex that catalyzes the aziridination of
olefins by Chloramine-T, a feature that was attributed to a
dramatic change in the polarity of the nitrogen atom of the
latter upon its coordination to the high valent metal ion.[13]


One apparently unresolved issue, however, is the assignment
of the electronic states in corrole–metal complexes, the
stable oxidation states of which are almost invariably higher
by one unit than those of analogous metalloporphyrins.[14, 15]


A particularly intense debate has centered around com-
plexes with the general formula of [FeCl ACHTUNGTRENNUNG(Cor)], (5 a–8 a ;
Scheme 2).


Experimental data exists for complexes 6 a–c,[16] 7 a–c,[17]


and 8 a,b,[10e, 18] including the X-ray structures of 6 a–c and
8 a,b,[10e, 16,18] and computational investigations were reportedScheme 1. Electronic configurations of high-valent iron porphyrins: 1–3


are one oxidation state above iron ACHTUNGTRENNUNG(III) porphyrins; 3 represents Com-
pound II; and 4 represents Compound I, which is one oxidation state
above 3.


Scheme 2. Formal drawing of five and six-coordinate iron corroles and
the two electronic configurations that are consistent with experimental
magnetic data.
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for 5 a–c,[19,20] 6 a,c, and 7 a,c.[17] This led to a consensus
about the electronic structures of the phenyl- and oxo-ligat-
ed iron complexes: a low-spin iron(IV) (SFe =1) that is che-
lated by the closed-shell corrolato tri-anion and is further
charge-balanced by the mono-anionic axial ligand. An iden-
tical view was first proposed for the chloro-ligated complex
6 a by Vogel and co-workers,[16] based on the observation of
only two unpaired electrons (St =1, as expected for low-spin
iron(IV)) by means of magnetic susceptibility measure-
ments. Gross and co-workers proposed the same description
for complex 8 a and provided further support from X-ray
crystallography, electrochemistry, and NMR spectrosco-
py.[10e,18, 21] The groups of Ghosh and Walker favored an al-
ternative electronic structure description for complexes 5 a–
7 a : an intermediate-spin iron ACHTUNGTRENNUNG(III) (SFe = 3/2) that is strongly
coupled to an open-shell corrole (Scor =1/2) in an antiferro-
magnetic fashion.[17,19, 20]


The strongest experimental support for the iron ACHTUNGTRENNUNG(III) cor-
role radical formulation in the case of the chloro-ligated
complexes [FeIIICl ACHTUNGTRENNUNG(Me8Cor)] and [FeIIICl(7,13-Me2Et6Cor)]
comes from the unusually positive 1H NMR chemical shifts
(+187 and +174 ppm at 300 K) of their meso-hydrogen res-
onances, analyzed as reflecting large negative spin densities
at the meso-carbon atoms.[17a,d] This is consistent with DFT
calculations on complexes 5 a–7 a that revealed large calcu-
lated spin densities on the meso-carbon atoms for an open-
shell corrole ligand.[17d,19] The 19F NMR spectroscopic inves-
tigations of 8 a containing a strongly electron-deficient cor-
role ligand, were not unambiguous in differentiating the two
possible electronic configurations,[10e, 17b,c] but the very large
effects of axial ligands in the [Fe(L) ACHTUNGTRENNUNG(Cor)] series, in which
L=F, Cl, Br, I, and Cor= TPFC, TDCC, on the 1H NMR
chemical shifts were analyzed in terms of [FeIVACHTUNGTRENNUNG(Cor)3�]. The
difference in meso-phenyl-H (dm-H�dp-H) chemical shifts was
proposed as a spectroscopic marker in these mole-
cules.[17b,c,20b] However, this difference shows the same sign
and approximately the same magnitude in a quintet chloro-ACHTUNGTRENNUNGiron corrolate complex [FeIIICl ACHTUNGTRENNUNG(OMTPCor)] (OMTP=


2,3,7,8,12,13,17,18-octamethyl-5,10,15-triplhenylcorrolate), in
which an intermediate-spin ferric center is ferromagnetically
coupled to a corrolate radical ligand, and in [FeIIICl(7,13-
Me2Et6Cor)] in which these two paramagnetic fragments are
antiferromagnetically coupled.[17f]


Potentially, 13C NMR spectroscopy could provide addi-
tional strong support for ligand radicals, since it also directly
probes the spin populations at the ligand nuclei, in particu-
lar for the meso-carbon atoms in the substituted corrolate
complexes 7 a–9 a. However, the signals of meso-carbon res-
onances were too broad to be detected due to unfavorable
relaxation rates.[17b] It was also pointed out in the literature
that even if such signals could be observed they may not be
easily interpreted in terms of spin populations, since “in
cases in which the amount of spin density on the macrocycle
and axial ligand is found to be too large for simple metal–
ligand spin delocalization, a macrocycle radical may be sus-
pected”.[17e]


The electrochemistry of iron corroles is also distinctively
different from that of iron porphyrins.[10e, 20] The oxidation
potentials of [FeIIICl ACHTUNGTRENNUNG(tpp)] and [GaIIICl ACHTUNGTRENNUNG(tpp)] (TPP=meso-
tetraphenylporphinato) are almost identical (E1/2 =1.13 and
1.19 V vs. SCE, respectively),[22] consistent with porphyrin
oxidation in both cases. On the other hand, [FeCl ACHTUNGTRENNUNG(tpfc)] dis-
plays two redox couples with E1/2 values of 0.44 V for [FeCl-ACHTUNGTRENNUNG(tpfc)]/ ACHTUNGTRENNUNG[FeCl ACHTUNGTRENNUNG(tpfc)]� and 1.24 V for [FeCl ACHTUNGTRENNUNG(tpfc)]/ ACHTUNGTRENNUNG[FeCl-ACHTUNGTRENNUNG(tpfc)]+ . The second process is consistent with corrole-based
oxidation of an iron(IV)-chelated complex, as may be ap-
preciated by the E1/2 values of [GeIVOH ACHTUNGTRENNUNG(tpfc)] and [SnIVCl-ACHTUNGTRENNUNG(tpfc)] (1.13 and 1.20 V, respectively),[10d] while the first one
might be taken as evidence for a metal-based reduction of
[FeCl ACHTUNGTRENNUNG(tpfc)], since it occurs at a lower potential than that of
the [GaACHTUNGTRENNUNG(tpfc)]/[Ga ACHTUNGTRENNUNG(tpfc)]+ redox couple (0.74 V).[10d,11] How-
ever, the difference between chloro-coordinated [FeCl ACHTUNGTRENNUNG(tpfc)]
and pyridine-coordinated [Ga(py) ACHTUNGTRENNUNG(tpfc)] certainly compli-
cates the comparison.


In summary, there is a longstanding controversy concern-
ing the electronic structures of complexes 8 a and the related
9 a.[17b,c,20b] Presumably Mçssbauer spectroscopy is the best
technique to investigate the question of the most consistent
electronic-structure description. The experimental isomer
shifts of 5 a and 6 a (d=0.19–0.21 mm s�1[16,17d]) are, however,
at the very high end of what is expected for genuine triplet
iron(IV) species. We have therefore decided to re-investi-
gate this issue by a combination of quantum chemistry and
Mçssbauer spectroscopy, utilizing a variety of halogenoiron
corroles rather than just the chloroiron derivatives as in all
previous studies. The aim of the current investigation is to
provide new theoretical and experimental data in order to
reliably determine the complex spin-coupling patterns of
these complexes. Specifically, experimental Mçssbauer data
for two series of corrole-based iron complexes were ac-
quired and DFT calculations were performed. Mçssbauer
parameters were computed for all structures. Following the
reproduction of the experimental geometries and spectro-
scopic data, the analysis of the obtained Kohn–Sham solu-
tions allows us to draw experimentally calibrated conclu-
sions about the electron and spin distributions in the investi-
gated series of iron corroles and porphyrins.


Results


Mçssbauer data and magnetic properties : Mçssbauer isomer
shifts and quadrupole splittings were measured at 80 K with-
out applied field for the iron complexes of meso-tris(penta-
fluorophenyl)corrole (TPFC) 8 a, 8 d, 8 f, and the iron com-
plexes of meso-tris(o-dichlorophenyl)corrole (TDCC) 9 a,
9 d–f in the solid state. The results are summarized in
Table 1. Each series is composed of three complexes with a
single axial halide ligand (L= Cl, Br, I) and one complex
with two axial pyridine ligands (L= L’= py). The computa-
tional investigation covers all these systems and includes, for
comparison, the [FeF ACHTUNGTRENNUNG(tpfc)] (8 g) with an axial fluorine
ligand and three porphyrin-based iron complexes [Fe-
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ACHTUNGTRENNUNG(OClO3)2 ACHTUNGTRENNUNG(tpp)] (1 a ; TPP: meso-tetraphenylporphinato) with
perchlorato ligands, [FeCl ACHTUNGTRENNUNG(tpp)]+ (2 a) and [FeCl ACHTUNGTRENNUNG(ttp)]+ (2 b ;
TTP: meso-tetra-p-tolylporphinato), which is isoelectronic
with 2 a. Experimental Mçssbauer parameters are known for
the first two of these porphyrin-based complexes,[23] but not
for the third one.


To determine the sign and the asymmetry parameter h of
the electric quadrupole interaction, as well as the paramag-
netic properties for one example of the corrole complexes,
magnetic Mçssbauer spectra of the chloride complex 8 a
were measured at liquid helium temperature with applied
fields of 1, 4, and 7 T. The appearance of the spectra shown
in Figure 1 is typical of a system with an energetically well-
isolated integer-spin ground state with large positive zero-
field splitting. In this situation the internal field at the Mçss-
bauer nucleus is weak, because of a low-lying electronic
Ms =0 sublevel, and increasing applied fields induce increas-
ing magnetic moments by mixing of Ms levels. This is reflect-
ed in the spectra by the relatively weak overall magnetic
splitting and the strong field dependence of the hyperfine
pattern. These features are consistent with a putative
[FeIVCl ACHTUNGTRENNUNG(Cor)3�] low-spin complex with SFe =1 involving the
high-valent iron center. However, they could also reflect the
alternative [FeIIICl ACHTUNGTRENNUNG(Cor)C2�] system containing a corrolato p-
radical dianion, with a total spin St =1 in the ground state,
due to strong antiferromagnetic coupling of the intermedi-


ate-spin iron (SFe =3/2) with the corrole-based radical
(SCor =1/2). If the spin coupling is strong, Mçssbauer spec-
troscopy as a ground-state method cannot easily discrimi-
nate the two alternatives, because in both cases the ground
state is a well-defined spin triplet with basically similar mag-
netic properties. Conclusions might be drawn only from de-
tailed interpretation of the spin Hamiltonian and Mçssbauer
parameters.


Given this situation, we tried to simulate the magnetic
Mçssbauer spectra of 8 a for a low-spin iron(IV) complex
with an effective spin S=1. This yields a nice fit with zero-
field parameters D= 14(1) cm�1, E/D= 0.07(5) and the hy-
perfine coupling tensor A/gNbN =�24.1, �26.2, +0.5 T
(black lines in Figure 1). Moreover, the quadrupole interac-
tion is clearly found to be positive with a small asymmetry
parameter h=0.2(1). We note that no rotations of the elec-
tric field gradient (efg) tensor or the A tensor had to be in-
voked with respect to the principle axes of the zero-field in-
teraction, in contrast to what was reported recently for
[FeIIICl(7,13-Me2Et6Cor)].[17d]


The values can be directly compared with those reported
for genuine low-spin iron(IV) species with local spin SFe = 1
at the metal ion. For instance, porphyrin FeIV–oxo complex-
es,[1e,f, 2] chlorines[2g] and porpholactones[2h] exhibit axial zero-
field splitting in the range 19<DFe<36 cm�1; the value for
the non-oxo cation [FeIV(Ph)porphyrin]+ , D =31 cm�1[2i] is
also in the same regime, which is slightly higher than the
value for 8 a. In contrast, the magnetic hyperfine coupling
constant for 8 a is at the lower limit of values found for the
same reference compounds, �25<AFe,?/gNbN<�16 T (here
only AFe,?= 0.5[AFe,x+AFe,y] is taken, since usually AFe,x is
not very well determined due to the magnetic anisotropy of
the spin system).


Table 1. Mçssbauer parameters (d [mm s�1] and DEQ [mm s�1]): Experi-
mental data and B3LYP values computed at optimized B3LYP and BP86
structures.[a]


St dcalcd dexptl DEQ,calcd DEQ,exptl Electronic
structure[b]


DF


1a 3 0.418 0.48 +0.91 1.77 [HS-FeIIIPC�]2+ (F) B3LYP
3 0.422 +0.78 [HS-FeIIIPC�]2+ (F) BP86


2a 2 0.405 0.41 +0.16 0.50 [HS-FeIIIPC�]2+ (AF) B3LYP
2 0.388 +0.28 [HS-FeIIIPC�]2+ (AF) BP86


2b 2 0.408 +0.16 [HS-FeIIIPC�]2+ (AF) B3LYP
2 0.295 +2.12 [HS-FeIVP2�]2+ BP86


8g 1 0.194 +2.03 ACHTUNGTRENNUNG[IS-FeIII ACHTUNGTRENNUNG(Cor)C2�]+ B3LYP
1 0.141 +2.14 ACHTUNGTRENNUNG[IS-FeIII ACHTUNGTRENNUNG(Cor)C2�]+ BP86


8a 1 0.181 0.18 +2.45 +2.93[c] ACHTUNGTRENNUNG[IS-FeIII ACHTUNGTRENNUNG(Cor)C2�]+ B3LYP
1 0.125 +2.53 ACHTUNGTRENNUNG[IS-FeIII ACHTUNGTRENNUNG(Cor)C2�]+ BP86


8d 1 0.175 0.17 +2.61 3.12 ACHTUNGTRENNUNG[IS-FeIII ACHTUNGTRENNUNG(Cor)C2�]+ B3LYP
1 0.123 +2.69 ACHTUNGTRENNUNG[IS-FeIII ACHTUNGTRENNUNG(Cor)C2�]+ BP86


8 f 1=2 0.163 0.12 +4.02 3.58 ACHTUNGTRENNUNG[LS-FeIII ACHTUNGTRENNUNG(Cor)3�] B3LYP
1=2 0.118 +3.80 ACHTUNGTRENNUNG[LS-FeIII ACHTUNGTRENNUNG(Cor)3�] BP86


9a 1 0.185 0.19 +2.48 2.88 ACHTUNGTRENNUNG[IS-FeIII ACHTUNGTRENNUNG(Cor)C2�]+ B3LYP
1 0.132 +2.51 ACHTUNGTRENNUNG[IS-FeIII ACHTUNGTRENNUNG(Cor)C2�]+ BP86


9d 1 0.180 0.18 +2.63 3.08 ACHTUNGTRENNUNG[IS-FeIII ACHTUNGTRENNUNG(Cor)C2�]+ B3LYP
1 0.131 +2.67 ACHTUNGTRENNUNG[IS-FeIII ACHTUNGTRENNUNG(Cor)C2�]+ BP86


9e 1 0.125 0.15 +2.99 3.35 ACHTUNGTRENNUNG[IS-FeIII ACHTUNGTRENNUNG(Cor)C2�]+ B3LYP
1 0.076 +3.04 ACHTUNGTRENNUNG[IS-FeIII ACHTUNGTRENNUNG(Cor)C2�]+ BP86


9 f 1=2 0.162 0.15 +4.04 3.70 ACHTUNGTRENNUNG[LS-FeIII ACHTUNGTRENNUNG(Cor)3�] B3LYP
1=2 0.117 +3.81 ACHTUNGTRENNUNG[LS-FeIII ACHTUNGTRENNUNG(Cor)3�] BP86


[a] For each complex, the last column indicates the density functional em-
ployed in the geometry optimizations. Experimental data of the porphy-
rin complexes [Fe ACHTUNGTRENNUNG(OClO3)2 ACHTUNGTRENNUNG(tpp)] (1 a) and [FeCl ACHTUNGTRENNUNG(tpp)]+ (2a) were taken
from the literature.[23] [b] HS=high spin, LS= low spin, IS= intermediate
spin; P=porphyrin, F = ferromagnetic, AF=antiferromagnetic. [c] The
signs of the experimental values for DEQ and h are not known, except for
complex 8 a.


Figure 1. Magnetic Mçssbauer spectra of [FeCl ACHTUNGTRENNUNG(tpfc)] (8 a) recorded at
4.2 K and 18 K with fields of 1, 4, and 7 T applied perpendicular to the g-
rays. The black lines are the result of a global spin Hamiltonian simula-
tion with St =1 and Dt =14.1 cm�1, E/Dt =0.07, gt =2, DEQ =


+ 2.94 mm s�1, h=0.2, A/gNbN = (�24.1, �26.2, + 0.5) T, and d=


0.18 mm s�1.
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For the alternative interpretation of 8 a as an [FeIIICl-ACHTUNGTRENNUNG(Cor)C2�]+ radical complex, the spin Hamiltonian parameters
have to be converted to local values referring to the iron
spin SFe =3/2. The corresponding relations obtained from
spin projection[24] yield aFe =4/5 A ; DFe =2/3 D. The result
for 8 a is aFe/gNbN =�19.3, �21.0, + 0.4 T, and DFe = 9.3 cm�1.
To our knowledge there are no D and A parameters known
for a genuine ferric intermediate-spin porphyrin.[25] The
values obtained for 8 a compare rather well with those
found for the penta-coordinate N4-macrocyclic complex[26]


[FeIIICl ACHTUNGTRENNUNG(h4-MAC)]2� (H4ACHTUNGTRENNUNG[MAC]=1,4,8,11-tetraaza-13,13-di-
ethyl-2,2,5,5,7,7,10,10-octamethyl-3,6,9,12,14-pentaoxocyclo-
tetradecane) and the iodoiron ACHTUNGTRENNUNG(III) [N4]macrocycle of
J�ger[27] with �3.7�DFe�13 cm�1 and �12.7<aFe,?/gNbN<


�22 T. An example of a non-porphyrin monoradical system
is the intermediate-spin complex [FeIII ACHTUNGTRENNUNG(LISQ) ACHTUNGTRENNUNG(LPDI)(BuPhCH-
py)] with N-phenyl-o-diiminobenzosemiquinonate (LPDI)
and o-iminothionebenzosemiquinonate (LISQ) ligands.[28] It
also has a total spin S= 1 ground state with large zero-field
parameters D=48 cm�1, E/D= 0.2, and a magnetic hyper-
fine coupling tensor A/gNbN =�13.4, �39.6, +0 T. The very
large D value in the last example is quite remarkable, but in
spite of the very different ligand system, the basic features
of large zero-field splitting and anisotropic A tensor resem-
ble those of our compound [FeCl ACHTUNGTRENNUNG(tpfc)] (8 a).


In summary, neither the iron(IV) nor the alternative iron-ACHTUNGTRENNUNG(III)–radical interpretation can be clearly ruled out from the
spin-Hamiltonian parameters obtained for 8 a without ex-
plicit quantum chemical calculations. However, temperature
and field-dependent magnetization measurements, as shown
in Figure 2, not only corroborate the zero-field splitting of
the electronic ground state of 8 a, but also provide strong
evidence for the presence of a spin-coupled ironACHTUNGTRENNUNG(III)–radical
system. Global simulation of the curves for the effective
magnetic moment meff(T) and the multifield data recorded
for the molar magnetization, M ACHTUNGTRENNUNG(gmB(kT)�1) with two ex-
change-coupled spins SFe =3/2, SCor =1/2 yields DFe =


9.5(2) cm�1, E/DFe =0 ACHTUNGTRENNUNG(0.05), gFe =2.058, and J=


�272(10) cm�1. The last value is obtained from the small but
distinct increase of meff(T) above 200 K, which indicates ther-
mal population of the excited, total-spin quintet state that
must exist for a [FeIIICl ACHTUNGTRENNUNG(Cor)C2�]+ system. We emphasize
that the particular rise of the experimental data cannot be
attributed to temperature-independent paramagnetism
(TIP), since subtraction of TIP will lead to a wrong (nega-
tive) slope for the data in the range 50–200 K. To our knowl-
edge this is the first time that such an increase of the effec-
tive magnetic moment has been observed for an iron corrole
complex. We take it as a direct probe for the corrolate p-
radical.


Note that the increase in the magnetic moment could not
be explained by thermal population of an excited electronic
(quintet) state in the alternative model of a [FeIVACHTUNGTRENNUNG(Cor)3�]+


species. The presence of a low-lying S= 2 state of
(dxy


1dxz
1dyz


1dx2�y2
1) type in thermal contact with the ground


state would lead to very large spin-orbit coupling between
the ground S= 1 state and this excited S= 2 state, which
would, in turn, give rise to an exceedingly large D value;
this has been discussed in some detail in the case of non-
heme iron(IV) sites.[29] For an excited S= 2 state of
(dxy


1dxz
1dyz


1dz2
1) type within 500 cm�1 of the ground state,


one would still expect a D value significantly larger than the
present estimate of 9.5(2) cm�1 (see above). Alternatively,
other low-lying S=1 states cannot explain the data, since
their population at elevated temperatures would not in-
crease the magnetic moment as has been observed in the ex-
periments.


The small Mçssbauer isomer shifts (d=0.15–0.19 mms�1,)
and large quadrupole splitting (DEQ =++2.88–3.58 mms�1) of
the corrolate complexes (Table 1) are at the very high end
of what is expected for genuine triplet iron(IV) species, but
also consistent with the assignment of the electronic struc-
ture as [FeIIICl ACHTUNGTRENNUNG(Cor)C2�]. They are in the range found for
other iron ACHTUNGTRENNUNG(III) compounds with unambiguously approved in-
termediate-spin state, like the archetypical
dithiooxalatoiron ACHTUNGTRENNUNG(III) halides (d=0.25–0.30 mm s�1, DEQ =


+3.25–3.60 mms�1),[30] the iodoiron ACHTUNGTRENNUNG(III) [N4]macrocycle[27]


(d=0.18 mm s�1, DEQ =++ 3.56 mm s�1), and the macrocyclic
dianion [FeIIICl ACHTUNGTRENNUNG(h4-MAC)]2� (d= 0.25 mms�1, DEQ =


+3.60 mm s�1),[31] but also with diradical ironACHTUNGTRENNUNG(III) halide
complexes of the type [FeIII ACHTUNGTRENNUNG(LISQ)2(L)] (L= Cl, Br, or I) with
N,S-coordinating o-iminothionebenzosemiquinonate (LISQ)
ligands and total spin St = 1/2 (d= 0.15–0.17 mm s�1, DEQ =


+2.97–3.09 mms�1),[32] and the monoradical complex [FeIII-ACHTUNGTRENNUNG(LISQ)ACHTUNGTRENNUNG(LPDI)(BuPhCH-py)] (d=0.20 mm s�1, DEQ =


+3.06 mm s�1).[33] These all compare quite well with com-
pound 8 a.


Geometries : Table 2 lists selected structural parameters
from the B3LYP and BP86 optimized geometries and from
the available X-ray data. In general, the B3LYP and BP86
calculations converge to the same electronic configuration
and yield rather similar geometries. The only exception is
[FeCl ACHTUNGTRENNUNG(ttp)]+ , for which the two density functionals predict


Figure 2. Effective magnetic moment meff(T) of [FeCl ACHTUNGTRENNUNG(tpfc)] (8a) recorded
with B= 1 T and multifield measurement of the molar magnetization
(inset). The solid lines are the result of a global spin Hamiltonian simula-
tion with SFe =3/2, Srad =1/2, DFe =9.5 cm�1, E/DFe =0, gFe =2.058, grad =1/
2, and J =�272 cm�1. The grey dotted line marks the limit of strong anti-
ferromagnetic exchange with J!1.
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qualitatively different electronic structure (vide infra) and
therefore also very different geometries, with deviations of
about 0.1 � in the iron–ligand distances and about 0.2 � in
the out-of-plane coordinate of iron. If the special case of
[FeCl ACHTUNGTRENNUNG(ttp)]+ is excluded, the discrepancies between the
B3LYP and BP86 bond lengths become much smaller, espe-
cially in the case of the remaining two porphyrins. Com-
pared to BP86, the B3LYP functional tends to predict some-
what larger iron–ligand distances for the corroles, with dif-
ferences of 0.03 � for the equatorial Fe�N bonds and typi-
cally 0.05–0.10 � for the axial Fe�L bonds.


The better match with the experimental X-ray structure
indicates that B3LYP identifies the correct electronic config-
uration for [FeCl ACHTUNGTRENNUNG(ttp)]+ . In the case of the porphyrin com-
plex [Fe ACHTUNGTRENNUNG(OClO3)2ACHTUNGTRENNUNG(tpp)], the B3LYP and BP86 geometries
are almost identical, but both differ appreciably from the X-
ray structure: the equatorial Fe�N bonds are elongated by
about 0.04 �, while the axial Fe�O bonds are contracted by
0.05 �. For the two currently studied corrole complexes
with known X-ray structures (8 a, 8 f), both B3LYP and
BP86 reproduce the experimental Fe�N bond distances
quite well, but there are larger deviations from experiment
for the axial iron-ligand bonds (up to 0.07 � for [Fe(py)2-ACHTUNGTRENNUNG(tpfc)] in B3LYP, see Table 2).


Calculation of the Mçssbauer parameters : The computed
isomer shifts (d) and quadrupole splittings (DEQ) are given
in Table 1 and are compared to the experimentally available
data. The theoretical values are known to have method spe-
cific uncertainties of typically up to �0.1 mm s�1[34] and
�0.5 mm s�1,[35] respectively. The calculated isomer shifts
thus agree reasonably well with experiment, since all devia-
tions are well below 0.1 mm s�1. In the case of quadrupole
splittings, most of the deviations from experiment also
remain within the expected limits. However, a large discrep-
ancy is found for [Fe ACHTUNGTRENNUNG(OClO3)2ACHTUNGTRENNUNG(tpp)], in which the difference
between calculated (B3LYP geometry) and experimental
DEQ is 0.86 mm s�1. This may be due to the fact that per-
chlorate is a very weak ligand, and it is thus difficult to pre-
dict its bonding interaction with the iron center accurately.
This is also evidenced in the geometric parameters for this
complex (Table 2): Experimentally, the Fe�L bond (2.13 �)
is significantly longer than the Fe�N bonds (2.04–2.05 �),
whereas these bonds are essentially equidistant in the calcu-
lations. Clearly any disorder in the structure of such weakly
coordinating anions will affect the quadrupole splitting
more strongly than the isomer shift.


In the halogenoiron corrole complexes, the Mçssbauer pa-
rameters computed at the B3LYP geometries are generally
close to experiment, whereas those computed at the BP86
geometries exhibit slightly larger deviations from experi-
ment. In the former case (B3LYP geometries) the isomer
shifts are typically within 0.02 mm s�1 of the experimental
values, while the quadrupole splittings are underestimated
by �0.4–0.5 mm s�1, but show the right variation within each
halide series (see Table 1). These results give us confidence
that the calculations have converged to the correct electron-
ic states, since the spectroscopic parameters are more sensi-
tive to the electronic structure than the total energy itself.[36]


To investigate the influence of the employed Hamiltoni-
ans (non-relativistic vs. relativistic) on the calculated Mçss-
bauer parameters, a test calculation on [FeBr ACHTUNGTRENNUNG(tpfc)] was per-
formed by using the ZORA Hamiltonian. However, it
turned out that essentially identical results were obtained
between the relativistic and non-relativistic calculations (d=


0.157 vs. 0.175 mms�1, DEQ =2.69 vs. 2.61 mm s�1 and h=


0.04 vs. 0.03). Hence, the remaining calculations were done
without relativistic corrections.


Electronic structure—orbital analysis


[FeACHTUNGTRENNUNG(OClO3)2ACHTUNGTRENNUNG(tpp)] (1a) (St =3): The molecular orbital dia-
gram for 1 a (Figure 3) shows that there are five singly occu-
pied MOs that are all metal-centered, while the sixth spin-
up SOMO is a porphyrin p orbital. This pattern results in a
septet ground state with ferromagnetic coupling between
the high-spin ferric metal center (SFe = 5/2) and a porphyrin
anion radical (SP =1/2) in agreement with the local effective
D4h symmetry of the iron center.[23]ACHTUNGTRENNUNG[FeClACHTUNGTRENNUNG(tpp)]+ ACHTUNGTRENNUNG(2a) (St = 2): The electronic structure of 2 a
may be described either as a high-spin ferric ion (SFe =5/2)


Table 2. Comparison of the optimized structural parameters with avail-
able X-ray data.


St Fe�N1[a] Fe�N2[a] Fe�L D[b] Source


1a 3 2.04 2.05 2.13 exptl[23]


3 2.073 2.085 2.084 0 B3LYP
3 2.077 2.092 2.076 0 BP86


2a 2 2.102 2.104 2.208 0.498 B3LYP
2 2.098 2.068 2.203 0.464 BP86


2b 2 2.09 2.05 2.168 exptl[23]


2 2.103 2.100 2.210 0.498 B3LYP
2 1.991 1.992 2.258 0.291 BP86


8g 1 1.917 1.948 1.817 0.417 B3LYP
1 1.900 1.927 1.783 0.396 BP86


8a 1 1.881 1.921 2.238 0.367 exptl[18]


1 1.913 1.944 2.252 0.416 B3LYP
1 1.897 1.924 2.185 0.389 BP86


8d 1 1.910 1.941 2.412 0.402 B3LYP
1 1.895 1.922 2.338 0.379 BP86


8e 1 1.896 1.926 2.624 0.372 B3LYP
1 1.881 1.909 2.526 0.353 BP86


8 f 1=2 1.865 1.923 2.030 0.001 exptl[10e]


1=2 1.891 1.931 2.100 0.065 B3LYP
1=2 1.883 1.924 2.045 0.064 BP86


9a 1 1.914 1.943 2.264 0.418 B3LYP
1.898 1.926 2.192 0.398 BP86


9d 1 1.911 1.940 2.424 0.407 B3LYP
1 1.896 1.923 2.346 0.388 BP86


9e 1 1.896 1.925 2.639 0.374 B3LYP
1 1.883 1.909 2.536 0.358 BP86


9 f 1=2 1.892 1.931 2.098 0.067 B3LYP
1=2 1.883 1.925 2.040 0.065 BP86


[a] Fe�N1 and Fe�N2 are the average bond lengths of two Fe�N bonds
in �. [b] Distances of the iron center out of the plane defined by N4
core.
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antiferromagnetically coupled to a porphyrin radical anion
(SP =1/2) (BS ACHTUNGTRENNUNG(5,1)); or as a high-spin iron(IV) center chelat-
ed by a porphyrin dianion (BS ACHTUNGTRENNUNG(4,0)). Both initial guesses
eventually converged to the BSACHTUNGTRENNUNG(5,1) solution for both densi-
ty functionals. The MOs of 2 a (Figure 4) from this solution
closely resemble those of 1 a except that an electron with
opposite spin resides in the porphyrin p orbital. This forms
a spin-coupled pair with the Fe dz2 orbital by means of a p


pathway with a considerable mutual spatial overlap of S=


0.41. This situation is best described as antiferromagnetic
coupling between high-spin iron ACHTUNGTRENNUNG(III) and a porphyrin radi-
cal.ACHTUNGTRENNUNG[FeClACHTUNGTRENNUNG(TTP)]+ ACHTUNGTRENNUNG(2b) (St = 2): In analogy to 2 a, two possible
electronic solutions BS ACHTUNGTRENNUNG(5,1) and BS ACHTUNGTRENNUNG(4,0) for 2 b were evalu-
ated. We found that, using the B3LYP functional the elec-


tronic structure converged to the BSACHTUNGTRENNUNG(5,1) solution while
using the BP86 functional the BS ACHTUNGTRENNUNG(4,0) solution was ob-
tained. The BSACHTUNGTRENNUNG(4,0) spin state was calculated by the B3LYP
functional, at the BP86 geometry, and found to be slightly
higher in energy (6.3 kcal mol�1) than the broken-symmetry
state BS ACHTUNGTRENNUNG(5,1).


A qualitative molecular orbital diagram computed from
the BSACHTUNGTRENNUNG(5,1) and BSACHTUNGTRENNUNG(4,0) solutions is presented in Figure 5.
The BS ACHTUNGTRENNUNG(5,1) configuration for 2 b is similar to that for 2 a,


best described as a high-spin ferric center (SFe =5/2) antifer-
romagnetically coupled to a porphyrin radical ligand (SP = 1/
2). For the BS ACHTUNGTRENNUNG(4,0) solution, the unpaired electrons reside in
four metal-based d orbitals with the strongly s-antibonding
dx2�y2 orbital being unoccupied to yield a quintet state. Thus
it should be best interpreted as a high-valent high-spin ferryl
species.


The clear difference in the isomer shift and quadrupole
splitting values for these two distinct electronic configura-
tions implies that these parameters are able to clearly distin-
guish between the different electronic states. A Mçssbauer
experiment on 2 b should thus allow the assignment of the


Figure 3. Schematic MO diagram for [Fe ACHTUNGTRENNUNG(OClO3)2 ACHTUNGTRENNUNG(tpp)] (1 a); quasi-re-
stricted orbitals were used.


Figure 4. a) Schematic MO diagram and spin density for [FeCl ACHTUNGTRENNUNG(tpp)]+


(2a); the spin-coupled pair represents unrestricted corresponding orbi-
tals, whereas for the remaining orbitals quasi-restricted orbitals were em-
ployed. b) Spin density plot of [FeCl ACHTUNGTRENNUNG(tpp)]+ .


Figure 5. Schematic MO diagram for [FeClACHTUNGTRENNUNG(ttp)]+ (2 b) derived from a)
BS ACHTUNGTRENNUNG(5,1) and b) BS ACHTUNGTRENNUNG(4,0); the spin-coupled pair represents corresponding
orbitals, whereas for the remaining orbitals quasi-restricted orbitals were
employed.
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ground state through comparison with the computed Mçss-
bauer parameters. We note in this context that the isomer
shift is a more critical discriminator of the electronic struc-
ture, because it can be calculated more reliably. We antici-
pate a BSACHTUNGTRENNUNG(5,1) electronic structure for this species because
the B3LYP geometry for this configuration is much closer to
the experimental geometry than the BP86 geometry for the
BSACHTUNGTRENNUNG(4,0) configuration.


[Fe(L) ACHTUNGTRENNUNG(tpfc)] (8a, 8d, 8e, 8g) and [Fe(L) ACHTUNGTRENNUNG(tdcc)] (9a, 9d,
9e) (L=F, Cl, Br, I) (St =1): These complexes attracted in-
tense interest in the bioinorganic chemistry community, be-
cause they may serve as the model compounds for com-
pound II in porphyrin chemistry. The electronic structure of
these complexes may be assigned either as a high-valent
ferryl species with trianionic corrole ligand, like compound
II, or a ferric species antiferromagnetically coupled to a di-ACHTUNGTRENNUNGanionic radical ligand. Therefore, two different initial esti-
mates for the electronic structure, namely BSACHTUNGTRENNUNG(2,0) ([LS-FeIV-ACHTUNGTRENNUNG(Cor)3�]+) and BS ACHTUNGTRENNUNG(3,1) ([IS-FeIII ACHTUNGTRENNUNG(Cor)C2�]+) were tested
(LS= low spin; IS= intermediate spin). However, the BS-ACHTUNGTRENNUNG(2,0) structure always converged to the BS ACHTUNGTRENNUNG(3,1) solution.


A molecular orbital diagram obtained from the optimized
structure of 8 a by using the B3LYP functional is presented
in Figure 6a. Analogous results were obtained with the
BP86 functional. In the upper valence region one can identi-
fy one doubly occupied and three singly occupied metal-
based d orbitals in the spin-up manifold and one corrole a2u-
like p orbital in the spin-down manifold. Spin coupling is ex-
hibited through a p pathway involving the Fe dz2 and corrole
p orbitals with a substantial mutual spatial overlap of S=


0.52. This orbital occupation pattern is best interpreted as
an intermediate-spin ferric center (SFe =3/2) antiferromag-
netically coupled to a dianionic radical ligand (Scor =1/2).
The oxidation of the corrole ring is also observable in the


spin-density plot (Figure 6 b). The sum of the spin popula-
tions on the corrole ligand amounts to �0.8 unpaired elec-
trons, while 2.7 unpaired electrons reside on the iron halide
core, which is in agreement with previous DFT calculations
employing the same density functional.[17d] Similar results
were obtained for fluoro-, bromo- and iodo-analogues indi-
cating that these three complexes have analogous electronic
structures as is also indicated by the similar Mçssbauer pa-
rameters.


[Fe(py)2ACHTUNGTRENNUNG(tpfc)] (8 f) and [Fe(py)2ACHTUNGTRENNUNG(tdcc)] (9 f) (St = 1/2): Simi-
lar to 8 a, two different solutions, namely, BSACHTUNGTRENNUNG(1,0) ([LS-FeIII-ACHTUNGTRENNUNG(Cor)3�]) and BSACHTUNGTRENNUNG(2,1) ([LS-FeII ACHTUNGTRENNUNG(Cor)C2�]) were attempted.
However, all calculations converged to the “pure” spin solu-
tion BS ACHTUNGTRENNUNG(1,0) irrespective of the adopted density functional.
A qualitative molecular-orbital diagram computed from the
BSACHTUNGTRENNUNG(1,0) approach is presented in Figure 7. Two metal-based
t2g orbitals, dxy and dyz, are doubly occupied, while one is
singly occupied; the two antibonding eg orbitals are unoccu-
pied. This leads to a doublet ground state with a low-spin
iron ACHTUNGTRENNUNG(III) atom coordinated to a fully reduced corrole ligand.


Discussion


In this work we have presented a combined experimental
(Mçssbauer) and theoretical (DFT) approach to differenti-
ate between the two possible electronic structure descrip-
tions for halogenoiron corroles, particularly for those con-
taining electron-withdrawing corroles. The reasonable agree-
ment of the predicted Mçssbauer parameters with the exper-
imental spectroscopic data implies that the calculations have
converged to electronic states compatible with the actual
molecular ground states. Further detailed analysis of the ob-
tained Kohn–Sham solutions then allows for a more detailed
insight into the electronic structure. Before presenting our
conclusions, previous work on these two aspects will be
briefly discussed.


Figure 6. a) Schematic MO diagram and spin density for [FeCl ACHTUNGTRENNUNG(tpfc)]
(8a); the spin-coupled pair represents unrestricted corresponding orbi-
tals, whereas for the remaining orbitals quasi-restricted orbitals were em-
ployed. b) Spin density plot of 8a.


Figure 7. Schematic MO diagram for [Fe(py)2 ACHTUNGTRENNUNG(tpfc)] (8 f); quasi-restricted
orbitals were employed.
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Mçssbauer data : Mçssbauer spectroscopy has been em-
ployed in the past to investigate chloroiron corroles.[16,17d]


While the observed isomer shifts are very different from the
high-spin ironACHTUNGTRENNUNG(III) porphyrin radical complexes (Table 1),
they fall into the region that is intermediate between those
typical for intermediate-spin iron ACHTUNGTRENNUNG(III) (S= 3/2) and low-spin
iron(IV) (S= 1). This prevented definitive electronic struc-
ture conclusions to be drawn.


DFT calculation and electronic structure : DFT calculations
on chloroiron corroles (5 a, 6 a, 7 a) favored the formulation
as [IS-FeIII ACHTUNGTRENNUNG(Cor)C2�]+ due to the large negative spin popula-
tion calculated on the meso-carbon atoms. The calculated
spin populations on iron varied between 2.0[20b] and 2.6 in
different reports,[17d] which is intermediate between the
values expected for triplet iron(IV) and quartet iron ACHTUNGTRENNUNG(III).
The apparent differences may be ascribed to the employed
density functional: pure GGA density functionals like PW91
used by Ghosh et al.[20b] tend to overestimate metal–ligand
covalency, leading to reduced spin populations on the metal
center, while hybrid density functionals such as B3LYP em-
ployed by Walker, Trautwein, and co-workers[17d] provide
more ionic bonds. More importantly, however, individual
atomic or orbital spin and charge populations are not ob-
servables in the strict quantum mechanical sense. Thus deci-
phering the electronic structure from the spin density profile
and/or spin population may not be fully reliable. Moreover,
the question whether the correct electronic solution for a
given compound was obtained cannot be addressed by such
calculations without seeking experimental feedback. Ac-
cording to our experience, spectroscopic properties are
more sensitive to the electronic structure than total energies
(e.g., see reference [36]). Thus, comparison of the calculated
spectroscopic parameters with those derived from experi-
ment is essential for the assignment of the electronic struc-
ture in the investigated systems.


Exchange coupling : For the analysis of the obtained Kohn–
Sham solutions in terms of more familiar chemical terms,
the corresponding orbital transformation was used in this
work. As discussed elsewhere,[37] pairs of corresponding or-
bitals with spatial overlap close to 1 represent doubly occu-
pied orbitals; those with spatial overlap significantly less
than 1 correspond to “magnetic orbitals”. This allows a pic-
torial approach to antiferromagnetic coupling pathways.
Moreover, the spatial overlap of the magnetic corresponding
orbital pairs provides a measure for the strength of the anti-
ferromagnetic interaction as demonstrated in Table 3.


One outcome of the current investigations is that the ex-
change interaction in the corrole systems is much stronger
than that in the porphyrin analogues (first two entries in
Table 3). Inspection of the magnetic orbitals in the corrole
and porphyrin systems shows that they have analogous
nodal structures; hence symmetry-based arguments are un-
likely to be responsible for the differences. However, the ab-
sence of one meso-carbon atom renders the corrole cavity
rather small, as evidenced by the shorter Fe�N bond lengths


in the corrole systems, which could be responsible for the
stronger metal–macrocycle interactions. The Fe dz2 orbital
contributions are nearly identical in the spin-up magnetic or-
bital for both systems, but the contributions from the four
coordinating nitrogen atoms are slightly larger in the corrole
system than those in the corresponding porphyrin system
(18 % vs. 12 %) in the spin-down magnetic orbital.


The question of how reliable the calculated exchange cou-
plings are is difficult to answer. For [FeACHTUNGTRENNUNG(tpp)Cl], our calcula-
tions are consistent with the experimental estimate (j�2 J j
�500 cm�1).[23] In the present work, we have observed fea-
tures in the susceptibility of [FeCl ACHTUNGTRENNUNG(tpfc)] which suggest that
the calculated exchange coupling constant is overestimated
by about a factor of two. This arises from the fact that based
on the calculated exchange coupling constant we should not
have been able to observe an excited quintet state as we did
experimentally. However, a more focused experimental in-
vestigation of a series of complexes appears to be necessary
in order to settle this point convincingly. Although this is
outside the scope of the present work, we note that there
are indeed many indications that the binding of metal ions
by corroles is much more covalent than by porphyrins.[15] A
chemical indication for the less ionic bonding of metal ions
by corroles is that acid-induced demetalation is a rare phe-
nomenon in corrole chemistry.


Comparison of corrole and porphyrin systems : To gain fur-
ther insight into the exchange interaction, a rigid surface
scan of the out-of-plane distance of the iron center relative
to the macrocyclic plane was carried out for [FeCl ACHTUNGTRENNUNG(Cor)]
and [FeCl ACHTUNGTRENNUNG(Por)]+ . The results (Figure 8) indicate that the
overlap of the magnetic orbitals increases up to a maximum
and then decreases again with increasing out-of-plane dis-
tance. The trend in the fragment–fragment overlap is consis-
tent with the calculated potential-energy surface curve, since
the minimum occurs very close to the position of maximum
iron–ligand overlap. For the porphyrin system, it is known
that the HOMO and HOMO�1 are nearly (accidentally)
degenerate and transform under a2u and a1u in D4h symmetry,
while the iron dz2 orbital transforms as a1g. For the five-coor-
dinate complexes that we studied here the relevant point
groups are C4v (porphyrin) and Cs (corrole). In this case
there are no symmetry restrictions for the mixing of the iron
dz2 and at least one of the high-lying corrole or porphyrin or-
bitals (a group theoretical analysis of the fragment-orbital
interactions is contained in the Supporting Information).


Table 3. Calculated exchange coupling constants and mutual spatial over-
laps in the spin coupled pair (B3LYP values at optimized B3LYP geome-
tries).


J [cm�1] Spatial
overlap


J [cm�1] Spatial
overlap


2a �263 0.41 8g �580 0.46
2b �267 0.42 9a �665 0.51
8a �664 0.52 9d �687 0.54
8d �691 0.54 9e �739 0.60
8e �766 0.61
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Nevertheless, if the iron is in the plane of the hypothetical
ligands, the fragment–fragment overlap is still zero due to
the nodal structure of the orbitals that are involved. Howev-
er, even at this point there is still kinetic exchange that
leads to antiferromagnetic coupling. Upon moving the iron
out of the plane, the HOMO and HOMO�1 of the porphy-
rin transform as a1 and a2, respectively, while the iron dz2


transforms as a1. Hence, if the magnetic orbital on the por-
phyrin is a1 there is a nonzero fragment–fragment overlap
and the antiferromagnetic coupling increases (in magnitude)
up to a certain point at which it passes through a maximum.
This just mirrors the behavior of the fragment–fragment
overlap.


For the corrole system the situation is quite similar, al-
though the metal–ligand overlap is always allowed. Here,
the iron and the magnetic corrole orbital have a nonzero
overlap throughout and the overall interaction between the
ring and the iron is much stronger than in the porphyrin
case with J maximizing (in magnitude) at a similar out-of-
plane distance.


There is, however, another very important difference be-
tween the corrole and porphyrin systems: in the porphyrin,
the iron is locally in a high-spin state (SFe =5/2), while in the
corrole the iron has intermediate spin (SFe = 3/2). The reason
for this is the much stronger s-interaction in the corrole that
makes the dx2�y2 orbital energetically unavailable. As a result
of the high-spin configuration, the occupied spin-up orbitals
in the iron porphyrin are much more strongly stabilized by
spin polarization than the corresponding corrole orbitals
(note that the energy difference of the metal d and the high-
est occupied macrocyclic p orbitals is �3 eV in the corrole


complex and �7 eV in the por-
phyrin system; see the Sup-
porting Information). Hence,
the interaction of the iron d or-
bitals with the ring orbitals is
much stronger in the spin-up
as well as the spin-down mani-
fold in the corrole system.


Spin population : When com-
paring the fragment spin popu-
lations, one can identify con-
siderable negative spin popula-
tion on the four coordinating
N atoms (�0.27) and three
meso-carbons (�0.50) in the
corrole systems, while in the
case of the porphyrin systems
most of the negative spin pop-
ulation (��0.68) is localized
on the four meso-carbon atoms
and only a very small fraction
(�0.04) resides on the coordi-
nating N atoms. This can be
traced back to the exceptional-
ly strong metal–ligand s inter-


actions in corrole systems.[14] They render the Fe dx2�y2 orbi-
tal too high in energy to be occupied and thus yield an inter-
mediate-spin state for the iron center (SFe =3/2) in the elec-
tronic ground state. By contrast, this orbital is singly occu-
pied in the corresponding porphyrin system in which the
iron center locally exists in a high-spin state (SFe = 5/2). The
strongly antibonding dx2�y2-based orbital induces positive
spin density in the s system of the porphyrin ring that coun-
teracts the negative spin density that resides in the p system
due to the open-shell nature of the porphyrin ligand. Since a
similar compensation does not take place in the corrole
system, it has more negative unpaired spin population resid-
ing on the coordinating nitrogen atoms.


Conclusion


In this work a combined experimental and theoretical ap-
proach was employed to investigate [Fe(L) ACHTUNGTRENNUNG(Cor)] (L=F, Cl,
Br, I, Cor=TPFC, TDCC) complexes 8 a, 8 d–f, 9 a, and 9 d–
f containing strongly electron-deficient corrole ligands. Al-
though these substituents significantly change the redox
properties of the complexes, our results indicate that the
electronic structures are analogous to those calculated for
the unsubstituted chloroiron corroles with electron-rich cor-
role ligands, in line with the studies on the chloroiron b-oc-
tafluorocorrole complex.[38] Mçssbauer spectroscopy alone is
not able to unambiguously discriminate between the two al-
ternative formulations: low-spin iron(IV) chelated by a
closed-shell corrolato trianion versus intermediate-spinACHTUNGTRENNUNGiron ACHTUNGTRENNUNG(III), which is strongly antiferromagnetic coupled with a


Figure 8. Evolution of the ligand–metal exchange coupling, the metal–ligand fragment–fragment overlap, the
corresponding orbital overlap, and the total broken-symmetry DFT energy for hypothetical planar [FeCl-ACHTUNGTRENNUNG(corrole)] (left) and [FeCl(porphyrin)]+ (right) as function of the iron out-of-plane distance.
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corrolato p-radical dianion. However, the combination of
the Mçssbauer data with electronic structure calculations
provides strong evidence for preferring the latter intermedi-
ate-spin iron ACHTUNGTRENNUNG(III) description. We have provided additional
support for this formulation by the detailed interpretation
of the spin Hamiltonian and Mçssbauer parameters that
were obtained in this work. Further experimental evidence
for a spin-coupled ironACHTUNGTRENNUNG(III)–radical system was provided by
temperature and field-dependent magnetization measure-
ments that revealed a small but distinct increase of meff(T)
above 200 K, indicative of thermal population of the excited
total spin quintet state.


After establishing that the DFT calculations are in agree-
ment with the available experimental data, a detailed analy-
sis of the obtained Kohn–Sham solutions in terms of corre-
sponding orbitals provided insight into the electronic struc-
tures of the investigated systems. The analysis revealed that
similar orbitals (Fe dz2 orbital and the highest occupied a2u-
like p orbital of the ring) are involved in magnetic coupling
in the iron porphyrin- and corrole-based systems, and that
the coupling in the latter case is much stronger. A key dif-
ference between the porphyrin- and corrole-based systems is
that in the former the iron is locally in a high-spin SFe = 5/2
state, while in the latter the macrocycle–iron s bonds
become so strong that the iron is forced into an intermedi-
ate-spin SFe =3/2 configuration. The resulting consequences
for the magnetic properties of these systems have been ex-
plored in some detail in this work. Possible implications for
their reactivity will be addressed in future studies.


Experimental Section


Magnetic susceptibility data were measured from powder samples of
solid material in the temperature range 2–300 K using a SQUID suscep-
tometer (MPMS-7, Quantum Design) with a field of 1.0 T. Multiple-field
variable-temperature magnetization magnetization equidistantly sampled
on a T�1 temperature scale. The experimental data were corrected for un-
derlying diamagnetism by use of tabulated Pascal�s constants, as well as
for temperature-independent paramagnetism. The susceptibility and mag-
netization data were simulated with our own package julX for exchange-
coupled systems written by E.B. The simulations are based on the usual
spin-Hamilton operator for exchange-coupled paramagnetic systems of
intermediate-spin iron ACHTUNGTRENNUNG(III) and a ligand radical with spins SFe =3/2 and
Srad = 1/2 [Eq. (1)].


H ¼�2J S
!


Fe � S
!


rad þ mBðgFe S
!


Fe þ grad S
!


radÞB
!þ


DFe½S2
Fe,z�1=3SFeðSFe þ 1Þ þ EFe


DFe
ðS2


Fe,x�S2
Fe,yÞ�


ð1Þ


In Equation (1) gi is the local electronic g value, and DFe and EFe/DFe are
the axial zero-field splitting and rhombicity parameters of the ferric ion.
The magnetic moments were obtained from the first-order derivative of
the eigenvalues of Equation (1). Powder summations were done by using
a 16-point Lebedev grid.


Mçssbauer data were recorded on a spectrometer with alternating con-
stant acceleration. The minimum experimental line width was
0.24 mm s�1 (full width at half-height). The sample temperature was
maintained constant either in an Oxford Instruments Variox or an
Oxford Instruments Mçssbauer-Spectromag cryostat, which is a split-pair


super-conducting magnet system for applied fields up to 8 T in which the
temperature of the sample can be varied in the range 1.5 to 250 K. The
field at the sample is perpendicular to the g-beam. The 57Co/Rh source
(1.8 GBq) was positioned at room temperature inside the gap of the
magnet system at a zero-field position. Isomer shifts are quoted relative
to iron metal at 300 K.


Magnetic Mçssbauer spectra were simulated by using the electronic spin-
Hamiltonian for the total spin St =1 of the system [Eq. (2)] together with
the usual nuclear Hamiltonian for the hyperfine interactions of the 57Fe
nuclei [Eq. (3)], for which I


!
A S
!


t is the magnetic hyperfine coupling that
connects St and the nuclear spin I, and A is the hyperfine coupling
tensor.


H ¼ gb S
!


t � B
!þDt½S2


t,z�2=3þ E=DtðS2
t,x�S2


t,yÞ� ð2Þ


Hnuc ¼ I
!


A S
!


t�gNbN I
!


B
!þHQ


ð3Þ


The nuclear quadrupole interaction is given by Equation (4) in which Q
is the quadrupole moment, and Vzz and h are the main component and
the asymmetry parameter of the electric field gradient tensor, respective-
ly.


HQ ¼
eqQVzz


4Ið2I�1Þ ½3 I2
z�I2 þ hðI2


x�I2
yÞ� ð4Þ


The corresponding quadrupole splitting as observed in zero-field spectra
is given by Equation (4). The isomer shift d was just added to the Mçss-
bauer transition energies.


Computational methods : All computations in this work were carried out
with the ORCA program package.[39] Geometry optimizations for all the
complexes were performed with the BP86[40] and B3LYP[41] density func-
tional. The TZVP[42] (Fe, O, N and the halide atoms in the first coordina-
tion sphere), and SV(P) (other elements) basis sets[43] were applied in
combination with the auxiliary basis sets TZV/J (Fe, O, N, and coordinat-
ing halide atoms) and SV/J.[44] The RI[44, 45] and RIJONX[46] approxima-
tions were used to accelerate the calculations. Because several broken
symmetry solutions to the spin-unrestricted Kohn–Sham equations may
be obtained for many of the compounds in this work, the general nota-
tion BSACHTUNGTRENNUNG(m,n)[47] has been adopted, in which m (n) denotes the number of
unpaired spin-up (spin-down) electrons at the two interacting fragments.


Spectroscopic parameters : The spectroscopic data were obtained from ad-
ditional single-point calculations. For that purpose, the B3LYP hybrid
density functional was applied in combination with the CPACHTUNGTRENNUNG(PPP)[34] basis
set for Fe, and the TZVP basis set for the nitrogen, oxygen, and halide
atoms in the first coordination sphere. The SV(P) basis set was used for
the remaining atoms. The nature of the solution was investigated by the
corresponding orbital transformation,[47] which, through the correspond-
ing orbital overlaps, demonstrates whether the system is to be described
as a spin-coupled or a normal almost spin-pure Kohn–Sham determinant.


Quadrupole splittings (DEQ) were obtained from electric field gradients
Vi (i=x, y, z) by employing a nuclear quadrupole moment, Q ACHTUNGTRENNUNG(57Fe), of
0.16 barn [Eq. (5)]:[48]


DEQ ¼ 1=2eQVzz


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi


1þ 1=3h2
p


ð5Þ


Here, h= ACHTUNGTRENNUNG(Vxx�Vyy)/Vzz is the asymmetry parameter of the nuclear quad-
rupole tensor. Isomer shifts (d) were calculated from the electron densi-
ties at the Fe nuclei (10) by employing the fit equation [Eq. (6)] in which
C is a constant of 11800 au�3, and a =�0.367 au3 mm s�1 and b=


+ 6.55 mm s�1 are the fit parameters from our previous work.[48]


d ¼ að1o�CÞ þ b ð6Þ


For iodine complexes, the scalar relativistic zero�th order regular approxi-
mation (ZORA) Hamiltonian was employed for geometry optimizations
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and Mçssbauer parameter calculations in conjunction with newly con-
tracted ZORA basis sets.[49] For ZORA calculations, a new calibration
curve for isomer shifts was established (C=13770 au�3, a=


�0.307 au3 mm s�1, b=++4.05 mm s�1).


Heisenberg exchange coupling constants J were obtained from the adia-
batic energy differences of the high-spin state and broken symmetry state
[Eq. (7)],[50] in which the spin-Hamiltonian H =�2J S


!
Fe· S
!


rad was em-
ployed.


J ¼ � Ehs�Ebs


hS2ihs�hS2ibs
ð7Þ
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Converting Unprotected Monosaccharides into Functionalised Lactols in
Aqueous Media: Metal-Mediated Allylation Combined with Tandem
Hydroformylation–Cyclisation


Tiina Saloranta,[a] Christian M�ller,[b] Dieter Vogt,*[b] and Reko Leino*[a]


The utilisation of biomass and especially carbohydrates
for the production of fine chemicals is in accordance with
the general principles of sustainable development as agreed
in the Rio Declaration.[1] Besides their use in traditional car-
bohydrate chemistry involving synthetic modification of
monosaccharides and synthesis of well defined oligosacchar-
ides, carbohydrates have been utilised as starting material
for the production of synthetically valuable intermediates.[2]


Literature examples showing the conversion of unprotected
carbohydrates into fine chemicals or precursors thereof with
potential biological relevance are, however, scarce.


The natural carbonyl functionality of reducing carbohy-
drates is utilised to extend the carbon chain of unprotected
aldoses. One-carbon elongation is classically performed by
adding hydrogen cyanide to the carbonyl group of an
aldose.[3] More recently, other synthetic approaches extend-
ing the carbon chain of monosaccharides with two- or three-
carbon atoms have been developed utilising the Wittig reac-
tion[4] and metal-mediated allylation.[5] The products of
these reactions have been transformed into higher sugars by
dihydroxylation or ozonolysis, whereas the additional syn-
thetic potential of these structures is completely unutilised.


Hydroformylation of olefins into aldehydes and products
derived thereof is one of the most important industrial ap-
plications of homogeneous catalysis.[6] The combination of
high atom efficiency with highly active and selective cata-
lysts makes this transformation a very attractive tool in or-


ganic synthesis with complex natural product targets. Hydro-
formylation of higher alkenes with negligible solubility in
water is generally performed in a monophasic system in or-
ganic solvents where the catalyst is situated in the same
phase with the substrate. Hydroformylation of such alkenes
in an aqueous biphasic system enables recycling of the cata-
lyst but generally requires special arrangements, such as a
phase transfer agent to reduce the mass transfer limita-
tions.[7] Hydroformylation of polar substrates with minimal
solubility in organic solvents, on the other hand, requires
non-traditional solvent systems.[8]


In the present work, we have combined the metal-mediat-
ed allylation of unprotected monosaccharides with a subse-
quent highly regioselective hydroformylation reaction. The
functional groups of the multifunctionalised polyol struc-
tures were targeted selectively in the absence of any kind of
protective groups, giving ultimately rise to the formation of
functionalised lactols. Moreover, the reactions were per-
formed in aqueous media thus significantly reducing the
need for organic solvents.


Sn-mediated allylation of d-mannose and l-rhamnose : d-
Mannose (1) and l-rhamnose (2 ; that is, 6-deoxy-l-man-
nose) were allylated in aqueous ethanol using tin as the me-
diating metal. The reactions were successfully scaled up to
5 g scale (Scheme 1). The monosaccharides were allylated
with full conversion giving the corresponding products in a
diastereomeric ratio of 3:1 (threo/erythro). The main diaste-
reomer 3 t derived from d-mannose was further isolated by
recrystallisation from ethanol.


Rh-catalysed hydroformylation of polyhydroxylated al-
kenes : Aldehydes bearing an additional hydroxyl group are
expected to undergo an intramolecular acetal formation es-
pecially in cases where stable five- or six-membered rings
can be formed.[9] We therefore considered that compounds 3
and 4 might prove to be optimal substrates for hydroformy-
lation leading to spontaneous formation of lactols by subse-
quent intramolecular cyclisation. For this purpose, the com-
mercially available bidentate xantphos ligand (xantphos=


4,5-bis(diphenylphosphino)-9,9-dimethylxanthene) as well as
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the water soluble counterpart, sulfoxantphos (Figure 1),
were applied. In hydroformylation reactions, the corre-
sponding Rh catalysts are known to promote the formation
of the linear aldehydes with high selectivity. Moreover, the
highly polar sulfoxantphos system provides the possibility to
perform the hydroformylation reaction of substrates 3 and 4
in water.


The reaction conditions were optimised in small-scale ex-
periments in an automated reactor system (AMTEC
SPR16). The course of the hydroformylation was followed
by online detection of the gas uptake of CO/H2 and the re-
action was stopped when full conversion was achieved
(Figure 2). The catalyst was removed by filtration through
neutral alumina and the products were analysed by NMR
and HRMS measurements. Interestingly, we found that the
crude product clearly consisted of one major product only.
As anticipated from the considerations above, the ring-
closed lactol product containing a six-membered ring had
indeed been formed selectively from the linear hydroformy-
lation product. This tandem reaction sequence is depicted in
Scheme 2.


The hydroformylation was also performed in synthetically
preparative scale in 75 or
100 mL autoclaves with either
magnetic or mechanical stirring.
The scale up with Rh/substrate
ratio 1:150–200 was successful
and the results comparable with
the small scale experiments
(Table 1, entries 1 and 2).


Rh-catalysed hydroformylation of the polyhydroxylated
substrate in an aqueous biphasic system : Encouraged by our
results, we became interested in finding out whether the
polyhydroxylated substrate might also be suitable for further
functionalisation in inverted biphasic solvent systems. Thus,
the hydroformylation was performed in a biphasic system
water/toluene using the hydrophobic Rh/xantphos catalyst.
The utilisation of this type of biphasic systems would enable
a simple product separation and recycling of the catalyst as
the products of the hydroformylation reaction are water
soluble and the hydrophobic catalyst remains in the organic
phase.[8a]


Hydroformylation of the l-rhamnose derived substrate 4
was performed in a 100 mL autoclave with mechanical stir-
ring under the standard reaction conditions (Scheme 3).


The conversion was monitored by the gas uptake of CO/
H2 and the reaction was stopped after 60 h (Figure 3 and
Table 1, entry 3).


Scheme 1. i) Allyl bromide (3 equiv), Sn (2 equiv), EtOH/H2O 10:1,
60 8C, 24 h. ii) Recrystallisation from EtOH.


Figure 1. Sulfoxantphos and xantphos ligands.


Figure 2. Gas uptake of CO/H2 in the small scale Rh/sulfoxantphos-cata-
lysed hydroformylations in water. Hydroformylation of 3 t (c):
nsubstrate =0.60 mmol, substrate/Rh=50, p ACHTUNGTRENNUNG(CO/H2)=20 bar, T =100 8C.
Hydroformylation of 4 (c): nsubstrate =0.90 mmol, substrate/Rh =75, p-ACHTUNGTRENNUNG(CO/H2) =20 bar, T =100 8C.


Scheme 2. Hydroformylation of the polyol 3t.


Table 1. Hydroformylation of the polyhydroxylated substrates 3t and 4 in synthetically preparative scale.


Entry Substrate Ligand Solvent Substrate/Rh Conversion/Yield [%][a]


1 3t sulfoxantphos H2O 200 >99:>95
2 4 sulfoxantphos H2O 150 >99:>95
3[b] 4 xantphos H2O/toluene 1:1 150 >99:>95


[a] Conversion and yield determined by 1H NMR. [b] [Rh] in the aqueous layer (determined with ICP) below
the detection limit 0.05 mg L�1.
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Gratifyingly, the results were comparable with the hydro-
formylation in water using the Rh/sulfoxantphos catalyst.
These results nicely demonstrate that this concept is indeed
suitable for efficient catalyst recycling, which is often diffi-
cult to achieve in homogeneous catalysis.


It should be mentioned here that the polyhydroxylated
lactol is a structural mimic for a number of naturally occur-
ring and biologically active d-lactones.[10] The reaction proto-
col presented herein thus provides an access to valuable in-
termediates for the synthesis of complex natural product tar-
gets or analogues with biological relevance. Currently, we
are investigating selective oxidation methods that would
allow the conversion of the lactols formed into the corre-
sponding lactones without the use of protective groups. The
relative stereochemistry of the lactol ring formed is not
locked and the cis/trans equilibrium is defined by the mini-
mum energy of the ring structure, not by the catalytic reac-
tion itself. Thus, by converting the obtained lactol product
into the corresponding lactone, the single stereocentre that
is formed in the hydroformylation–cyclisation sequence be-
comes insignificant, whereas the biological relevance of the
product increases.


In conclusion, we have shown that readily available start-
ing material (naturally occurring monosaccharides) can effi-
ciently be converted into highly functionalised polyhydroxyl-
ated lactols by the combination of two simple transforma-
tions: allylation and tandem hydroformylation–cyclisation.
Moreover, the reaction sequence can be carried out in aque-
ous medium avoiding the use of organic solvents and re-
source consuming protection/deprotection strategies. By ap-
plying the inverted biphasic system, the product can easily
be separated by phase separation and the catalyst recycled.
Finally, the lactol products obtained may be utilised as inter-
mediates in the synthesis of natural products by mimicking
the original synthetic strategy of nature with seamless com-


bination of elegant and selective transformations without
the need for protective groups.


Experimental Section


Hydroformylation in automated reactor system (AMTEC SPR16): Catal-
ysis experiments on a small scale were performed in the parallel auto-
clave system AMTEC SPR16, equipped with pressure sensors and a
mass-flow controller and suitable for monitoring and recording gas up-
takes throughout the reactions. The stainless steel autoclaves (12 mL) of
the AMTEC SPR16 were flushed automatically with argon 6 times to
remove oxygen traces. The reactors were charged with a solution of the
precatalyst under argon. The atmosphere was further exchanged with a
1:1 mixture of CO/H2 (gas exchange cycle 1) and the reactors were
heated to T=80 8C and pressurised with CO/H2 to 20 bar. The preforma-
tion of the catalyst under the applied conditions was performed for 2 h.
Subsequently, the substrate dissolved in water (3 mL) was injected and
the desired temperature as well as the final pressure was adjusted and
kept constant throughout the experiment. The gas uptake of CO/H2 was
monitored and recorded automatically. At the end of the catalysis experi-
ments, the reactors were cooled to room temperature and the autoclave
contents were analysed by means of NMR.


General procedure for the hydroformylation in water : In a typical experi-
ment, the autoclave was charged with a solution of [Rh(CO)2 ACHTUNGTRENNUNG(acac)]
(acac= acetylacetonate) (7.6 mg, 0.030 mmol) and sulfoxantphos
(46.4 mg, 0.060 mmol) in degassed H2O (10 mL). The catalyst was pre-
formed at 20 bar (CO/H2) and 80 8C for 2 h at 2000 rpm. Subsequently,
the substrate 4 (0.92 g, 4.5 mmol) dissolved in 15 mL of degassed H2O
was added from a dropping funnel and the temperature was raised to
100 8C. Hydroformylation at 20 bar (CO/H2) and 100 8C for 2 h at
2000 rpm was continued until full conversion was achieved (based on gas
uptake). The reaction was stopped by cooling the reactor to room tem-
perature and venting. Catalyst was removed by filtration through neutral
alumina, the solvent was evaporated and the product characterised by
NMR and HRMS.


General procedure for the hydroformylation in inverted aqueous biphasic
system : In a typical experiment, the autoclave was charged with a solu-
tion of [Rh(CO)2ACHTUNGTRENNUNG(acac)] and (7.6 mg, 0.030 mmol) and xantphos
(34.7 mg, 0.060 mmol) in 15 mL of toluene. The catalyst was preformed
at 20 bar (CO/H2) and 80 8C for 2 h at 2000 rpm. Subsequently, the sub-
strate 4 (0.92 g, 4.5 mmol) dissolved in 15 mL of degassed H2O was
added from a dropping funnel and the temperature was raised to 100 8C.
Hydroformylation at 20 bar (CO/H2) and 100 8C for 2 h at 2000 rpm was
continued until full conversion was achieved (based on gas uptake). The
reaction was stopped by cooling the reactor to room temperature and
venting. Phase separation was immediate and the aqueous layer was con-
centrated and the product analysed as above.
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Figure 3. Gas uptake of CO/H2 in the Rh/xantphos-catalysed hydrofor-
mylation of 4 in an inverted aqueous biphasic system.


Scheme 3. Hydroformylation of the polyol 4 in inverted biphasic solvent
system.
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Composite Semiconductor H2WO4·H2O/AgCl as an Efficient and Stable
Photocatalyst under Visible Light


Peng Wang,[a] Baibiao Huang,*[a] Xiaoyang Zhang,[a] Xiaoyan Qin,[a] Ying Dai,[b]


Hao Jin,[b] Jiyong Wei,[a] and Myung-Hwan Whangbo[c]


The removal of hazardous organic materials from water
has become a serious issue,[1–3] because an effective treat-
ment of wastewater is crucial in the face of increasing popu-
lation/industrial activity and decreasing energy resources.
Traditional methods of wastewater treatment have several
disadvantages.[4] The photocatalytic decomposition of water
pollutants under visible light is an attractive alternative be-
cause it utilizes solar energy and does not produce secon-
dary waste products, owing to the fact that organic wastes
are decomposed into harmless chemicals such as H2O, CO2


and mineral acids.[5–7] The conventional TiO2 photocatalyst
possesses excellent activities and stabilities, but requires UV
light (only 4 % of the solar spectrum) for effective photoca-
talysis thereby severely limiting its practical utility. It is
highly desirable to develop a photocatalyst that can harness
visible light in high efficiency under normal sunlight condi-
tions. In the past, factors controlling photocatalysis have
been explored so as to develop photocatalysts active in the
visible light, which include phase/morphological control,
doping, surface sensitization, noble-metal loading and use of
composite materials.[8–15] Composite semiconductors can
reduce the recombination of photogenerated electrons and
holes,[16,17] so that they are often employed as photocatalysts


to increase the lifetime of the charge carriers and enhance
the quantum yield.[18]


Silver chloride AgCl has a direct bandgap of 5.6 eV and
an indirect bandgap of 3.25 eV.[19] However, grains of AgCl
are photosensitive because of their point ionic defects and
electron traps.[20] On absorbing a photon, an AgCl particle
generates an electron and a hole and the photo-generated
electron combines with an Ag+ ion to form an Ag0 atom, so
that repeated absorption of photons leads to a cluster of
silver atoms within an AgCl particle. Despite its photosensi-
tivity, AgCl can be made a stable and efficient photocatalyst
under ultraviolet and visible light if photo-generated elec-
trons are prevented from combining with Ag+ ions and if
photo-generated holes are combined with Cl� ions to form
Cl0 atoms. These requirements are met by a new photocata-
lyst Ag@AgCl, in which silver nanoparticles are formed on
the surface of AgCl powder particles.[21] An alternative way
of meeting the requirements is to prepare a composite semi-
conductor system in which AgCl particles are formed on the
surface of another semiconductor with a smaller band gap
(SBG) such that the conduction band (CB) bottom and the
valence band (VB) top of the SBG semiconductor lie below
the CB bottom and VB top of AgCl, respectively (Figure 1).
For such a system, photons may be absorbed in both AgCl
and the SBG semiconductor forming electrons and holes.
However, an electron at the CB bottom of AgCl would mi-
grate to that of the SBG semiconductor, hence being pre-
vented from combining with an Ag+ ion, whereas a hole at
the VB top of AgCl would remain there. In contrast, a hole
at the VB top of the SBG semiconductor would migrate to
that of AgCl, but an electron at the CB bottom of the SBG
semiconductor would remain there (Figure 1).


The holes at the VB top of AgCl will combine with Cl�


ions to form Cl0 atoms. Since the Cl0 atoms are radicals with
strong oxidation power, they can oxidize organic compounds
hence becoming Cl� ions again. The photo-generated elec-
trons are expected to be trapped by the O2 in the solution
to form superoxide ions (O2


�) and other reactive oxygen
species.[22] The band gaps of WO3·xH2O (x= 0, 1, 2) are
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smaller than that of AgCl, and have been widely used as
photocatalysts.[23, 24] As shown in the supporting information,
empirical calculations predict that the CB bottom and the
VB top of H2WO4·H2O lie below the CB bottom and VB
top of AgCl, respectively. This prompted us to search for
such a composite semiconductor and led us to synthesize a
new photocatalyst efficient and stable under visible light,
i.e., H2WO4·H2O with AgCl particle formed on the surface
of H2WO4·H2O, which will be referred to as H2WO4·H2O/
AgCl for convenience. The H2WO4·H2O/AgCl was fabricat-
ed by the ion exchange process between Ag2WO4 and HCl,
as described in the experimental section.


A powder X-ray diffraction (XRD) pattern (Figure 2) of
the as prepared H2WO4·H2O/AgCl sample shows the coexis-
tence of H2WO4·H2O (JCPDS file: 18-1420) and AgCl
(JCPDS file: 31-1238). The phase of AgCl is cubic with lat-


tice constants a= 5.5491 �, and the phase of H2WO4·H2O is
monoclinic with the space group P2m and the lattice con-
stants a=7.5 �, b=6.93 � and c=3.7 �. The crystal struc-
ture of H2WO4·H2O is not known, although its powder dif-
fraction pattern has been reported. The scanning electron
microscopy (SEM) images of Figure 3 show the morphology


of the as-prepared H2WO4·H2O/AgCl sample; AgCl parti-
cles are formed on the surface of H2WO4·H2O. The shape of
AgCl is cubic with its size varying between 100–450 nm.
H2WO4·H2O exhibits dendritic structures with length 2–
5 mm along the trunk and its side branches of about 0.4–
2.5 mm (Figure 3a,b). All the dendrites of H2WO4·H2O con-
sist of nanorods (Figure 3c), which are similar in shape to
the nanorods of Ag2WO4 (Figure 3 d).


The UV/Vis diffuse reflectance spectra of H2WO4·H2O/
AgCl, H2WO4·H2O, AgCl and N-doped TiO2 are presented
in Figure 4. AgCl, N-doped TiO2 and H2WO4·H2O have
strong absorption in the UV region, but do not in the visible
region, although H2WO4·H2O exhibits weak absorption in
the visible region. From the absorption edge of H2WO4·H2O
(425 nm), the band gap of H2WO4·H2O is estimated to be
2.92 eV. In contrast, the as-grown H2WO4·H2O/AgCl sam-
ples have strong adsorption in the UV as well as in the visi-
ble region. Since neither H2WO4·H2O nor AgCl absorbs
strongly in the visible region, it is probable that the elec-
tronic states associated with the interface between
H2WO4·H2O and AgCl particles are responsible for the
strong absorption of H2WO4·H2O/AgCl in the visible region.


Figure 1. Schematic diagram showing the CB bottom and VB top of the
SBG semiconductor and AgCl, the separation of the photo-generated
electron and hole, and the reactions that the photo-generated electron
and hole may induce.


Figure 2. XRD patterns of a) AgCl, b) H2WO4·H2O, c) as-prepared
H2WO4·H2O/AgCl, and d) H2WO4·H2O/AgCl used for ten consecutive
photo-oxidation experiments with the solution of methylene orange dye
under visible-light irradiation.


Figure 3. Representative SEM images of a–c) H2WO4·H2O/AgCl and
d) Ag2WO4.


Figure 4. UV/Vis diffuse reflectance spectra of a) H2WO4·H2O/AgCl,
b) AgCl, c) N-doped TiO2 and d) H2WO4·H2O.
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The photocatalytic activity of H2WO4·H2O/AgCl under
visible light was examined by probing the photocatalytic de-
composition of isopropyl alcohol (IPA) over H2WO4·H2O/
AgCl under visible-light irradiation (l�400 nm) as a func-
tion of irradiation time (Figure 5 a). CO2 is the final product


in the photocatalytic oxidation of organic contaminants.[25]


Nearly half the amount of IPA is photocatalytically oxidized
to CO2 after only 5 min of irradiation, and almost 95 % of
IPA after 10 min of irradiation. Our experiments were also
performed a) without irradiation, but with H2WO4·H2O/
AgCl and b) with irradiation, but in the absence of the pho-
tocatalyst. In both cases, no CO2 was generated, which
shows that H2WO4·H2O/AgCl is a visible-light photocatalyst.
The decomposition experiments of IPA over the reference
photocatalysts H2WO4·H2O and N-doped TiO2 under the
same conditions show that they are not photocatalytic (Fig-
ure 4 a).


Results of the photocatalytic decompositions of methyl-
ene orange (MO) dye over H2WO4·H2O/AgCl, H2WO4·H2O
and N-doped TiO2 under visible light irradiation (l�
400 nm) as a function of irradiation time are compared in
Figure 5 b. Prior to light irradiation, the solution of MO dye
was kept in the dark for 30 min to obtain equilibrium ad-
sorption states. The MO dye concentration is slightly re-


duced while the MO solution is kept in the dark, so that the
mole fraction x of the MO dye in the solution is slightly
smaller than 1 at t=0. As the irradiation time t increases,
the decomposition of MO dye progresses steadily, and the
decomposition over the H2WO4·H2O/AgCl catalyst is com-
pleted in 20 min after visible-light irradiation. Provided that
the bleaching reaction follows a pseudo-first-order reaction,
the rate of the MO-dye decomposition over H2WO4·H2O/
AgCl is estimated to be ~0.100 mgmin�1, faster than that
over N-doped TiO2 (�0.016 mg min�1) by a factor of six,
faster than that over H2WO4·H2O (�0.006 mg min�1) by a
factor of 17, but slower than that over Ag@AgCl
(�0.133 mg min�1).[21] The latter can be attributed to the fact
that the visible-light adsorption by H2WO4·H2O/AgCl is
weaker than that by Ag@AgCl. Though not shown, other or-
ganic dyes, such as Rhodamine B and methylene blue, are
also quickly bleached by H2WO4·H2O/AgCl under visible-
light irradiation. To show that the MO-dye decomposition
over H2WO4·H2O/AgCl is not caused by catalysis nor by
photolysis, we carried out the decomposition experiment
a) in the dark with H2WO4·H2O/AgCl (catalysis) and
b) under full arc-light (i.e., UV and visible) irradiation with-
out H2WO4·H2O/AgCl (photolysis). In both cases, the MO
concentration remained unchanged as a function of the irra-
diation time thereby demonstrating that H2WO4·H2O/AgCl
is a photocatalyst active under visible light.


For practical purposes, a photocatalyst should be stable
under repeated applications. N-doped TiO2 and sulfide pho-
tocatalysts sometimes suffer from the instability under re-
peated use.[26,27] The stability of the photocatalyst
H2WO4·H2O/AgCl was tested by repeatedly performing MO
bleaching experiments. As summarized in Figure 6, MO dye


is quickly bleached after every injection of the solution of
MO dye. In addition, as compared in Figure 2, the XRD
pattern of the H2WO4·H2O/AgCl sample at the end of the
repeated bleaching experiment is almost identical with that
of the as-prepared sample. It should be pointed out that our
H2WO4·H2O/AgCl photo-oxidation experiments, also carried


Figure 5. Mole fraction x of a) IPA and b) MO dye that remains unoxi-
dized as a function of irradiation time t over H2WO4·H2O/AgCl (&), N-
doped TiO2 (~) and H2WO4·H2O (*) under visible-light irradiation (l�
400 nm).


Figure 6. Irradiation–time dependence of the mole fraction x of the MO
dye that remains in the MO solution over H2WO4·H2O/AgCl during re-
peated photooxidation experiments under visible light.
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out under full Xe arc light (i.e., including UV and visible
light), led to the same result. Thus, H2WO4·H2O/AgCl is a
photocatalyst effective and stable under both UV and visible
light.


In summary, the composite semiconductor H2WO4·H2O/
AgCl is an efficient and stable photocatalyst under visible
light. This arises from the facts that the conduction band
(CB) bottom and the valence band (VB) of H2WO4·H2O lie
below the CB bottom and the VB top of AgCl, respectively,
and that H2WO4·H2O/AgCl absorbs strongly in the visible
region. Studies on other composite semiconductors based on
silver halides are in progress.


Experimental Section


Ag2WO4 was prepared by the methods used for the preparation of
Ag2MoO4 described in our early report.[21] In the typical process, an
aqueous solution of AgNO3 and that of Na2WO4 were prepared in ad-
vance. 10 mL of 0.2m AgNO3 solution was mixed with 10 mL of 0.1 m


Na2WO4 solution, and the pH value of the mixed solution was adjusted
to 6.0 by adding dilute HNO3 solution. The resulting solution was stirred
for about 0.5 h, transferred into a special Teflon autoclave, and then
heated at 180 8C for 1 h under microwave radiation, which led to the pre-
cipitation of Ag2WO4. The Ag2WO4 precipitate was collected and washed
with deionized water until the pH value of the washing solution was
about 7, and dried in air at 80 8C for 8 h. H2WO4·H2O/AgCl was synthe-
sized by the ion exchange reaction between Ag2WO4 and concentrated
HCl while sonicating the solution until the completion of the ion ex-
change process. The precipitate was collected, washed with deionized
water and dried in air. The crystal structure of the H2WO4·H2O/AgCl
sample was examined by using X-ray diffraction (XRD, Bruker AXS
D8), its morphology by scanning electron microscopy (SEM, Hitachi S-
4800 microscopy), and its diffuse reflectance by UV/Vis spectroscopy
(UV-2550, Shimadzu). A reference photocatalyst, N-doped TiO2, was
prepared by nitridation of commercially available TiO2 powder (with a
surface area of 50 m2 g) at 773 K for 10 h under NH3 flow (flow rate of
350 mL min�1).[28] Another reference photocatalyst, H2WO4·H2O, was pre-
pared using the method reported in the literature.[29] The activities of the
photocatalysts H2WO4·H2O/AgCl were evaluated by studying the decom-
position of IPA and the degradation of MO dye. The photocatalytic de-
compositions of IPA was performed with 0.2 g of the powdered photoca-
talyst placed at the bottom of a Pyrex glass cell (200 mL) containing
7 mL IPA and 70 mL deionized water at room temperature in a gas-
closed system. The photocatalytic degradation of MO dye was carried
out with 0.2 g of the powdered photocatalyst suspended in a 100 mL solu-
tion of MO dye prepared by dissolving 20 mg of MO powder in 1 L of
distilled water in a Pyrex glass cell at room temperature under air. The
optical system for detecting the catalytic reaction included a 300W Xe
arc lamp (focused through a shutter window) with UV cutoff filter (pro-
viding visible light l�400 nm). CO2 was detected by gas chromatograph
(Varian, CP-3800, U. S.) with a flame ionization detector equipped with a
methanizer, and the degradation of MO dye was monitored by UV/Vis
spectroscopy (UV-7502PC, Xinmao, Shanghai).
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Introduction


Practically all bio- and synthetic polymers known today con-
sist of single-stranded, covalent backbones. The indispensa-
ble functions of many for both life in general and in the
daily life of every human being result from their chemical
structure and how these macromolecules arrange into
higher-order structures. For some applications, polymers
both as ultrathin film and in bulk are used in a networked


form and cease to be considered as single stranded. Because
the segments between the netpoints have a length distribu-
tion they cannot be regarded as ordered 2D or 3D structures
either. The creation of useable, “infinitely” extended, cova-
lently constructed and structurally defined, periodic 2D
polymers has been a dream of chemists for decades and nu-
merous attempts towards this goal have been reported.[1] A
non-comprehensive list of relevant articles can be found in
the literature.[2–7] Though enormous progress has been made,
even today no synthetic polymer is known that meets all the
above criteria.[8] The mastering of the very high level of
structure control inherently associated with a realization of
such a goal can be considered a major driving force for our
work in this area. Also, given the structural novelty of peri-
odic 2D polymers, the exploration of their property space is
another major motivation. We have initiated projects aiming
at achieving the above goal and wish to disclose some initial
steps here. These steps are based on amphiphilic monomers
capable of forming stable Langmuir monolayers at the air/
water interface and of undergoing subsequent polymeri-
zation in the compressed state. The monomers presented
here are based on three-armed branched molecules of kind
A and calixarenes of kind B (Figure 1) with three and four
pendent anthracenes, respectively. They are designed so as
to exploit the well-studied photochemically induced anthra-
cene dimerization[9] as the key reaction ideally resulting in


Abstract: We report the synthesis of
molecular sheets based on the photo-
chemically initiated dimerization of
monomers with lateral anthracene
units. The film thickness and composi-
tion were investigated by ellipsometry
and X-ray photoelectron spectroscopy
(XPS). The mechanical stability of the
film was sufficient to span it over 45 �


45 mm-sized holes. Several model reac-
tions were performed to illustrate the
underlying chemistry and to assist in
analysis. The reported experiments are
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the desired lateral polymerizations. These monomers serve
to prove the principle, but may not yet have the optimum
molecular structures for the achievement of completely reg-
ular (periodic) 2D polymers and, perhaps even more impor-
tantly, the polymers� unequivocal structure proof.[1]


We describe the synthesis of some representatives of the
compound families A and B and their spreading behavior at
the air/water interface. Of those forming stable and reversi-
bly compressible monolayers, one was selected for the next
step, the photochemical treatment of its compressed mono-
layer. This treatment led to a covalent connection between
the individual monomer units so as to render the layer a me-
chanically stable entity. The transfer of the untreated mono-
layer onto a solid substrate (oxidized silicon wafers) and the
subsequent analysis of its composition and orientation on
the substrate by the angle-resolved X-ray photoelectron
spectroscopy (ARXPS) is discussed, as well as the determi-
nation of its thickness by ellipsometry and XPS. We also de-
scribe how the monolayer, photochemically treated at the
interface, was analyzed in terms of thickness and mechanical
stability by using ellipsometry (after transfer) and scratching
experiments, respectively. The important aspect of stability
was addressed by transferring the treated monolayer onto
an electron microscopy grid with 2025 mm2-sized holes to see
whether they could be spanned by this film. Finally, we pres-
ent model studies on photodimerizations of some relevant
anthracene derivatives, mainly to help analytical aspects,
which will be important for future work.


Results and Discussion


Monomer synthesis : The synthesis of potential group A
monomers started from the commercially available 9-anthra-
cene carboxylic acid 1, which was reacted with the trisamino
hydroxyl compound 2 to give alcohol 3 in 50 % yield and on
the 3-g scale (Scheme 1). Product 3, referred to in the fol-
lowing as tripod, carries three anthracene units for dimeriza-
tion reactions and a free hydroxyl function and was used to


prepare a small collection of tripods with different polar
groups so as to explore which specific structure shows the
best spreading behavior at the air/water interface.
Schemes 2–4 summarize the steps taken. The attachment of


the polar units 6 b, 7, 8, and 9 b proceeded best by using
esterification with the 4-(dimethylamino)-pyridinium 4-tol-
uenesulfonate (DPTS)/1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC) system (see Supporting Information).
This afforded the corresponding monomers 10–12 and 13 b,
respectively, in yields of 30–50 %. In addition to these tri-
pods, calix[4]arene-based tetrapods were also synthesized.
Calixarenes 16 a and 16 b, representing group B monomers,
were prepared from starting materials 14 a and 14 b by react-
ing them with anthracene-9-carbaldehyde to furnish the
Schiff bases 15 a and 15 b, whose reduction with NaBH4 gave
the desired compounds 16 a and 16 b on the 100-mg scale.
The purification of the intermediates 15 turned out to be
somewhat problematic in that they quickly hydrolyzed on
column. This problem could be overcome, however, by


Figure 1. Schematic representation of monomer structures discussed in
this work. Rectangles in both structures indicate hydrophilic groups that
should help render the monomers spreadable at the air/water interface.


Scheme 1. Benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluoro-
phosphate (PyBOP), N,N-diisopropylethylamine (DIPEA), CH2Cl2,
DMF.


Scheme 2. i) KOH, MeOH/THF, H2O; ii) KOH, MeOH/THF, H2O.
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adding 5 % triethylamine to the eluent. All new compounds
were fully characterized.


Model photodimerizations : The photodimerization of an-
thracene and its derivatives has been studied in great
detail,[9] including experimental conditions, regio- and ste-


reochemical course, reversibility,[10] and accessible yields.
Comprehensive reviews on this matter are available.[11] Be-
sides simple derivatives, complex compounds containing an-
thracene units were also investigated. This involved the use
of anthracenes as monomer units in polymer synthesis,[12] as
cross-linking units in polymer network formation,[13] as well
as in dendrimers[14] and other topologically unusual com-
pounds.[15] By and large, dimerizations take place across the
9,10-positions and in the case of 9-substituted derivates,
head/tail dimers are the preferred products, though excep-
tions for both behaviors have been described.[16] Yields of
the photodimerization range typically from 40–70 %.
Though this may be considered insufficient for the ambi-
tious goal described in the introduction, it should be pointed
out that these figures refer to products formed under homo-
genous solution conditions. If photodimerization is applied
to compressed monolayers in which the monomers are at
tight, ideally almost van der Waals distance, higher yields
for the coupling are to be expected. This is supported by re-
ports that yields may go up for dimerizations of anthracenes
in constrained geometries.[17] Scheme 5 shows the dimeriza-
tions that were studied in the frame of the present research.


Scheme 3. i) Pd/C, H2, EtOAc/MeOH.


Scheme 4. i) Anthracene-9-carbaldehyde, dry MeOH; ii) NaBH4, MeOH.


Scheme 5. Test and model studies performed with tripod 3 and the litera-
ture-known anthracenes 18–20.
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The question of how many of the functional groups (an-
thracenes) of the several oligofunctional compounds synthe-
sized in the present study can actually be engaged in dimeri-
zations was addressed using tripod 3. This has the least com-
plicated substitution pattern of all compounds and it was,
therefore, expected that work-up and purification of the
model reactions� products would be easier than for those
representatives with flexible alkyl and oligoethyleneoxy
(OEO) chains. At first, compound 3 was irradiated with a fi-
vefold excess of parent anthracene per anthracene function-
ality in dichloromethane at 20 8C for 12 h. Product 17 was
isolated by column chromatography and obtained reproduci-
bly as colorless solid in yields of 45–50 %. Other products
were formed, but these were neither isolated nor identi-
fied.[18]


The structure proof for 17 is based upon NMR spectros-
copy and mass spectrometry results, but also the correct
data from elemental analysis. Figure 2a and b compare its
solution 13C NMR spectrum with starting material 3. Espe-
cially indicative are the new signals at approximately d=


142, 66, and 55 ppm which correspond to the ortho-phenyl-
ene units and the bridgehead carbons, respectively. Thus, all
three anthracene moieties of 3 were individually engaged in
dimerization reactions and it was thus assumed that the
other tri- and tetrapods would behave similarly.


In a future stage of the project it will be important to
prove that anthracene dimerization takes place at the air/
water interface when spread and compressed monolayers
are irradiated. Because under such conditions just a very
small quantity of molecules is involved, the analytical tools
applied need to account for this. Grazing incidence IR spec-
troscopy (GI-IR) is a powerful tool for monolayer character-
ization and it was thus a prime task to obtain IR spectra of
relevant compounds as a reference for these future studies.
The top part of Figure 3 compares sections of the IR spectra


(in KBr) of starting compound 3 with 17. Evidently, the di-
merization is associated with the appearance of absorptions
at 1454 and 1474 cm�1, as was already reported for hydrocar-
bon cages closely related to the one contained in 17.[11, 19] Be-
cause of the anticipated importance of this analytical aspect,
three other anthracene derivatives, 18–20, were also synthe-
sized (see Experimental Section) and photochemically di-
merized into their head/tail (ht) dimers [dim-18 (for an X-
ray structure, see Supporting Information), dim-19] and iso-


Figure 2. Solution 13C NMR spectra of starting tripod 3 (a) and its three-
fold anthracene adduct 17 (b), and solid-state cross polarization magic
angle spinning (CPMAS) 13C NMR spectrum of network C formed by
the tripod�s self-addition reaction (c).


Figure 3. IR spectra in KBr of the four anthracenes 3, 18, 19, and 20 and
their dimerization product(s) 17 and C, dim-18, dim-19, as well as ht dim-
20 and hh dim-20, respectively. Despite the rather different substitution
patterns, all dimers show two signals at or near 1454 and 1474 cm�1.
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meric head/head (hh) and ht dimers for dim-20.[20] This latter
mixture was separated into the individual components. The
respective IR spectra are also compiled in Figure 3. As can
be seen, all dimers exhibit these two signals at almost the
same wave numbers to the ones above. This applies also to
the two different hh and ht stereoisomers of dim-20, which
is somewhat unfortunate. It was hoped that GI-IR spectros-
copy would enable extraction of information not only about
whether or not dimerization has taken place in a monolayer
at the air/water interface, but also about the stereochemistry
of the product.[21, 22] The UV spectrum of 17 confirmed the
complete disappearance of all anthracene-typical absorp-
tions (Figure 4a).


Next, the reaction of 3 with itself was studied. This was
necessary because this self-addition involves only monosub-
stituted anthracenes (at C-9) rather than a monosubstituted
one and the parent anthracene. This could result in a re-
duced propensity to undergo self-dimerization. It was ex-
pected that if dimerization worked, an insoluble network
should form, the formula C of which (Scheme 5) for simplic-
ity considers neither eventual hh dimers nor incomplete re-
actions. A 10-mm dichloromethane solution of 3 was irradi-
ated at 20 8C for 12 h under nitrogen during which time a
precipitate formed. This was filtered off (approx. 77 % of
total mass) and the supernatant solution was concentrated
up to give a complex mixture of compounds (approx. 23 %
of total mass). The precipitate�s solid-state 13C NMR spec-
trum (Figure 2c) shows signals at approximately d= 144 ppm
as well as d=67 and 55 ppm that correspond to the ortho-
phenylene units and the bridgeheads, respectively, very


much like model compound 17. Network C also shows an-
thracene signals in the UV range (measured in reflection)
indicative of unreacted (end) groups (Figure 4b). The inten-
sity of these signals was not quantified. In addition, the IR
spectrum exhibits the characteristic signals at 1454 and
1474 cm�1. Thus, the expected network had formed at least
for the major part of the material.


The reactivity of compound 16 a under irradiation was
also briefly investigated using UV spectroscopy. The out-
come of these reactions depended strongly on concentration.
For highly diluted dichloromethane solutions (0.1 mm) a
soluble product was obtained that gave the UV spectrum
depicted in Figure 4c. The anthracene-typical resonances
had disappeared, suggesting that under these highly diluted
conditions a twofold intramolecular dimerization took place.
Such reactions have been reported for simpler systems with
just two anthracene units.[23] At much higher concentrations
(125 mm) a precipitate formed, whose UV spectrum (Fig-
ure 4d) was taken in reflection. As for the self-addition of
compound 3, some residual anthracene signals were detect-
ed and tentatively ascribed to end groups.


Experiments and analyses at air/water and air/solid
interfaces


Non-polymerized monolayers : The ability of a compound to
form stable Langmuir monolayers depends on its solubility
and the amphiphilic (hydrophilic-to-hydrophobic) balance.
Film formation was tried with compounds 3, 10–12, 13 b, and
16 a using conventional techniques (see Experimental Sec-
tion). Compound 3 (hydrophobic) formed films, however,
these were not reversible and rather crystalline; compounds
10–12 (hydrophilic) did not spread but rather submerged
into the subphase. Compounds 13 b and 16 a formed stable,
compressible films with different reversibilities, with that of
16 a being superior. The surface-pressure/-area isotherms of
both compounds are depicted in Figure 5. The full isotherm


of 16 a can be found in the Supporting Information (Fig-
ure S2). On the basis of these curves, monomer 16 a was se-
lected for the initial polymerization experiments. First the
area per molecule was estimated. For this purpose a tangent


Figure 4. UV spectra in chloroform comparing tripods 3 and 17 (a),
tripod 3 and network C (b), tetrapod 16 a and the product of its irradia-
tion in highly diluted (0.1 mm) (c), and highly concentrated (125 mm)
CH2Cl2 solutions (d).


Figure 5. Surface-pressure/-area isotherms for monomers 13b (a) and 16a
(b) at the air/water interface. Arrows indicate compression and expansion
isotherms.
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was drawn near the surface pressure of 25 mN m�1, which in-
tersected the x-axis at approximately 2.2 nm2. An alternative
value was obtained by measuring the area at this pressure,
which was found to be 1.85 nm2. From the two extreme con-
formations of stick models shown in Figure 6, the expected


value should be somewhere between 1.0 and 4.8 nm2. An in-
termediate value is suggested by the X-ray structure of com-
pound 16 b (Figure 7). This compound was chosen because it


was easier to grow single crystals from it than from 16 a and
the anthracene geometry should not be affected much by
the substitution at the lower rim. It is apparent that the rela-
tive orientation of the anthracene moieties in 16 a at the in-
terface needs to be different from that of the same units in
the single crystal of 16 b, if a high degree of intermolecular
[4+ 4] dimerizations is to be brought about.


The film formation upon increasing surface pressure was
monitored by Brewster angle microscopy (BAM). As can be
seen from the representative snapshots depicted in Figure 8,
for low pressures homogenous areas are initially separated
by less-ordered stripes. However, at higher pressure (typi-
cally 25 mN m�1), a fully homogenous film of 16 a was ob-
served, which was used for all transfers and also irradiations.


Although the isotherm indicated that at 25 mN m�1 the film
of 16 a should still be a monolayer, this was confirmed by el-
lipsometry measurements of Langmuir–Blodgett layers
transferred on oxidized silicon wafers; each time, a single
layer was transferred upon the dipper upstroke. These meas-
urements were carried out at three points and representative
results are compiled in Table 1 (entries 1–3). The average


height of the film was found to be in the order of (19�1) �
(Table 1, entry 4, left column). This value corresponds well
with the height of the individual molecule 16 a, assuming
that its flexible chains are somewhat contracted and not in
the all-trans conformation.[24] This assumption is reasonable
considering the fact that both the oligoethyleneoxy (OEO)
chains and the substrate are polar. The film height was also
checked by Langmuir–Sch�fer transfer, which gave a slightly
smaller value of (17�1) � (Table 1, entry 4, third column).


Next, XPS measurements were performed aiming at com-
positional, structural, and orientation information of this
monolayer. Figure 9 shows the survey spectrum collected of
a monolayer of 16 a transferred onto a silicon substrate.
Carbon, oxygen, and nitrogen signals are detected together
with the Si2s and Si2p that are due to the substrate. The ni-
trogen signal, N1s, indicates a successful transfer of the
monolayer as this element is the only one that is exclusively
present in the monomer. Because no other signals are de-
tected, it can also be concluded that the monolayer is free
of contamination. Detailed spectra of C1s, O1s, N1s, and
Si2p were also taken (Figure S3) and the peak areas used to
calculate atomic concentrations and monolayer thickness.
The Si2p spectrum exhibits two signals, one at 99.4 eV and
another one at 103.4 eV. The first signal is due to the parent


Figure 6. Molecular models of the two extreme conformations of mono-
mer 16a with the four anthracene units in upright (left) and horizontal
(right) orientations, respectively. The areas covered by these two con-
formers differ significantly between approximately 1.0 and 4.8 nm2.


Figure 7. X-ray molecular structure of calix[4]arene 16 b, which serves as
a model for 16 a, showing that in the crystal this compound attains an
area between the two extreme models for 16a shown in Figure 6.


Figure 8. Brewster angle microscopy images of film formation during in-
crease in surface pressure. The rightmost image indicates a rather smooth
monolayer that represents the state at which transfers and irradiations
were performed. The size of the images is 430 mm � 498 mm.


Table 1. Thickness [�] of transferred monolayers of 16a.


Entry Vertical transfer Horizontal transfer
Monolayer UV-treated


monolayer
Monolayer UV-treated


monolayer


1 18 20 17 21
2 19 20 18 20
3 19 20 17 21
4 19�1 20�1 17�1 21�1
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substrate and the second can be assigned to silicon diox-
ide.[25]


The O1s spectrum contains the contributions of both the
silicon dioxide at 533.1 eV and the monolayer of monomer
16 a. In fact, the signal that is symmetric in the case of pure
silicon dioxide shows here a non-symmetry at the lower-
binding-energy side due the presence of oxygen signals of
the monolayer. The components at 532.6 and 533.3 eV were
identified by least-square peak-synthesis routine using the
fitting parameters obtained on the basis of reference sam-
ples: the untreated monolayer and the drop-cast compound
analyzed using the same spectrometer settings. These were
assigned to the C-O-C chains and to the Ar–O, respectively.
These values are in agreement with the literature.[26] The
C1s signal is also non-symmetric as it contains the signals
due to the aromatic rings (284.7 eV) of the calixarene, the
anthracenes (285.5 eV), and the C-O-C units at 286.7 eV[26]


The binding-energy value of the anthracene units of the
monolayer is lower than that of parent anthracene (not
shown here); this shift is attributed to the presence of the
donor substituents in the former.


The N1s signal is symmetric at 400.4 eV. This value is
3.4 eV higher than that measured on the pure drop-cast
compound, suggesting that the nitrogen atom might be
bonded to water molecules. The atomic composition of the
monolayer was based on the line intensities determined by
integration of the fitted Gaussian/Lorentzian model func-
tions after a Shirley background subtraction and corrected
for the photoionization cross-sections, the asymmetry func-
tion, the mean free path, and the transmission function of
the spectrometer. The values (%) found: C 82.5, N 2.7, O
14.8, are in good agreement with the calculated values (%):
C 83.8, N 2.7, O 13.5. The monolayer thickness was calculat-
ed to be (26�0.1) �, which is significantly larger than the
values obtained by ellipsometry, even if it is still in agree-
ment with the assumption of a monolayer. The difference
might be due to the fact that the density does not feature in


this calculation: a more appro-
priate model, such as the three-
layer model, would require
knowledge of the monolayer
density.[27]


Finally, angle-resolved XPS
measurements were carried out
on 16 a to get an insight into
the monolayer�s orientation.
Figure 9 shows the plot of the
atomic concentration vs. the
emission angle, whereby the
latter is the one formed by the
direction of the emitted elec-
trons with the surface normal.
This plot suggests that the C-O-
C units of the monomers are in
the inner part of the film
whereas the carbon species
seem to be located in the outer


part of the monolayer. Thus, the monolayer has an orienta-
tion as one would have intuitively suggested.


Polymerized monolayer : With this information at hand, the
first irradiation experiments were performed. A monolayer
of 16 a was compressed to 27 mN m�1 and irradiated for
30 minutes with unfiltered UV light of a medium-pressure
mercury lamp that was positioned above the film at a dis-
tance of approximately 20 cm. This distance was kept con-
stant throughout all irradiations described in this paper. The
whole trough was placed inside a box, which allowed appli-
cation of gentle nitrogen flow during the entire irradiation
time to exclude peroxide formation. First, it was tested
whether irradiation has any effect on the appearance of the
BAM images. Figure 10 compares images before and after
irradiation. As can be seen, there was no difference at all,
even though the image of the treated film was taken after
the barriers had been opened. To test whether cross-linking
had actually taken place, both the treated and non-treated
monolayers were scratched with a needle and the responses
compared.


Both responses were monitored by BAM. Whereas with-
out irradiation the “wounds” healed instantaneously (not
shown), those in the treated film remained completely un-
changed, even if the barrier was opened. This proves the
non-treated film to behave like a fluid and the treated one
to be covalently cross-linked. It should be stressed that
these experiments do not enable conclusions to be drawn re-
garding how many of the anthracenes were actually involved
and whether a periodic structure was formed. These impor-
tant questions are presently being pursued.[19] Next, the irra-
diated film was transferred onto silica and the height mea-
surement repeated. As can be seen from Table 1, the values
are (20�1) � for the vertical and (21�1) � for the horizon-
tal transfers. Clearly, the irradiation process did not change
the monolayer nature of the film, though there may be
some thickening.


Figure 9. Survey XPS spectrum of a non-polymerized monolayer of 16 a transferred onto an oxidized silicon
wafer (left), and apparent atomic concentration vs. emission angle of non-polymerized monolayer of 16a trans-
ferred onto an oxidized silicon wafer (right). The apparent concentration is the concentration assuming a ho-
mogenous compound within the analyzed depth. If the concentration of an element increases as emission
angle increases (e.g., carbon) then it is mainly present at the outer part of the analyzed volume (data acquired
with the Theta Probe Thermo, Fisher).
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The transferred and cross-linked monolayers were also in-
vestigated by contact-angle measurements with water. From
the XPS measurements it was expected that this layer
should show the anthracene units at the top to be at least
partially dimerized. Contact angles for self-assembled mono-
layers (SAMs) with aromatic units at their surface are
known to be in the order of 80–858.[28] Measurements on our
films directly after transfer reproducibly gave contact angles
between 32–458. These values showed considerable scatter
and were clearly too low. However, after drying the samples
under high vacuum, the values were reproducibly between
82–888 and, thus, well within the expected range. This sub-
stantial change of contact angle upon drying is explained by
adsorbed water, which in the non-dried samples is abundant-
ly available (OEO chains!) and can reach the surface
through the many pores necessarily present in the cross-
linked film.


To test the mechanical stability of the cross-linked mono-
layer, transfers on electron microscopy grids with holes
sized 45 � 45 mm were performed to see whether they can be
covered with films without rupture. The literature describing
ultrathin layers over-spanning holes is scarce.[29] Attempts
with Langmuir–Blodgett transfer were unsuccessful, howev-
er, the horizontal transfer (Langmuir–Sch�fer method) was
successful. However, it should be noted that not every trans-
fer was actually successful; only approximately every fifth
transfer gave usable results. Figure 11 compares an unsatis-
factory and a rather successful transfer. The images were
taken with a conventional optical microscope and the con-
trast is based on interference. In the first case, practically all
films over holes are ruptured. Note that the direction of the
cracks is more or less the same, which seems to indicate that
during coverage a stress was applied to the entire film while
near the grid. To say this crack formation is associated with
drying effects is merely speculation. In a blind test, also the


non-cross-linked film was transferred onto such a grid, how-
ever, in none of many attempts was it possible to cover
holes, not even for small parts. Cross-linking is thus a pre-
requisite for such experiments with films from 16 a. The
transferred films are stable for at least several days under
ambient conditions. The differential interference contrast
(DIC) micrograph (Figure 12) shows a film five days after
transfer, with no visible change detected. Some of the grid
holes are covered (right-hand side) and some are not (left-
hand side). The holes in the center are (still) partially cov-
ered; due to rupture, the film in part folds back on itself,
wrinkles, and shows a tendency to roll up at the edge.


Figure 10. BAM images of non-irradiated (top left) and UV-irradiated
monolayer of 16a at the air/water interface (top right) indicating that ir-
radiation does not cause morphological changes and crack formation visi-
ble by BAM. BAM images of UV-irradiated monolayers of 16 a after
scratching with a needle (bottom left and right). The “wounds” stay un-
changed even if the film is decompressed. The size of the images is
430 mm� 498 mm.


Figure 11. Light-microscopy images of transferred UV-treated monolay-
ers of monomer 16 a on a Cu grid with holes sized 45� 45 =2025 mm2.
The top image shows a case considered unsuccessful because film rupture
could not be prevented, the bottom image represents a successful case
because many holes are over spanned by non-ruptured films. The arrows
point towards cracks.


Figure 12. DIC image (� 40) of a cross-linked monolayer of 16 a taken
5 days after the transfer event. The film is on a Cu grid with 2025 mm2-
sized holes, some of which are spanned over by non-ruptured films (holes
on the right-hand side) and others are not at all (holes on the left-hand
side). The holes in the center are partially covered by films and overlay-
ing parts, wrinkles, and rolled-up edges are visible.
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Conclusion


Monomer 16 a, decorated with four anthracene units,
spreads reversibly at the air/water interface, and after com-
pression to 25 mN m�1 can be photochemically cross-linked
into a sheet-like object, whose mechanical stability is suffi-
cient to allow transfer onto both a solid substrate and a Cu
grid with 2025 mm2 sized holes. These holes can actually be
spanned over, whereby the films remain unchanged under
ambient conditions at least for several days. The sheets have
the thickness of a monolayer and two different faces, one
that consists of more or less dimerized anthracene units and
the other of oligoethyleneoxy chains. Thus, the sheets are
amphiphilic. Based on these results the next steps involve
1) proving the level of order in the sheet by grazing inci-
dence X-ray diffraction and IR spectroscopy, the near field
microscopies, as well as other techniques, 2) design and test-
ing of other monomers that may have an even higher
chance to lead to sheets with long-range positional order
and periodic bonding patterns,[1] 3) testing properties such as
rupture forces.


Experimental Section


General : The elemental analyses were performed using a Leco CHN-900
or Leco CHNS-932 instrument. The melting points were measured in
open capillaries by using a B�chi B-540 and were uncorrected. MALDI-
TOF mass spectra were recorded by using an electron-ionization (EI)
MS spectrometer (Micromass AutoSpec-Ultima) or a FTMALDI MS
spectrometer (IonSpec Ultra Instrument). 1H- and 13C NMR spectra were
recorded by using Bruker Avance 300 and 500 MHz spectrometers at RT
in the indicated deuterated solvents, which were purchased from Merck
or Deutero GmbH. The resonance multiplicities in the 1H NMR spectra
are described as s (singlet), d (doublet), t (triplet), and m (multiplet).
Broad resonances are indicated by br. Reactions were monitored by TLC
using TLC silica-coated aluminium sheets Alugram by Macherey–Nagel
(SIL-G/UV254). The compounds were visualized by applying 254 or
366 nm UV light. Column chromatography purifications were performed
with silica gel, BIO-RAD Bio-Beads S-X1 [200–400 mesh], or prepara-
tive recycling GPC (Japan Analytical Industry Co. Ltd., LC 9101)
equipped with a pump (Hitachi l-7110, flow rate 3.5 mL min�1), a degas-
ser (GASTORR-702), a RI detector (Jai RI-7), a UV detector (Jai UV-
3702, l=254 nm), and two columns (Jaigel 2H and 2.5H, 20� 600 mm for
each) using chloroform as eluent at RT. Optical microscopy experiments
were carried out by using a Leica DM-RP. FTIR measurements were per-
formed by using a Bruker Vector 22 instrument in KBr pellets. UV/Vis
spectra were recorded by using a Perkin–Elmer UV/Vis Lambda 20 spec-
trometer.


Langmuir monolayers : Monolayers of 16a were prepared by spreading
an aliquot of a solution (1 mg mL�1 in CHCl3; spectroscopy-grade sol-
vents) on Millipore water of pH 6 on a mini Langmuir–Blodgett trough
(total area 242 cm2, from KSV, Finland), placed on an anti-vibration
table in a dust-reduced environment (no clean-room). After spreading,
the solvent was allowed to evaporate for 5 min, followed by compression
of the film at 10 mm min�1. The surface pressure of the monolayers was
measured at a precision of �0.01 mN m�1 with a Wilhelmy plate (chro-
matography paper, ashless Whatman Chr 1) on an electrobalance. Mono-
layers were compressed at 22 8C.


Irradiation and transfer of monolayers : An UV 250-Watt lamp fitted
with a Gallium bulb from UV Light Technology was placed over the
trough at a distance of 20 cm. The time of irradiation was 30 min. During
irradiation the whole set-up was purged with a gentle stream of nitrogen.


Langmuir–Blodgett and Langmuir–Sch�fer transfer were performed ac-
cording to the protocol.[30] For the Sch�fer transfer a Cu grid purchased
from Plano with a pitch of 45 mm was used.


Brewster angle microscopy : Monolayer morphology was visualized by
using a BAM2plus Brewster angle microscope (Nanofilm, Germany),
with a 50-mW laser at the wavelength of 532 nm. With a 10� Nikon
long-distance objective, the microscope has a resolution of 2 mm; record-
ed images correspond to 430 mm in width.


Ellipsometry : The dry thicknesses of the films were determined by varia-
ble angle spectroscopic ellipsometry (VASE, M-2000F, L.O.T. Oriel
GmbH, Germany). Measurements were conducted under ambient condi-
tions at three angles of incidence (65, 70, and 758) in the spectral range
of 370–995 nm. Measurements were fitted with the WVASE32 analysis
software using a three-layer model for an organic layer on a silicon sub-
strate.


X-ray photoelectron spectroscopy : Small-area X-ray photoelectron spec-
tra (XPS) and angle-resolved XPS (ARXPS) were acquired using a
Theta Probe (Thermo Fisher Scientific, Waltham MA, USA). The residu-
al pressure during the analysis was 10�7 Pa. The measurements were car-
ried out using an AlKa (1486.6 eV) radiation source run at 70 W, 400-mm
beam diameter. The emitted electrons were collected by using a radian
lens with a conical angle of acceptance of ca. 38. The emission angle
ranges from 23 to 838. The spectra of O1s, C1s, N1s, Si2s, and Si2p were
obtained in constant analyzer transmission mode with a pass energy of
50 eV and a step size of 0.1 eV (full width at half maximum height,
FWHM, for Ag3d5/2 =0.7 eV). The angular information was summed into
16 channels.


The survey spectra were acquired with a pass energy of 100 eV. The in-
strument was calibrated using the inert-gas-ion-sputter cleaned reference
materials SCAA90 of Cu, Ag, and Au.10 following ISO 15472. Sample
charging was corrected by referring all binding energies to the carbon 1s
signal at 285.0 eV.


Contact-angle measurements were carried out by using a Ram�-hart, Inc.
NRL C.A. Goniometer (Model No 100–00–230). All reported values are
the average contact angles at three different spots per sample determined
by sessile drop technique.


Synthesis


Compounds 1, 5, 7, 18, and the parent anthracene were purchased from
commercial sources and used without additional purification. Compounds
2,[31] 4,[32] 9a,[33] 14a,[34] 14b,[35] 19,[36] 20,[37] and dim-20[20] were prepared
according to the literature procedures. Preparation and characterization
of the remaining compounds is given in the Supporting Information.


General procedure for esterification : Alcohol (1.45 equiv) and DPTS
(1.45 equiv) were added to a solution of acid (1 equiv) in a mixture of
dry CH2Cl2 and dry DMF at RT. After 15 min EDC (1.45 equiv) was
added and the mixture was stirred at RT overnight. The reaction mixture
was diluted with CH2Cl2 and washed twice with brine. The organic layer
was separated and dried over MgSO4. The solvent was removed under re-
duced pressure. The crude product was purified by silica gel column chro-
matography or GPC.


General procedure for the dimerization of anthracene derivatives : The
compound was dissolved in dichloromethane and then the solution was
degassed. The degassed solution was irradiated with UV light for 12 h.
Then the solvent was removed under reduced pressure and subjected to
the preparative GPC purification.


CCDC 680390 and 680391 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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Introduction


Supramolecular hydrogels[1,2] composed of low-molecular
-weight hydrogelators have recently received increased at-
tention as unique matrices for cell culture and encapsulation
because of their intriguing features, such as a unique forma-
tion process based on self-assembly, a flexible molecular
design, rich chemical functionality, and well-defined nano-
structures, which are distinct from conventional polymer
gels.[3–6] In their pioneering work, S. Zhang et al. reported


that a designed peptide that forms a hydrogel through b-
sheet structures can be employed as a 3D cell-culture matrix
for the encapsulation of a variety of mammalian cell lines.[3]


S. I. Stupp et al. designed and synthesized derivatives of an
amphiphilic pentapeptide epitope (IKVAV; Ile-Lys-Val-Ala-
Val) found in neurite-promoting laminin, and found that the
resultant hydrogel could encapsulate neural progenitor cells
and induce selective differentiation of the cell into neurons
owing to the high epitope density on the surface of the
supramolecular nanofibers.[4] Subsequently, D. J. Pochan,
J. P. Schneider et al. demonstrated that a peptide-type supra-
molecular hydrogel that contained stem cells could be deliv-
ered to a target site by using the mechanical responsiveness,
that is, the so-called thixotropy, of the hydrogel.[5]


In contrast with these peptide-based supramolecular hy-
drogels, which show great promise for tissue engineering
and various cell culture/assay systems, the potential utility of
saccharide-based supramolecular hydrogels has not been ex-
plored yet. Saccharide and its glyco-conjugates are naturally
abundant in extracellular matrices in the form of glycopro-
teins and as proteoglycans (heparin sulfate, chondroitin sul-
fate, hyaruronic acid, etc) that are similar to peptides/pro-
teins.[7] It is also known that the saccharides displayed on a
cell�s surface play important biological roles in intercellular


Abstract: From a library of glyco-lipid
mimics with muconic amide as the
spacer, we found that 1, a glyco-lipid
that has N-acetyl glucosamine and
methyl cyclohexyl groups as its hydro-
philic head and hydrophobic tails, re-
spectively, formed a stable hydrogel
(0.05 wt %) through hierarchical self-
assembly of the lipid molecules into
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was verified by rheological measure-
ments, and the supramolecular nanofib-
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communication and cell differentiation.[8] Therefore, saccha-
ride-based hydrogels could become a unique matrix for the
immobilization and encapsulation of live cells. We first re-
ported that several glyco-lipid mimics with sugars in the hy-
drophilic head and two alkyl chains in the hydrophobic tail
were able to form transparent hydrogels.[9,10] From the basis
of this scaffold, hydrogels that are more stable and suffi-
ciently strong for cell culture study are being explored.
Herein, we describe glyco-lipid 1, which has muconic amide
as the spacer and GlcNAc (N-actetyl glucosamine) as the
head and which can form a stable hydrogel. More impor-
tantly, when the hierarchical self-assembly of the lipid mole-
cules into supramolecular nanofibers was examined by vari-
ous spectroscopic and microscopy measurements, we unex-
pectedly found that the homogeneous 3D dispersion of the
supramolecular nanofibers networks was greatly facilitated
by the addition of polystyrene nanobeads. It is significant
that the resultant hybrid supramolecular matrix can encap-
sulate live Jurkat cells in three dimensions under physiologi-
cal conditions.


Results and Discussion


Synthesis and screening of the hydrogelator with muconic
amide as spacer : Working from our molecular scaffolds of
glyco-lipid mimicking supramolecular hydrogelators, com-
pounds 2 and 3 with succinic and fumaric amide, respective-
ly, as the spacer,[9,10] we replaced the spacer unit withACHTUNGTRENNUNGmuconic amide and constructed a new library to explore
more stable hydrogels. Recently, we found that the critical
gel concentration (CGC) of 3 with a fumaric amide spacer is
lower than that of hydrogelators with a succinic amide
spacer, such as 2.[10] It was assumed that the rigidity and the
cohesion propensity of the fumaric amide moiety could en-
hance the self-assembling character to form a hydrogel. This
finding prompted us to increase the number of double
bonds from one (fumaric) to two (muconic), and to vary the
head and tail modules. The hydrogel formation ability of ten
new compounds was examined by a conventional vial-inver-
sion method.[1] Figure 1a summarizes the CGC results for


each of the new hydrogels. Apparently, the library based on
the muconic amide spacer provided a larger number of hy-
drogelators compared with those with succinic amide andACHTUNGTRENNUNGfumaric amide.[9,10] From this library, we found that glyco-
lipid hydrogelator 1, with GlcNAc as the head and methyl
cyclohexyl groups as the tail, is an excellent hydrogelator
(CGC= 0.05 wt %). The CGC of hydrogelator 1 is four-fold
lower than that of 2 (CGC =0.1 wt %)[9a] and is comparable
to that of 3 (CGC=0.05 wt %).[10a]


Characterization of the supramolecular hydrogel of a glyco-
lipid with muconic amide as the spacer : We further charac-
terized supramolecular hydrogel 1 in detail. Frequency-
sweep rheometry measurements were conducted first. As
shown in Figure 2a, the storage modulus (G’; 180 Pa at
0.9 rad s�1) of hydrogel 1 (0.15 wt %, distilled water) was
around six times higher than the loss modulus (G’’), and
both modules were almost independent of frequency, which
clearly verifies the viscoelastic feature of hydrogel 1. Trans-
mission electron microscopy (TEM) observations of hydro-
gel 1 (Figure 2b) showed a well-defined network of nanofib-
ers that have a high aspect ratio, that is, several tens of nm
in diameter and hundreds of nm to a few mm in length.
These are characteristics of a supramolecular gel[1] and indi-


Figure 1. a) CGC values for a small combinatorial library of muconic
amide hydrogelators, b) a schematic representation of the hierarchical
self-assembly of hydrogelator 1, and c) a photograph of hydrogel 1
(0.10 wt %, distilled water).


Chem. Eur. J. 2008, 14, 10808 – 10815 � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 10809


FULL PAPER



www.chemeurj.org





cate that hydrogelator 1 self-assembles into a bilayer-type
nanofiber and the subsequent bundling and entangling re-
sults in the hydrogel formation (Figure 1b), similar to hydro-
gelators 2 reported previously by us.[9,10] Interestingly, the
unique fibrous structure of 1 could be visualized by atomic
force microscopy (AFM). Figure 2c shows a typical AFM
image of supramolecular fiber 1. Careful analysis of the
AFM micrograph allowed the average height of the nanofib-
ers, 3 to 4 nm, to be determined. This height is slightly
smaller than twice the molecular length of 1 and is compara-
ble to the diameter of the interdigitated bilayer unit that
was formed by the fibrous structure of 2 (�4 nm).[9c] It is
also worth noting that the AFM micrograph clearly reveals
a number of periodic oblique stripes that probably originate
from a helical structure of the nanofiber.


Absorption and circular dichroism (CD) spectral meas-
urements gave further insights into the molecular arrange-
ment of 1 in the self-assembled fibers. The absorption and
CD spectra of monomeric 1 in 50 % aqueous MeOH were
compared with those of hydrogel 1. As shown in Figure 3,
hydrogel 1 exhibited strong negative and positive CD signals
in the region of l= 200–325 nm, which can be assigned to a
p–p* transition of muconic amide, whereas monomeric 1
showed negligible CD signals.[11] This split Cotton effect re-
sulting from the exciton coupling suggests that two muconic
amide units are asymmetrically tilted in the hydrogel. The
absorption spectrum for hydrogel 1 revealed a hypsochromic
blueshift relative to the monomeric 1, which indicates that


the muconic amide units are closely interacting in a parallel
manner in the gel matrix. From these results, we conclude
that the muconic amide moieties of 1 are stacked with each
other in a helical (preferably right-handed) fashion within
the self-assembled nanofibers.


Confocal laser scanning microscopy (CLSM) observations of
supramolecular hydrogel 1 to evaluate the mesh size : With
the well-defined artificial glyco-lipid mimic hydrogelator 1
in hand, we explored the biological applications of this
supramolecular hydrogel, in particular the encapsulation of
live cells by the hydrogel matrix. To encapsulate live cells
homogeneously in the networks of supramolecular hydro-
gels, it is important to control both the mesh size of the hy-
drogel and the homogeneous 3D distribution of the supra-
molecular fiber networks. Prior to cell culture experiments,
we therefore evaluated the porosity of the hydrogel and the
3D dispersibility of the supramolecular fibers in 1 by using
CLSM (see the Experimental Section for details).


To estimate the mesh size of hydrogel 1, we evaluated the
Brownian motion of submicron-sized polymer beads embed-
ded in the hydrogel matrix by using CLSM according to our
previously reported method.[9d,10a, 12] The restricted Brownian
motion of the beads can be ascribed to the fact that the
mesh size in the hydrogel is comparable to the size of the
beads. When we added 0.5 or 1.0 mm beads to hydrogel 1
(0.10 wt %, ion-exchanged water), the Brownian motion of
the beads was almost perfectly restricted (Figure 4b for
0.5 mm beads). On the other hand, 0.1 mm beads showed
moderate Brownian motion in hydrogel 1 (Figure 4a).[13]


This result indicates that hydrogel 1 forms a nanomesh in
which the lower size limit of the void has been evaluated to
be smaller than 500 nm at 0.1 wt % of hydrogel, and the
nanomesh is strong enough to be a physical obstacle to trap
the beads. The size and toughness of the nanomesh con-
structed from hydrogel 1 is expected to be sufficient for the
encapsulation of live cells.


Figure 2. a) Oscillatory rheology frequency sweeps (0.15 wt %, distilled
water); G’: *, G’’: *. b) TEM image of hydrogel 1 (0.10 wt %, distilled
water, no staining), c) AFM image of the supramolecular fibers of 1 (see
the Experimental Section for details), and d) the cross-section profile
along the dotted line in c).


Figure 3. Absorption and CD spectra of 1 ([1]=0.70 mm, 0.05 wt %) in
the hydrogel state (c) and solution state (a ; 50% aqueous MeOH)
in a 1 mm cell at ambient temperature.
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Figure 4c and d show typical TEM images of hydrogel 1
with 0.1 and 0.5 mm beads, respectively. It is clear that the
average widths of the nanofibers were almost the same as
that observed in the absence of beads (Figure 2b), and the
network structure of the supramolecular fibers was not de-
stroyed. These results suggest that there would not be strong
perturbation of the network of the supramolecular fibers
from these nanobeads. In addition, the TEM images (Figur-
es 2b and 4c,d) revealed that the apparent mesh size of hy-
drogel 1 is in the range of several hundreds of nm, which is
consistent with the evaluation of the Brownian motion of
the nanobeads. In fact, we could even find 0.1 mm beads en-
trapped within the nanomesh of the hydrogels, as shown in
Figure 4c,d. More interestingly and unexpectedly, during the
course of these careful experiments, we noticed that the 3D
dispersibility of supramolecular fibers 1 was greatly im-
proved in the presence of the beads (vide infra).


3D homogeneous distribution of supramolecular fibers of 1
induced by polymer nanobeads : We subsequently investigat-
ed the effects of the beads on the 3D homogeneous distribu-
tion of the supramolecular fibers in detail. CLSM z-stack
images were obtained to evaluate the 3D dispersibility of
fluorescently stained fibers of 1 in the gel state. Figure 5a
shows typical low-magnified z-stack CLSM images of the
hydrogel with varied height (z axis) in the presence or ab-
sence of 0.1 mm plain beads in microwells (diameter
�7 mm), and careful analyses of the dependence of the
fluorescence intensity on the z axis are shown in Figure 5b.
The fiber content, as indexed by the fluorescence intensity,
gradually decreased from the bottom of the well to the top


in the absence of nanobeads,
whereas the fluorescence in-
tensity was almost constant
from the bottom to the top in
the presence of nanobeads. To
our surprise, the 3D dispersi-
bility of supramolecular fibers
was significantly improved in
the presence of the beads.


Next, the influence of the
size and surface modification
of the beads on the 3D disper-
sion of supramolecular fibers 1
was examined in detail, that is,
we employed 0.05 to 1.0 mm
polystyrene beads that had car-
boxyl groups or primary amine
groups at their surfaces in ad-
dition to plain beads that had a
small number of sulfate ester
groups originating from the
polymerization initiator. Fig-
ure 5c shows the normalized
difference between the maxi-
mum and the minimum fluo-
rescence intensities


((Imax�Imin)/Imax) depending on the size and type of bead
used. This parameter indicates the degree of 3D dispersibili-
ty of the fibers, that is, the small value can be ascribed to
homogeneously distributed fibers along the z axis (i.e., the
depth profile) in the hydrogel. We found that the optimal
bead sizes for the 3D dispersal of supramolecular fibers 1
are 0.1 and 0.5 mm. These beads were the most effective for
homogeneous dispersion of the fibers, whereas 1.0 and
0.05 mm beads were less effective. 1.0 mm beads are probably
too heavy to disperse homogeneously by themselves and so
result in sedimentation, whereas 0.05 mm beads were too
small to give a considerable interaction with the fiber net-
works. In addition, the concentration of the beads is another
important factor and 1.1 �108 particles mL�1 was evaluated
to be the optimal concentration for 0.1 mm and 0.5 mm
beads. On the other hand, the surface chemistry of the
beads (plain, anionic, or cationic; 0.1–1.0 mm diameter) did
not significantly influence the 3D fiber distribution.


The mechanism of the 3D homogeneous distribution of
the supramolecular fibers as facilitated by nanobeads still
remains to be elucidated. We presume that appropriate sizes
of beads would act as a noncovalent or dynamic cross-linker
to facilitate the formation of the network of supramolecular
fibers around the beads, although more effort is required to
clearly understand the mechanism. Moreover, the rather ho-
mogeneous 3D hybrid matrix composed of supramolecular
fibers 1 and nanobeads is anticipated to be potentially
promising for encapsulating live cells in 3D.


The 3D encapsulation of live Jurkat cells : For the cell cul-
ture study, we initially confirmed that 1 could form a stable


Figure 4. CLSM images of hydrogel 1 (0.10 wt %) stained with octadecyl rhodamine B chloride at ambient
temperature (see the Experimental Section for details) in the presence of a) 0.1 mm plain beads (left=0 and
right=0.4 s; fluorescence mode) and b) 0.5 mm plain beads (left =0 and right =30 s; DIC mode). TEM images
of hydrogel 1 (0.10 wt %, no staining) in the presence of c) 0.1 and d) 0.5 mm plain beads. See the Supporting
Information for the color version of Figure 4a.
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hydrogel in cell culture media, such as RPMI 1641 and
DMEM (RPMI=Roswell Park Memorial Institute medium,
DMEM =Dulbecco�s modified eagle medium). A human T-
cell lymphoblast-like cell line (Jurkat) and a self-assembled
artificial scaffold comprised of a supramolecular fibers 1/
nanobead hybrid were employed for the 3D cell encapsula-
tion study. Figure 6a shows 3D CLSM images of Jurkat cells
in RPMI with or without 1/nanobeads after incubating for


one day. Cell sedimentation
was confirmed in RPMI in the
absence of 1 (Figure 6a, A). In
sharp contrast, the cells were
partly three-dimensionally dis-
persed in the presence of the
hydrogel (Figure 6a, B), and
the 3D cell dispersion was fur-
ther facilitated by the addition
of 0.1 mm plain beads (Fig-
ure 6a, C). This result is ascri-
bed to the fact that the nano-
beads can induce the homoge-
neous dispersion of the supra-
molecular fiber networks and
nanomesh in the hydrogel,
which gives rise to effective 3D
cell encapsulation in the supra-
molecular hybrid matrix. Fig-
ure 6b shows a typical magni-
fied CLSM image of cells en-
capsulated in the supramolec-
ular hybrid matrix, and reveals
that the cells (yellow particles)
are supported by the stiff net-
work (red fibrils) of supra-
molecular fibers 1, as depicted
in Figure 6c.


A WST-8 assay (WST-8= 2-
(2-methoxy-4-nitrophenyl)-3-
(4-nitrophenyl)-5-(2,4-disulfo-
phenyl)-2H tetrazolium mono-
sodium salt, see the Experi-
mental Section) was conducted
to check the cell proliferation
under the three different con-
ditions, including the supra-
molecular matrix comprised of
hydrogel 1 and 0.1 mm plain
beads. As shown in Figure 6d,
the cells encapsulated in hy-
drogel 1 in the presence of
beads can grow constantly for
at least 6 d, which is longer
than those in RPMI alone (i.e.,
without 1 or beads) or those in
RPMI/1 without beads. This
result indicates that the hybrid
matrix, similarly to the RPMI/


supramolecular fibers 1 matrix, does not have considerable
cytotoxicity.


Conclusion


We have demonstrated herein that the 3D homogeneous
distribution of supramolecular nanofibers in hydrogel was


Figure 5. a) CLSM images of hydrogel 1 (0.10 wt %) stained with HANBD (HANBD= 7-N-methyl-N-[2-(2-
hydroxyacetyl)ethoxy]amino-4-nitrobenzo-2-oxa-1,3-diazole)[9d] at ambient temperature (see the Experimental
Section for details) in the absence (A) and presence (B) of 0.1 mm plain beads. b) Fluorescence intensity (inte-
gration of pixel intensity of images at each z-axis height) plots versus the z-axis height of the gels in A) (*)
and B) (&). c) Fiber dispersion efficiency for each type of bead, which was evaluated from the normalized dif-
ference between maximum and minimum fluorescence intensities ((Imax�Imin)/Imax). The mean and standard de-
viations of the values were estimated on the basis of at least three individual readings. See the Supporting In-
formation for the color version of Figure 5.
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greatly facilitated by the addition of 100–500 nm polymer
beads. Thanks to this unexpected effect, the 3D encapsula-
tion and distribution of live cells in a supramolecular hydro-
gel comprised of artificial glyco-lipid 1 can be accomplished
under physiological conditions. This kind of hybrid matrix
composed of a supramolecular gel and nanobeads has rarely
been explored.[14] We believe that such supramolecular
hybrid matrices can be utilized as a unique scaffold for bio-
materials.[15,16] The orthogonal modification of nanofibers
and nanobeads and their cooperative behavior may lead to
designable biomaterials, for in-
stance, nanobeads with carbox-
ylate and amine groups on
their surfaces could be further
functionalized through the in-
troduction of a variety of bio-
active molecules, such as RGD
(Arg-Gly-Asp) peptide and
growth factors, at controlled
density and at the desired
place. We are currently investi-
gating in this direction.


Experimental Section


Materials and instruments : Unless
stated otherwise, all commercial re-


agents were used as received.
HANBD was synthesized according
to our previously reported method.[9]


The polymer microspheres (0.05, 0.1,
0.5, 1.0 mm) used in this study, termed
as plain beads (polystyrene micro-
spheres, slight anionic charge from
sulfate ester groups), carboxylate
beads (polystyrene microspheres that
have surface carboxyl groups), and
amino beads (polystyrene micro-
spheres that have surface primary
amine groups) were purchased from
Polyscience (Warrington, PA, USA)
as about 2.5% (w/v) solid aqueous
suspensions and were used as re-
ceived. Thin-layer chromatography
(TLC) was performed on silica
gel 60 F254 (Merck). Column chroma-
tography was performed on silica
gel 60 N (Kanto, 40–50 mm). 1H NMR
spectra were obtained by using a
Varian Mercury 400 spectrometer
with tetramethylsilane (TMS) or re-
sidual nondeuterated solvents as the
internal references. FAB and
MALDI-TOF mass spectra were re-
corded by using ACHTUNGTRENNUNGShimadzu QP5050A
(with NBA as a matrix) and PerSep-
tive Biosystems Voyager-DE RP in-
struments (with dithranol as a
matrix), respectively. The absorption
and CD spectra were measured by
using a Shimadzu UV2550 spectrome-
ter and a Jasco J-720WI spectropo-


larimeter, respectively. Rheological measurement was carried out by
using a Reologica DynAlyser DAR-100 with a parallel plate (diameter
4.0 cm) at strain (0.10 %) and gap (1.6 mm) at 24 8C and the reproductivi-
ty of the data was confirmed by using at least two individual samples. El-
emental analysis was carried out by the services at Kyoto University.


Syntheses : The typical procedure for the synthesis of hydrogelators with
muconic amide in their spacer moiety is shown below. Compound 3, de-
rived from l-glutamic acid, and the sugar derivative (GlcNAc-NH2)
shown in Scheme 1 were synthesized according to a previously reported
method.[9]


NHS derivative 4 : SOCl2 (400 mL, 2.5 equiv) and DMF (few drops) were
added to a solution of muconic acid (320 mg, 2.3 mmol) in dry CH2Cl2


Figure 6. a) 3D CLSM images of Jurkat cells in RPMI 1641 only (A) and in RPMI 1641 and 1 (0.10 wt %) in
the absence of (B) and presence of 0.1 mm plain beads (C); the insets show photographs of the cell culture gel
1. The cells and supramolecular fibers were prelabeled with calcein AM and octadecyl rhodamine B chloride,
respectively (see the Experimental Section for details). b) Magnified CLSM z-slice image of a) picture C,
c) photograph of Jurkat cells encapsulated in RPMI 1641 and 1 (0.10 wt %) in the presence of 0.1 mm plain
beads and the corresponding schematic representation (not drawn to scale), and d) quantification of cell sur-
vival A) in RPMI 1641 (g~g), B) in RPMI 1641 and 1 (0.10 wt %) in the absence of 0.1 mm plain beads
(a&a), and (C) in the presence of 0.1 mm plain beads (c*c), determined by using a WST-8 assay.


Scheme 1. Synthesis of hydrogelator 1; i) SOCl2, DMF, CH2Cl2; ii) DIPEA (N,N-diisopropylethylamine),
CH2Cl2; iii) NHS (N-hydroxysuccinimide), BOP (benzotriazol-1-yloxytris(dimethylamino)phosphonium hexa-
fluorophosphate), DIPEA, DMF (17 % over three steps); iv) DIPEA, DMF (77 %).


Chem. Eur. J. 2008, 14, 10808 – 10815 � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 10813


FULL PAPEREncapsulation of Live Cells



www.chemeurj.org





(10 mL) under a N2 atmosphere. The reaction was heated at reflux for
10 h, after which the solution was concentrated under reduced pressure
and dried in vacuo to give muconic chloride. The obtained muconic chlo-
ride was dissolved in dry CH2Cl2 (10 mL) and DIPEA (2.0 mL), then
compound 3 (816 mg, 0.90 equiv) in dry CH2Cl2 (50 mL) was added drop-
wise to the solution over 30 min under a N2 atmosphere. After stirring
for an additional 20 min at RT, the solution was concentrated under re-
duced pressure. The residue was dissolved in chloroform (150 mL) and
washed with 5 % aqueous citric acid. The organic layer was dried over
MgSO4 and the solvent was removed under reduced pressure to afford
an orange oil (1.07 g) that contained the target compound and a bola-
type compound; the oil was used for next step without further purifica-
tion. BOP (1.33 g, 1.3 equiv vs. muconic acid) and N-hydroxysuccinimide
(346 mg, 1.3 equiv vs. muconic acid) were added to a solution of the ob-
tained oil (1.07 g) and DIPEA (523 mL) in dry DMF (10 mL), and the re-
sulting solution was stirred at 40 8C for 12 h. The solution was concentrat-
ed under reduced pressure and the obtained residue was dissolved in
chloroform (150 mL) and washed with 5% aqueous citric acid. The or-
ganic layer was dried over MgSO4 and the solvent was removed under re-
duced pressure, then the residue was purified by column chromatography
(SiO2, hexane/ethyl acetate 1:1) to afford compound 4 as a white solid
(213 mg, 17 % over three steps). 1H NMR (400 MHz, CDCl3, TMS, RT):
d=7.54 (dd, J=15.6, 15.2 Hz, 1H; muconic-H), 7.30 (dd, J =14.8,
15.3 Hz, 1H; muconic-H), 6.61 (d, J=4.4 Hz, 1H; NH), 6.33 (d, J=


15.6 Hz, 1 H; muconic-H), 6.32 (d, J =14.8 Hz, 1 H; muconic-H), 4.70 (t,
J =4.4 Hz, 1 H; Glu-a-H), 3.97 (d, J= 6.4 Hz, 2H; OCH2), 3.88 (d, J =


6.4 Hz, 2H; OCH2), 2.86 (s, 4 H; NHS-CH2), 2.30–2.51 (m, 2H; Glu-g-
CH2), 2.25, 2.06 (2 � m, 2 � 1H; Glu-b-CH2), 1.71–0.98 ppm (m, 22 H;ACHTUNGTRENNUNGcyclohexyl-CH2).


GlcNAc derivative 1: A solution of compound 4 (433 mg, 0.77 mmol),
GlcNAc-NH2 (245 mg, 0.93 mmol), and DIPEA (300 mL) in dry DMF
(20 mL) was stirred at 40 8C for 12 h, then the solution was concentrated
under reduced pressure. The resulting residue was washed with MeOH,
diethyl ether, and cold water to afford compound 1 as a white powder
(420 mg, 77%). 1H NMR (400 MHz, CDCl3/CD3OD 4:1, TMS, RT): d=


7.21–7.25 (m, 2 H; muconic-H), 6.30–6.35 (m, 2 H; muconic-H), 4.61–4.64
(m, 1 H; Glu-a-H), 4.41 (d, J=8.0 Hz, 1H; GlcNAc-H1), 3.98 (m, 2H
(overlapped with the peak of solvent); OCH2), 3.89 (d, J =6.4 Hz, 2 H;
OCH2), 3.83–3.30 (m, 10H; GlcNAc-H and OCH2CH2NH), 2.39–2.43 (m,
2H; Glu-g-CH2), 2.23, 2.04 (2 � m, 2 � 1H; Glu-b-CH2), 2.00 (s, 3H;
GlcNAc-CH3CONH), 1.97–0.96 ppm (m, 22 H; cyclohexyl-CH2); HRMS
(FAB, NBA, M+): m/z calcd for C35H55O12N3: 709.3786; found: 709.3776;
elemental analysis calcd (%) for C35H55N3O12·H2O: C 57.76, H 7.89, N
5.77; found: C 58.05, H 7.65, N 5.78.


Hydrogel preparation and confocal microscopy : Hydrogel 1 (0.10 wt %,
1.4 mm) was suspended in ion-exchanged water that contained either ni-
trobenzoxadiazole derivative (HANBD; final concentration=20 mm,
MeOH solution), which is an environmentally sensitive fluorophore that
exhibits strong, blueshifted fluorescence in hydrophobic environments,
such as the interior of self-assembled fibers constructed by hydrophobic
interactions between alkyl moieties or octadecyl rhodamine B chloride
(final concentration =25 mm, MeOH solution, molecular probe, Invitro-
gen) for staining the hydrogel fiber. This suspension was heated by using
a heat gun until a transparent homogeneous solution was obtained in
both the absence and presence of beads (0.5 mL) in an aqueous dispersion
at the appropriate ratio to 1 (200 mL). The hot solution (�10 mL) was
spotted on a glass-bottomed dish (Matsunami, noncoated, 0.15–0.18 mm
glass bottom), incubated to complete gelation in a sealed box with high
humidity at RT for 30 min, and then the sample was observed by using
CLSM. CLSM observation is a powerful, convenient tool for the direct
visualization of wet materials. By using this method, we can obtain struc-
tural insight into hydrogels without drying the sample. An inverted con-
focal laser scanning microscope (Olympus FV1000-ASW) equipped with
a � 100, NA=1.40 oil objective or a � 4, NA =0.16 air objective and
either a l=543 and 633 nm HeNe or a l =488 nm Ar laser was employed
to obtain the images.


TEM observations : A suspension of 1 (0.10 wt %, 1.4 mm) in ion-ex-
changed water was heated in a 2 mL vial by using a heat gun until a


transparent homogeneous solution was obtained in both the absence and
presence of beads. The solution was incubated at RT for 30 min to com-
plete gelation. The gel was placed on a copper TEM grid covered by an
elastic carbon support film (20–25 nm) with a filter paper underneath,
and the excess solution was blotted with the filter paper immediately.
The TEM grid was dried under reduced pressure for at least 6 h prior to
TEM observation. TEM images were acquired by using a JEOL JEM-
1025 instrument (accelerating voltage 100 kV) equipped with a CCD
camera.


AFM observations : A suspension of 1 (0.10 wt %, 1.4 mm) in ion-ex-
changed water (1.0 mL) was heated in a 2 mL vial by using a heat gun
until a transparent homogeneous solution was obtained. The warm solu-
tion was diluted five-fold and immediately spread on freshly cleaved
mica. The AFM observations were performed by using a Shimadzu SPM-
9600 microscope in air at ambient temperature with standard silicon can-
tilevers (AR5-NCHR, Nanosensors) in the tapping mode.


Cell culture and confocal microscopy : Jurkat cells were maintained in
RPMI 1641 medium supplemented with 10% fetal bovine serum (FBS).
All media contained 1 wt % penicillin/streptomycin mixture. The cell in-
cubation was always carried out at 37 8C in fully humidified air that con-
tained 5% CO2. For confocal micrographs of cells encapsulated in the
hydrogels, a suspension of 1 (0.10 wt %, 1.4 mm) in cell culture medium
(RPMI 1641) supplemented with 10% FBS was heated to form a homo-
geneous solution in both the absence and presence of beads. The result-
ing hot solution (50 mL) was immediately transferred to each well of a
96-well glass-bottomed culture plate (Iwaki). The solution of octadecyl
rhodamine B chloride (final concentration=25 mm) was subsequently
added to each well to stain the hydrogel fiber, and the plate was then in-
cubated for 3 h at 37 8C and 5 % CO2. RPMI 1641 medium (50 mL) was
carefully added to the top of the gel, then the plate was placed in an in-
cubator at 37 8C and 5 % CO2 and incubated for 24 h. Then, a suspension
of Jurkat cells (50 mL, 3.0 � 106 mL�1; pre-labeled with calcein AM accord-
ing to the standard procedure supplied by the manufacture (DOJIN))
was transferred to each well. After 24 h, all wells were imaged by using a
CLSM microscope (Olympus FV1000-ASW).


Cytotoxicity in hydrogel as determined by a WST-8 assay : The cell
number was evaluated by using Cell-Counting Kit-8 (CCK-8, Dojindo,
Japan), known as a WST-8 assay. The WST-8 assay uses a tetrazolium salt
that produces a water-soluble formazan dye upon dehydrogenase-mediat-
ed reduction in the living cells. The hot solution of 1 (0.10 wt %, 50 mL of
RPMI 1641 medium supplemented with 10% FBS) with or without
beads was immediately transferred to a 96-well culture plate (Iwaki).
RPMI 1641 medium (50 mL) was carefully added to the top of the gel
and the plate was placed into an incubator at 37 8C and 5% CO2 for
24 h. Then, a suspension of Jurkat cells (50 mL, 1.7� 106 mL�1) was trans-
ferred to each well. After each incubation period, the CCK-8 working so-
lution (15 mL) was added to each well, and the cell suspensions were in-
cubated for 3 h at 37 8C and 5% CO2, then diluted four-fold just before
measurements were taken. The plate was read by using a Wallac
ARVO SX microplate reader (Perkin–Elmer) with a wavelength of
450 nm. After measurement, 50 mL of the medium on the top of the wells
was exchanged. Each sample was tested in at least three wells, and the
mean and standard deviation of the values were estimated.
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Solvent Effects on Environmentally Coupled Hydrogen Tunnelling During
Catalysis by Dihydrofolate Reductase from Thermotoga maritima
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Introduction


While structural studies of enzymes have significantly influ-
enced our view of catalysis and provided insight into the
molecular basis of the often exquisite specificity and selec-
tivity of enzyme-catalysed reactions, the role of protein dy-
namics in enzymatic reactions remains a key question in en-
zymology. It is now generally accepted that hydrogen tun-
nelling (hydrogen atom, proton or hydride) is a common
feature of many enzymatic reactions, but the effect of pro-
tein dynamics, the coupling of specific protein motions to
the reaction coordinate, remains an issue of debate.[1–6] Ex-
perimental evidence for promoting motions in enzymatic hy-
drogen-transfer reactions is mainly derived from unusual
temperature dependences of (mostly) primary kinetic iso-
tope effects (KIEs).[7,8]


Dihydrofolate reductase (DHFR) catalyses the reduction
of 7,8-dihydrofolate (H2F) to 5,6,7,8-tetrahydrofolate (H4F)
by reduced nicotinamide adenine dinucleotide phosphate
(NADPH). During the reaction, the C4 pro-R hydrogen of


NADPH is transferred most likely as hydride to the Re face
of C6 of H2F with concomitant protonation of the N5 of
H2F.[9] H4F carries one-carbon units in various oxidation
states and is essential for the production of purine bases, de-
oxythymidine triphosphate, methionine and, in prokaryotes,
pantothenic acid. Due to this central position in metabolism
and their pharmacological importance, DHFRs from more
than thirty species and all three kingdoms of life have been
characterised with respect to their structure and function.
DHFR from the hyperthermophile Thermotoga maritima
(TmDHFR) is the only chromosomal DHFR known to have
a dimeric structure (Figure 1),[10] and the lower rates of the
TmDHFR-catalysed reaction relative to those of the E. coli
enzyme (EcDHFR) are believed to be due to impairment of
catalytically important motions as a result of dimerisation.[11]


Molecular dynamics simulation of the thermal unfolding of
TmDHFR showed that the dimer interface was only disrupt-
ed after loss of structure of the subunits.[12]


DHFR has been widely used for the study of the relation-
ship between enzyme structure, dynamics and catalysis. Hy-
dride transfer in DHFR may be explained by environmen-
tally coupled quantum-mechanical tunnelling, in which dy-
namic structural fluctuations of the enzyme are critical for
catalysis.[7, ,8, 13] The primary KIE for the hydride transfer by
EcDHFR is temperature independent at high pH[14] and
temperature dependent at pH 7,[15] which suggests an altera-
tion in dynamics with pH. At pH 7, TmDHFR shows bipha-
sic kinetics with a breakpoint in the primary KIE at 25 8C.[16]


Abstract: Protein motions may be per-
turbed by altering the properties of the
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The KIE is independent of temperature above the break-
point, and becomes temperature dependent below it. A sim-
ilar breakpoint in the temperature dependence of the pri-
mary (and also secondary) KIE has been observed for the
thermophilic alcohol dehydrogenase from Bacillus stearo-
thermophilus,[17] matched by a change in protein flexibility.[18]


This has been explained by preorganisational (“passive”) dy-
namics, which lead to an active-site conformation conducive
to the reaction, dominating above the breakpoint. At lower
temperatures, the enzyme relies on gating motions that com-
press the hydrogen coordinate for efficient hydride trans-
fer.[18]


In EcDHFR, a number of studies have shown the bFG
loop to be important for promoting hydride transfer. It has
been suggested that hydride transfer is promoted through a
network of interactions that span the whole protein and in-
clude the bFG loop.[2,19–22] In particular, motions of this loop
are coupled to those of the nearby M20 loop, which forms
contacts with the bound cofactor. Site-directed mutagenesis
of Gly121, a highly mobile residue in the bFG loop over
19 � from the active site, to bulkier residues, such as valine,
sharply reduces the hydride-transfer rate.[23] We have shown
that this is due to non-local structural effects that may dis-
rupt the network of coupled motions.[24] Computational
studies of the dynamics of TmDHFR have revealed correla-


tions between the movement of the bFG and M20 loops of
TmDHFR even in this dimeric protein.[25] The correlations
are reduced in the (hypothetical but computationally acces-
sible) monomer, which suggests that dimerisation may in
fact improve catalysis and stability in TmDHFR. Inter-subu-
nit correlated motions were observed, which are also likely
to be important for catalysis.[25] The bFG loop forms part of
the dimer interface in TmDHFR, restricting its move-
ment.[10] This is likely to reduce the amplitude of correlated
motions with the M20 loop.


It has recently been proposed that enzymes, such as
DHFR, in which tunnelling appears to be coupled to long-
range protein motions could be affected by changes to the
solvent composition.[26] Both increasing the viscosity and de-
creasing the dielectric constant of the reaction medium are
known to generally reduce protein motion. Computational
studies have suggested that, while increasing the viscosity of
the solvent reduces motion in the protein interior just as
much as at the surface,[27] altering the dielectric constant
produces a pronounced effect at the surface but this is not
transmitted to the interior, which remains highly mobile.[28]


Reducing the dielectric constant of the solvent inhibits pro-
tein motions by strengthening the H-bonding network,
making the protein more stable and less flexible.[29]


Results and Discussion


Effect of cosolvent on TmDHFR catalysis : To test the pro-
posal that DHFR could be affected by changes to the sol-
vent composition, the steady-state rate (kcat) and the rate of
hydride transfer (kH) for the TmDHFR-catalysed reaction
in the presence of organic cosolvents were initially mea-
sured at 20 8C (see Figure 2 and the Supporting Informa-
tion). kH was also determined at 40 8C (see the Supporting
Information), that is, above the kinetic breakpoint seen in
the absence of cosolvents.[16] Increasing amounts of cosol-
vent led to a reduction of both rates, except in the case of
glycerol (and sucrose to a lesser extent). While the steady-
state rate was also reduced in the presence of glycerol, the
rate constant for hydride transfer was increased (see
Figure 2 and the Supporting Information). Neither rate con-
stant was reduced in a manner directly proportional to the
medium viscosity, but both (except kH in the presence of
glycerol) were decreased in a manner proportional to the di-
electric constant. The KIE on both kH and kcat did not alter
proportionally to the solvent properties (see the Supporting
Information).


Because of the extremely tight binding of TmDHFR to its
ligands, Km values could not be determined accurately in
most cases. Km values for both NADPH and H2F were
below 1 mm, except for the Km for NADPH in the presence
of 50 % ethanol ((1.3�0.2) mm), 50 % isopropanol ((1.1�
0.2) mm), 50 % ethylene glycol ((1.7�0.3) mm) and 50 % glyc-
erol ((3.4�0.3) mm). This indicates that all kcat values report-
ed here were measured under saturating conditions. Kirsch
has developed methods for determining the degree by which


Figure 1. Cartoon of the structure of TmDHFR indicating the dimeric
nature of the hyperthermophilic enzyme (PDB 1D1G).[10] The cofactor
NADPH and substrate analogue methotrexate (MTX) are shown as
sticks. The bFG and M20 loops are indicated for one subunit (see main
text for details).
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an enzymatic reaction is controlled by diffusion of sub-
strates, using the viscosity dependence of kcat/Km. However,
as Km values could not be accurately determined here, such
an approach is not appropriate in this case.[30, 31]


Circular dichroism (CD) spectroscopy indicated that ef-
fects on catalysis were unlikely to be due to extensive struc-
tural changes (see the Supporting Information). In all cases,
even in 50 % cosolvent, the CD spectra of TmDHFR were


virtually identical to that obtained in buffer only. The tem-
perature dependence of the CD spectra showed that secon-
dary structure was maintained up to 60 8C in 50 % methanol,
higher than the temperature range over which kinetics were
measured. Glycerol and sucrose led to significant increases
in the thermal stability of TmDHFR (the melting tempera-
ture increased from 83 to 92 and >98 8C in 50 % sucrose
and glycerol), as seen for many proteins.[32] This, combined
with computational results showing that the dimer interface
resists thermodenaturation longer than other regions of the
enzyme,[12] provides strong evidence that the cosolvents used
do not disrupt dimerisation of TmDHFR.


Kramers developed a theoretical model relating the influ-
ence of solvent viscosity to the rate of unimolecular reac-
tions.[33] This was later extended to enzymatic reactions,
which predict that reaction rates decrease with increasing
solvent viscosity in a manner dependent on internal protein
friction.[34] While this decrease is seen in several cases,[35–38]


other enzymes appear to either have such high internal fric-
tion that their behaviour is independent of bulk viscosity, or
be so affected by other solvent effects that the influence of
viscosity becomes negligible.[26,39–41] For the reductive half-
reaction of morphinone reductase, absence of a viscosity
effect was interpreted as indicating the absence of long-
range promoting motions,[26] supported by the detection of a
promoting motion localised in the active site of the related
aromatic amine dehydrogenase by computational analysis.[42]


In contrast, TmDHFR is clearly affected by bulk solvent
properties and this may be due to the existence of longer-
range gating motions as has been proposed earlier.[21] Molec-
ular dynamics studies of TmDHFR revealed intramolecular
correlated motions similar to those seen in EcDHFR as well
as motions correlated across the subunits of the TmDHFR
dimer.[25] These results and Kramers theory predict a de-
pendence of the hydride-transfer rates for the TmDHFR-
catalysed reaction on solvent viscosity.


Here we have shown that contrary to this prediction, solu-
tion viscosity does not affect the kinetics of TmDHFR. Our
data do not fit the Kramers–Ansari equation for the de-
pendence of the rate constant on solvent viscosity at any
value of the enzyme internal friction (Figure 3). While in-
creasing concentrations of organic cosolvents led to altered
rate constants for both steady-state turnover and for hydride
transfer, there was no general dependence on solvent viscos-
ity. The dielectric constant of the solvent, however, had a
strong effect on both kH and kcat, but not on their KIEs. The
decrease in kcat cannot be due exclusively to the reduction in
the partially rate-limiting[11] hydride-transfer rate as glycerol
increases kH, yet decreases kcat. The effect on kcat, therefore,
cannot be due to electrostatic effects on the reaction itself,
and as the secondary structure of the enzyme is also un-
changed, it is likely that inhibition of enzyme motions is re-
sponsible, affecting a partially rate-limiting physical compo-
nent of the reaction cycle. As these are unaffected by the
viscoelastic response of the solvent, this supports the view
that motions in TmDHFR are of low amplitude and that
this contributes to the low rates of reaction.[11, 25]


Figure 2. Plots of kH, kcat and their KIEs against solution viscosity (left)
and dielectric constant (right). Symbols represent the different cosol-
vents, where *=no cosolvent, *=methanol, &=ethanol, &= isopropa-
nol, ~=ethylene glycol, ~=glycerol, ^= sucrose and ^=THF. In the
case of the dielectric constant data, lines of best fit are shown. A separate
line of best fit for the hydride-transfer rate constants kH as a function of
the glycerol concentration is shown.
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In other enzymes, such as formate dehydrogenase,[43] por-
cine pancreatic lipase[44] and trypsin,[45] the rate of hydride
transfer increases as the dielectric constant decreases due to
strengthening of interactions between the charges moved
during the reaction. For TmDHFR, the hydride-transfer
rate decreases with decreasing dielectric constant and hence
the effect on kH is also likely to be due to inhibition of mo-
tions critical for catalysis rather than electrostatic effects on
the reaction itself. Reducing the dielectric constant will in-
crease the strength of electrostatic interactions, such as the
important inter-subunit salt bridge between Lys129 and
Glu136/Glu138,[10] which may further decrease the flexibility
of regions of the enzyme around the dimer interface. This is
likely to exert effects on the physical steps of the reaction
by altering the flexibility of the M20 loop, and also the
chemical step of the reaction, by disrupting the network of
promoting motions.


Effect of cosolvent on the temperature dependence of the
KIE : Increasing the glycerol (and sucrose) concentration led
to increased rate constants for hydride transfer, suggesting
that these changes were compound specific and not a conse-
quence of changes to the bulk solvent properties. The effects
of cosolvents on the kinetics of the TmDHFR-catalysed re-
action were, therefore, further analysed by measuring the
temperature dependence of the KIEs for the chemical step
in the presence of methanol, glycerol and sucrose in the
range 6–50 8C (Figures 4 and 5). Above 25 8C, the kinetic
breakpoint observed in the absence of cosolvents, the addi-
tion of methanol had no effect on the KIE. Below 25 8C, a
breakpoint was introduced into the Arrhenius plot for hy-
dride as well as deuteride transfer, leading to a decrease in
the KIE with decreasing temperature that depended on the
methanol concentration. Since CD spectroscopy indicated
that methanol does not induce a major structural change
(vide supra), this is likely a consequence of kinetic complex-
ity that masks the true rate of the chemical step in the pres-


ence of methanol. Competitive KIE experiments should be
able to unmask the intrinsic KIE in the presence of metha-
nol and so determine whether there is any significant effect
on the KIE (and therefore dynamics) of the reaction at
lower temperatures.


The effects of glycerol and sucrose were different from
that of methanol (Figures 4 and 5). Addition of glycerol in-
creased the rates of both hydride and deuteride transfer up
to around 2.5-fold for 50 % glycerol (see the Supporting In-
formation), ruling out inhibition of the chemical step of the
TmDHFR-catalysed reaction. Glycerol led to a reduction of
the KIE in the temperature-independent range (Table 1)
and remarkably also moved the kinetic breakpoint to lower
temperatures, increasing the range in which KIEs were tem-
perature independent. While the range of the temperature-
dependent region was reduced by addition of glycerol, the
temperature dependence within this region increased. The


Figure 3. Rate constants for TmDHFR-catalysed hydride transfer in the
presence of no cosolvent (*), methanol (*), glycerol (~) and sucrose (^)
plotted against viscosity. Both axes are on logarithmic scales. The rate-
constant data are modelled (c) according to the Kramers–Ansari
equation[34] for increasing values of protein internal friction (indicated on
lines). The experimental data do not fit the model at any protein internal
friction.


Figure 4. Arrhenius plots for TmDHFR-catalysed hydride and deuteride
transfer in the presence of varying concentrations of methanol (A), glyc-
erol (B) or sucrose (C).
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activation energy for deuteride transfer increased with in-
creasing glycerol concentration, doubling the difference in
activation energy within the experimental range and leading
to a more inverse ratio of Arrhenius prefactors (Table 2).
Therefore, while glycerol reduces the range over which
“gating” motions dominate, the reliance on these motions at
low temperatures is increased. This does not provide direct
information on the effect on the “gating” motion, as this
cannot be isolated from other protein motions. It is clear,
however, that large-scale motions of TmDHFR are affected
by glycerol. Together, these results and those obtained in
the presence of methanol imply that “gating” motions are
important under all conditions but may be masked by
larger-scale motions dominating the effect on the KIE at
higher temperatures.


Sucrose also decreased the KIE, but to a lesser extent
than isoviscous concentrations of glycerol. More interesting-
ly, sucrose led to a complete loss of the breakpoint, giving
temperature-independent KIEs. In the case of horse liver al-
cohol dehydrogenase, a KIE breakpoint has been observed
at sub-zero temperatures.[46] The breakpoint for TmDHFR
in the presence of sucrose is, therefore, most likely shifted
to outside the range studied rather than actually lost.


The change in behaviour of the KIEs in the presence of
glycerol and sucrose is clearly not dominated by the dielec-
tric constant. Equivalent methanol and glycerol concentra-


tions have similar dielectric constants but methanol (which
causes little change in viscosity) does not affect the KIE, at
least above 20 8C. Furthermore, the change in the behaviour
of the KIEs is not purely related to the medium viscosity, as
isoviscous glycerol and sucrose solutions do not produce the
same effect. These observations underline that the dramatic
difference between the trend in kH against dielectric con-
stant for glycerol compared to other cosolvents is most
likely a structure-specific effect rather than one related to a
bulk solvent property. From its bulk properties, glycerol
would be expected to reduce the rate of reaction to a similar
degree to methanol.


Movement of the breakpoint in the temperature depend-
ence of the KIE shows that preorganisational (“passive”)
dynamics dominate over a wider temperature range. Glycer-
ol and sucrose, therefore, appear to activate motions in
TmDHFR that are important for hydride transfer, whilst in-
hibiting other motions as expected from their bulk solvent
properties. Glycerol and sucrose, therefore, allow TmDHFR
to adopt a conformation more conducive to tunnelling (of
both hydride and deuteride), reducing the reliance on
“gating” motions. We speculate that the polyols may bind to
the surface of the protein and disrupt certain interactions
that normally rigidify TmDHFR, for example, by exerting a
loosening effect on the edges of the interface, allowing in-
creased motion of the loop regions and an increase in the
rate of hydride transfer. Alternatively, they may specifically
affect the layer of hydration water on the protein surface,


Figure 5. KIEs for TmDHFR-catalysed hydride/deuteride transfer on a
logarithmic abscissa versus the inverse temperature in the presence of
varying concentrations of methanol (A) or glycerol and sucrose (B).
A) *=Buffer only, *=17 % methanol, ^=33% methanol, ^= 50%
methanol. B) *=Buffer only, *=17% glycerol, ~=17% sucrose, ^=


33% glycerol, ~=30% sucrose, ^=50 % glycerol.


Table 1. Activation energies and Arrhenius prefactors for the region of
TmDHFR catalysis showing temperature-independent KIEs, in the pres-
ence of varying concentrations of glycerol and sucrose.


Cosolvent EH
aACHTUNGTRENNUNG[kJ mol�1]


DEaACHTUNGTRENNUNG[kJ mol�1]
AHACHTUNGTRENNUNG[s�1]


AH/AD KIE


none 53.5�0.4 2.5�1.0 (4.11�0.68) � 108 1.56�0.47 3.9�0.2
17 %
glycerol


52.5�0.4 1.8�1.0 (3.31�0.55) � 108 1.55�0.58 3.1�0.1


33 %
glycerol


52.1�1.1 2.1�1.7 (3.97�1.68) � 108 1.22�0.82 2.7�0.1


50 %
glycerol


51.7�0.8 2.7�1.5 (4.69�1.39) � 108 0.77�0.45 2.2�0.1


17 %
sucrose


48.9�1.1 1.9�1.7 (8.89�4.00) � 107 1.68�1.12 3.6�0.2


30 %
sucrose


46.5�1.2 1.2�1.6 (2.94�1.46) � 107 2.02�1.32 3.3�0.2


Table 2. Activation energies and Arrhenius prefactors for the region of
TmDHFR catalysis showing temperature-dependent KIEs, in the pres-
ence of varying concentrations of glycerol.


Cosolvent EH
aACHTUNGTRENNUNG[kJ mol�1]


DEaACHTUNGTRENNUNG[kJ mol�1]
AH [s�1] AH/AD


none 49.9�1.7 18.5�6.7 (7.66�0.50) � 107 (2.41�0.30) � 10�3


17%
glycerol


48.7�2.1 21.4�4.0 (7.14�0.35) � 107 (5.03�0.37) � 10�4


33%
glycerol


48.4�4.4 29.6�5.8 (9.05�0.92) � 107 (1.28�0.15) � 10�5


50%
glycerol


51.2�3.9 40.4�5.0 (4.04�0.34) � 108 (1.01�0.09) � 10�7
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and so alter motions “slaved” to this layer.[47] To date,
TmDHFR dynamics have not been studied except by com-
putational methods,[25] even in the absence of cosolvents,
and this study raises important questions about these mo-
tions and how they relate to catalysis. In the future, NMR
spectroscopy, X-ray crystallography, elastic incoherent neu-
tron scattering or terahertz spectroscopy might provide
direct experimental evidence on the effects of polyols on
TmDHFR structure and dynamics.


Conclusion


We have shown that the TmDHFR-catalysed reaction is sen-
sitive to changes in the solvent dielectric constant, but not
its viscosity, and that the dielectric constant of the solvent
has an effect on large-scale motions of TmDHFR. Neither
parameter affects either the magnitude or temperature-de-
pendence of the KIE, which shows that the mechanism of
coupling of protein motions to the reaction is unaffected by
bulk solvent composition. Specific effects from polyols, such
as glycerol and sucrose, were observed that imply that these
compounds alter the dynamics of TmDHFR to promote the
formation of a configuration conducive to the tunneling re-
action. These results support the proposal that non-equilibri-
um dynamical processes (or “gating” motions) promote the
chemical step of the TmDHFR-catalysed reaction.


Experimental Section


General : NADPH was purchased from Melford. TmDHFR, NADPD
and dihydrofolate were prepared as described previously.[11] In brief,
TmDHFR was purified by heating the crude cellular lysate of TmDHFR-
containing E. coli cells to 75 8C for 30 min to precipitate native proteins,
followed by cation exchange chromatography on SP-sepharose resin.
NADPD was synthesised by enzymatic reduction of NADP+ by using
the alcohol dehydrogenase from Thermoanaerobium brockii with perdeu-
terated isopropanol as the deuteride source. Dihydrofolate was prepared
by dithionite reduction of folate.


Circular dichroism (CD) experiments were performed on an Applied
Photophysics Chirascan spectrometer at a protein concentration of 10 mm


in 5 mm potassium phosphate (pH 7.0) containing 50% organic cosolvent.
Protein unfolding was followed by monitoring the CD signal at 222 nm
between 20 and 98 8C, applying a temperature gradient of 0.2 8C min�1.


All kinetic experiments were performed in 100 mm potassium phosphate
buffer, pH 7.0, containing 100 mm NaCl. Cosolvent concentrations of 17,
33 and 50 % (volume cosolvent per final solution volume) were used. As
the rate of the DHFR-catalysed reaction is pH sensitive,[11, 48] the pH was
adjusted after the addition of cosolvent to ensure consistency. Details of
dielectric constants and viscosities of solvent mixtures are given in
Table S1 (see the Supporting Information).


Pre-steady state kinetic experiments were performed by using an Applied
Photophysics stopped flow instrument with 2.5 mL drive syringes.
TmDHFR (10 mm) was pre-incubated with NADPH or NADPD (4 mm)
for at least five minutes and the reaction started by rapid mixing with an
equal volume of dihydrofolate (100 mm). Fluorescence energy transfer
was used to monitor the reactions, by excitation at 292 nm and detection
by using a 400 nm cut-off filter.


Steady-state rates at 20 8C were measured spectrophotometrically by fol-
lowing the decrease in absorbance at 340 nm during the reaction. In a


typical experiment, TmDHFR (1 mm) was pre-incubated with NADPH
(100 mm) for one minute to avoid hysteresis. The reaction was started
through the addition of dihydrofolate (100 mm final concentration). Con-
centrations of substrate and cofactor were varied to demonstrate that the
used concentrations were indeed saturating. Most Km values were <1 mm


and, therefore, difficult to measure to any greater accuracy.
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Acceleration Effect of an Allylic Hydroxy Group on Ring-Closing Enyne
Metathesis of Terminal Alkynes: Scope, Application, and Mechanistic
Insights


Tatsushi Imahori,* Hidetomo Ojima, Yuichi Yoshimura, and Hiroki Takahata*[a]


Introduction


Metathesis catalyzed by Ru–alkylidene catalysts has
emerged as a powerful synthetic method.[1] The inherent
characteristic properties of Ru–alkylidene catalysts—partic-
ularly their remarkable functional group compatibility, air-
and moisture-insensitivity, and thermal stability, even in tol-
uene at reflux—expand the utility of metathesis. The reac-
tion has contributed greatly to organic synthesis.[2] Despite
its popularity, however, our knowledge of the interplay of
structure and efficiency in metathesis is limited. Substituents
on a substrate often activate or deactivate the substrate and
greatly affect reactivity and/or selectivity in metathesis, al-
though not usually in a readily controllable manner.[3–8]


Better fundamental understanding and application of those
substituent effects are important for the execution of effi-
cient and selective molecular transformations. Extensive
works have been devoted to study of the substituent effects
of metathesis.[3–8]


In particular, the presence of a hydroxy group often
shows interesting effects.[4,6–8] Hoye and Zhao found an ac-
celeration effect of an allylic hydroxy group in ring-closing
olefin metathesis with the first-generation Grubbs catalys-
t.[4a–c] Modulation of the ring size of a ring-closing olefin
metathesis by the activation effects of an allylic hydroxy
group has also been demonstrated.[4d,e, 5] On the other hand,
there are several reported instances of negative effects of an
allylic hydroxy group decreasing the efficiency of olefin
metathesis.[6,7] A few reports of substituent effects of a hy-
droxy group in enyne metathesis have also been reported.[8,9]


We have reported an acceleration effect of an allylic hy-
droxy group in ring-closing enyne metathesis (Scheme 1).[8a]


Very recently, Diver and co-workers also reported an accel-
eration effect of an allylic hydroxy group in cross-metathe-
sis.[8b]


In this report we give details of a study of the acceleration
effect of an allylic hydroxy group on ring-closing enyne


Abstract: An interesting acceleration
effect of an allylic hydroxy group on
ring-closing enyne metathesis has been
found. Ring-closing enyne metathesis
of terminal alkynes possessing an allyl-
ic hydroxy group proceeded smoothly
without the ethylene atmosphere gen-
erally necessary to promote the reac-
tion. The synthesis of (+)-isofagomine


with the aid of this efficient reaction
has been demonstrated. Mechanistic
studies of the acceleration effect were


also carried out. Results of NMR stud-
ies suggested that the reaction proceed-
ed via an “ene-then-yne” pathway. Ki-
netic studies indicated switching of the
rate-determining step as a consequence
of the presence of an allylic hydroxy
group. These results suggest accelera-
tion of the reentry step of Ru-carbene
species by the allylic hydroxy group.
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metathesis. In general, ring-closing enyne metathesis of ter-
minal alkynes in the presence of the first-generation Grubbs
catalyst is known to be a slow reaction. An ethylene atmos-
phere is necessary to promote the reaction efficiently.[10] On
the other hand, the ring-closing enyne metathesis of enyne
substrates possessing an allylic hydroxy group proceeded
smoothly in the absence of an ethylene atmosphere (under
Ar). The substrate scope of this acceleration effect of an al-
lylic hydroxy group and the effects of hydroxy groups at
other positions were investigated. As an application of the
efficient reaction based on the acceleration effect of an allyl-
ic hydroxy group, a synthesis of (+)-isofagomine was accom-
plished.


Mechanistic studies of substituent effects on metathesis
are relatively rare.[3h,11] Improved knowledge of mechanisms
should lead to extended application of substituent effects
and the design of new reactions. Mechanistic insights into
the acceleration effect are also described.


Results and Discussion


Ring-closing enyne metathesis is a powerful tool for con-
struction of carbo- and heterocyclic compounds.[1c,d] In con-
junction with our ongoing studies on aza-sugars,[12] we inves-
tigated enyne metathesis of N-containing enyne substrates
for the construction of 1,2,5,6-tetrahydropyridine frame-
works. During these studies, we identified an interesting sub-
stituent effect on ring-closing enyne metathesis. N-Contain-
ing enyne substrates (1 a–d) were treated with the first-gen-
eration Grubbs catalyst (4 mol %) in CH2Cl2 at room tem-
perature. The results are summarized in Table 1.


An interesting effect of the allylic hydroxy group was
highlighted by the results. Enyne metathesis of the substrate
without an allylic substituent (1 a) proceeded slowly, and
only a 32 % yield of product (2 a) had been obtained after
41 h, with 41 % recovery of the starting material (Table 1,
entry 1). The efficiency of the reaction is low. On the other


hand, the enyne metathesis of the substrate with an allylic
hydroxy group (1 b) proceeded rapidly (Table 1, entry 3).
After a short time, the reaction had afforded the desired
product (2 b) quantitatively (1.5 h, >99 %). This acceleration
effect of an allylic hydroxy group is comparable to the accel-
eration effect of an ethylene atmosphere, which is a known
accelerator of ring-closing enyne metathesis of terminal al-
kynes (Table 1, entry 2).


In addition, the acceleration is specific to an allylic hy-
droxy group. Protection of the allylic hydroxy group by a Bn
or TBDPS group decreased the reaction efficiency (Table 1,
entries 4 and 5). These results clearly indicate an accelera-
tion effect of the allylic hydroxy group.


We then investigated the scope of this acceleration effect
of an allylic hydroxy group. Ring-closing metathesis of vari-
ous N-, O-, and C-tethered enynes, each containing an allyl-
ic hydroxy group, was investigated in the presence of the
first-generation Grubbs catalyst (4 mol %) in CH2Cl2 at RT
(Table 2). The enyne metathesis of an O-tethered enyne


Table 1. Acceleration effect of allylic hydroxy group.


Entry Substrate R Time [h] Product Yield[a,b] [%]


1 1a H 41 2a 32 (41)
2[c] 1a H 1.5 2a 96
3 1b OH 1.5 2b >99
4 1c OBn 41 2c 44 (32)
5 1d OTBDPS 41 2d 7 (73)


[a] Yield of isolated product. [b] Values in parentheses are yields of re-
covery estimated from the 1H NMR spectrum of a crude reaction mix-
ture. [c] The reaction was performed under ethylene atmosphere. Boc=


tert-butoxycarbonyl, Bn=benzyl, TBDPS= tert-butyldiphenylsilyl.


Table 2. Scope of the acceleration effect of an allylic hydroxy group.


Entry Substrate Con-
ditions[a]


Time
[h]


Product Yield
[%][b,c]


1 A 1.5 >99


2 A 1.5 99


3 A 44.5 74 (17)
4 B 1 66


5 A 32 >99
6 B 5 66


7 A 48.5 76
8 B 3 77


9 A 4 79


10 A 44 15
11 B 16.5 45
12 C 1.5 61


13 A 1 >99[d]


[a] Conditions A: first-generation Grubbs catalyst (4 mol %, 0.002 m),
CH2Cl2, RT; conditions B: first-generation Grubbs catalyst (8 mol %,
0.002 m), CH2Cl2, RT; conditions C: first-generation Grubbs catalyst
(12 mol %, 0.002 m), CH2Cl2, RT. [b] Yield of isolated product. [c] Values
in parentheses are yields of recovery estimated from 1H NMR spectrum
of the crude reaction mixture. [d] Since 2k is easily transformed into 2-vi-
nylnaphthalene, the yield was calculated from the sum of 2 k and 2-vinyl-
naphthalene (2k/2-vinylnaphthalene 74:26). After 14 h, 2 k had been
completely converted into 2-vinylnaphthalene.


Chem. Eur. J. 2008, 14, 10762 – 10771 � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 10763


FULL PAPER



www.chemeurj.org





(1 e) to form a six-membered cyclic 1,3-diene (2 e) proceed-
ed with an excellent yield (99 %) and in a short time
(Table 2, entry 2). C-Tethered enynes with and without sub-
stituents on the tethered chain (1 f–j) smoothly promoted
ring-closing enyne metathesis to afford five- and six-mem-
bered cyclic products (2 f–j) (Table 2, entries 3–12). Al-
though some reactions took a long time and had low effi-
ciency, almost all of these reactions were complete in short
times with higher catalyst loadings, giving cyclic products in
good yields. The reaction of a benzene ring-tethered enyne
(1 k) also proceeded smoothly to yield a bicyclic product
(2 k) in an excellent yield (Table 2, entry 13).


In contrast, no acceleration effect of an allylic hydroxy
group was observed in ring-closing enyne metathesis to con-
struct seven-membered ring. No seven-membered ring prod-
ucts were obtained from the corresponding N-, O-, and C-
tethered enynes with allylic hydroxy groups (1 l–1 n ;
Scheme 2). At this point, the reason for this shutdown is un-
clear.


Though there are some limitations, the enyne metathesis
of terminal alkynes possessing an allylic hydroxy group pro-
ceeds smoothly in the absence of an ethylene atmosphere.
The acceleration effect is applicable to a wide range of
enyne substrates.


We next investigated the influence of the position of the
hydroxy group on the acceleration effect (Scheme 3).[9] We
were interested in knowing whether a hydroxy group at an-
other position would also function as an accelerator. A ho-
moallylic hydroxy group showed an acceleration effect
weaker than that of an allylic hydroxy group. An enyne sub-
strate with a homoallylic hydroxy group—1 q—promoted
ring-closing enyne metathesis slowly in the presence of the
first-generation Grubbs catalyst, although the desired cyclic
1,3-diene (2 q) was obtained in good yield (74 %) after 14 h.
The corresponding enyne substrate with an allylic hydroxy
group—1 f—promoted rapid ring-closing enyne metathesis
(1 h, 66 %) under the same conditions. The effect of a prop-
argylic hydroxy group was also investigated. An enyne sub-
strate with a propargylic hydroxy group—1 r—showed poor
reactivity for ring-closing enyne metathesis. The reaction of
1 r under the same conditions as used for the reaction of 1 i
(corresponding enyne substrate with an allylic hydroxy
group; first-generation Grubbs catalyst, 4 mol %, RT, 4 h,
79 %) provided only a 6 % yield of the ring-closure product
with 50 % recovery of the starting material (NMR yields).
These results indicated that an allylic hydroxy group has a
strong acceleration effect.


In a utilization of this efficient ring-closing enyne meta-
thesis based on the acceleration effect of an allylic hydroxy
group, a synthesis of (+)-isofagomine was demonstrated
(Scheme 4). (+)-Isofagomine is a potent selective b-glucosi-
dase inhibitor that has recently received much attention in
Gaucher�s disease therapy.[13] The enyne substrate 1 b, with
an allylic hydroxy group, was synthesized by addition of
propargylamine to butadiene monoxide, followed by protec-
tion of the imino group with a Boc group (71 % over two
steps). The allylic hydroxy group-accelerated ring-closing
enyne metathesis of 1 b efficiently provided cyclic product
2 b (>99 %) in a short reaction time. The hydroxy group of
2 b was then protected with a TBDPS group (99%), and the
TBDPS-protected product 2 d was treated with AD-mix-a.


�


Highly regioselective dihydroxylation of terminal olefin pro-
ceeded to provide diol 3 (78%). Oxidative cleavage of the
diol 3 with NaIO4, followed by reduction with NaBH4, gave
allyl alcohol 4 (98 % over two steps), and protection of the
hydroxy group of 4 with a benzyl group (92 %) and subse-
quent removal of the TBDPS group (98 %) then provided
benzylated product 5. Kinetic transesterification of 5 with
vinyl acetate in the presence of lipase PS-C accomplished
excellent resolution of enantiomers, and almost enantiomer-
ically pure (+)-5 was obtained (46%, 99 % ee). Hydrobora-
tion of the internal olefin of (+)-5, followed by oxidation
with NaOH/H2O2, afforded diols 7 (67 % over two steps).
After removal of both the benzyl group (99%) and the Boc
group, (+)-isofagomine (78 %) and (�)-3-epi-isofagomine
(20 %) were obtained. (+)-Isofagomine was thus synthesized
in an 11.5 % total yield from commercially available buta-
1,3-diene monoxide.[14,15]


Scheme 2. Lack of ring-closing enyne metathesis by potential seven-mem-
bered ring precursor substrates.


Scheme 3. Influence of position of the hydroxy group.
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The acceleration effect of an allylic hydroxy group on
ring-closing enyne metathesis is interesting. A similar accel-
eration effect of an allylic hydroxy group has been observed
in olefin metathesis in the presence of the first-generation
Grubbs catalyst, though details
are not clear.[4] To examine the
acceleration effect further, we
investigated the mechanism of
the allylic hydroxy group-accel-
erated enyne metathesis. We
first checked the course of the
reaction: “ene-then-yne” or
“yne-then-ene” (Scheme 5).[17]


1H NMR analysis of the enyne
metathesis of oct-1-en-7-yn-3-ol
(1 f) in the presence of the first-
generation Grubbs catalyst
(Table 2, entry 3) showed new
two signals around 19 ppm,
which are attributed to Ru-car-
bene species (Figure 1, a).[17a, 18]


Through comparison with relat-
ed Ru-carbene species generat-
ed by straightforward routes
(Figure 1, b and c), the two sig-


nals are assigned as Ru-(a-hydroxy)carbene species (IM-1,
18.92 ppm; Scheme 5) and Ru-vinylcarbene species (IM-2,
19.53 ppm), respectively. While these observations do not
rule out the possibility of the “yne-then-ene” pathway, they


Scheme 4. Application to a synthesis of (+)-isofagomine: DMAP =4-N,N-dimethylaminopyridine.


Scheme 5. Reaction pathways: “ene-then-yne” or “yne-then-ene”.
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provide direct evidence that the “ene-then-yne” pathway is
viable. In addition, styrene was detected quickly in the
1H NMR spectrum of the reaction mixture. This observation
is further suggestive of initial generation of Ru-(a-hydroxy)-
carbene species (IM-1).


Selecting the “ene-then-yne” pathway, we speculated that
the reentry step of the Ru-carbene species (IM-1) from the
Ru-vinylcarbene intermediate (IM-2 ; Scheme 5, “ene-then-
yne” pathway, IM-2 to IM-1) would be accelerated by an al-
lylic hydroxy group on the next substrate (Scheme 6). The
rate-determining step of ring-closing enyne metathesis of a
terminal alkyne is thought to be the reentry step (Scheme 5,
IM-2 to IM-1).[10,17b,c,19] The reaction rate would be increased
if the rate-determining step is accelerated.


On the basis of this speculation, we predicted switching of
the rate-determining step. If the reentry step of Ru–carbene
species (Scheme 5, IM-2 to IM-1) is accelerated by the allyl-
ic hydroxy group, the rate-determining step might be re-
placed by another step of the catalytic cycle because the re-
entry step would be faster. In such cases, a different step of
the catalytic cycle would be the rate-determining step rather
than the reentry step. Kinetic study of the ring-closing
enyne metathesis[11a,b] was carried out to confirm the change
of the rate-determining step. We first investigated the reac-
tion behavior of 1 a, an enyne substrate without an allylic hy-
droxy group, to check the usual rate-determining step of
ring-closing enyne metathesis (Figure 2). Generally, the
rate-determining step of ring-closing enyne metathesis is be-
lieved to be the reentry step of the Ru-carbene species
(Scheme 5, IM-2 to IM-1).[10,17b,c,19] The results of a kinetic
study of 1 a support the general assumption. Ring-closing
enyne metathesis of an enyne substrate without an allylic
hydroxy group indicated nearly first-order initial rate de-
pendency on concentration of the substrate. This result indi-
cates involvement of a substrate in the rate-determining
step, so the reentry step of the Ru-carbene species


(Scheme 5, IM-2 to IM-1)
seems to be the rate-determin-
ing step.


A kinetic study of ring-clos-
ing enyne metathesis of a sub-
strate with an allylic hydroxy
group, on the other hand,
showed different results. Be-
cause the reaction of 1 b is too
fast for kinetic study to be car-
ried out, we chose 1 j as the
substrate for the kinetic study
(Figure 3). The kinetic study in-
dicated no initial rate depend-
ency on concentration of the
enyne substrate (zero order in
enyne substrate). This result
means that the enyne substrate
is not associated with the rate-


determining step. From this result, the reentry step of the
Ru–carbene species (Scheme 5, IM-2 to IM-1), which in-
volves an enyne substrate, would not be the rate-determin-
ing step.


The results of kinetic studies thus indicate a change in the
rate-determining step of ring-closing enyne metathesis re-
sulting from the presence or absence of an allylic hydroxy
group. These results are consistent with our speculation that
the reentry step of the Ru–carbene species from a Ru–vinyl-
carbene intermediate would be accelerated by the allylic hy-
droxy group on the next substrate (Scheme 6).[20] In addi-
tion, switching of the rate-determining step by an allylic hy-
droxy group demonstrates that ethylene is not necessary in


Figure 1. NMR study: “ene-then-yne” versus “yne-then-ene”.


Figure 2. Kinetic study: rate dependency on concentration of a substrate
without an allylic hydroxy group.
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ring-closing enyne metathesis in the presence of an allylic
hydroxy group.[17b,c]


Conclusion


We have found an interesting acceleration effect of an allylic
hydroxy group on ring-closing enyne metathesis.[21] The ring-
closing enyne metathesis of various terminal alkynes, each
containing an allylic hydroxy group, proceeded smoothly in
the absence of an ethylene atmosphere. The ethylene-free
reaction is convenient and atom-economical. In addition,
the metatheses with the first-generation Grubbs catalyst
often demonstrate more chemoselective transformation than
the more reactive newer-generation Ru–carbene catalysts.[22]


We believe that enyne metathesis utilizing this acceleration
effect could be a more helpful and familiar tool in organic
synthesis. Indeed, we have accomplished the synthesis of


(+)-isofagomine with the aid of allylic hydroxy group-accel-
erated ring-closing enyne metathesis. Mechanistic studies on
the acceleration effect have suggested acceleration of the re-
entry step of Ru–carbene species from the Ru–vinylcarbene
species in the catalytic cycle (Scheme 6). The olefin with an
allylic hydroxy group on the substrate would be reactive
enough to react with the stable Ru–vinylcarbene intermedi-
ate to bring about the reentry of the reactive Ru-carbene
species into next catalytic cycle. However, details of the ac-
celeration, especially why the acceleration occurs, are still
unclear.[23] Further investigations into the mechanism of the
acceleration are currently underway. In addition, application
of this acceleration effect to other systems and the develop-
ment of selective molecular transformations using this accel-
eration effect are proceeding in our laboratory.


Experimental Section


General : NMR spectra were recorded on JNM-EX270 (270 MHz), JEOL
JNM-AL400 (400 MHz), JNM-EX400 (400 MHz), and JNM-EX600
(600 MHz) spectrometers in CDCl3, C6D6, D2O, and CD2Cl2.


13C NMR
spectra were recorded with use of broad-band proton decoupling. The re-
sidual CHCl3 signal or tetramethylsilane were used as internal standards
for 1H and 13C NMR in CDCl3. The C6D6 itself was used as an internal
standard for 13C NMR in C6D6. The residual non-deuterated H2O signal
was used as an internal standard for 1H NMR, and acetonitrile was used
as an internal standard in 13C NMR in D2O. CD2Cl2 was used in NMR
studies and 1H NMR spectroscopic kinetic studies. In NMR studies, the
chemical shift of the residual non-deuterated CH2Cl2 was used as an in-
ternal standard. In kinetic studies, CH2ClCH2Cl was used as internal
standard both for chemical shift and for concentration. Chemical shifts
are expressed in d (ppm) values, and coupling constants are expressed in
hertz (Hz). The following abbreviations are used: s= singlet, d=doublet,
m= multiplet, br s =broad singlet, br d =broad doublet, dd=double dou-
blet, and ddd= double double doublet. Mass spectra were recorded on
JEOL JMN-DX303 or JEOL JMA-DA5000 spectrometers. IR spectra
were measured with a Perkin–Elmer 1725 X series FT-IR spectrometer.
CH2Cl2 was bubbled with Ar well before use in ring-closing enyne meta-
thesis.


General procedure for allylic hydroxy group-accelerated ring-closing
enyne metathesis : The first-generation Grubbs catalyst (4, 8, or
12 mol %) was added at room temperature under Ar to a CH2Cl2 solution
of an enyne substrate[24] containing an allylic hydroxy group. The concen-
tration of the first-generation Grubbs catalyst was kept at 0.002 m. The
mixture was stirred for the indicated reaction time. The reaction mixture
was then concentrated in vacuo, and the residue was purified by silica gel
column chromatography to provide a cyclic 1,3-diene.


N-tert-Butoxycarbonyl-3-vinyl-1,2,5,6-tetrahydropyridine (2 a): 1H NMR
(400 MHz, CDCl3): d =1.47 (s, 9H), 2.22 (s, 2H), 3.48 (t, J =5.6 Hz, 2H),
4.04 (s, 2 H), 4.97 (d, J=11.1 Hz, 1H), 5.07 (d, J =17.9 Hz, 1 H), 5.84 (s,
1H), 6.30 ppm (dd, J=17.9, 11.1 Hz, 1H); 13C NMR (100 MHz, CDCl3):
d=25.4, 27.4, 28.4, 39.6, 40.8, 42.3, 42.8, 79.6, 85.1, 111.0, 126.7, 127.4,
133.4, 136.9, 146.7, 154.9 ppm; IR (neat): ñ= 1697 cm�1; EI-MS: m/z : 209
[M]+ ; HRMS: m/z : calcd for C12H19NO2: 209.1416; found: 209.1424.


N-tert-Butoxycarbonyl-5-hydroxy-3-vinyl-1,2,5,6-tetrahydropyridine (2 b):
1H NMR (600 MHz, CDCl3, TMS): d=1.48 (s, 9H), 2.23 (s, 2H), 3.55
(br s, 2 H), 3.95 (d, J= 17.6 Hz, 1H), 4.10–4.26 (m, 2 H), 5.12 (d, J=


11.0 Hz, 1H), 5.22–5.25 (m, 1H), 5.87 (br s, 1H), 6.30 ppm (dd, J =17.6,
11.0 Hz, 1 H); 13C NMR (67.5 MHz, C6D6, 60 8C): d= 28.5, 43.0, 48.2,
64.2, 79.8, 113.1, 130.3, 135.7, 136.7, 155.1 ppm; IR (neat): ñ =1683,
3406 cm�1; EI-MS: m/z : 225 [M]+ ; HRMS: m/z : calcd for C12H19NO3:
225.1365; found: 225.1370.


Scheme 6. Proposed acceleration effect of an allylic hydroxy group.


Figure 3. Kinetic study: rate dependence on concentration of a substrate
with an allylic hydroxy group.
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N-tert-Butoxycarbonyl-5-benzyloxy-3-vinyl-1,2,5,6-tetrahydropyridine
(2 c): 1H NMR (400 MHz, CDCl3): d=1.48 (s, 9H), 3.48–3.85 (m, 2H),
4.06 (d, J=15.0 Hz, 3H), 4.58 (d, J =11.6 Hz, 1 H), 4.66–4.68 (m, 1H),
5.10 (d, J=11.1 Hz, 1H), 5.14–5.31 (m, 1 H), 5.89 (s, 1H), 6.31 ppm (dd,
J =17.9, 11.1 Hz, 1H); 13C NMR (100 MHz, CDCl3): d =28.4, 42.9, 44.8,
70.4, 70.6, 80.0, 113.4, 113.9, 126.5, 127.7, 128.4, 136.0, 136.1, 138.2,
154.8 ppm; IR (neat): ñ =1696 cm�1; EI-MS: m/z : 315 [M]+ ; HRMS:
m/z : calcd for C19H25NO3: 315.1834; found: 315.1829.


N-tert-Butoxycarbonyl-5-tert-butyldiphenylsilyloxy-3-vinyl-1,2,5,6-tetra-
hydropyridine (2 d): 1H NMR (400 MHz, CDCl3, TMS): d =1.00 (s, 9H),
1.33 (s, 9 H), 3.13 (dd, J =12.4, 6.8 Hz, 1H), 3.58–3.61 (m, 1H), 3.82 (d,
J =16.6 Hz, 1H), 4.04 (d, J =17.1 Hz, 1H), 4.24 (br s, 1 H), 4.96 (d, J=


11.2 Hz, 1H), 5.08 (d, J =17.6 Hz, 1H), 5.56 (br s, 1H), 6.13 (dd, J =17.8,
11.0 Hz, 1H), 7.28–7.38 (m, 6H), 7.59–7.63 ppm (m, 4 H); 13C NMR
(100 MHz, CDCl3): d= 19.2, 26.9, 28.4, 42.0, 48.0, 65.5, 79.8, 127.6, 127.6,
127.7, 129.7, 129.8, 135.5, 135.7, 135.8, 154.7 ppm; IR (neat): ñ=


1699 cm�1; EI-MS: m/z : 463 [M]+ ; HRMS: m/z : calcd for C28H37NO3Si:
463.2543; found: 463.2522.


5-Vinyl-3,6-dihydro-2H-pyran-3-ol (2 e): Colorless oil; 1H NMR
(400 MHz, CDCl3): d= 2.04 (br s, 1 H), 3.70 (dd, J =11.6, 2.9 Hz, 1H),
3.85 (dd, J=11.6, 1.9 Hz, 1 H), 4.04 (br s, 1H), 4.18 (d, J =15.9 Hz, 1H),
4.38 (d, J= 15.5 Hz, 1H), 5.09 (d, J=18.4 Hz, 1H), 5.10 (d, J =10.6 Hz,
1H), 5.93 (d, J =5.9 Hz, 1H), 6.25 ppm (dd, J =18.4, 11.6 Hz, 1H);
13C NMR (100 MHz, CDCl3): d =63.0, 65.1, 70.8, 114.0, 126.3, 135.3,
137.9 ppm; IR (neat): ñ =1007, 1123, 1606, 1648, 2849, 3390 cm�1; EI-MS:
m/z : 126 [M]+ ; HRMS: m/z : calcd for C7H10NO2: 126.0681; found:
126.0676.


3-Vinylcyclohex-2-en-1-ol (2 f): Colorless oil; 1H NMR (400 MHz,
CDCl3): d=1.56–1.64 (m, 2 H), 1.71 (br s, 1H), 1.79–1.90 (m, 2 H), 2.11–
2.15 (m, 2 H), 4.29 (br s, 1H), 5.04 (d, J =10.7 Hz, 1 H), 5.20 (d, J=


17.6 Hz, 1H), 5.75 (br s, 1H), 6.34 ppm (dd, J =17.6, 10.7 Hz, 1H);
13C NMR (100 MHz, CDCl3): d =18.8, 23.7, 32.0, 66.2, 112.9, 130.8, 138.6,
139.2 ppm; IR (neat): ñ =909, 991, 1049, 1607, 2863, 2935, 3308 cm�1; EI-
MS: m/z : 124 [M]+ ; HRMS: m/z : calcd for C8H12O: 124.0888; found:
124.0889.


6,6-Dimethyl-3-vinylcyclohex-2-en-1-ol (2 g): Colorless oil; 1H NMR
(400 MHz, CDCl3): d=0.90 (s, 3 H), 0.97 (s, 3H), 1.42–1.47 (m, 2H),
1.56–1.62 (m, 1H), 2.10–2.17 (m, 1H), 3.86 (br s, 1 H), 5.03 (d, J=


10.6 Hz, 1H), 5.18 (d, J =17.9 Hz, 1H), 5.65 (br s, 1H), 6.35 ppm (dd, J =


17.9, 11.1 Hz, 1H); 13C NMR (100 MHz, CDCl3): d= 20.9, 21.5, 26.4, 32.7,
33.9, 74.6, 112.7, 130.5, 137.4, 138.9 ppm; IR (neat): ñ=990, 1029, 1606,
2920, 3369 cm�1; EI-MS: m/z : 152 [M]+ ; HRMS: m/z : calcd for C10H16O:
152.1201; found: 152.1197.


Di-tert-butyl 5-hydroxy-3-vinylcyclohex-3-ene-1,1-dicarboxylate (2 h):
Colorless, viscous oil; 1H NMR (400 MHz, CDCl3): d=1.42 (s, 9H), 1.46
(s, 9 H), 2.20–2.28 (m, 2 H), 2.53 (d, J =16.9 Hz, 1 H), 2.68 (d, J =16.9 Hz,
1H), 3.07 (d, J =9.2 Hz, 1H), 4.31 (br s, 1H), 5.10 (d, J =10.6, 1H), 5.30
(d, J =17.9 Hz, 1H), 5.76 (br s, 1H), 6.53 ppm (dd, J=17.4, 11.1 Hz, 1H);
13C NMR (100 MHz, CDCl3): d =27.7, 27.8, 29.3, 36.6, 53.8, 64.2, 81.7,
82.1, 113.5, 130.1, 134.4, 138.4, 170.3 ppm; IR (neat): ñ=1147, 1257, 1369,
1608, 1716, 1729, 2934, 2978, 3522 cm�1; EI-MS: m/z : 324 [M]+ ; HRMS:
m/z : calcd for C18H28O5: 324.1937; found: 324.1947.


3-Vinylcyclopent-2-en-1-ol (2 i): Colorless oil; 1H NMR (400 MHz,
CDCl3): d=1.72–1.78 (m, 1 H), 1.86 (br s, 1H), 2.29–2.39 (m, 2 H), 2.55–
2.70 (m, 1 H), 4.89 (br d, J =5.3 Hz, 1H), 5.17 (d, J=11.1 Hz, 1 H), 5.21
(d, J =18.8 Hz, 1H), 5.75 (s, 1H), 6.56 ppm (dd, J=17.9, 10.6 Hz, 1H);
13C NMR (100 MHz, CDCl3): d =28.94, 33.43, 77.31, 116.70, 131.92,
133.08, 145.80 ppm; IR (neat): ñ =905, 1044, 1591, 2853, 2939, 3339 cm�1;
EI-MS: m/z : 110 [M]+ ; HRMS: m/z : calcd for C7H10O: 110.0732; found:
110.0732.


5,5-Dimethyl-3-vinylcyclopent-2-en-1-ol (2 j): Colorless oil; 1H NMR
(400 MHz, CDCl3): d=1.08 (s, 3 H), 1.09 (s, 3H), 1.32 (br s, 1H), 2.18 (d,
J =15.9 Hz, 1H), 2.36 (d, J =15.9 Hz, 1H), 4.25 (br s, 1 H), 5.15 (d, J=


10.6 Hz, 1H), 5.16 (d, J =17.4 Hz, 1H), 5.68 (br s, 1H), 6.53 ppm (dd, J =


17.4, 10.6 Hz, 1H); 13C NMR (100 MHz, CDCl3): d= 22.7, 28.4, 41.7, 44.1,
84.5, 116.4, 131.0, 133.5, 145.0 ppm; IR (neat): ñfavor993, 1036, 2926,
2956, 3361 cm�1; EI-MS: m/z : 138 [M]+ ; HRMS: m/z : calcd for C9H14O:
138.1045; found: 138.1047.


3-Vinyl-1,4-dihydronaphthalen-1-ol (2 k): This compound is not stable
and easily converted into 2-vinylnaphthalene. Compound 2k was there-
fore not isolated. 1H NMR data for 2 k were extracted from the 1H NMR
spectrum of the mixture of 2k and 2-vinylnaphthalene. No other charac-
terization data for 2 k could be measured. 1H NMR (400 MHz, CDCl3):
d=1.77 (d, J =9.2 Hz, 1 H), 3.47 (dd, J =21.3, 3.9 Hz, 1 H), 3.60 (br d, J=


19.8 Hz, 1 H), 5.20 (d, J=10.6 Hz, 1H), 5.21–5.30 (m, 1 H), 5.39 (d, J=


17.4 Hz, 1H), 6.08 (m, 1 H), 6.52 (dd, J=17.4, 10.6 Hz, 1H), 7.24–7.33
(m, 3 H), 7.59–7.61 ppm (m, 1H).


2-Vinylnaphthalene : White solid; 1H NMR (400 MHz, CDCl3): d=5.35
(d, J=10.6 Hz, 1 H), 5.89 (d, J =17.4 Hz, 1H), 6.90 (dd, J =17.4, 10.6 Hz,
1H), 7.44–7.50 (m, 2H), 7.65 (dd, J= 8.7, 1.4 Hz, 1H),7.77 (br s, 1H),
7.80–7.85 ppm (m, 1H); 13C NMR (100 MHz, CDCl3): d=114.2, 123.2,
125.9, 126.2, 126.4, 127.7, 128.0, 128.1, 133.1, 133.5, 135.0, 136. 9 ppm; IR
(KBr): ñ =3382, 3058, 2933, 1688, 1630, 1600, 1508, 1467,1356, 1284, 1230,
1196, 1125 cm�1; EI-MS: m/z : 154 [M]+ ; HRMS: m/z : calcd for C12H10:
115.0783; found: 115.0779.


Ring-closing enyne metathesis of enynes containing a homoallylic or a
propargylic hydroxy group : The reactions were carried out by the Gener-
al Procedure for allylic hydroxy group-accelerated ring-closing enyne
metathesis.


4-Vinylcyclohex-3-enol (2 q): 1H NMR (400 MHz, CDCl3, TMS): d=


1.60–1.75 (m, 2H), 1.89–1.97 (m, 1H), 2.10–2.24 (m, 2 H), 2.32–2.38 (m,
1H), 2.48 (br d, J =17.4 Hz, 1 H), 3.97 (m, 1H), 4.94 (d, J=10.6 Hz, 1 H),
5.08 (d, J =17.4 Hz, 1H), 5.64 (br s, 1H), 6.35 ppm (dd, J=17.4, 10.6 Hz,
1H); 13C NMR (100 MHz, C6D6): d=21.9, 30.5, 34.8, 66.9, 110.9, 126.2,
135.6, 139.1 ppm; IR (neat): ñ =1606, 1644, 3346 cm�1; EI-MS: m/z : 124
[M]+ ; HRMS: m/z : calcd for C12H19NO3: 124.0888; found: 124.0887.


2-Vinylcyclopent-2-enol (2 r): This compound was obtained in quantities
too small to isolate and we could not measure spectroscopic data of a
pure sample. The 1H NMR data were extracted from a spectrum of a
mixed sample with reference to reported data.[25] 1H NMR (400 MHz,
CDCl3, TMS): d =1.82–1.88 (m, 1H), 2.17–2.35 (m, 2H), 2.54–2.61 (m,
1H), 4.90–5.10 (m, 1 H), 5.15 (d, J=10.6 Hz, 1H), 5.42 (d, J =17.9 Hz,
1H), 5.89 (t, J =2.4 Hz, 1H), 6.47 ppm (dd, J =17.9, 10.6 Hz, 1H). The
yield was estimated from the 1H NMR spectrum of the crude reaction
mixture based on internal standard.


Application to the synthesis of (+)-isofagomine


tert-Butyl 2-hydroxybut-3-enylprop-2-ynylcarbamate (1 b): Butadiene
monoxide (18 mmol) was added at 15 8C to a solution of propargylamine
(54 mmol) and H2O (0.25 mL), and the mixture was stirred at 100 8C for
6 h. The mixture was then concentrated in vacuo, and the residue was dis-
solved in 1,4-dioxane (25 mL) and H2O (5 mL). NaOH (1 n, 20 mL,
20 mmol) and Boc2O (20 mmol) were added to the solution at ambient
temperature, and the mixture was stirred overnight. The solvent was
evaporated in vacuo, and the residue was diluted with Et2O. The mixture
was washed with aqueous citric acid solution (20 %) and brine. The or-
ganic layer was dried over Na2SO4. The solvent was evaporated in vacuo,
and the residue was purified by silica gel column chromatography (n-
hexane/AcOEt 10:1–6:1) to provide 1b (2.87 g, 71% yield) and tert-butyl
2-hydroxybut-3-enylprop-2-ynylcarbamate (132 mg). Compound 1b :
1H NMR (400 MHz, CDCl3): d=1.46 (s, 9H), 2.24 (t, J =2.4 Hz, 1H),
3.37 (br s, 1H), 3.44 (dd, J =14.6, 3.8 Hz, 2H), 4.07 (br s, 2 H), 4.35–4.39
(m, 1 H), 5.16 (d, J =10.6 Hz, 1H), 5.33 (br d, J =16.4 Hz, 1H), 5.84 ppm
(ddd, J=16.4, 10.6, 5.8 Hz, 4 H); 13C NMR (100 MHz, CDCl3): d=28.3,
38.3, 52.9, 71.7, 72.2, 79.6, 81.0, 115.9, 138.1, 156.3 ppm; IR (neat): ñ=


1683, 3441 cm�1; EI-MS: m/z : 225 [M]+ ; HRMS: m/z : calcd for
C12H19NO3: 225.1365; found: 225.1361.


1-tert-Butoxycarbonyl-3-vinyl-1,2,5,6-tetrahydropyridin-3-ol (2 b): Com-
pound 2b was synthesized by the allylic hydroxy group-accelerated ring-
closing enyne metathesis (Table 2, entry 1).


1-tert-Butoxycarbonyl-5-tert-butyldiphenylsilyloxy-3-vinyl-1,2,5,6-tetrahy-
dropyridine (2 d): Imidazole (7.02 mmol), DMAP (0.094 mmol), and
TBDPSCl (5.15 mmol) were added at ambient temperature to a solution
of 2 b (4.68 mmol) in CH2Cl2 (20 mL), and the mixture was stirred for
1 h. The mixture was then filtered with a pad of celite. The filtrate was
washed with brine and dried over Na2SO4. The solvent was evaporated in
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vacuo, and the residue was purified by silica gel column chromatography
(n-hexane/AcOEt 8:1) to provide 2d (2141 mg, 99 % yield).


1-tert-Butoxycarbonyl-5-tert-butyldiphenylsilyloxy-3-(1,2-dihydroxyeth-
yl)-1,2,5,6-tetrahydropyridine (3): AD-mix-a and methanesulfonamide
(0.30 mmol) were added at ambient temperature to a solution of 2 d
(0.30 mmol) in tBuOH/H2O (1:1), and the mixture was stirred for 15 h.
The mixture was then diluted with AcOEt and washed with saturated
aqueous NH4Cl and H2O. The organic layer was dried over Na2SO4. The
solvent was evaporated in vacuo, and the residue was purified by silica
gel column chromatography (n-hexane/AcOEt 1:1) to provide 3 (116 mg,
78% yield). 1H NMR (400 MHz, CDCl3): d =1.06 (s, 9 H), 1.41 (br s, 9H),
2.49 (br s, 2H), 3.31–3.93 (m, 6H), 4.06 (br s, 1H), 4.27 (br s, 1H), 5.65
(br s, 1H), 7.35–7.45 (m, 6H), 7.65–7.70 ppm (m, 4 H); 13C NMR
(100 MHz, CDCl3): d=19.2, 26.9, 28.4, 42.5, 48.1, 65.0, 65.3, 73.4, 80.0,
127.6, 127.7, 127.7, 129.8, 135.7, 135.7, 154.9 ppm; IR (neat): ñ=1661,
3407 cm�1; EI-MS: m/z : 496 [M+H]+ , 497 [M]+ ; HRMS: m/z : calcd for
C28H39NO5Si: 497.2597; found: 497.2587.


N-tert-Butoxycarbonyl-5-tert-butyldiphenylsilyloxy-3-hydroxymethyl-
1,2,5,6-tetrahydropyridine (4): NaIO4 (2.04 mmol) was added at ambient
temperature to a solution of 3 (1.70 mmol) in EtOH/H2O (1:1, 30 mL),
and the mixture was stirred for 3 h. NaBH4 (3.40 mmol) was then added
to the mixture at ambient temperature. After the mixture had been
stirred for 3 h, the reaction mixture was concentrated in vacuo, and the
residue was diluted with CH2Cl2. The mixture was washed with Na2S2O3


(10 %), saturated aqueous NaHCO3, and brine. The organic layer was
dried over Na2SO4. The solvent was evaporated in vacuo, and the residue
was purified by silica gel column chromatography (n-hexane/AcOEt 2:1)
to provide 4 (776 mg, 98% yield). 1H NMR (400 MHz, CDCl3): d =1.07
(s, 9H), 1.39–1.45 (m, 9 H), 2.19 (br s, 1H), 3.27 (dd, J =12.8, 6.6 Hz, 1 H),
3.59 (d, J =9.9 Hz, 1 H), 3.76–3.98 (m, 4 H), 4.29 (s, 1H), 5.64 (s, 1H),
7.36–7.45 (m, 6H), 7.67–7.70 ppm (m, 4H); 13C NMR (100 MHz, CDCl3):
d=19.2, 26.9, 28.3, 43.0, 48.0, 64.2, 65.1, 80.0, 127.6, 127.7, 128.3, 129.8,
135.7, 135.7, 154.7 ppm; IR (neat): ñ=1689, 3419 cm�1; EI-MS: m/z : 467
[M]+ ; HRMS: m/z : calcd for C27H37NO4Si: 467.2492; found: 467.2491.


3-Benzyloxymethyl-1-tert-butoxycarbonyl-1,2,5,6-tetrahydropyridin-5-ol
(5): NaH (1.68 mmol) was added at 0 8C to a solution of 4 (0.84 mmol) in
THF (8.0 mL), and the mixture was stirred for 1 hour. Benzyl bromide
(2.52 mmol) and tetrabutylammonium iodide (12 mg) were then added to
the mixture at 0 8C, and the mixture was stirred for 6.5 h at ambient tem-
perature. The resulting mixture was diluted with Et2O and was washed
with saturated aqueous NH4Cl, water, and brine. The organic layer was
dried over Na2SO4. The solvent was evaporated in vacuo, and the residue
was purified by silica gel column chromatography (n-hexane/AcOEt
10:1) to provide benzylated product (431 mg, 92 % yield). 1H NMR
(400 MHz, CDCl3): d=1.08 (s, 9 H), 1.41 (br s, 9H), 3.36–3.27 (m, 1H),
3.48–3.96 (m, 5 H), 4.28 (br s, 1 H), 4.41 (s, 2 H), 5.67 (br s, 1H), 7.27–7.49
(m, 11H), 7.67–7.71 ppm (m, 4 H); 13C NMR (100 MHz, CDCl3): d =19.7,
26.8, 28.3, 43.3, 47.8, 65.0, 71.3, 72.0, 79.5, 126.3, 127.5, 127.6, 127.7, 128.2,
129.6, 129.7, 135.6, 135.6, 137.8, 154.5 ppm; IR (neat): ñ=1701 cm�1; EI-
MS: m/z : 557 [M]+ ; HRMS: calcd for C34H43NO4Si: 557.2961; found:
557.2958.


Tetrabutylammonium fluoride (2.1 mmol) was added at room tempera-
ture to a solution of the obtained benzylated product (1.7 mmol) in THF
(20 mL), and the mixture was stirred at room temperature for 1.5 h. The
solvent was then evaporated in vacuo, and the residue was diluted with
CHCl3. The mixture was washed with saturated aqueous NaHCO3, and
the resulting aqueous phase was extracted with CHCl3. The combined or-
ganic extracts were washed with brine and then dried over Na2SO4. The
solvent was evaporated in vacuo, and the residue was purified by silica
gel column chromatography (n-hexane/AcOEt 2:1) to provide 5 (535 mg,
98% yield). 1H NMR (400 MHz, CDCl3): d =1.47 (s, 9 H), 1.80 (s, 1H),
3.52 (br s, 2H), 3.81 (d, J =18.4 Hz, 1 H), 3.97–4.11 (s, 3H), 4.21 (br s,
1H), 4.50 (s, 2H), 5.90–5.91 (s, 1 H), 7.26–7.39 ppm (m, 5 H); 13C NMR
(100 MHz, CDCl3): d= 28.3, 44.1, 47.2, 63.5, 71.5, 72.3, 80.2, 127.7, 127.7,
127.9, 128.2, 128.4, 137.8, 155.1 ppm; IR (neat): ñ=1695, 3405 cm�1; EI-
MS: m/z : 319 [M]+ ; HRMS: m/z : calcd for C18H25NO4: 319.1784; found:
319.1776.


(�)-N-tert-Butoxycarbonyl-5-acetoxy-3-(benzyloxy)methyl-3-piperidine
(6) and (S)-N-tert-Butoxycarbonyl-5-hydroxy-3-(benzyloxy)methyl-
1,2,5,6-tetrahydropyridine : Vinyl acetate (96.8 mmol) and lipase PS-C
(628 mg) were added at ambient temperature to a solution of 5
(1.21 mmol) in diisopropyl ether (5.8 mL). The mixture was warmed to
30 8C and stirred for 15 h. The mixture was then filtered through a pad of
celite. The filtrate was concentrated in vacuo, and the residue was puri-
fied by silica gel column chromatography (n-hexane/AcOEt 10:1) to pro-
vide 6 (179 mg, 46 % yield) and (+)-5 (233 mg, 53 % yield).


Compound 6 : [a]27
D =�79.6 (c =1.7 in CHCl3); 1H NMR (400 MHz,


CDCl3): d= 1.47 (s, 9H), 2.05 (s, 3 H), 3.40–3.44 (m, 1 H), 3.74–3.86 (m,
2H), 3.98 (s, 2 H), 4.19 (br s, 1H), 4.50 (s, 2H), 5.19 (br s, 1 H), 5.88 (br s,
1H), 7.27–7.37 ppm (m, 5 H); 13C NMR (100 MHz, CDCl3): d =21.0, 28.1,
43.3, 44.8, 65.5, 71.1, 72.4, 79.9, 122.3, 127.6, 128.1, 128.3, 137.6, 154.6,
170.4 ppm; IR (neat): ñ=1701, 1735 cm�1; EI-MS: m/z : 361 [M]+ ;
HRMS: m/z : calcd for C20H27NO5: 361.1889; found: 319.1883.


Compound (+)-5 : [a]27
D =++45.6 (c=1.0 in CHCl3); HPLC (Chiralpak IA,


hexane/AcOEt 90:10, 1.5 mL min�1, 254 nm): tminor =23.4 min, tmajor =


25.9 min: 99% ee. The absolute configuration of (+)-5 was determined as
(S) after conversion into (+)-isofagomine as described below.


The ee of 6 was determined after cleavage of the benzyl group to convert
it into (�)-5. K2CO3 (0.06 mmol) was added at ambient temperature to a
solution of 6 (0.12 mmol) in dry MeOH (1.5 mL). After stirring for 1
hour, the reaction mixture was diluted with AcOEt and washed with
water. The aqueous layer was extracted twice with AcOEt, and the com-
bined organic extract was dried over Na2SO4. The solvent was evaporated
in vacuo, and the residue was purified by silica gel column chromatogra-
phy (n-hexane/AcOEt 1:1) to provide (�)-5 (36 mg, 94 % yield). [a]27


D =


�43.0 (c= 1.1 in CHCl3). The absolute configuration of (�)-5 was deter-
mined as (R) based on (+)-5.


5-Benzyloxymethyl-1-tert-butoxycarbonylpiperidine-3,4-diol (7):
BH3·THF (1.0 m THF solution, 2.1 mL, 2.1 mmol) was added at 0 8C to a
solution of (+)-5 (0.26 mmol) in THF (1.0 mL). The reaction mixture was
then warmed to 70 8C and stirred for 9.5 h. After the stirring, the mixture
was cooled to 0 8C. NaOH (3 n, 3.0 mL) and H2O2 (30 %) were added
dropwise to the mixture, which was stirred for 6 h at ambient tempera-
ture. Then organic and aqueous layers were separated, and the aqueous
layer was extracted five times with CHCl3. The combined organic ex-
tracts were washed with brine and then dried over Na2SO4. The solvent
was evaporated in vacuo, and the residue was purified by silica gel
column chromatography (n-hexane/AcOEt 1:2) to provide 7 (59 mg,
67% yield). 1H NMR (400 MHz, CDCl3): d =1.44 (s, 9 H), 1.84 (br s, 1H),
2.52 (br s, 2H), 3.37–3.48 (m, 2H), 3.58 (br s, 3H), 3.83 (br s, 1 H), 4.11–
4.19 (m, 2 H), 4.51 (s, 2 H), 7.27–7.36 ppm (m, 5H); 13C NMR (100 MHz,
CDCl3): d=28.3, 44.1, 44.1, 45.3, 47.6, 64.8, 67.2, 70.1, 71.5, 73.3, 80.2,
127.2, 127.5, 127.7, 127.8, 137.7, 140.3, 154.6, 155.7 ppm; IR (neat): ñ=


1671, 3395 cm�1; EI-MS: m/z : 337 [M]+ ; HRMS: m/z : calcd for
C18H27NO5: 337.1889; found: 337.1898.


1-tert-Butoxycarbonyl-5-(hydroxymethyl)piperidine-3,4-diol (8): MeOH
(7 mL) was added under H2 atmosphere at ambient temperature to a
mixture of 7 (0.22 mmol) and Pd/C (30 mg). After stirring for 5 h, the re-
action mixture was filtered with a pad of celite. The filtrate was concen-
trated in vacuo, and the residue was purified by silica gel column chroma-
tography (CH3Cl:MeOH 10:1) to provide 8 (54 mg, 99% yield). 1H NMR
(400 MHz, CDCl3): d =1.42 (s, 9H), 1.67 (br s, 1 H), 2.56 (br s, 2 H), 3.34–
3.55 (m, 2 H), 3.69–3.76 (m, 3H), 3.88–4.16 ppm (m, 3H); 13C NMR
(100 MHz, CDCl3): d =28.4, 43.4, 47.7, 61.8, 62.8, 71.4, 75.7, 80.5,
155.0 ppm; IR (neat): ñ=1669, 3383 cm�1; EI-MS: m/z : 247 [M]+ ;
HRMS: m/z : calcd for C11H21NO5: 247.1420; found: 247.1416.


5-(hydroxymethyl)piperidine-3,4-diols ((+)-isofagomine and (�)-3-epi-
isofagomine): HCl (10 %, 2.7 mL) was added to a solution of 8
(0.20 mmol) in 1,4-dioxane (0.9 mL), and the mixture was heated to
reflux. After stirring for 2 h, the reaction mixture was allowed to cool to
ambient temperature. Aqueous NH4OH solution (28 %) was then added
to basify the mixture, and the solvent was evaporated in vacuo. The resi-
due was purified by silica gel column chromatography (MeOH/10%
NH4OH 10:1) to afford (+)-isofagomine (23 mg, 78% yield) and (�)-3-
epi-isofagomine (6 mg, 20%).
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(+)-Isofagomine : [a]27
D =++17.6 (c=0.3 in EtOH) [lit. :[13] [a]27


D =++16.3 (c =


0.32 in EtOH)]; 1H NMR (600 MHz, D2O): d=1.48–1.57 (m, 1H), 2.21–
2.28 (m, 2H), 2.91–3.00 (m, 2H), 3.13 (t, J=9.7 Hz, 1H), 3.30–3.37 (m,
1H), 3.45 (dd, J =11.6, 6.8 Hz, 1 H), 3.64 ppm (dd, J =11.6, 3.4 Hz, 1H);
13C NMR (100 MHz, D2O, CH3CN): d=44.4, 46.3, 49.3, 60.4, 71.9,
73.6 ppm; IR (neat): ñ =3383 cm�1; EI-MS: m/z : 147 [M]+ ; HRMS: m/z :
calcd for C6H13NO3: 147.0895; found: 147.0889.


(�)-3-epi-Isofagomine : [a]28
D =�19.3 (c =0.6 in EtOH); 1H NMR


(400 MHz, D2O): d= 2.05–2.10 (m, 1H), 2.61 (t, J=12.6 Hz, 1 H), 2.89 (d,
J =13.5 Hz, 1H), 3.16–3.25 (m, 2H), 3.59–3.65 (m, 2 H), 3.72 (dd, J =11.6,
3.4 Hz, 1 H), 3.98 ppm (s, 1 H); 13C NMR (67.8 MHz, D2O, CH3CN): d=


37.8, 45.0, 48.3, 60.1, 66.2, 68.5 ppm; IR (neat): ñ=3345 cm�1; EI-MS:
m/z : 147 [M]+ ; HRMS: m/z : calcd for C6H13NO3: 147.0895; found:
147.0894.


Procedure for NMR studies to determine reaction pathway : The first-
generation Grubbs catalyst (0.025 mmol) was placed in a NMR tube and
the tube was equipped with a rubber stopper. Then the tube was dried in
vacuo for 30 min. After drying, the tube was placed under Ar. CD2Cl2


was added. An equimolar amount of a substrate (0.025 mmol) was added
to the mixture at ambient temperature. 1H NMR spectra of the resulting
mixtures were then measured.


Procedure for kinetic studies to confirm the change in rate-determining
step :[26] The first-generation Grubbs catalyst was dried in vacuo for
30 min, and an appropriate amount of CD2Cl2 was added under Ar to
prepare a 0.002 m solution of first-generation Grubbs catalyst in CD2Cl2.
1,2-Dichloroethane was added to the solution as an internal standard (ca.
0.034 m). This solution (0.6 mL) was then transferred to a dried NMR
tube. Just before 1H NMR measurement, a corresponding amount of
enyne substrate (1 a, 1 j) was added to the NMR tube and the tube was
shaken intensively. The 1H NMR spectrum was then measured continu-
ously. The concentration of the desired product (2a, 2 j) was estimated by
integration with 1,2-dichloroethane as an internal standard. Initial reac-
tion rates were estimated from the approximated curves (first order) of
the first 5 minutes under each set of conditions.
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Figure S1. The various modes of one water-assisted pathways in MBH reaction  
 
 







 S4


O Me3N:
O


HOH


Me3N O Me3N O HOH


Me3N


O


O


O


Me3N


O


O
HOH


Me3N


X


R'O


O


HOH


HO


O


HOH


HOH


HO


O


Me3N


HO


O


Me3N:


HO
H


O HOH


HO
H


Pathway
2Wa


HOH


Me3N


HO


O


HOH


HO


O


HOH


Me3N:


Me3N:


HOH


HOH


HO
H


HO
H


HOH


HOH


HOH


HOH


HOH


Pathway
2Wb


Pathway
2W c


 
 
Figure S2. The various modes of two water-assisted pathways MBH reaction.  
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S1. Computational Methods 
 
All stationary points such as transition states, reactants and products were optimized and 


characterized first in the gas-phase at the mPW1K/6-31+G** level of theory.1 The choice 


of the mPW1K hybrid density functional was on the basis of the earlier reports on the 


successful applications in describing reaction barriers and other kinetic parameters.2 The 


effect of bulk solvation is incorporated using the polarizable continuum model with the 


integral equation formalism (IEF-PCM). We have employed UAKS radii3 for the solutes, 


THF (e = 7.58), DMSO (e = 46.7), and water (e = 78.39) as the continuum solvents.  


Analysis of the imaginary frequencies as well as intrinsic reaction coordinate (IRC) 


calculations4 was performed on all the transition states. The geometries of the 


intermediates and pre-reacting complexes (PRC) were obtained using extended IRC runs, 


starting from respective transition states. The final geometries obtained from the IRC 


trajectory on both sides of the first order saddle point were further subjected to full 


geometry optimization using stringent optimization conditions using the 


‘OPT=CALCFC’ option as implemented in Gaussian03 suite of program. This approach 


enables a careful walk down from the final IRC point on the PES till a minimum is 


identified. The Gibbs free energies in the gas-phase were obtained by including zero-


point vibrational energy as well as thermal corrections to the bottom-of-the-well values. 


All the electronic structure calculations are performed using the Gaussian03 suite of the 


quantum chemical programs.5 To develop a qualitative picture on the position-orientation 


of coordinated solvent molecules in the transition state, ab initio molecular dynamics 


simulation are performed using the Car-Perinello molecular dynamics protocol.6 It should 


be reckoned that ab initio molecular dynamics is desirable when details on solvent 
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coordination at the transition states are examined. The transition state for the C-C bond 


formation is placed in a cubic box of dimension 13 Å with eighteen water molecules 


inside the box. The AIMD run includes a constrained dynamics with the frozen incipient 


C-C bond while rest of the solute as well as the solvent molecules are subjected to 2 ps of 


equilibration (300K) and 2 ps production run. The gradient-corrected density functional 


of Becke with Lee, Yang and Parr correlation functional i.e. BLYP is employed.7 The 


electrons are represented using the Vanderbilt’s ultra soft pseudopotentials.8 The Kohn-


Sham orbitals are expanded using plane wave basis sets with cutoff radii of 25 Ry. All 


the simulations are done with fictitious electron mass of 400.0 a.u. and time step of 4 a.u. 


The trajectory of the molecular dynamics studies are analyzed using MOLDEN and 


VMD.9  


 


S2. AIMD Simulation 
 


In the production run of ab initio MD simulations it is observed that strong hydrogen 


bonding interaction (O···H distance in the range ~1.4 – 2.5 Å) is maintained dynamically 


by two water molecules and the oxygen atom of the developing alkoxide. One of these 


hydrogen bonds are conserved throughout the run. Moreover one water molecule is found 


to be hydrogen bonded with the carbonyl oxygen of the Michael acceptor (O···H distance 


in the range 1.7 – 2.0 Å). One interesting observation pertaining to the orientation of the 


reactant fragments in TS(1b-1c) in the constrained MD is that the orientation of the 


incipient alkoxide remains unaltered with respect to the C- N bond. These findings justify 


the incorporation two water molecules in near vicinity of the formaldehyde fragment in 


our electronic structure calculations. 
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Figure S3. Temperature equilibration run on TS(b-c) with eighteen water molecules at 


300 ± 50 K.  
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S3. Calculation of Catalytic Power of Water  


The potential energy barrier (E‡
1W) associated with one water molecule assisted reaction 


can be expressed as 


E‡
1W = E‡


 -  ER
1W + ETS


1W                                                     (Equation 1) 


where E‡ is the activation energy of the unassisted mode. ER
1W and ETS


1W respectively 


represent the binding energies of the intermediate and transition state with water 


molecule.  


The catalytic contribution of water molecule (ECat
1W) is given as 


ECat
1W = E‡ -  E‡


1W = ER
1W -  ETS


1W                                        (Equation 2) 


Similarly for two water cases 


ECat
2W = E‡ -  E‡


2W = ER
2W -  ETS


2W                                        (Equation 3) 


Thus, we have employed Equations 2 and 3 to estimate the catalytic power of water in 


various modes of water-assisted MBH reaction. The results are summarized in Table S1. 


 
 
Table S1. The Catalytic Power of the water molecule(s) in various modes of water-


assisted C- C bond formation as well as proton transfer steps in MBH reaction 


Mode of Water Assistance 
Species 


1Wa 1Wb 1Wc 2Wa 2Wb 2Wc 2Wd 


TS(b-c) -5.01 15.01 15.01 14.49 14.49 16.78 16.78 


TS(c-d) 2.44 -11.16 63.56 -4.92 60.18 59.92 129.88 
a In kcal/mol. Computed at the mPW1K/6-31+G** level of theory. 
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Table S2. Thermochemical parametersa obtained at the CBS-4M level of theory for all 
the stationary points 


Species Eb Hc Gd 


NMe3 -174.152978 -174.152034 -174.186072 
Acrolein -191.624275 -191.623331 -191.654824 


CH2O -114.357188 -114.356244 -114.381687 
Water -76.347115 -76.346171 -76.367594 


a -365.779862 -365.778918 -365.829012 
TS(a-b) -365.762646 -365.761702 -365.805668 


b -365.762607 -365.761662 -365.805351 
TS(b-c) -480.111747 -480.110803 -480.160005 


c -480.117727 -480.116783 -480.164194 
TS(c-d) -480.070885 -480.069941 -480.118078 


d -480.150491 -480.149547 -480.199252 
TS(d-e) -480.147075 -480.146131 -480.196854 


e -480.161589 -480.160645 -480.217171 
a1Wa -442.129788 -442.128844 -442.186785 


TS(a-b)1Wa -442.117494 -442.11655 -442.168964 
b1Wa -442.128645 -442.1277 -442.176111 


TS(b-c)1Wa -556.471427 -556.470483 -556.525037 
c1Wa -556.470716 -556.469772 -556.524683 


TS(c-d)1Wa -556.446462 -556.445517 -556.498406 
d1Wa -556.516065 -556.515121 -556.56972 


TS(d-e)1Wa -556.506892 -556.505948 -556.562646 
e1Wa -556.525809 -556.524865 -556.585838 


TS(b-c)1Wb -556.478373 -556.477429 -556.532831 
c1Wb -556.486762 -556.485818 -556.538317 


TS(c-d)1Wb -556.451732 -556.450787 -556.503442 
d1Wb -556.509281 -556.508337 -556.563788 


TS(d-e)1Wb -556.504833 -556.503889 -556.560482 
e1Wb -556.524726 -556.523782 -556.583539 


TS(c-d)1Wc -556.470163 -556.469219 -556.520171 
d1Wc -556.502636 -556.501692 -556.558733 


TS(d-e)1Wc -556.497532 -556.496588 -556.496588 
e1Wc -556.514072 -556.513128 -556.57871 


TS(b-c)2Wa -632.840227 -632.839283 -632.899911 
c2Wa -632.841173 -632.840229 -632.900998 


TS(c-d)2Wa -632.810244 -632.8093 -632.867832 
d2Wa -632.872249 -632.871305 -632.931247 


aIn atomic unit. bCBS-4M energy. cCBS-4M enthalpy. dCBS-4M free energy. 







 S13


Table S2. (Contd…) 
 


Species Eb Hc Gd 
TS(d-e)2Wa -632.858176 -632.857232 -632.9213 


e2Wa -632.859243 -632.858299 -632.928535 
TS(c-d)2Wb -632.829296 -632.828351 -632.885265 


d2Wb -632.866842 -632.865897 -632.927753 
TS(d-e)2Wb -632.857921 -632.856977 -632.922034 


e1Wb -632.878309 -632.877365 -632.945647 
TS(b-c)2Wc -632.835993 -632.835048 -632.896252 


c2Wc -632.846538 -632.845594 -632.904187 
TS(c-d)2Wc -632.847483 -632.846538 -632.902826 


d2Wc -632.864232 -632.863288 -632.923547 
TS(d-e)2Wc -632.858357 -632.857413 -632.920903 


e2Wc -632.878127 -632.877183 -632.944348 
c2Wd -632.8463 -632.845355 -632.904644 


TS(c-d)2Wd -632.834449 -632.833505 -632.890012 
d2Wd -632.85517 -632.854226 -632.915285 


TS(d-e)2Wd -632.853981 -632.853037 -632.91576 
e2Wd -632.871797 -632.871797 -632.937666 


TS(b-c)1Wb(1) -556.468857 -556.467913 -556.523329 
TS(b-c)2We -632.828211 -632.827266 -632.88997 
TS(b-c)2Wf -632.827652 -632.826707 -632.889623 
TS(b-c)2Wg -632.83562 -632.834675 -632.894524 
TS(b-c)2Wh -632.834513 -632.833569 -632.893554 


TS(c-d)2Wi(1) -632.83715 -632.836206 -632.893784 
TS(c-d)2Wi(2) -632.793966 -632.793022 -632.854731 
TS(c-d)2Wi(3) -632.833926 -632.832982 -632.88931 


aIn atomic unit. bCBS-4M energy. cCBS-4M enthalpy. dCBS-4M free energy. 
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Table S3. Thermochemical parametersa obtained at the mPW1K/6-31+G** level of 
theory for all the stationary points  
 


Species Eb Hc Gd 
NMe3 -174.320546 -174.314276 -174.347737 
Acrolein -191.79059 -191.785287 -191.817071 
CH2O -114.435277 -114.43147 -114.456918 
Water -76.381634 -76.377854 -76.399244 
a -366.114426 -366.101877 -366.153887 
TS(a-b) -366.09514 -366.084861 -366.129222 
b -366.094795 -366.084588 -366.128234 
TS(b-c) -480.522803 -480.510465 -480.560043 
c -480.526816 -480.514591 -480.563486 
TS(c-d) -480.485467 -480.473411 -480.522727 
d -480.564076 -480.5516 -480.600794 
TS(d-e) -480.561915 -480.548943 -480.600638 
e -480.588768 -480.574372 -480.631362 
a1Wa -442.502717 -442.486499 -442.54951 
TS(a-b)1Wa -442.48868 -442.474877 -442.5297 
b1Wa -442.497403 -442.4849 -442.533688 
TS(b-c)1Wa -556.921316 -556.906221 -556.961944 
c1Wa -556.92169 -556.906414 -556.96183 
TS(c-d)1Wa -556.896603 -556.882188 -556.935631 
d1Wa -556.966134 -556.951112 -557.006021 
TS(d-e)1Wa -556.959636 -556.943651 -557.001633 
e1Wa -556.977474 -556.959797 -557.024686 


aIn atomic unit. bSum of electronic and zero-point Energies. cSum of electronic and 
thermal Enthalpies. dSum of electronic and thermal Free Energies.  
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Table S3. (Contd…) 


Species Eb Hc Gd 
TS(b-c)1Wb -556.928431 -556.912924 -556.969866 


c1Wb -556.939652 -556.92505 -556.979364 
TS(c-d)1Wb -556.902681 -556.888244 -556.942154 


d1Wb -556.95979 -556.944244 -557.00086 
TS(d-e)1Wb -556.955846 -556.940049 -556.997238 


e1Wb -556.980472 -556.963077 -557.026515 
TS(c-d)1Wc -556.922144 -556.908624 -556.959423 


d1Wc -556.953863 -556.938207 -556.995256 
TS(d-e)1Wc -556.950826 -556.934705 -556.993583 


e1Wc -556.969288 -556.950679 -557.018417 
TS(b-c)2Wa -633.32719 -633.309183 -633.371754 


c2Wa -633.329817 -633.311776 -633.375293 
TS(c-d)2Wa -633.29881 -633.281391 -633.342624 


d2Wa -633.36099 -633.34273 -633.405509 
TS(d-e)2Wa -633.351676 -633.331723 -633.400315 


e2Wa -633.354476 -633.354476 -633.410513 
TS(c-d)2Wb -633.318601 -633.302067 -633.359782 


d2Wb -633.355735 -633.355735 -633.400402 
TS(d-e)2Wb -633.348489 -633.329096 -633.395072 


e1Wb -633.371213 -633.350693 -633.421775 
TS(b-c)2Wc -633.30849 -633.289721 -633.354449 


c2Wc -633.332721 -633.315562 -633.375957 
TS(c-d)2Wc -633.336411 -633.320117 -633.377077 


d2Wc -633.353021 -633.334866 -633.397056 
TS(d-e)2Wc -633.347251 -633.328295 -633.392836 


e2Wc -633.373891 -633.353743 -633.42448 
c2Wd -633.334351 -633.317091 -633.378041 


TS(c-d)2Wd -633.32339 -633.307444 -633.364688 
d2Wd -633.34682 -633.328487 -633.392846 


TS(d-e)2Wd -633.344333 -633.344333 -633.390903 
e2Wd -633.364886 -633.344315 -633.41586 


aIn atomic unit. bSum of electronic and zero-point Energies. cSum of electronic and 
thermal Enthalpies. dSum of electronic and thermal Free Energies. 
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Table S4. The G(solvation) (in au) with all electrostatic and nonelectrostatic terms computed 
at the IEF-PCM(Solvent)/mPW1K/6-31+G**//mPW1K/6-31+G** level a 
 


Species ETHF EDMSO EWater 
NMe3 -174.447782 -174.44837 -174.449706 


Acrolein -191.85628 -191.856994 -191.859418 
CH2O -114.464214 -114.464696 -114.466333 
Water -76.408489 -76.409518 -76.414859 
TS(a-b) -366.297326 -366.299795 -366.306539 
TS(b-c) -480.777159 -480.783629 -480.800885 
TS(c-d) -480.734354 -480.739715 -480.754181 
TS(d-e) -480.797029 -480.799432 -480.809973 


TS(a-b)1Wa -442.713997 -442.716151 -442.724258 
TS(b-c)1Wa -557.193778 -557.199068 -557.215458 
TS(c-d)1Wa -557.159435 -557.162698 -557.173586 
TS(d-e)1Wa -557.215224 -557.21699 -557.226638 
TS(b-c)1Wb -557.188926 -557.191561 -557.202666 
TS(c-d)1Wb -557.164701 -557.1676 -557.178424 
TS(d-e)1Wb -557.21181 -557.213655 -557.223831 
TS(c-d)1Wc -557.195294 -557.200447 -557.222363 
TS(d-e)1Wc -557.208972 -557.211188 -557.221934 
TS(b-c)2Wa -633.610968 -633.613293 -633.624785 
TS(c-d)2Wa -633.583321 -633.585822 -633.597697 
TS(d-e)2Wa -633.627898 -633.629485 -633.641438 
TS(c-d)2Wb -633.607823 -633.610877 -633.622955 
TS(d-e)2Wb -633.627623 -633.629247 -633.639509 
TS(b-c)2Wc -633.592352 -633.594832 -633.606543 
TS(c-d)2Wc -633.621004 -633.623074 -633.632769 
TS(d-e)2Wc -633.627765 -633.629481 -633.63957 
TS(c-d)2Wd -633.610783 -633.613437 -633.62435 
TS(d-e)2Wd -633.626971 -633.629138 -633.64165 


a These energy terms are represented as E since these are single-point energy calculations 
without the inclusion of entropic contributions of the solute  
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Table S5. Activation Parameters for Various Steps Involved in MBH Reaction Obtained 
at the mPW1K/6-31+G** Level of Theorya 
 
(a) Gibbs Free Energies of Activation  


Species W0 1Wa 1Wb 1Wc 2Wa 2Wb 2Wc 2Wd 


a 6.8 9.1 - b - b - c - c - b - b 


a-b 22.3 
(22.1) 21.6 - b - b - c - c - b - b 


b 22.9 19.0 - b - b - c - c - b - b 


b-c 38.7 
(39.3) 37.0 32.1 32.1 30.4 30.4 41.3 41.3 


c 36.5 37.1 26.1 26.1 28.2 28.2 27.8 26.5 


c-d 62.1 
(62.5) 53.5 49.5 38.6 48.7 37.9 27.1 34.8 


d 13.1 9.4 12.6 16.1 9.2 12.4 14.5 17.2 


d-e 13.2 
(15.9) 12.1 14.9 17.8 12.5 15.8 17.2 18.4 


e -6.0 -2.3 -3.5 1.6 6.1 -1.0 -2.7 2.7 
aRelative free energy (in kcal/mol) with respect to infinitely separated reactants. Values 
in parenthesis are calculated at the mPW1K/6-31+G* levels of theory. bSimilar to the W0 
mode. cSimilar to the 1Wa mode. 
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Table S5. (Contd…) (b) Enthalpy of Activation 


Species W0 1Wa 1Wb 1Wc 2Wa 2Wb 2Wc 2wd 


a -1.4 -5.7 - b - b - c - c - b - b 


a-b 9.2 1.6 - b - b - c - c - b - b 


b 9.4 -4.7 - b - b - c - c - b - b 


b-c 12.9 1.7 -2.5 -2.5 -14.1 -14.1 -1.9 -1.9 


c 10.3 1.5 -10.1 -10.1 -15.7 -15.7 -18.1 -19.0 


c-d 36.2 16.7 12.9 0.16 3.4 -9.6 -20.9 -13.0 


d -12.9 -26.5 -22.2 -18.4 -35.1 -43.3 -30.2 -26.2 


d-e -11.2 -21.8 -19.5 -16.2 -28.2 -26.6 -26.1 -36.1 


e -27.2 -31.9 -34.0 -26.2 -42.5 -40.1 -42.0 -36.1 


Relative enthalpy of activation (in kcal/mol) with respect to infinitely separated reactants. 
bSimilar to the W0 mode. cSimilar to the 1Wa mode. 
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Table S5. (Contd…) (c) Activation Energies  


Species W0 1Wa 1Wb 1Wc 2Wa 2Wb 2Wc 2Wd 


a -2.1 -6.2 - b - b - c - c - b - b 


a-b 10.0 2.6 - b - b - c - c - b - b 


b 10.2 -2.9 - b - b - c - c - b - b 


b-c 14.8 4.2 -0.2 -0.2 -11.0 -11.0 0.7 0.7 


c 12.3 4.0 -7.3 -7.3 -12.6 -12.6 -14.5 -15.5 


c-d 38.2 19.7 15.9 3.7 6.8 -5.6 -16.8 -8.6 


d -11.1 -23.9 -19.9 -16.2 -32.2 -28.9 -27.2 -23.3 


d-e -9.7 -19.8 -17.4 -14.3 -26.3 -24.3 -23.6 -21.7 


e -26.6 -31.0 -32.9 -25.9 -28.1 -38.6 -40.3 -34.6 
a Relative activation energy (in kcal/mol) with respect to infinitely separated reactants 
(ZPE corrected). bSimilar to the W0 mode. cSimilar to the 1Wa mode.  
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Table S6. The Energies of FMOs (in eV) of formaldehyde in water-bound (through 
hydrogen bonding) modes obtained at the mPW1K/6-31+G** level of theory  


Species EHOMO  ELUMO 


Formaldehyde -0.33384 -0.01978 


Fomaldehyde···One Water -0.34741 -0.02911 


Fomaldehyde···Two Water -0.35589 -0.03421 


 
 
 


Table S7. The CBS-4M Activation Parametersa for Alternative Higher Energy Transition 
States Involved in the C-C Bond Formation and Proton Transfer Steps 


Activation Parameters 
(in kcal/mol) Transition 


States 
? H‡ ? G‡ 


TS(b-c)   
1Wb(1) 6.2 41.9 
 2We -7.1 38.0 
2Wf -2.1 42.5 
2Wg -1.7 42.8 
2Wh -6.7 39.7 
2Wh -6.0 40.3 


TS(c-d)   
2Wj(1) -7.7 40.1 
 2Wj(2) 19.4 64.7 
 2Wj(3) -5.7 43.0 


aRelative activation parameters (in kcal/mol) with respect to the infinitely separated 
reactants. (See Figure S12 for more details) 
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Figure S5. The CBS-4M Optimized Geometries of Transition States and Intermediates in 
Mode 1Wa. 
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Figure S6. The CBS-4M Optimized Geometries of Transition States and Intermediates in 
Mode 1Wb. 
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Figure S7. The CBS-4M Optimized Geometries of Transition States and Intermediates in 


Mode 1Wc. 
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Figure S8. The CBS-4M Optimized Geometries of Transition States and Intermediates in 
Mode 2Wa. 
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Figure S9. The CBS-4M Optimized Geometries of Transition States and Intermediates in 
Mode 2Wb. 
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Figure S10. The CBS-4M Optimized Geometries of Transition States and Intermediates 
in Mode 2Wc. 
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Figure S11. The CBS-4M Optimized Geometries of Transition States and Intermediates 
in Mode 2Wd. 
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Figure S12. The CBS-4M Optimized Geometries of Alternative Higher Energy 
Transition States. 
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Section S1: Selected HR-ESI-MS and theoretical isotopic distributions. 
 


 


Fig. S1 Partial high resolution ESMS of [Ru2L3](PF6)4; a) and b) are the 


theoretical and experimental isotopic distributions for {[Ru2L3](PF6)3}1+, 


respectively; c) and d) are the theoretical and experimental isotopic distributions 


for {[Ru2L3](PF6)2}2+, respectively. 


 
Section S2: X-ray analysis. 


 
X-ray structural data for were collected on a Bruker-Nonius APEX2-X8-FR591 


diffractometer employing graphite-monochromated Mo-Kα radiation generated from a 


rotating anode (0.71073 Å) with ?  and ?  scans.[1] Data were collected at 150 K to 


approximately 56° 2θ. Data integration and reduction were undertaken with SAINT and 


XPREP [1] and subsequent computations were carried out using the WinGX-32 graphical 


user interface.[2] The structures were solved by direct methods using SIR97.[3] Multi-scan 
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empirical absorption corrections were applied to the data set using the program 


SADABS.[4] Data were refined and extended with SHELXL-97.[5] All non-hydrogen 


atoms with occupancies greater than 0.25, were refined anisotropically. Carbon-bound 


hydrogen atoms were included in idealised positions and refined using a riding model, 


oxygen-bound hydrogen atoms could not be located in the Fourier difference map and 


were not included in the model. The crystals employed in the study were unstable (rapid 


solvent loss) and rapid mounting (<1 min) at 200 K prior to quenching in the cryostream 


was required to enable data collection. Three of the PF6
- anions are disordered. Two of 


them (the P(1) and P(6) containing anions) were modelled over two overlapping positions 


employing a rigid body refinement. One of the fluorine atoms of the P(3) containing 


anion were modelled as disordered over two positions. Present within the lattice are four 


acetonitrile solvent molecules and four water molecules. Only one of the acetonitrile 


molecules is full occupancy (that containing N(1A)). The water molecules are also less 


than full occupancy. The final model contains 1.125H2O and 2.25MeCN molecules per 


unit cell. A number of restraints and constraints were required in order to facilitate 


realistic modelling of the solvent molecules and anions. Perhaps reflecting both the 


crystal instability and disorder in the lattice, the diffraction properties of the crystal were 


less than ideal and despite long exposure times and a high power X-ray source good 


quality data could only be obtained to ~50 º 2?.  


 


Formula C70.50H63F24N14.25O1.125P4Ru2, M 1909.87, trigonal, space group 


P63(#173), a 13.6600(7), b 13.660, c 57.016(3) Å, γ 120.00º, V 9213.6(7) Å3, Dc 1.377 g 


cm-3, Z 4, crystal size  0.20 by 0.18 by 0.02 mm, color orange, habit plate, temperature 


150(2) Kelvin, λ(MoKα) 0.71073 Å, µ(MoKα) 0.492 mm-1, T(SADABS)min,max 


0.863, 0.990, 2θmax  56.48, hkl range -14 14, -17 17, -75 75, N 47169, Nind 


14750(Rmerge 0.0322), Nobs 12114(I > 2σ(I)), Nvar 799, residuals* R1(F) 0.0984, 


wR2(F2) 0.2675, GoF(all) 1.116, ∆ρmin,max -3.936, 3.324 e- Å-3.  
 
*R1 = Σ||Fo| - |Fc||/Σ|Fo| for Fo > 2σ(Fo); wR2 = (Σw(Fo


2 - Fc
2)2/Σ(wFc


2)2)1/2 all 
reflections 


 w=1/[σ2(Fo
2)+(0.1201P)2+63.1133P] where P=(Fo


2+2Fc
2)/3 







 
 
 
Section S3: Cyclic Voltammetry. 
 


Fig. S2 Cyclic voltammogram of [Ru2L3](PF6)4 with two redox couples belonging 


to Ru2+ / Ru3+ (1.427 V) and Fc / Fc+ (0.400 V). 


 


 


Section S4: DNA binding affinity chromatography:  


A 20 mM sodium phosphate/0.15 M sodium chloride/pH 7.5 buffer solution was 


used as eluent for all chromatographic separations. The DNA sequences employed 


included, an immobilised AT duplex DNA 12-mer, tridecanucleotide possessing an 


unpaired adenine base (or “bulge”) d(CCGAGAATTCCGG)2, an icosamer featuring a 6-


base CT hairpin loop, d(CACTGGTCTCTCTACCAGTG), and GC duplex DNA 12-


mers. Enantiomeric purity of the separated M and P [Ru2L3]4+ resulting from the various 


chromatography experiments were assessed by CD spectroscopy. See Smith et al.21 for 


general chromatography details. 


 


Section S5: Dialysis experimental method: 


 A 300 uM ct-DNA solution was made up in Tris buffer and placed on the inside 


of a 1 ml cellulose ester membrane Spectra/Por® DispoDialyzer®. This ct-DNA loaded 







dialysis tube was then submerged in a 20 uM racemic mixture of [Ru2L3]Cl4 made up in 


Tris buffer. The dialysis was left for 18 h and the complex solution was inspected using 


CD spectroscopy to determine if enrichment of an enantiomer was evident. The M-


helicate was observed to be enriched (Fig. S4), thus indicating that the P helicate is 


preferentially bound to the ct-DNA. 
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C
D


18 h M-helicate enrichment
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Fig. S4 CD of the [Ru2L3]Cl4 solution after 18 h of dialysis indicating an 


enrichment in the M-helicate. 


 


Section S6: Spectrophotometric binding study:  


 UV/visible spectrophotometric measurements were made on a Cary 50 Bio 


UV/visible spectrophotometer. The P and M helicates were anion exchanged using 


Amberlite resin IRA-400 (Cl) to the [Ru2L3]Cl4 to facilitate water solubility. All 


solutions were made up in Tris buffer (5 mM Tris-HCl, 50 mM NaCl, 7.2 pH). Calf 


thymus DNA (ct-DNA) was purchased from Sigma Aldrich. The concentrations of ct-


DNA solutions were determined spectrophotometrically using the molar extinction 


coefficient e260 = 6600 M-1 cm-1 (all ct-DNA concentrations with respect to base pairs). 


Titrations were conducted by keeping the metal complex concentration constant at 10 uM 


and sequentially titrating in a solution with 10 uM complex (P or M helicate) : 600 uM 


ct-DNA. The first spectrum was collected on the ct-DNA free 10 uM complex solution 


followed by the addition of successive 50ul aliquots of the complex/ct-DNA solution 


until an approximate 20 : 1 ratio of DNA to complex was reached. Fig. S3 is 


representative of P - [Ru2L3]Cl4 and M - [Ru2L3]Cl4 with ct-DNA. 







In the presence of ct-DNA, hypochromicity was observed for both the P and M 


helicates in both the p-p* and MLCT bands (Fig. S3). An apparent binding constant (Kb) 


value of 2.0 x 105 M-1 for P-[Ru2L3]Cl4 was determined from this titration data (see inset, 


Fig. S3). The same spectrophotometric titration conducted with M-[Ru2L3]4+ consistently 


gave Kb values in the range 4.0 x 105 to 2.6 x 106 M-1 in apparent conflict with the 


chromatography data. Note that the e value for the Cl- salt in Tris buffer was 16000 M-


1cm-1 which is significantly less than that recorded for the PF6
- salt in acetonitrile, 


however the general form of the absorption spectrum remains the same. 
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 Fig. S3 Spectrophometric titration data from titrations of P-[Ru2L3]Cl4 (top) and 


M-[Ru2L3]Cl4 (below) with ct-DNA at 293 K. 
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EXPERIMENTAL SECTION 


General remarks: All air- or sensitive operations were performed using standard Schlenk-


techniques under a purified argon atmosphere. The deionised water was deoxygenated prior to 


use. Toluene was purified over alumina column and degassed. 9,9-Dimethyl-2,7-bissulfonato-


4,5-bis(diphenylphosphino)xanthene sodium salt was prepared according to a literature 


procedure.1 All other reagents were purchased and used as received. The synthesis gas [CO 


(99.999%)/H2 (99.999%), 1:1] was purchased from Linde AG. NMR spectra were recorded at 


room temperature in MeOD using Bruker Avance 600 NMR and referenced against 


tetramethylsilane. 1H NMR spectra of compounds 3t, 4, 5 and 6 were analysed by PERCH 


software with spin simulation/iteration techniques.2 HRMS were recorded using Bruker Micro 


Q-TOF with ESI (electro spray ionisation) operated in positive mode. The ICP-OES 


measurements were performed with a SPECTRO CIROSCCD spectrometer equipped with a 


free running 27.12 MHz generator at a power of 1400 W. The sample introduction was 


performed by a cross-flow nebulizer with a double pass Scott type spray chamber and a 


sample uptake rate of 2 mL/min. The outer gas flow was 12 L/min, the intermediate gas flow 


was 1 L/min and the nebulizer gas flow was 1.00 mL/min. 


 


Allylation of unprotected monosaccharides – gram-scale synthesis (details given apply 


for the allylation of D-mannose): 5 g (27.8 mmol) of D-mannose was dissolved in 600 mL 


of EtOH:H2O (10:1) at room temperature. 6.7 g (55.5 mmol, 2 eq.) of tin powder and 7.2 mL 


(83.4 mmol, 3 eq.) of allyl bromide were added. The reaction mixture was stirred under Ar 


atmosphere at room temperature for 20 min after which the temperature was gradually raised 


to 60 ºC. A greyish suspension was obtained after stirring for ~2 h. The colour of the reaction 


mixture turned gradually to yellow as the stirring was continued for 24 h. The conversion of 


the starting material was followed by TLC (MeOH/acetone, 1:1). After cooling to room 


temperature, the reaction mixture was neutralized by adding 18 mL of 5 M NaOH. 300 mL of 


dichloromethane and 300 mL of water were added, and the phases were separated. The 


aqueous phase was washed with dichloromethane (2 x 150 mL). The combined organic layers 


were washed with water (2 x 200 mL). The combined aqueous layers were filtered through 
                                                
1 W. P. Mul, K. Ramkisoensing, P. C. J. Kamer, J. N. H. Reek, A. J. van der Linden, A . Marson, P. W. N. M. 


van Leeuwen, Adv. Synth. Catal. 2002, 344, 293-298. 
2 R. Laatikainen, M. Niemitz, U. Weber, J. Sundelin, T. Hassinen, J. Vepsäläinen, J. Magn. Reson. Ser. A 1996,  


120, 1-10. 
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celite. The colourless filtrate was concentrated under reduced pressure to obtain the crude 


product as a white solid. 


 1H NMR analysis of the crude product: conversion 100 %, diastereomeric ratio 3:1 


(threo:erythro).  


The crude product was dissolved in 350 mL of EtOH (60 ºC). Upon cooling, the major 


diastereomer 3t precipitated as a white crystalline solid. Typically, 2.8 g (45 %) of pure 


diastereomer was obtained. 


 


 


Analytical data (the atoms are numbered as in the original carbohydrate structure) 


 
OH


OHOH


OH


OH
3t


1
2


345
HO


6


 
 


Compound 3t: White solid. Mp 186-188 ºC, Rf = 0.62 (MeOH/acetone = 1:1), [a]20
D +22.8 (c 


1.0, H2O)  1H NMR (600 MHz, MeOD,  25 ºC): d 5.90 (dddd,  1 H, JCH,CH2b = 6.5 Hz, JCH,CH2a 


= 7.5 Hz, JCH,CH2-cis = 10.2 Hz, JCH,CH2-trans = 17.2 Hz, olefinic CH), 5.14 (dddd, 1 H, JCH-


trans,CH2b = -1.4 Hz, JCH-trans,CH2a = -1.5 Hz, JCH-trans,CH-cis = -2.2 Hz, JCH-trans,CH = 17.2 Hz, 


olefinic CH2-trans), 5.07 (dddd, 1 H,  JCH-cis,CH2b = -0.9 Hz, JCH-cis,CH2a = -0.9 Hz, JCH-trans,CH-cis = 


-2.2 Hz, JCH-cis,CH = 10.2 Hz, olefinic CH2-cis), 3.95 (ddd, 1 H, J1,2 = 1.6 Hz, J1,CH2a = 6.2 Hz, 


J1,CH2b = 7.8 Hz, H-1), 3.91 (dd, 1 H, J3,4 = 1.1 Hz, J2,3 = 9.2 Hz, H-3), 3.84 (dd, 1 H, J5,6a = 


3.5 Hz, J6a,6b = -11.5 Hz, H-6a), 3.81 (dd, 1 H, J3,4 = 1.1 Hz, J4,5 = 8.5 Hz, H-4), 3.73 (ddd, 1 


H, J5,6a = 3.5 Hz, J5,6b = 6.1 Hz, J6a,6b = -11.5 Hz, H-5), 3.66 (dd, 1 H, J5,6a = 6.1 Hz, J6a,6b = -


11.5 Hz, H-6b), 3.56 (dd, 1 H, J1,2 = 1.6 Hz,  J2,3 = 9.2 Hz, H-2), 2.39 (dddd, 1 H, JCH2a, CH-cis 


= -0.9 Hz, JCH2a, CH-trans = -1.5 Hz,  JCH2a,CH  = 7.5 Hz,  JCH2a,CH2b = -14.1 Hz,  CH2a), 2.35 


(dddd, 1 H, JCH2b, CH-cis = -0.9 Hz, JCH2b, CH-trans = -1.4 Hz, JCH2b,CH  = 6.5 Hz,  JCH2a,CH2b = -14.1 


Hz,  CH2b).  
13C NMR (150 MHz, MeOD, 25 ºC): d 136.6 (olefinic CH), 117.5 (olefinic CH2), 72.9 (C-5), 


72.5 (C-2), 71.1 (C-4), 71.0 (C-1), 70.2 (C-3), 65.0 (C-6), 39.3 (CH2). 


HRMS: m/z: calcd. for  C9H18O6Na  [M+Na]+: 245.0996; found: 245.0984. 







 4


Compound 4: White solid. Rf = 0.74 (MeOH/acetone = 1:1). HRMS: m/z: calcd. for  


C9H18O5Na  [M+Na]+: 229.1046; found: 229.1051. 
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4t: 1H NMR (600 MHz, MeOD,  25 ºC): d 5.90 (dddd,  1 H, JCH,CH2b = 6.5 Hz, JCH,CH2a = 7.5 


Hz, JCH,CH2-cis = 10.2 Hz, JCH,CH2-trans = 17.2 Hz, olefinic CH), 5.11 (dddd, 1 H, JCH-trans,CH2b = -


1.5 Hz, JCH-trans,CH2a = -1.5 Hz, JCH-trans,CH-cis = -2.2 Hz, JCH-trans,CH = 17.2 Hz, olefinic CH2-trans), 


5.04 (dddd, 1 H,  JCH-cis,CH2b = -1.0 Hz, JCH-cis,CH2a = -1.1 Hz, JCH-trans,CH-cis = -2.2 Hz, JCH-cis,CH 


= 10.2 Hz, olefinic CH2-cis), 3.92 (ddd, 1 H, J1,2 = 1.6 Hz, J1,CH2a = 6.3 Hz, J1,CH2b = 7.7 Hz, H-


1), 3.91 (dd, 1 H, J3,4 = 1.3 Hz, J2,3 = 8.9 Hz, H-3), 3.81 (dq, 1 H, J5,CH3 = 6.3 Hz, J4,5 = 7.7 


Hz, H-5), 3.54 (dd, 1 H, J3,4 = 1.3 Hz, J4,5 = 7.7 Hz, H-4), 3.52 (dd, 1 H, J1,2 = 1.6 Hz,  J2,3 = 


8.9 Hz, H-2), 2.37 (dddd, 1 H, JCH2a, CH-cis = -1.1 Hz, JCH2a, CH-trans = -1.5 Hz,  JCH2a,CH  = 7.5 


Hz,  JCH2a,CH2b = -14.0 Hz,  CH2a), 2.34 (dddd, 1 H, JCH2b, CH-cis = -1.0 Hz, JCH2b, CH-trans = -1.5 


Hz, JCH2b,CH  = 6.5 Hz,  JCH2a,CH2b = -14.0 Hz,  CH2b), 1.27 (d, 3 H, J5,CH3 = 6.3 Hz, CH3). 
13C NMR (150 MHz, MeOD, 25 ºC): d 137.0 (olefinic CH), 117.1 (olefinic CH2), 75.1 (C-4), 


73.0 (C-2), 71.2 (C-1), 70.5 (C-3), 69.2 (C-5), 39.6 (CH2), 20.6 (CH3). 
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4e: 1H NMR (600 MHz, MeOD,  25 ºC): d 5.95 (dddd,  1 H, JCH,CH2a = 6.9 Hz, JCH,CH2b = 7.2 


Hz, JCH,CH2-cis = 10.3 Hz, JCH,CH2-trans = 17.1 Hz, olefinic CH), 5.11 (dddd, 1 H, JCH-trans,CH2a = -


1.3 Hz, JCH-trans,CH2b = -1.3 Hz, JCH-trans,CH-cis = -2.3 Hz, JCH-trans,CH = 17.1 Hz, olefinic CH2-trans), 


5.05 (dddd, 1 H,  JCH-cis,CH2b = -1.2 Hz, JCH-cis,CH2a = -1.9 Hz, JCH-trans,CH-cis = -2.3 Hz, JCH-cis,CH 


= 10.3 Hz, olefinic CH2-cis), 3.90 (dd, 1 H, J3,4 = 1.3 Hz, J2,3 = 7.7 Hz, H-3), 3.81 (dq, 1 H, 


J5,CH3 = 6.2 Hz, J4,5 = 7.7 Hz, H-5),  3.78 (ddd, 1 H, J1,CH2a = 3.3 Hz, J1,CH2b = 6.2 Hz, J1,2 = 


6.2 Hz, H-1), 3.61 (dd, 1 H, J1,2 = 6.2 Hz,  J2,3 = 7.7 Hz, H-2), 3.54 (dd, 1 H, J3,4 = 1.3 Hz, J4,5 


= 7.7 Hz, H-4), 2.48 (dddd, 1 H, JCH2a, CH-trans = -1.3 Hz, JCH2a, CH-cis = -1.9 Hz, JCH2a,CH  = 6.9 
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Hz,  JCH2a,CH2b = -15.2 Hz,  CH2a), 2.25 (dddd, 1 H, JCH2b, CH-cis = -1.2 Hz, JCH2b, CH-trans = -1.3 


Hz, JCH2b,CH  = 7.2 Hz,  JCH2a,CH2b = -15.2 Hz,  CH2b), 1.26 (d, 3 H, J5,CH3 = 6.2 Hz, CH3). 
13C NMR (150 MHz, MeOD, 25 ºC): d 137.0 (olefinic CH), 117.1 (olefinic CH2), 75.1 (C-4), 


75.0 (C-2), 74.1 (C-1), 72.2 (C-3), 68.8 (C-5), 37.9 (CH2), 20.6 (CH3). 
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OH  
 


Compound 5: White solid, Rf = 0.22 (EtOAc/MeOH= 9:1).  1H NMR (600 MHz, MeOD,  25 


ºC): d 5.43 (br s, 1 H, anom. H), 4.45 (br s, 1 H, H-1), 4.10 (dd (appears as d), 1 H, J2,3 = 9.4 


Hz, H-2), 3.81 (dd, 1 H, J6a,5 = 3.7 Hz, J6a,6b = -11.3 Hz, H-6a), 3.73 (dd, 1 H, J3,4 = 1.1 Hz, 


J4,5 = 8.6 Hz, H-4), 3.67 (ddd, 1 H, J6a,5 = 3.7 Hz, J6b,5 = 6.2 Hz, J4,5 = 8.6 Hz, H-5), 3.62 (dd, 


1 H, J6b,5 = 6.2 Hz, J6a,6b = -11.3 Hz, H-6b), 3.56 (dd, 1 H,  J3,4 = 1.1 Hz, J2,3 = 9.4 Hz, H-3), 


1.95-1.87 (m, 2 H, ring-H), 1.66-1.54 (m, 4 H, ring H). 
13C NMR (150 MHz, MeOD, 25 ºC): d 103.9 (C-anom.), 79.0 (C-2) 76.9 (C-1), 72.8 (C-5), 


71.2 (C-3), 70.9 (C-4), 65.3 (C-6), 32.2 (C-ring), 29.6 (C-ring), 17.1 (C-ring). 


HRMS: m/z: calcd. for  C10H20O7Na  [M+Na]: 275.1101; found: 275.1096. 
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Compound 6: White solid, Rf = 0.54 (EtOAc/MeOH= 9:1).  1H NMR (600 MHz, MeOD,  25 


ºC): d 5.43 (br s, 1 H, anom. H), 4.45 (br s, 1 H, H-1), 4.08 (dd (appears as d), 1 H,  J2,3 = 9.4 


Hz, H-2), 3.77 (dq, 1 H, J5,CH3 = 6.3 Hz, J4,5 = 8.1 Hz, H-5), 3.58 (dd, 1 H, J3,4 = 1.2 Hz, J2,3 = 


9.4 Hz, H-3), 3.47 (dd, 1 H, J3,4 = 1.2 Hz, J4,5 = 8.1 Hz, H-4), 1.95-1.87 (m, 2 H, ring H), 


1.66-1.53 (m, 4 H, ring H), 1.26 (d, 3 H, J5,CH3 = 6.3 Hz, CH3). 


 13C NMR (150 MHz, MeOD, 25 ºC): d 103.8 (C-anom), 79.2 (C-2), 76.8 (C-1), 74.6 (C-4), 


70.9 (C-3), 68.2 (C-5), 32.1 (C-ring) 29.6 (C-ring), 20.6 (CH3), 17.0 (C-ring). 


HRMS: m/z: calcd. for  C10H20O6Na  [M+Na]+: 259.1152; found: 259.1139. 
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Estimation of the VB and CB edges of H2WO4·H2O 


 
Electronegativity is an intrinsic property, which measures the degree of difficulty 


for an electron to escape from atomic species. On the basis of density functional 
theory, Parr and coworkers [1] defined the electronegativity of a neutral atom as the 
negative of the chemical potential in the ground state:  


.)( vN
E


∂
∂


−=−= µχ            (1)  


where E and N are the ground-state electronic energy and the number of electrons, 
respectively. In terms of energy differences, Eq. 1 can be rewritten as  


.
22


)1()()()1(
)(


AINENENENE
N
E


v
+


≈
−−+−+


=
∂
∂


−=χ   (2) 


where I and A represent the ionization potential (IP) and the electron affinity (EA) of 
the atom, respectively. Thus, Eq. 1 is equivalent to the Mulliken’s definition of 
electronegativity.[2]  


When the atoms are brought together to form a compound, charges will 
redistribute until the electrochemical potentials of the compound reach the 
equilibrium. On the basis of bond length arguments, Sanderson postulated that the 
electronegativity of a compound χcomp is given by the geometric mean of the 
electronegativities of the constituent atoms,[3] that is,  


1 2 1−
= L


n n


r s p qN
comp .χ χ χ χ χ            (3) 


where nχ , n and N are the electronegativity of the constituent atom, the number of 


species and the total number of atoms in the compound, respectively. The superscripts 
r, s, p and q refer to the numbers of the atoms 1, 2, n-1 and n, respectively in the 
molecule, so that r + s+ … + p + q = N.  


The CB edge of a semiconductor at the point of zero charge ( 0
CBE ) is empirically 


expressed as [4-6] 
0 1


2.303 ( ) / .
2


e
CB comp ZPC gE RT pH pH F E Eχ= − ⋅ − − −     (4) 


where R is the gas constant, T is temperature, and F is the Faraday constant. Eg and Ee 
are the band gap of the semiconductor and the energy of free electrons on the 
hydrogen scale (i.e., Ee = ~4.5 eV). Under the reasonable assumption that the 
solution’s pH value at the zero point of charge, pHZPC, is very close to the solution’s 
pH value, pH, we obtain  


0 1
.


2
e


CB CB comp gE E E Eχ≈ ≈ − −          (5) 


From its UV/Vis diffuse reflectance spectrum the band gap of H2WO4·H2O is 
estimated to be 2.92 eV. Thus, from Eq. 5, the CB edge of H2WO4·H2O is estimated 
to be -0.394 eV with respect to the normal hydrogen electrode (NHE), and -4.106 eV 
with respect to the absolute vacuum scale (AVS). Consequently, on the basis of its 







band gap (2.92 eV), the VB edge of H2WO4·H2O is determined as 2.506 eV with 
respect to the NHE, and as -7.026 with respect to the AVS.  


According to Morimoto et al.,[7] the CB and VB edges of AgCl are -3.3 eV and -6.6 
eV, respectively. The VB and CB edges of AgCl and H2WO4·H2O are compared in 
Figure 1, which shows that the VB and CB edges of H2WO4·H2O lie lower than those 
of AgCl, respectively, and that H2WO4·H2O has a smaller band gap than does AgCl.  


 


Figure 1. Comparison of the VB and CB edges of H2WO4
.H2O and AgCl. 
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General  


All reactions were carried out under dry argon atmosphere in flame-dried glassware. 


Reagents were of analytical grade, obtained from commercial suppliers and used 


without further purification. Compounds 1c,1 1d,1 2a,2 2b,3 2d,4 were prepared as 


previously described in the literature. Anhydrous THF was distilled from 


sodium/benzophenone. Anhydrous toluene was obtained using VAC solvent purifier 


system. Flash chromatography was carried out on 60 Å (35-70 µm) silica gel. 1H and 
13C NMR spectra were recorded at 400 MHz and at 100 MHz, respectively, on Varian 


or Bruker Avance spectrometers. Chemical shifts (δ) are reported in ppm, using the 


residual solvent peak in CDCl3 (δH 7.26 and δC 77.00) or in [D8]toluene (δH 2.09 and 


δC 20.40) as internal standards, and coupling constants (J) are given in Hz. Quint 


stands for quintuplet. High resolution mass spectra (HRMS) were recorded on Bruker 


microTOF ESI-TOF mass spectrometer.  


 


Preparation of [1-D]-1-phenylprop-2-en-1-ol ([D1]2a):  


 


OHD


[D1]2a


OO


Cl
NaBD4AcOK


 


2a-d1 was prepared in two steps from 3-chloro-1-phenyl-1-propanone:  


(a) Synthesis of  1-phenylprop-2-en-1-one:5  A mixture of 3-chloro-1-phenyl-1-


propanone (1 g, 5.9 mmol) and AcOK (641 mg, 6.5 mmol) in EtOH (50 mL) was 


stirred under reflux for 2.5h. After cooling to room temperature, the solvent was 


evaporated. The residue was dissolved in AcOEt (50 mL) and washed with H2O (3 x 


50 mL). Organic phase was dried over MgSO4, filtered and evaporated. After 


purification by chromatography (pentane:AcOEt / 20:1), 1-phenylprop-2-en-1-one 


was obtained as colorless oil (500 mg, 64%). 1H NMR (400 MHz, CDCl3): δ = 7.97-


7.93 (m, 2H), 7.58 (tt, 1H, J = 7.5, 2.0 Hz), 7.51-7.45 (m, 2H), 7.16 (dd, 1H,  J = 10.6, 


17.3 Hz), 6.44 (dd, 1H,  J = 17.3, 1.7 Hz), 5.94 (dd, 1H, J = 10.6, 1.7 Hz). 







 4


(b) Synthesis of [1-D]-1-phenylprop-2-en-1-ol (D1-2a):6 NaBD4 (158 mg, 3.78 mmol) 


was added to a mixture of 1-phenylprop-2-en-1-one (500 mg, 3.78 mmol) and 


CeCl3⋅7H2O (1.83g, 4.9 mmol) in MeOH (20 mL) over a period of 30 min. After 2 h, 


the solvent was evaporated. The residue was dissolved in Et2O and washed with H2O. 


The organic phase was dried over MgSO4, filtered and evaporated to yield [D1]2a as a 


colorless oil (428 mg, 3.16 mmol, 84%). 1H NMR (400 MHz, CDCl3): δ  = 7.40-7.25 


(m, 5H), 6.06 (dd, 1H, J = 17.1 Hz, 10.4 Hz), 5.36 (dd, 1H, J = 17.1, 1.2 Hz), 5.21 


(dd, , 1H, J = 10.4, 1.2 Hz), 4.93 (br t, , 1H , J = 10.2 Hz); HRMS-ESI: m/z 158.0691 


([M+Na]+, C9H9DNaO calcd. 158.0687). 


General procedure for the cross-coupling reactions 


KOt-Bu (56 µL; 0.5M in THF, 7 mol%) was added to a mixture of complex 1d (13 


mg, 0.020 mmol, 5 mol%) and Na2CO3 (42 mg, 0.4 mmol) in degassed toluene (1 


mL) under a nitrogen atmosphere. The mixture was stirred for 3 min before a solution 


of the allylic alcohol alcohol (2, 0.4 mmol) and aldehyde 4 (0.6 mmol) in degassed 


toluene (1 mL) was added via syringe. The mixture was then heated at the appropriate 


temperature (see Table 1 of manuscript). Aliquots were taken and analyzed by 1H 


NMR spectroscopy. When the analysis showed that no allylic alcohol (2) was left,7 


the products were isolated by column chromatography (pentane:AcOEt / 


100:1? 10:1), usually as an inseparable mixture of syn and anti diastereomers. If 


necessary, further purification was performed by preparative HPLC (RI detector, M2-


Preparativ column, 250 x 20 mm, 100 SIL, 5µm).  


 


3-(4-Chlorophenyl)-3-hydroxy-2-methyl-1-phenyl-1-propanone (5) 


syn-5:anti-5 = 1:0.24; (85 mg, 88%), colorless oil. 


1H NMR (400 MHz, CDCl3): δ = 7.97-7.85 (m,  2H syn + 2H anti), 7.65-7.55 (m, 1H 


syn + 1H anti), 7.45-7.54 (m,  2H syn + 2H anti), 7.4-7.27 (m, 4H syn + 4H anti), 5.20 


(syn)  (d, 1H, J = 3.3 Hz), 4.96 (anti) (d, 1H, J = 7.5 Hz), 3.78 (anti) (quint, 1H, J = 


7.6 Hz), 3.73 (syn) (br s, 1H), 3.65 (syn) (dq, 1H, J = 3.3, 7.3 Hz), 3.22 (anti) (br s, 


1H), 1.17 (syn) (d, 3H, J = 7.3 Hz), 1.07 (anti) (d, 1H, J = 7.6 Hz);  13C NMR (100 


MHz, CDCl3, syn + anti): δ = 205.4, 204.6, 140.7, 140.3, 136.5, 135.4, 133.6, 133.5, 


133.4, 132.9, 128.8, 128.6, 128.5, 128.4, 128.36, 128.3, 128.0, 127.4, 75.9, 72.5, 47.8, 
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46.8, 15.6, 11.1; HRMS-ESI: m/z 297.0645 ([M+Na]+, C16H15ClNaO2 calcd. 


297.0653). 


The NMR spectra were identical to previously reported for this compound.8 


 


3-(4-Chlorophenyl)-3-hydroxy-2-(D1-methyl)-1-phenyl-1-propanone ([D1]5) 


syn-[D1]5:anti-[D1]5 = 1:0.68; (72 mg, 65%), colorless oil. 


1H NMR (400 MHz, CDCl3): δ = 7.99-7.90 (m,  2H syn + 2H anti), 7.65-7.54 (m, 1H 


syn + 1H anti), 7.54-7.42 (m,  2H syn + 2H anti), 7.38-7.30 (m,  4H syn + 4H anti), 


5.22 (syn) (dd, 1H, J =2.0, 2.8 Hz), 4.97 (anti) (dd, 1H, J = 4.9, 7.6 Hz), 3.77 (anti) 


(m, 1H), 3.76 (syn) (d, 1H, J = 2.0 Hz), 3.64 (syn) (m, 1H), 3.22 (anti) (d, 1H, J = 4.9 


Hz), 1.16 (syn) (dt, 2H, J = 1.8, 7.1 Hz), 1.07 (anti) (dt, 2H, J =1.8, 7.6 Hz); 13C NMR 


(100 MHz, CDCl3, syn + anti): δ = 205.6, 204.7, 140.7, 140.3, 136.5, 135.5, 133.7, 


133.6, 133.5, 133.0, 128.8, 128.7, 128.6, 128.5, 128.41, 128.39, 128.0, 127.4, 76.0, 


72.4, 47.8, 46.8, 15.4 (t, J(13C-2H) = 20.2 Hz), 10.8 (t, J(13C-2H) = 20.1 Hz); HRMS-


ESI: m/z 298.0704 ([M+Na]+, C16H14ClDNaO2 calcd. 298.0716). 


 


1,3-Diphenyl-2-methyl-3-hydroxy-1-propanone (6) 


syn-6:anti-6 = 1:0.36; (92 mg, 84%), colorless oil. 


1H NMR (400 MHz, CDCl3): δ = 8.05-7.90 (m,  2H syn + 2H anti), 7.55-7.65 (m,  1H 


syn + 1H anti), 7.55-7.20 (m, 6H syn + 6H anti), 5.24 (syn) (d, 1H, J = 3.2 Hz), 5.00 


(anti) (dd, 1H, J = 4.3, 7.9 Hz), 3.84 (anti) (quint, 1H, J = 7.9 Hz),  3.71 (syn) (dq, 


1H, J = 3.2, 7.3 Hz), 3.67 (syn) (d, 1H, J = 1.9 Hz), 3.00 (anti) (d, 1H, J = 4.3 Hz), 1.2 


(syn) (d, 3H, J = 7.3 Hz), 1.07 (anti) (d, 3H, J = 7.9 Hz); 13C NMR (100 MHz, CDCl3, 


syn + anti): δ = 205.8, 204.9, 142.2, 141.2, 136.8, 135.7, 135.6, 133.3, 128.8, 128.7, 


128.5, 128.4, 128.3, 128.0, 127.9, 126.7, 126.1, 76.8, 73.1, 50.0, 47.07, 15.7, 11.2; 


HRMS-ESI: m/z 263.1054 ([M+Na]+, C16H16NaO2 calcd. 263.1043). 


The NMR spectra were identical to previously reported for this compound.9 


 


3-(4-Chlorophenyl)-3-hydroxy-2-methyl-1-(4-metoxyphenyl)-1-propanone (7) 


syn-7:anti-7 = 1:0.31; [96 mg, <79% (it contains traces of alcohol 2b)], colorless oil. 
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1H NMR (400 MHz, CDCl3): δ = 7.96-7.90 (m, 2H syn + 2H anti), 7.38-7.29 (m, 4H 


syn + 4H anti), 6.98-6.89 (m, 2H syn + 2H anti), 5.20 (syn) (dd, 1H, J = 1.9, 2.7 Hz), 


4.94 (anti) (dd, 1H, J = 5.3, 7.5 Hz), 3.99 (syn) (d, 1H, J = 1.9 Hz), 3.88 (syn) (s, 3H), 


3.87 (anti) (s, 1H), 3.73 (anti)  (quint, 1H, J = 7.4 Hz), 3.58 (syn) (dq, 1H, J = 2.7, 7.2 


Hz), 3.33 (anti) (d, 1H, J = 5.3 Hz), 1.14 (syn) (d, 3H, J = 7.3 Hz), 1.07 (anti) (d, 3H, 


J = 7.5 Hz); 13C NMR (100 MHz, CDCl3, syn + anti): δ = 204.3, 203.2, 164.1, 163.0, 


141.0, 140.4, 133.4, 132.9, 130.9, 130.8, 129.4, 128.6, 128.4, 128.3, 128.0, 127.5, 


114.0, 113.9, 77.2, 76.1, 72.5, 55.6, 47.3, 46.3, 16.0, 11.2; HRMS-ESI: m/z 327.0754 


([M+Na]+, C17H17ClNaO3 calcd. 327.0758). 


 


3-(4-Fluorophenyl)-3-hydroxy-2-methyl-1-phenyl-1-propanone (8) 


syn-8; (81 mg, 78% syn-8) yellowish oil (anti-8 was not isolated). 


1H NMR (400 MHz, CDCl3): δ 7.93 (m, 2H), 7.59 (tt, J = 17.6, 1.2 Hz, 1H), 7.47 (m, 


2H), 7.37 (m, 2H), 7.03 (m, 2H), 5.21 (d, 1H, J = 3.3 Hz), 3.72 (br s, 1H), 3.66 (dq, 


1H, J = 7.3, 3.3 Hz), 1.19 (d, 3H, J = 7.3 Hz); 13C NMR (100 MHz, CDCl3; DEPT): δ 


205.5 (C), 162.0 (d, 1J(13C-19F) = 239.2 Hz; C), 137.6 (d, 4J(13C-19F) = 3.3 Hz; C), 


135.6 (C), 133.6 (CH), 128.8 (CH), 128.4 (CH), 127.6 (d, 3J(13C-19F) = 7.8 Hz; CH), 


115.0 (d, 2J(13C-19F) = 20.8; CH), 72.6 (CH), 47.1 (CH), 11.3 (CH3); HRMS-ESI: m/z 


281.0952 ([M+Na]+, C16H15FNaO2 calcd. 281.0948). 


The NMR spectra were identical to previously reported for this compound.10 


 


3-Hydroxy-3-(4-methoxyphenyl)-2-methyl-1-phenyl-1-propanone (9)
 


syn-9:anti-9 isolated as a 1:1 mixture (100 mg, 93%), colorless oil. 


1H NMR (400 MHz, CDCl3): δ = 8.00-7.91 (m, 2H syn + 2H anti), 7.61-7.26 (m, 1H 


syn + 1H anti), 7.51-7.44 (m, 2H syn + 2H anti), 7.37-7.30 (m, 2H syn + 2H anti), 


6.92-6.87 (m, 2H syn + 2H anti), 5.19 (syn) (dd, 1H, J = 1.9, 3.5 Hz), 4.97 (anti) (dd, 


1H, J = 4.1, 8.1 Hz), 3.81 (syn) (s, 3H), 3.81 (anti) (quint, 1H, J = 7.4 Hz), 3.80 (anti) 


(s, 3H), 3.68 (syn) (dq, 1H, J = 3.5, 7.2 Hz), 3.51 (syn) (d, 1H, J = 1.9 Hz), 2.83 (anti) 


(d, 1H, J = 4.1 Hz), 1.21 (syn) (d, 3H, J = 7.2 Hz), 1.04 (anti) (d, 3H, J = 7.4 Hz); 13C 


NMR (100 MHz, CDCl3, syn + anti): δ = 205.7, 205.0, 159.3, 158.8, 136.8, 135.8, 


134.3, 134.0, 133.5, 133.3, 128.8, 128.7, 128.5, 127.9, 127.8, 127.2, 113.9, 113.7, 
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76.4, 72.9, 55.30, 55.28, 48.1, 47.2, 15.7, 11.4; HRMS-ESI: m/z 293.1146 ([M+Na]+, 


C17H18NaO3 calcd. 293.1148). 


The NMR spectra were identical to previously reported for this compound.11 


 


3-Hydroxy-3-(2-naphthyl)-2-methyl-1-phenyl-1-propanone (10)
 


syn-10:anti-10 = 1:0.25; (95 mg, 82%), colorless oil. 


1H NMR (400 MHz, CDCl3): δ = 8.06-7.46 (m, 15H syn + 15 anti), 5.45 (syn) (dd, 


1H, J = 1.9, 3.3 Hz), 5.20 (anti) (dd, 1H, J = 4.5, 7.4 Hz),  3.98 (anti) (quint, 1H, J = 


7.4 Hz), 3.88 (syn) (d, 1H, J = 1.9 Hz), 3.68 (syn) (dq, 1H, J = 3.3, 7.3 Hz), 3.20 (anti) 


(d, 1H, J = 4.5 Hz), 1.25 (syn) (d, 3H, J = 7.3 Hz), 1.12 (anti) (d, 3H, J = 7.4 Hz); 13C 


NMR (100 MHz, CDCl3, syn + anti): δ = 205.9, 204.9, 139.5, 139.1, 136.8, 135.6, 


133.7, 133.64, 133.3, 133.18, 133.15, 132.8, 128.8, 128.7, 128.54, 128.49, 128.2, 


128.04, 128.01, 127.97, 127.7, 127.65, 126.2, 126.1, 126.03, 125.98, 125.8, 125.0, 


124.4, 124.1, 77.0, 73.1, 47.9, 46.9, 15.8, 11.2. HRMS-ESI: m/z 313.1188 ([M+Na]+, 


C20H18NaO2 calcd. 313.1199). 


The NMR spectra were identical to previously reported for this compound.11 


 


 3-Hydroxy-3-(4-cyanophenyl)-2-methyl-1-phenyl-1-propanone (11)
 


syn-11:anti-11 = 1:0.22; (85 mg, 80%), white solid.  


1H NMR (400 MHz, CDCl3): δ = 7.98-7.92 (m, 2H syn + 2H anti), 7.67-7.46 (m, 7H 


syn + 7H), 5.31 (syn) (dd, 1H, J = 2.0, 3.0 Hz), 5.06 (anti) (dd, 1H, J = 5.5, 7.3 Hz), 


4.00 (syn) (d, 1H, J = 2.0 Hz), 3.82 (anti) (quint, 1H, J = 7.3 Hz), 3.69 (syn) (dq, 1H, 


J = 3.0, 7.5 Hz), 3.52 (anti) (d, 1H, J = 5.5 Hz), 1.17 (syn) (d, 3H, J = 7.5 Hz), 1.15 


(anti) (d, 3H, J = 7.3 Hz); 13C NMR (100 MHz, CDCl3, syn + anti): δ = 205.3, 204.4, 


147.7, 147.3, 136.2, 135.2, 134.0, 133.7, 132.2, 128.9, 128.8, 128.5, 124.8, 127.4, 


126.9, 118.9 118.7, 111.6, 111.1, 76.0, 72.5, 46.5, 15.7; HRMS-ESI: m/z 288.0981 


([M+Na]+, C17H15NNaO2 calcd. 288.0995). 


 


3-Hydroxy-3-(2-furyl)-2-methyl-1-phenyl-1-propanone (12)
 


syn-12:anti-12 = 1:0.48; (72 mg, 78%), colorless oil.  
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1H NMR (400 MHz, CDCl3): δ = 8.04-7.94 (m, 2H syn + 2H anti), 7.64-7.58 (m, 1H 


syn + 1H anti), 7.42-7.34 (m, 1H syn + 1H anti), 6.36-6.32 (m, 2H syn + 2H anti),  


5.25 (syn) (t, 1H, J = 3.4 Hz), 5.04 (anti) (dd, 1, J = 6.1, 7.4 Hz), 4.10 (anti) (quint, 


1H, J = 7.4 Hz), 3.97 (syn) (dq, 1H, J = 4.2, 7.1 Hz), 3.31 (syn) (d, 1H, J = 3.4 Hz),  


3.23 (anti) (d, 1H, J = 6.1 Hz), 1.32 (syn) (d, 3H, J = 7.1 Hz), 1.17 (anti) (d, 3H, J = 


7.4 Hz); 13C NMR (100 MHz, CDCl3, syn + anti): δ = 204.6, 204.5, 154.7, 154.5, 


142.2, 141.7, 136.4, 135.6, 133.6, 133.5, 128.8, 128.7, 128.5, 127.7, 110.3, 110.2, 


107.6, 106.7, 70.2, 68.7, 45.0, 44.6, 15.4, 12.4; HRMS-ESI: m/z 253.0836 ([M+Na]+, 


C14H14NaO3 calcd. 253.0835). 


The NMR spectra were identical to previously reported for this compound.10 


 


3-Hydroxy-2-methyl-1-p-chlorophenyl-1-octanone (13) 


syn-13:anti-13 = 1:0.87; (74 mg, 59%), white solid.  


1H NMR (400 MHz, CDCl3): δ = 7.37-7.25 (m, 4H syn + 4H anti), 5.07 (syn) (d, 1H, 


J = 3.8 Hz), 4.76 (anti) (d, 1H, J = 7.5 Hz),  3.29 (syn) (br s, 1H), 3.05 (anti) (br s, 


1H), 2.89 (anti)  (quint, 1H, J = 7.5 Hz), 2.80 (syn) (dq, 1H, J = 3.8, 7.2 Hz), 2.58-


2.33 (m, 2H syn + 2H anti), 1.61-1.51 (m, 2H syn + 2H anti), 1.37-1.20 (m, 4H syn + 


4H anti), 1.07 (syn) (d, 3H, J = 7.2 Hz), 0.98 (anti) (d, 3H, J = 7.5 Hz), 0.91 (syn) (t, 


3H, J = 7.1 Hz), 0.90 (anti) (t, 3H, J = 7.0 Hz); 13C NMR (100 MHz, CDCl3, syn + 


anti): δ = 216.1, 215.7, 140.7, 140.3, 133.6, 133.0, 128.6, 128.4, 127.9, 127.4, 75.9, 


72.4, 52.7, 52.1, 43.2, 42.2, 31.3, 23.1, 23.0, 22.44, 22.43, 14.4, 13.9, 10.2; HRMS-


ESI: m/z 291.1115 ([M+Na]+, C15H21ClNaO2 calcd. 291.1122). 


 


4-Hydroxy-4-(p-chlorophenyl)-3-(phenylmethyl)-2-butanone (14) 


syn-14:anti-14 = 1:1.64; (91 mg, 79%), colorless oil.  


1H NMR (400 MHz, CDCl3): δ = 7.41-7.02 (m, 9H syn + 9H anti), 4.96 (syn) (d, 1H, 


J = 5.5 Hz), 4.79 (anti) (d, 1H, J = 6.3 Hz), 3.33 (anti) (br s, 1H), 3.30 (syn) (br s, 


1H), 3.27-3.14 (m, 1H syn + 1H anti), 3.00 (syn) (dd, 1H, J = 4.4, 13.5 Hz), 3.00 (syn) 


(dd, 1H, J = 11.1, 13.5 Hz),  2.86 (anti) (dd, 1H, J = 10.3, 13.4 Hz), 2.64 (anti) (dd, 


1H, J = 5.3, 13.4 Hz), 1.83 (anti) (s, 3H), 1.66 (syn) (s, 3H); 13C NMR (100 MHz, 


CDCl3, syn + anti): δ = 213.8, 213.1, 140.9, 140.2, 139.0, 138.2, 133.6, 133.4, 128.72, 
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128.70, 128.68, 128.61, 128.59, 128.56, 127.55, 127.49, 126.6, 126.4, 74.7, 73.1, 


61.2, 60.5, 35.9, 33.6, 33.4, 32.7. HRMS-ESI: m/z 311.0819 ([M+Na]+, 


C17H17ClNaO2 calcd. 311.0809). 


The assignment of signals to syn and anti diastereomers of this compound was done 


by comparison to the NMR spectrum of 4-hydroxy-4-phenyl-3-(phenylmethyl)-2-


butanone.12, 13 


 


Ruthenium-alkoxide 16 and potassium α-vinylbenzyl alkoxide  


 


Ru
O


Ph


Ln


H


16  


Ruthenium-alkoxide 16: KOt-Bu (88 µL, 0.044 mmol; 0.5 M in THF) was added to an 


NMR tube containing 1d (20 mg, 0.0313 mmol) in [D8]toluene (0.4 mL) under 


nitrogen atmosphere. The tube was shaken vigorously. Quantitative formation of tert-


butoxide complex 161 was observed by 13C NMR spectroscopy: 13C NMR (100 MHz, 


[D8]toluene): δ = 202.80, 132.72, 131.24, 128.06, 127.81, 108.75, 73.11, 34.28. Then, 


a solution of a-vinylbenzyl alcohol (2a) (104 µL, 0.0313 mmol; 0.3 M in [D8]toluene) 


was added. 1H NMR showed formation of a new species assigned as ruthenium-


alkoxide 16: 1H NMR (400 MHz, [D8]toluene, selected peaks): δ = 6.13 (ddd, 1H, J = 


6.1, 10.4, 17.0 Hz), 5.27 (d, 1H, J = 17.0 Hz), 4.09 (d, 1H, J = 6.1 Hz), 5.00 (t, 1H, J 


= 10.2 Hz).  


 


2a
Ph


OH


 


Free allylic alcohol 2a could not be detected. 2a: 1H NMR (400 MHz, [D8]toluene, 


selected peaks): δ = 5.81 (ddd, 1H, J = 5.73, 10.3, 17.2 Hz), 5.15 (d, 1H, J = 17.2), 


4.94 (d, 1H, J = 10.3 Hz), 4.80 (br t, 1H, J = 5.0 Hz). 
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K
O


Ph


H


 


Potassium α-vinylbenzyl alkoxide: KOt-Bu (88 µL, 0.044 mmol; 0.5 M in THF) was 


added to an NMR tube containing [D8]toluene (0.4 mL) under nitrogen atmosphere. 


Then, a-vinylbenzyl alcohol (2a, 104 µL, 0.0313 mmol; 0.3 M in [D8]toluene) was 


added. The 1H NMR of the new potassium-alkoxide in [D8]toluene differs from that 


of Ru-alkoxide 16 and from that of allylic alcohol 2a; Potassium α-vinylbenzyl 


alkoxide:  1H NMR (400 MHz, [D8]toluene, selected peaks): δ = 6.18-6.11 (m, 1H), 


5.29 (d, 1H, J = 5.3 Hz), 5.20 (d, 1H, J = 16.4 Hz), 4.93 (br t, 1H, J = 10.2 Hz).  


 


Ruthenium-alkoxide (16) in [D8]toluene: 
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Reaction of allylic alcohol 2a with p-chlorobenzaldehyde (4a) by 1H NMR.  


KOt-Bu (27 µL, 0.013 mmol; 0.5 M in THF) was added to an NMR tube containing 


asolution of 1d (4.3 mg, 0.0067 mmol) in [D8]toluene (0.2 mL) under nitrogen 


atmosphere. After 4 min, a solution of 2a (17 µL, 0.12 mmol) and 4a (28 mg, 0.2 mmol) 


in [D8]toluene (0.3 mL) was added. The tube was placed into the spectrometer probe 


(thermostated at 20 ºC) and 1H NMR spectra were recorded every 4 min (Figure S1). 
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Figure S1. Cross-coupling of alcohol 2a and aldehyde 4a in [D8]toluene catalyzed by 1d, 


at 20 ºC. Time = 4 min corresponds to the first 1H NMR spectrum recorded. [? : 2a; ?  : 


aldol 5 (syn + anti); * : % of syn in 5; ?  : propiophenone (3a)]. 
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General.  Dichloromethane was dried and distilled over CaH2.  Et2O was distilled from sodium 


benzophenone ketyl.  Aldehydes and titanium tetraisopropoxide were used after distillation.  Following 


Grignard reagents were purchased from Aldrich and used without titration; PhMgBr (3M in Et2O), p-


MeC6H4MgBr (0.5M in Et2O), p-ClC6H4MgBr (1M in Et2O), p-FC6H4MgBr (2M in Et2O), o-


MeOC6H4MgBr (1M in Et2O), 2,4,6-Me3C6H2MgBr (1M in Et2O), iPrMgCl (2M in Et2O and 2M in 


THF),  cC5H9MgCl (2.0M in Et2O). 


 


 
 


(R)-3-Bromo-2,2'-dimethoxy-5,5',6,6',7,7',8,8'-octahydro-1,1'-binaphthyl (10).  Bromine (0.19 


M in dichloromethane, 9.8 mL, 1.86 mmol) was added to a solution of (R)-2,2’-dimethoxy-


5,5',6,6',7,7',8,8'-octahydro-1,1’-binaphthyl (9)[1] (0.600 g, 1.86 mmol) in dichloromethane (28 mL) at 


0 °C.  After being stirred for 5 min, the red solution was poured into a 5% solution of NaHSO3, and the 


mixture was extracted three times with dichloromethane.  The combined organic layers were dried 


(MgSO4) and concentrated in vacuo.  The residue was purified by a silica gel flash chromatography (1 % 


ethyl acetate and 25% toluene in hexane) to give 0.496 g (66 % yield) of  10 as an amorphous solid: 1H 


NMR (500 MHz; CDCl3) δ 1.58–1.73 (8H, m), 1.98–2.04 (2H, m), 2.22 (1H, m), 2.35 (1H, m), 2.71–2.83 


(4H, m), 3.46 (3H, s), 3.71 (3H, s), 6.76 (1H, d, J = 8.4 Hz), 7.08 (1H, d, J = 8.4 Hz), 7.29 (1H, s); 13C 


NMR (125.8 MHz; CDCl3) δ 22.7, 22.8, 23.0, 23.1, 26.8, 27.2, 29.3, 29.4, 107.8, 113.8, 124.8, 129.1, 


129.7, 132.4, 132.7, 134.6, 136.6, 136.7, 151.9, 154.3. 


(R)-3-(3,5-Diphenylphenyl)-2,2'-dimethoxy-5,5',6,6',7,7',8,8'-octahydro-1,1'-binaphthyl (11).  A 


mixture of mono bromide 10 (0.340 g, 0.847 mmol), 3,5-diphenylphenylboronic acid (0.256 g, 0.934 


mmol),[2]  Pd(PPh3)4 (49 mg, 0.042 mmol), and Ba(OH)2·8H2O (0.294 g, 0.932 mmol) in water (2.17 mL) 


and 1,4-dioxane (6.23 mL) was heated under reflux for 18 h under argon atmosphere.  The reaction 


mixture was poured into water and extracted twice with ethyl acetate.  The combined organic layers were 


dried (Na2SO4) and concentrated in vacuo.  The residue was purified by flash column chromatography 
                                                           
 
[1] R. R. Schrock, J. Y. Jamieson, S. J. Dolman, S. A. Miller, P.J. Bonitatebus, Jr., A. H. Hoveyda, A. H. Organometallics 2002, 
21, 409. 
[2] T. M. Miller, T. X. Neenan, R. Zayas, H. E. Bair, J. Am. Chem. Soc. 1992, 114, 1018. 







 3


(0.5 % ethyl acetate and 25% toluene in hexane) to give 0.433 g (93 % yield) of 11 as an amorphous 


solid:  1H NMR (500 MHz; CDCl3) δ 1.64–1.86 (8H, m), 2.12–2.22 (2H, m), 2.36 (1H, m), 2.47 (1H, m), 


2.78–2.94 (4H, m), 3.27 (3H, s), 3.76 (3H, s), 6.81 (1H, d, J = 8.4 Hz), 7.10 (1H, d, J = 8.4 Hz), 7.24 (1H, 


s), 7.38 (2H, t, J = 7.4 Hz), 7.48 (4H, t, J = 7.5 Hz), 7.72 (4H, dd, J = 1.0 and 8.0 Hz), 7.78 (1H, t, J = 1.7 


Hz), 7.86 (2H, d, J = 1.7 Hz); 13C NMR (126 MHz, CDCl3) 23.05, 23.10, 23.15, 23.22, 27.0, 27.4, 29.4, 


29.6, 55.3, 60.4, 107.9, 124.5, 125.8, 127.0, 127.28, 127.32, 128.73, 128.76, 129.6, 130.7, 131.4, 131.6, 


132.8, 136.65, 136.68, 140.2, 141.4, 141.5, 152.9, 154.5. 


(R)-3-(3,5-Diphenylphenyl)-2,2'-dihydroxy-5,5',6,6',7,7',8,8'-octahydro-1,1'-binaphthyl (2).  To 


a solution of 11 (450 mg, 0.817 mmol) in dichloromethane (5.5 mL) at –10 ºC under argon atmosphere 


was added boron tribromide (0.77 mL, 8.17 mmol).  The solution was stirred at this temperature for 2 h.  


The reaction mixture was poured into water, and extracted twice with ethyl acetate.  The combined 


organic layers were dried (Na2SO4) and concentrated in vacuo.  The residue was purified by a silica gel 


flash chromatography (20 % ethyl acetate in hexane) to give 409.1 mg (96 % yield) of 2 as an amorphous 


solid:  [α]D
25 = +69.7 (c = 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.68–1.83 (8H, m), 2.21–2.30 (2H, 


m), 2.34–2.45 (2H, m), 2.78 (2H, t, J = 6.0 Hz), 2.85 (2H, t, J = 6.2 Hz), 4.71 (1H, br), 4.95 (1H, br), 6.87 


(1H, d, J = 8.3 Hz), 7.09 (1H, d, J = 8.3 Hz), 7.30 (1H, s), 7.38 (2H, t, J = 7.4 Hz), 7.47 (4H, t, J = 7.5 


Hz), 7.70 (4H, d, J = 7.2 Hz), 7.78 (1H, t, J = 1.6 Hz), 7.84 (2H, d, J = 1.6 Hz); 13C NMR (126 MHz, 


CDCl3) δ 22.9, 23.0 (3C), 27.14, 27.19, 29.2 (2C), 113.0, 119.1, 119.8, 125.0, 125.8, 127.2, 127.4 (2C), 


128.7, 130.2, 130.4, 131.1, 131.8, 137.0, 137.1, 138.8, 141.2, 141.9, 148.3, 151.3.  


(R)-Naphthalen-1-ylphenylmethanol (3a) (Procedure for Asymmetric Phenylation by Using 


Phenyllithium, Table 1, entry 16).    A two-layer mixture of MgBr2 in Et2O (2 mL) was prepared by the 


reaction of magnesium turnings (29 mg, 1.2 mmol) with 1,2-dibromoethane (1.2 mmol, 0.10 mL) under 


argon atmosphere.  To this was added CH2Cl2 (8 mL) at room temperature.  To the resulting solution of 


MgBr2 at –78 ºC was added PhLi (0.98 M in cyclohexane and Et2O) (1.22 mL, 1.2 mmol).  The resulting 


suspension was stirred at room temperature for 15 min and then cooled again at –78 ºC.  Titanium 


tetraisopropoxide (0.59 mL, 2.0 mmol) was added.  After being stirred for 10 min at this temperature, the 


resulting mixture was slowly added over a period of 2 h by using a syringe pump to a CH2Cl2 (4 mL) 


solution of (R)-DPP-H8-BINOL 2 (10.5 mg, 0.020 mmol), 1-naphthaldehyde (0.156 g, 1.0 mmol), and 


titanium tetraisopropoxide (0.30 mL, 1.0 mmol) at 0 ºC.  After being stirred further for 1 h, the reaction 


mixture was quenched by the addition of aqueous 1N HCl and extracted three times with ethyl acetate.  


The organic layers were washed successively with aqueous 5% NaHCO3 and with brine, dried (MgSO4), 


and concentrated in vacuo.  Flash chromatography (silica gel, 2–20% ethyl acetate in hexane) of the 


residue gave 0.199 g (85% yield) of 3a (95% ee).  


 (R)-3-[Hydroxy(naphthalen-1-yl)methyl]benzonitrile (8a) (Typical Procedure for Asymmetric 


Arylation by Using Functionalized Grignard Reagents, Scheme 1).   To a solution of 3-iodobenzonitrile 
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(0.344 g, 1.50 mmol) in dry Et2O (3 mL) at –20 ºC under argon atmosphere was added c-C5H9MgCl (2 M 


in Et2O) (0.825 mL, 1.65 mmol).  After being stirred for 1 h at this temperature, the resulting suspension 


was cooled to –78 ºC and diluted with CH2Cl2 (10 mL).  To the suspension at this temperature was added 


titanium tetraisopropoxide (0.74 mL, 2.5 mmol).  After being stirred for 10 min at this temperature, the 


resulting mixture was slowly added over a period of 2 h by using a syringe pump to a CH2Cl2 (4 mL) 


solution of (R)-DPP-H8-BINOL 2 (10.5 mg, 0.020 mmol), 1-naphthaldehyde (0.156 g, 1.0 mmol), and 


titanium tetraisopropoxide (0.30 mL, 1.0 mmol) at 0 ºC under argon atmosphere.  After being stirred 


further for 1 h, the reaction mixture was quenched by the addition of aqueous 1N HCl and extracted three 


times with ethyl acetate.  The organic layers were washed successively with aqueous 5% NaHCO3 and 


with brine, dried (MgSO4), and concentrated in vacuo.  Flash chromatography (silica gel, 12% ethyl 


acetate in hexane) of the residue gave 0.235 g (94% yield) of 8a (95% ee).  8a:  1H NMR (500 MHz, 


CDCl3) δ 2.51 (1H, br), 6.52 (1H, d, J = 3,7 Hz), 7.42 (1H, t, J = 8,0 Hz), 7.43–7.57 (5H, m),  7.64 (1H, d, 


J = 7.9 Hz), 7.75 (1H, s), 7.83–7.91 (2H, m), 8.00 (1H, d, J = 8.0 Hz); 13C NMR (125.8 MHz, CDCl3) δ 


73.5, 112.5, 118.8, 123.7, 125.30, 125.31, 125.9, 126.5, 129.0, 129.17, 129.24, 130.40, 130.42, 131.1, 


131.2, 134.1, 137.8, 144.6; HRMS (EI) calcd for C18H13NO 259.0997, found 259.1006.  The ee value was 


determined by HPLC analysis using a Chiralcel AD-H column (1 mL/min, 9% i-PrOH in hexane); 


retention times: 36.2 min (major R-enantiomer) and 24.3 min (minor S-enantiomer).  The absolute 


stereochemistry was assumed by analogy. 


Ee Determination of Products 3a-m, 4a,b, 5a-b, and 8b.   


(R)-Naphthalen-1-ylphenylmethanol (3a) (HPLC analysis using a Chiralcel OD column, 1.5 


mL/min, 10% i-PrOH in hexane); retention times: 26.8 min (major R-enantiomer) and 11.4 min (minor S-


enantiomer).[3] 


(S)-Phenyl-p-tolylmethanol (3b) (HPLC analysis using a Chiralcel OD column, 0.5 mL/min, 5% i-


PrOH in hexane); retention times: 31.9 min (major S-enantiomer) and 37.4 min (minor R-enantiomer).[4]   


(S)-(4-Chlorophenyl)phenylmethanol (3c) (HPLC analysis using a Chiralcel OB column, 1 


mL/min, 9% i-PrOH in hexane); retention times: 21.5 min (major S-enantiomer) and 15.0 min (minor R-


enantiomer).[3]   


(S)-(4-Fluorophenyl)phenylmethanol (3d) (HPLC analysis using a Chiralcel OB column, 0.75 


mL/min, 20% i-PrOH in hexane); retention times: 24.9 min (major S-enantiomer) and 18.9 min (minor R-


enantiomer).[5]   


                                                           
 
[3] H.-F. Duan, J.-H. Xie, W.-J. Shi, Q. Zhang, Q.-L. Zhou, Org. Lett. 2006, 8, 1479. 
[4] R. J. Kloetzing, A. Krasovskiy, P. Knochel, Chem. Eur. J. 2006, 13, 215-227. 
[5] M. Hatano, T. Miyamoto, K. Ishihara J. Org. Chem. 2006, 71, 6474. 
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(S)-(2-Methoxyphenyl)phenylmethanol (3e) (HPLC analysis using a Chiralcel OJ column, 1 


mL/min, 10% i-PrOH in hexane); retention times: 21.6 min (major S-enantiomer) and 16.8 min (minor R-


enantiomer).[6] 


(S)-Phenyl(2,4,6-trimethylphenyl)methanol (3f) (HPLC analysis using a Chiralcel OD column, 


0.7 mL/min, 5% i-PrOH in hexane); retention times: 14.7 min (major S-enantiomer) and 17.3 min (minor 


R-enantiomer).   The absolute stereochemistry was assumed by analogy. 


(R)-Biphenyl-4-ylphenylmethanol (3g) (HPLC analysis using a Chiralcel AD-H column, 1 mL/min, 


2% i-PrOH in hexane); retention times: 64.6 min (major R-enantiomer) and 56.3 min (minor S-


enantiomer).[4]   


(R)-4-(Hydroxyphenylmethyl)benzonitrile (3h) (HPLC analysis using a Chiralcel OD column, 1 


mL/min, 9% i-PrOH in hexane); retention times: 26.9 min (major R-enantiomer) and 32.1 min (minor S-


enantiomer).  The absolute stereochemistry was assumed by analogy. 


(R)-(3-Methoxyphenyl)phenylmethanol (3i) (HPLC analysis using a Chiralcel OD column, 1 


mL/min, 10% i-PrOH in hexane); retention times: 22.3 min (major R-enantiomer) and 15.7 min (minor S-


enantiomer).[6] 


(R)-(2-Chlorophenyl)phenylmethanol (3j) (HPLC analysis using a Chiralcel OJ column, 1.5 


mL/min, 10% i-PrOH in hexane); retention times: 11.7 min (major R-enantiomer) and 22.2 min (minor S-


enantiomer).[6]   


(R)-Naphthalen-2-ylphenylmethanol (3k) (HPLC analysis using a Chiralcel OD column, 1 


mL/min, 5% i-PrOH in hexane); retention times: 37.4 min (major R-enantiomer) and 30.1 min (minor S-


enantiomer).[7]   


(R)-Furan-2-ylphenylmethanol (3l) (HPLC analysis using a Chiralcel OD column, 1 mL/min, 5% 


i-PrOH in hexane); retention times: 19.9 min (major R-enantiomer) and 16.8 min (minor S-enantiomer).[8]   


(R)-Phenylthiophen-2-yl-methanol (3m) (HPLC analysis using a Chiralcel OD column, 1 mL/min, 


5% i-PrOH in hexane); retention times: 19.1 min (major R-enantiomer) and 16.9 min (minor S-


enantiomer).[9]   


 (S)-2-Methyl-1-phenylprop-2-en-1-ol (4a) (HPLC analysis using a Chiralcel OD column, 1 


mL/min, 1% i-PrOH in hexane); retention times: 26.5 min (major S-enantiomer) and 29.2 min (minor R-


enantiomer).   The absolute stereochemistry was assumed by analogy. 


(S)-1-Phenylbut-2-en-1-ol (4b) (HPLC analysis using a Chiralcel OD column, 1 mL/min, 1% i-


PrOH in hexane); retention times: 26.5 min (major S-enantiomer) and 19.2 min (minor R-enantiomer).[10]   


                                                           
 
[6] K.-H. Wu, H.-M. Gau, J. Am. Chem. Soc. 2006, 128, 14808. 
[7] M.-C. Wang, Q.-J. Zhang, W.-X. Zhao, X.-D. Wang, X. Ding, T.-T. Jing, M.-P. Song, J. Org. Chem. 2008, 73, 168. 
[8] J. Sedelmeier, C. Bolm, J. Org. Chem. 2007, 72, 8859. 
[9] J. Rudolph, F. Schmidt, C. Bolm, Adv. Synth. Catal. 2004, 346, 867. 
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(S)-1-Phenylpentan-1-ol (5a) (HPLC analysis using a Chiralcel OD column, 1 mL/min, 2% i-PrOH 


in hexane); retention times: 17.6 min (major S-enantiomer) and 15.9 min (minor R-enantiomer).[11]   


(S)-Cyclohexylphenylmethanol (5b) (HPLC analysis using a Chiralcel AD-H column, 0.5 mL/min, 


3% i-PrOH in hexane); retention times: 25.5 min (major S-enantiomer) and 27.4 min (minor R-


enantiomer).[12]   


(R)-[3-(Hydroxynaphthalen-1-ylmethyl)phenyl]piperidin-1-ylmethanone (8b) (HPLC analysis 


using a Chiralcel AD-H column, 1 mL/min, 10% i-PrOH in hexane); retention times: 67.5 min (major R-


enantiomer) and 48.2 min (minor S-enantiomer).  The absolute stereochemistry was assumed by analogy. 


 
 


                                                                                                                                                                                                            
[10] X. Gao, H. B.  Kagan, Chirality 1998, 10, 120. 
[11] Q. Ying-Chuan, L. Liu. M. Sabat, L. Pu, Tetrahedron 2006, 62, 9335. 
[12] D.-H. Ko, K. H. Kim, D.-C. Ha, Org. Lett. 2002, 4, 3759. 
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Supplementary Data 


Characterizations 
Powder X-ray diffraction spectra were collected by using a Phillips X’Pert Pro 


X-ray diffractometer with nickel-filtered Cu Kα radiation (λ = 1.54 Å) at 40 kV and 40 
mA. The 2θ angles were scanned from 5° to 55° at a rate of 5° min-1. The sample 
morphology was examined by SEM (JEOL JSN-6460LV model). Elemental analysis 
was conducted by XRF (PANalytical MagiX). BET specific surface areas (by nitrogen 
adsorption) were characterized using a Micromeritics ASAP 2010 instrument. 
Thermogravimetric analysis (TG) was accomplished on a Perkin-Elmer Diamond 
analyzer at a rate of 10°C min-1 under flowing air. Temperature-programmed desorption 
of ammonia (NH3-TPD) experiments were conducted using Micromeritics Autochem 
2910 automated catalyst characterization system. Mass spectrum was used to monitor 
the desorption process of ammonia. 27Al and 31P MAS NMR spectra were recorded on 
Bruker DRX-400 spectrometer at 104.3 and 161.9 MHz, respectively. 


 
The Typical XRD patterns of the MAPO samples prepared in this study are shown 


in Figure S1. 


 
Figure S1. Typical XRD patterns of the MAPO mixture (MA1) and MAPO-11 (MA4) samples prepared in this study. 


 
TG/DTG profiles of two MAPO samples representing the MAPO mixture and 


MAPO-11, respectively, are shown in Figure S2. Three different regions can be 
distinguished: one is around 110°C, corresponding to the removal of physically 
adsorbed water. The other one presents in the 110-500°C temperature range, 
corresponding to decomposition of occluded [bmim]Br and n-DPA. Another one in the 


 S2







500-700°C temperature range should be attributed to the decomposition of protonated 
[bmim]Br and n-DPA that neutralized the negative charges of the framework, due to the 
substitution of Mg2+.  


 
Figure S2. TG (a) / DTG (b) profiles of MA1 and MA4. 


 


Table S1. Percent weight loss from TG analysis.  


Weight loss (wt %)  
Sample I II III 


Total weight 
loss (wt %) 


MA1 0.8 3.6 1.3 5.7 
MA4 1.8 10.3 1.5 13.6 
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Experimental section: 


Materials and general methods:  


 


Reagents and solvents were purchased at reagent grade from Acros, Aldrich, and Fluka, 


and used as received.  THF was freshly distilled from Na/benzophenone under N2.  


Toluene was freshly distilled from Na under N2.  Flash chromatography (FC) was carried 


out with SiO2 60 (particle size 0.040–0.063 mm, 230-400 mesh; Fluka) and distilled 


technical solvents.  Thin-layer chromatography (TLC) was conducted on aluminum 


sheets coated with SiO2 60 F254 obtained from Macherey-Nagel; visualization with a UV 


lamp (254 or 366 nm) and with a 10% solution of phosphomolybdic acid in ethanol.  1H 


NMR and 13C NMR spectra were measured with a Varian Gemini 300, a Varian Mercury 


300, or a Bruker ARX300 at 300 and 75 MHz, respectively.  Chemical shifts are reported 


in ppm relative to the signal of Me4Si.  Residual solvent signals in the 1H and 13C NMR 


spectra were used as an internal reference.  Coupling constants (J) are given in Hz.  The 


apparent resonance multiplicity is described as s (singlet) or d (doublet).  UV/Vis spectra 


were recorded with a Varian Cary-500 Scan spectrophotometer.  The absorption 


wavelengths are reported in nm with the molar extinction coefficient ε (M–1cm–1) in 


brackets.  High-resolution (HR) EI-MS spectra were measured with a Hitachi–Perkin–


Elmer VG-Tribrid spectrometer.  HR FT-MALDI spectra were measured with an IonSpec 


Ultima Fourier transform (FT) instrument with 3-hydroxypicolinic acid (3-HPA) as 


matrix.  The most important signals are reported in m/z units with M+ as the molecular 


ion.  Elemental analyses were performed at the Laboratorium für Organische Chemie, 


ETH Zürich, with a LECO CHN/900 instrument. 
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Preparation and characterization of (M)-3,5-di-tert-butyl-1-


(triisopropylsilyl)hepta-3,4-diene-1,6-diyne ((M)-4a) 


 


 


 


To a solution of (M)-1a (73 mg, 0.17 mmol; e.r. 95:5) in THF (1.5 mL) and MeOH (1.5 


mL), K2CO3 (26 mg, 0.19 mmol) was added and the mixture was stirred at 25ºC for 2 h.  


The mixture was partitioned between saturated aq. NH4Cl solution and hexane.  The 


aqueous phase was extracted with hexane, and the combined organic phases were dried 


(MgSO4), followed by removal of the solvent under reduce pressure.  (M)-4a (48 mg, 


0.13 mmol, 79%; e.r. 95:5) was obtained as a pale yellow oil.  [α]D: –125º (c = 1, 


CHCl3).  The spectroscopic data were identical to the reported ones.[1] 


 


 


Derivatization of (P)-4a with (R)-Mosher acid chloride: (2R,P)-6,8-di-


tert-butyl-1,1,1-trifluoro-10-triisopropylsilyl-2-methoxy-2-phenyldeca-


6,7-dien-4,9-diyn-3-one 


 


 


 


Allene (P)-4a (44 mg, 0.12 mmol, 1.0 equiv., [α]D = +125°; e.r. 95:5) was dissolved in 


dry THF (1.5 mL) and hexane (1.5 mL) and cooled to –60 °C.  n-BuLi (81 µL of a 1.6 M 


solution in hexane, 0.13 mmol, 1.05 equiv.) was added, followed by (R)-Mosher acid 
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chloride (44 µL, 0.24 mmol, 1.9 equiv.) after a few minutes.  The solution was slowly 


warmed to 0 °C then to 20 °C.  Cyclohexane was added and the solution washed twice 


with H2O.  The organic layer was dried with Na2SO4 and evaporated under reduced 


pressure.  The resulting oil was purified by flash-chromatography (SiO2; 


cyclohexane/10% CH2Cl2).  The ketone was obtained as colorless oil (22 mg, 37 µmol, 


31%; d.r. = 95:5).  The 1H NMR spectrum in C6D6 showed two distinct signals for the 


methoxy-groups of the 2 diastereoisomers.[2] 


 
1H NMR spectrum for determination of the e.r. 


 


Figure S1:  1H NMR spectrum of Mosher ketone in C6D6 from entry 6, Table 1.  E.r. 95:5. 
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Preparation and characterization of (M)-5,7-di-tert-butyl-2-methylnona-


5,6-diene-3,8-diyn-2-ol ((M)-4b) 


 


 


 


To a solution of (M)-1b (62 mg, 0.15 mmol; e.r. 96:4) in THF (2 mL), n-Bu4NF (150 µL, 


1M, 0.15 mmol) was added and the mixture was stirred at 25ºC for 2 h.  Removal of the 


solvent under reduced pressure and purification by FC on SiO2 (hexane/10% AcOEt) 


gave (M)-4b (31 mg, 0.12 mmol, 79%; e.r. 96:4) as a pale yellow oil.  [α]D = –98º (c = 1, 


CHCl3).  HPLC on the chiral stationary phase (CSP) WHELK-O1 (hexane/0.25% iPrOH) 


showed an e.r. of 96:4.  The spectroscopic data were identical to the reported ones.[3] 


 


Optical resolution of (±)-4b by HPLC on a CSP 


 


 


Figure S2.  Recycling HPLC of (±)-4b on the CSP WHELK-O1 (hexane/0.25% iPrOH). 
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Figure S3.  CD spectrum of (P)-4b (e.r. 100:0, gray line) and (M)-4b (e.r. 100:0, black line) in hexane. 
 
 


 


Figure S4.  Recycling HPLC of (M)-4b on the CSP WHELK-O1 (hexane/0.25% iPrOH) from entry 3, 
Table 1.  
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Preparation and characterization of (M,M)-3,5,10,12-tetra-tert-butyl-


1,14-bis(triisopropylsilyl)tetradeca-3,4,10,11-tetraene-1,6,8,13-tetrayne 


((M,M)-5) 


 


 


 


The compound was prepared from (M)-4a ([α]D = -125º (c = 1, CHCl3); e.r. 95:5) as 


reported in the literature.[2] (M,M)-5: M.p. 124ºC, [α]D = -234º, (c = 1, CHCl3), d.r. = 


90.25 ((M,M)-5) : 9.5 ((M,P)-5) : 0.25 ((P,P)-5) is expected for an unselective 


homocoupling reaction. X-ray analysis of (M,M)-5: the structure was solved by direct 


methods (SIR-97)[4] and refined by full-matrix least-squares analysis (SHELXL-97),[5] 


using an isotropic extinction correction.  All heavy atoms were refined anisotropically; H 


atoms were refined isotropically, whereby H-positions are based on stereochemical 


considerations.  Crystal data at 160(2) K for C48H78Si2, Mr = 711.28 monoclinic, space 


group P21 (no. 4), ρcalcd = 0.963 g cm
-3, Z = 2, a= 9.1043(14), b = 10.8512(15), c = 


24.843(2) Å, V = 2453.5(5) Å3.  Bruker-Nonius Kappa-CCD diffractometer, MoKα 


radiation, λ = 0.7107 Å, µ = 0.100 mm-1.  A colourless crystal (linear dimensions ca. 0.31 


x 0.28 x 0.02 mm) was obtained by slow diffusion of MeOH into a solution of (M,M)-5 in 


hexane at 20ºC.  Number of measured and unique reflections are 6167.  Final R(F) = 


0.062, wR(F2) = 0.148 for 476 parameters, 1 restraint and 5277 reflections with I > 2σ(I) 


and  2.24 < θ  < 23.52º (corresponding R values based on all 6167 reflections are 0.077 


and 0.157, respectively).  CCDC-691335 contains the supplementary crystallographic 


data of (M,M)-5.  This data can be obtained free of charge from The Cambridge 


Crystallographic Data Center via www.ccdc.cam.a-c.uk/data/cif. 
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Figure S5.  CD spectrum of (M,M)-5, d.r. = 90.25 ((M,M)-5) : 9. 5 ((M,P)-5) : 0.25 ((P,P)-5) is expected for 
an unselective homocoupling reaction, (black line) and (P,P)-5, d.r. = 90.25 ((P,P)-5) : 9. 5 ((M,P)-5) : 0.25 
((M,M)-5) is expected for an unselective homocoupling reaction, (gray line) top and UV/Vis spectra 
(bottom) recorded in hexane, T = 298 K. 
 


Preparation and characterization of 3,3'-((M)-2,2,6,6-tetramethylhepta-


3,4-diene-3,5-diyl)bis{2-[4-(dimethylamino)phenyl]buta-1,3-diene-


1,1,4,4-tetracarbonitrile} ((M)-6) 


 


 


 


To a solution of (M)-9 (18 mg, 0.04 mmol) in CDCl3 (2 mL), TCNE (15 mg, 0.12 mmol) 


was added and the mixture stirred at 25ºC for 48 h.  Removal of the solvent under 


reduced pressure and purification by FC on SiO2 (CH2Cl2) gave (M)-6 (24 mg, 0.034 


mmol, 86%) as a red solid.  E.r. 91:9, determined by HPLC on the CSP WHELK-O1 
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(hexane/EtOH/MeOH 65:30:5)).  M.p. >290ºC (decomp); 1H NMR (300 MHz, CDCl3): 


δ = 7.44 (d, J = 9.1, 4H), 6.70 (d, J = 9.1, 4H), 3.04 (s, 12H), 0.81 (s, 18H); 13C NMR (75 


MHz, CDCl3) δ = 195.9, 166.4, 161.3, 154.0, 131.4, 116.8, 115.1, 113.2, 112.6, 112.2, 


112.1, 109.6, 97.7, 83.6, 40.1, 38.3, 28.2; IR (neat): ν = 2924, 2219, 1600, 1495, 1438, 


1379, 1328, 1295, 1187 cm-1; UV/Vis (CH2Cl2): λ (ε) = 260 (35300), 305 (16100), 392 


(29100), 520 nm (15800); HR-MALDI-MS: m/z calcd. for C43H38N10Na+: 717.3173; 


found: 717.3186 [M+Na]+; X-Ray analysis of (±)-6: the structure was solved by direct 


methods (SIR-97)[4] and refined by full-matrix least-squares analysis (SHELXL-97),[5] 


using an isotropic extinction correction.  All heavy atoms were refined anisotropically; H 


atoms were refined isotropically, whereby H-positions are based on stereochemical 


considerations.  Crystal data at 170(2) K for C43H38N10 
. 0.5 (C6H12), Mr = 736.91 


monoclinic, space group P2/c (no. 13), ρcalcd = 1.197 g cm
-3, Z = 4, a= 19.0008(16), b = 


11.5256(14), c = 19.2715(17) Å, V = 4088.7(7) Å3.  Bruker-Nonius Kappa-CCD 


diffractometer, MoKα radiation, λ = 0.7107 Å, µ = 0.074 mm-1.  A red crystal (linear 


dimensions ca. 0.23 x 0.11 x 0.09 mm) was obtained by diffusion of cyclohexane into a 


solution of (±)-6 in CH2Cl2 at 20ºC.  Number of measured and unique reflections are 


13597 and 7310, respectively (Rint = 0.045).  Final R(F) = 0.064, wR(F2) = 0.162 for 516 


parameters and 5618 reflections with I > 2σ(I) and  3.22 < θ  < 25.68o (corresponding R 


values based on all 7310 reflections are 0.086 and 0.180, respectively).  CCDC-691333 


contains the supplementary crystallographic data of (±)-6.  This data can be obtained free 


of charge from The Cambridge Crystallographic Data Center via www.ccdc.cam.a-


c.uk/data/cif. 
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Confirmation of the CT absorptions of (±)-6 by acidification/re-


neutralization. 
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Figure S6.  UV/Vis spectra of (±)-6 in CH2Cl2 (black line).  Disappearance to a large extent of the CT 
absorption was observed when trifluoroacetic acid (TFA) was added to the solution (red line) and the 
original bands were completely recovered after neutralization with Et3N (green line). 
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Resolution of (±)-6 by HPLC on a CSP 
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Figure S7.  HPL chromatogram of (±)-6 on a preparative WHELK-O1 CSP (hexane/EtOH/MeOH 
65:30:5). 
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Preparation and characterization of (M)-4-[3,5-di-tert-butyl-7-


(triisopropylsilyl)hepta-3,4-dien-1,6-diynyl]-
,
-dimethylaniline ((M)-7) 


 


 


 


A degassed solution of (M)-4a (650 mg, 1.82 mmol; e.r. 95:5), 4-iododimethylaniline 


(450 mg, 1.82 mmol), [PdCl2(PPh3)2] (38 mg, 0.055 mmol), and CuI (21 mg, 0.11 mmol) 


in  iPr2NH (10.0 mL) and THF (20.0 mL) was stirred at 40ºC under N2 for 5 h.  Removal 


of the solvent under reduced pressure and purification by FC on SiO2 (hexane/CH2Cl2 


10% → 25%) gave (M)-7 (615 mg, 1.29 mmol, 71%, e.r. ≥91:9) as a yellow oil. [α]D = -


468º, (c = 1, CHCl3); 
1H NMR (300 MHz, CDCl3) δ = 7.35 (d, J = 7.0, 2H), 6.63 (d, J = 


7.0, 2H), 2.99 (s, 6H), 1.22 (s, 9H), 1.21 (s, 9H), 1.13 (s, 21H); 13C NMR (75 MHz, 


CDCl3) δ = 211.5, 149.7, 132.4, 111.7, 110.7, 103.4, 103.3, 100.8, 93.6, 93.3, 80.8, 40.3, 


35.9, 35.4, 29.2, 29.1, 18.8, 11.5; IR (neat): ν =; 2944, 2865, 2199, 2141, 1609, 1523, 


1461, 1361, 1235 cm-1; UV/Vis (hexane): λ (ε) = 232 (19800), 242 (16600), 305 (24500), 


320 nm (23600); HR-MALDI-MS: m/z calcd. for C32H50NSi+: 476.3707, found 476.3699 


[M+H]+. 
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Preparation and characterization of (M)-4-(3,5-di-tert-butylhepta-3,4-


dien-1,6-diynyl)-
,
-dimethylaniline ((M)-8) 


 


 


 


To a solution of (M)-7 (308 mg, 0.65 mmol) in THF (13 mL), n-BuLi (650 µL, 1M, 0.65 


mmol) was added and the mixture stirred at 25 ºC for 2 h.  Removal of the solvent under 


reduced pressure and purification by FC on SiO2 (hexane/25% CH2Cl2) gave (M)-8 (170 


mg, 0.53 mmol, 82%) as a yellow solid.  M.p. 55ºC; [α]D = -253º, (c = 1, CHCl3); 
1H 


NMR (300 MHz, CDCl3) δ = 7.34 (d, J = 7.0, 2H), 6.64 (d, J = 7.0, 2H), 3.00 (s, 1H), 


2.98 (s, 6H), 1.22 (s, 9H), 1.19 (s, 9H); 13C NMR (75 MHz, CDCl3) δ = 211.6, 149.9, 


132.5, 111.7, 110.6, 104.4, 101.8, 94.1, 80.4, 79.9, 78.0, 40.2, 35.7, 35.2, 29.0, 28.8; IR 


(neat): ν = 2964, 2901, 2866, 2806, 2569, 2198, 1769, 1618, 1522, 1475, 1448, 1360, 


12226, 1190, 1060 cm-1; UV/Vis (hexane): λ (ε) = 222 (20300), 230 (16200), 306 


(25600), 319 nm (25000); HR-EI-MS: m/z calcd. for C23H30N
+: 320.2373; found: 


320.2381 [M+H]+ . 
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Preparation and characterization of (M)-4,4'-(3,5-di-tert-butylhepta-3,4-


dien-1,6-diyne-1,7-diyl)bis(
,
-dimethylaniline) ((M)-9) and 4,4'-


((M,M)-3,5,10,12-tetra-tert-butyltetradeca-3,4,10,11-tetraen-1,6,8,13-


tetrayne-1,14-diyl)bis(
,
-dimethylaniline) ((M,M)-10) 


 


 


 


A degassed solution of (M)-8 (150 mg, 0.47 mmol), 4-iododimethylaniline (116 mg, 0.47 


mmol), [PdCl2(PPh3)2] (10 mg, 0.014 mmol), and CuI (5 mg, 0.028 mmol) in iPr2NH (3.0 


mL) and THF (6.0 mL) was stirred at 50 ºC under N2 for 1 h.  Removal of the solvent 


under reduced pressure and purification by FC on SiO2 (hexane/CH2Cl2 10% → 35%) 


gave (M)-9 (141 mg, 0.32 mmol, 69 %) and (M,M)-10 (28 mg, 0.044 mmol, 19 %) as 


colourless oils.  Experimental data for (M)-9: [α]D = -1121º, (c = 1, CHCl3); 
1H NMR 


(300 MHz, CDCl3) δ = 7.35 (d, J = 7.0, 4H), 6.64 (d, J = 7.0, 4H), 2.97 (s, 12H), 1.24 (s, 


18H); 13C NMR (75 MHz, CDCl3) δ = 210.9, 149.9, 132.5, 111.8, 111.0, 103.5, 93.3, 


81.2, 40.2, 35.7, 29.1; IR (neat): ν = 2960, 2924, 2854, 2360, 2340, 1770, 1760, 1463, 


1377, 1244, 1057; UV/Vis (hexane): λ (ε) = 218 (26000), 308 (42900), 327 nm (49700); 


HR-MALDI-MS: m/z calcd. for C31H39N2: 439.3108; found: 439.3106 [M+H]+; 


elemental analysis calc. (%) for C31H38N2 (438.6): C 84.88, H 8.73, N 6.39; found: C 


84.72, H 8.72, N 6.27.  Experimental data for (M,M)-10: [α]D = -616º, (c = 1, CHCl3); 
1H 


NMR (300 MHz, CDCl3) δ = 7.33 (d, J = 7.0, 4H), 6.62 (d, J = 7.0, 4H), 2.97 (s, 12H), 


1.20 (s, 18H), 1.18 (s, 18H); 13C NMR (75 MHz, CDCl3) δ = 213.4, 150.0, 132.5, 111.8, 


110.7, 104.8, 102.5, 94.5, 80.2, 76.8, 75.6, 40.2, 35.8, 35.8, 29.1, 29.0; IR (neat): ν = 


2962, 2926, 2855, 2360, 2340, 1770, 1760, 1467, 1378, 1244, 1057; UV/Vis (hexane): λ 
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(ε) = 220 (31800), 247 (29300), 307 (42500), 327 nm (49700); HR-MALDI-MS: m/z 


calcd. for C46H57N2: 637.4516; found: 637.4525 [M+H]+. 


 


Photoisomerization of 4,4'-((P,P)-3,5,10,12-tetra-tert-butyltetradeca-


3,4,10,11-tetraen-1,6,8,13-tetrayne-1,14-diyl)bis(
,
-dimethylaniline) 


((P,P)-10) followed by CD spectroscopy 
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Figure S8.  Photoracemization of (P,P)-10 upon exposure to daylight over various periods of time, 
monitored by CD spectroscopy in hexane. 
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Preparation and characterization of 3,3'-((M,M)-5,10-di-tert-butyl-


2,2,13,13-tetramethyltetradeca-3,4,10,11-tetraen-6,8-diyne-3,12-


diyl)bis{2-[4-(dimethylamino)phenyl]buta-1,3-diene-1,1,4,4-


tetracarbonitrile} ((M,M)-11) 


 


 


 


To a solution of (M)-10 (28 mg, 0.044 mmol) in CDCl3 (1 mL), TCNE (17 mg, 0.132 


mmol) was added and the mixture stirred at 25ºC for 12 h.  Removal of the solvent under 


reduced pressure and purification by FC on SiO2 (CH2Cl2) gave (M,M)-11 (34 mg, 0.038 


mmol, 86%, d.r. 78 ((M,M)-11) : 20 ((M,P)-11) : 2 ((P,P)-11) determined by recycling 


HPLC on the CSP WHELK-O1 (hexane/55% CH2Cl2)) as a red solid. M.p. 128ºC; 1H 


NMR (300 MHz, CDCl3) δ = 7.43 (d, J = 7.0, 4H), 6.70 (d, J = 7.0, 4H), 3.13 (s, 12H), 


1.20 (s, 18H), 1.06 (s, 18H); 13C NMR (75 MHz, CDCl3) δ = 210.5, 165.4, 165.2, 154.1, 


154.1, 131.8, 116.6, 115.1, 113.5, 111.9, 111.3, 110.9, 107.0, 94.1, 80.7, 77.2, 74.2, 40.1, 


38.1, 36.5, 29.9, 28.7; IR (neat): ν = 2969, 2883, 1960, 1603, 1468, 1379, 1240, 1057; 


UV/Vis (CH2Cl2): λ (ε) = 231 (46400), 250 (43800), 294 (26600), 390 (27200), 486 nm 


(18500); HR-ESI-MS: m/z calcd. for C58H56N10Na: 915.4582; found: 915.4586 [M+Na]+; 


X-Ray analysis of (M,M)-11: the structure was solved by direct methods (SIR-97)[4] and 


refined by full-matrix least-squares analysis (SHELXL-97),[5] using an isotropic 


extinction correction.  All heavy atoms were refined anisotropically; H atoms were 


refined isotropically, whereby H-positions are based on stereochemical considerations.  


Crystal data at 220(2) K for C58H56N10 Mr = 893.13 orthorhombic, space group P212121 


(no. 19), ρcalcd = 1.117 g cm
-3
, Z = 4, a = 16.1159(11), b = 16.9569(11), c = 19.4347(13) 


Å, V = 5311.0(6) Å3.  Bruker-Nonius Kappa-CCD diffractometer, MoKα radiation, λ = 


0.7107 Å, µ = 0.068 mm-1. A red crystal (linear dimensions ca. 0.10 x 0.05 x 0.02 mm) 
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was obtained by slow diffusion of MeOH into a solution of (M,M)-11 in CH2Cl2 at 20ºC.  


Numbers of measured and unique reflections are 6405 and 3586, respectively (Rint = 


0.083).  Final R(F) = 0.068, wR(F2) = 0.162 for 630 parameters and 2128 reflections with 


I > 2σ(I) and  1.59 < θ  < 21.95o (corresponding R values based on all 3586 reflections 


are 0.126 and 0.205, respectively).  Note that a pseudo inversion-symmetric structure 


could also be solved in the space group P b c a (no. 61) and refined to R(F) = 0.15.  


CCDC-691334 contains the supplementary crystallographic data of (M,M)-11. The 


ORTEP plot deposited is the mirror image of (M,M)-11. This data can be obtained free of 


charge from The Cambridge Crystallographic Data Center via www.ccdc.cam.a-


c.uk/data/cif. 
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Figure S9.  CD spectrum of (M,M)-11 (e.r. 100:0, black line) and (P,P)-11 (e.r. 100:0, gray line) top and 
UV/Vis spectra (bottom) recorded in CH2Cl2, T = 298 K. 
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Optical resolution of 11 by HPLC on a CSP 


 


 


Figure S10.  Chromatogram of 11 on a preparative WHELK-O1 CSP (hexane/55% CH2Cl2). 


 


 


Figure S11.  Chromatogram of (P,P)-11 (d.r. 78 ((P,P)-11) : 20 ((P,M)-11) : 2 ((M,M)-11)) on the CSP 
WHELK-O1 (hexane/55% CH2Cl2). 


 


(P,P) (M,M) 


(M,P) 


(P,P) 


(P,M) 


(M,M) 







S20 
 


 


References: 
 
[1]  A R. Livingston, L. R. Cox, S. Odermatt, F. Diederich, Helv. Chim. Acta 2002, 


85, 3052–3077. 


[2]  M. K. J. ter Wiel, S. Odermatt, P. Schanen, P. Seiler, F. Diederich, Eur. J. Org. 


Chem. 2007, 3449-3462. 


[3] S. Odermatt, J. L. Alonso-Gómez, P. Seiler, M. M. Cid, F. Diederich, Angew. 


Chem. 2005, 117, 5203–5207; Angew. Chem. Int. Ed.. 2005, 44, 5074–5078. 


[4] A. Altomare, M. Burla, M. Camalli , G. Cascarano, C. Giacovazzo, A. Guagliardi, 


A. G. G.  Moliterni, G.Polidori, R. Spagna, J. Appl. Crystallogr. 1999, 32, 115 


[5] G.M. Sheldrick, 1997, SHELXL-97 Program for the Refinement of Crystal 


Structures. University of Göttingen, Germany. 


 


 








 
 
 
 
 
 
 
 


 
 
 
 
 
 


Supporting Information 
 


© Copyright Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim, 2008 
 


 


 







- 1 - 


 


 


Formation of 1D and 3D coordination polymers in the solid state 
induced by mechanochemical and annealing treatments:  


bis 3-cyano-pentane-2,4-dionato metal complexes 


 
Jun Yoshida,[a] Shin-ichi Nishikiori*[a] and Reiko Kuroda[b,c] 


 


 


[a] J. Yoshida,  Prof. Dr. S. Nishikiori                                                   


Department of Basic Science,  


Graduate School of Arts and Sciences,  


The University of Tokyo 


3-8-1 Komaba, Meguro-ku, Tokyo 153-8902 (Japan) 


Fax: (+81)-3-5454-6569  


E-mail: cnskor@mail.ecc.u-tokyo.ac.jp  


[b] Prof. Dr. R. Kuroda                                                                


Department of Life Sciences,  


Graduate School of Arts and Sciences,  


The University of Tokyo 


3-8-1 Komaba, Meguro-ku, Tokyo 153-8902 (Japan) 


[c] Prof. Dr. R. Kuroda                                                                


JST ERATO-SORST Kuroda Chiromorphology Team                                    


4-7-6 Komaba, Meguro-ku, Tokyo, 153-0041 (Japan) 


 







- 2 - 


 


 


Figure S1. TG curves of (a) [Mn(CNacac)2(H2O)2] (solution reaction), (b) [Mn(CNacac)2(H2O)2] 


(mechanochemical reaction), (c) [Ni(CNacac)2(H2O)2]·2H2O (solution), (d) [Cu(CNacac)2(H2O)] 


(solution), (e) [Cu(CNacac)2(H2O)] (mechanochemical), (f) [Zn(CNacac)2(H2O)2]·2H2O (solution) 


and (g) [Zn(CNacac)2(H2O)] (mechanochemical). 
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Figure S2. IR spectra of (a) CNacacH, (b) [Mn(CNacac)2(H2O)2], (c) Mn-3D,  


(d) [Ni(CNacac)2(H2O)2]·2H2O, (e) Ni-3D, (f) [Cu(CNacac)2(H2O)], (g) Cu-1D,  


(h) [Zn(CNacac)2(H2O)2]·2H2O and (i) Zn-3D, measured by the Nujol mull method. 
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Figure S3. XPRD patterns of (a) CNacacH, (b) MnCl2·4H2O, (c) a mixture of MnCl2·4H2O and 


CNacacH after 5 min grinding, (d) CoCl2·6H2O, (e) a mixture of CoCl2·6H2O and CNacacH after 5 


min grinding, (f) NiCl2·6H2O, (g) a mixture of NiCl2·6H2O and CNacacH after 5 min grinding, (h) 


CuCl2·2H2O, (i) a mixture of CuCl2·2H2O and CNacacH after 5 min grinding, (j) ZnCl2 and (k) a 


mixture of ZnCl2 and CNacacH after 5 min grinding. 
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Table S1. Crystallographic and experimental data for new complexes synthesized in this study.  


Compound [Mn(CNacac)2(H2O)2] [Fe2(μ-OMe)2(CNacac)4] [Ni(CNacac)2(H2O)2]·2H2O [Cu(CNacac)2(H2O)] [Zn(CNacac)2(H2O)] 


Formula 


Mr 


Space group 


a / Å 


b / Å 


c / Å 


α / ° 


β / ° 


γ / ° 


V / Å3 


Z 


μ(Mo Kα) / mm-1 
aGOF on F2 
bR1 [on F, I>2σ(Ι)] 
cwR2 (on F2, all data) 


C12H16N2O6Mn 


339.21 


C2/c 


9.1222(4) 


12.5848(8) 


14.0541(8) 


- 


98.495(2) 


- 


1595.72(15) 


4 


0.853 


0.929 


0.0347 (1343) 


0.0849 (1805) 


C26H30N4O10Fe2 


670.24 


1P  


8.016(2) 


9.868(2) 


10.433(4) 


84.415(14) 


76.815(14) 


71.185(11) 


760.3(4) 


1 


1.013 


1.048 


0.0310 (4545) 


0.0807 (5195) 


C12H20N2O8Ni 


379.01 


C2/m 


7.7703(4) 


21.2435(15) 


5.1790(3) 


- 


101.817(1) 


- 


836.77(9) 


2 


1.200 


1.119 


0.0342 (945) 


0.0919 (983) 


C12H14N2O5Cu 


329.79 


1P  


7.971(5) 


8.227(5) 


12.025(5) 


77.969(5) 


81.610(5) 


66.629(5) 


706.2(7) 


2 


1.566 


1.099 


0.0281 (4216) 


0.0791 (4850) 


C12H14N2O5Zn 


331.62 


Fdd2 


12.5272(6) 


27.3148(10) 


8.4374(3) 


- 


- 


- 


2887.1(2) 


8 


1.720 


1.039 


0.0388 (2273) 


0.1223 (2422) 


a { } 2/122
c


2
o )]/(])([GOF pnFFw −−Σ=  (n; number of reflections, p; total number of parameters refined), b .||/|)||(|1 oco FFFR Σ−Σ=  


c { } 2/122
o


22
c


2
o ])([/])([2 FwFFwwR Σ−Σ=  
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Figure S1. 1H NMR spectra of pure seleninic acid (9) in CDCl3. 
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Figure S2. 13C NMR spectra of pure seleninic acid (9) in CDCl3. 
 
 


 
 


Figure S3. 77Se NMR spectra of pure seleninic acid (9) in CDCl3. 
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Figure S4. 1H-NMR spectra of pure selenenyl sulfide (14) in CDCl3. 
 


 
 


Figure S5. 13C-NMR spectra of pure selenenyl sulfide (14) in CDCl3. 
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Figure S6. 77Se-NMR spectra of pure selenenyl sulfide (14) in CDCl3. 
 


 
 


Figure S7. ESI-HRMS spectra of pure selenenyl sulfide (14). 
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Figure S8. 1H NMR spectra of pure diselenide (16) in MeOH-d4. 
 


 
 


Figure S9. 13C NMR spectra of pure diselenide (16) in MeOH-d4. 
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Figure S10. 77Se NMR spectra of pure diselenide (16) in MeOH-d4. 
 


 
 


Figure S11. ESI-HRMS spectra of pure diselenide (16). 
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Figure S12. 1H-NMR spectra of pure selenenyl amide (17) in CDCl3. 
 


 
 


Figure S13. 13C-NMR spectra of pure selenenyl amide (17) in CDCl3. 
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Figure S14. 77Se-NMR spectra of pure selenenyl amide (17) in CDCl3. 
 
 


 
 


Figure S15. ESI-HRMS spectra of pure selenenyl amide (17). 
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Figure S16. 77Se NMR spectra for the reaction of ebselen diselenide (6) with NaBH4 in CDCl3/CH3CN 
mixture. 


 


 
 


Figure S17. 77Se NMR spectra of ebselen selenol (8) obtained from the acidification of the sodium 
selenolate (in CDCl3/CH3CN mixture). 


 


 
 


Figure S18. 77Se NMR spectra of ebselen diselenide (6) obtained from the reaction of ebselen selenol 
(8) with H2O2. The diselenide (6) precipitates out in CDCl3/CH3CN mixture. The precipitate was dissolved 


in DMSO-d6 and 77Se NMR was recorded. 
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Figure S19. 77Se NMR spectra of ebselen selenenyl sulfide (5) in CDCl3. 
 
 
 


 
 


Figure S20. 77Se NMR spectra of ebselen diselenide (6) obtained from the reaction of ebselen selenenyl 
sulfide (5) with H2O2. The diselenide precipitates out in CDCl3. The precipitate was dissolved in DMSO-d6 


and 77Se NMR was recorded. 
 


 


 
 
Figure 21. 77Se NMR spectra of the reaction of ebselen (1) with H2O2 to regenerate the seleninic acid (9) 


recorded after 2 h. 
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Figure S22. 77Se NMR spectra of pure ebselen seleninic acid (9) in CDCl3/CH3CN. 
 


 
 


Figure S23. 77Se NMR spectra of the reaction of ebselen (1) with urea-H2O2 adduct to regenerate the 
seleninic acid (9) recorded after 2 h. 


 


 
 
Figure S24. 77Se NMR spectra for the reaction of ebselen (1) with urea-H2O2 adduct in CDCl3.  Ebselen 


(1) completely converts to seleninic acid (9) after 1 day. 
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Figure S25. 77Se NMR spectra of the reaction of diselenide 6 with H2O2 to regenerate the seleninic acid 


(9) and ebselen (1). 
 


 
 


Figure S26. 77Se NMR spectra obtained after refluxing the seleninic acid 9 in CH3CN/MeOH for 24 h. 
The 77Se NMR spectra clearly indicate the formation of ebselen (1). 
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Figure S27. 77Se NMR spectra of the reaction of the seleninic acid 9 with 1 equiv of PhSH. The 77Se 
NMR spectra clearly indicate the formation of ebselen (1). 


 
 


 
 


Figure S28. 77Se NMR spectra of the reaction of seleninic acid 9 with excess PhSH. The 77Se NMR 
spectra clearly indicate the formation of the selenenyl sulfide 5. 
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Figure S29. 77Se NMR spectra of the reaction of diselenide (6) with PhSH in DMSO-d6. The 77Se NMR 


spectra clearly indicate the formation of the selenenyl sulfide 5. 
 


 
 


Figure 30. 77Se NMR Spectra of pure selenenyl sulfide (5) in DMSO-d6. 
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Figure 31. 77Se NMR Spectra of pure methyl selenoxide 19 in MeOH-d4. 
 


 
 


Figure 32. 77Se NMR spectra of the reaction of selenenyl amide 17 with H2O2 recorded after 2 h. The 
77Se NMR spectra clearly indicate the formation of the seleninic acid 24. 
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Figure 33. 777Se NMR spectra of the reaction of selenenyl amide 17 with H2O2 recorded after 1 day. The 


77Se NMR spectra clearly indicate the complete conversion of 17to 24 after 1 day. 
 
 


 
 


Figure S34. 77Se NMR spectra for the reaction of diselenide (16) with NaBH4 in MeOH-d4. 
 
 


 
 
Figure S35. 77Se NMR spectra of selenol (15) obtained from the acidification of the sodium selenolate (in 


MeOH-d4). 
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Figure S36. 77Se NMR spectra of diselenide (16) obtained from the reaction of selenol (15) with H2O2 in 


MeOH-d4. 
 


 
 


Figure S37. 77Se NMR spectra of the reaction of diselenide (27) with H2O2 recorded after 5 h in CDCl3. 
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Figure S38. Pure selenenyl sulfide 5 when kept in CDCl3, diselenide 6 precipitated out in solution. 
DMSO-d6 was added to the reaction mixture and 77Se NMR spectrum was recorded. 


 
 


Figure S39. Pure selenenyl sulfide 5 was dissolved in CDCl3 and 10 µL H2O was added. Diselenide 6 
precipitated out in solution. DMSO-d6 was added to the reaction mixture and 77Se NMR spectrum was 


recorded. 


 
 
Figure S40. When the precipitate of diselenide 6 obtained from the reaction of 5 with H2O2 was stirred or 
mixed thoroughly with the remaining solution, ebselen was isolated in quantitative yield. 
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Figure S41. The reaction of 14 with H2O2 produced the selenenyl amide 17 in quantitative yield. The 
diselenide 16 produced in situ being soluble in CDCl3 immediately reacted with H2O2 to produce 17 and 
hence 16 could not be detected in the reaction of 14 with H2O2. 


 


 
Figure S42. HPLC chromatogram for (a) pure 9 (b) pure 6 (c) pure ebselen (1) (d) reaction of 9 with 1 


equiv of 6 to form ebselen (1). 
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Figure S43. Molecular structure of diselenide 6. 


 
Table S1. Important Bond Length (Å), Bond Angles (°) and Torsion Angles (°) of diselenide 6. 


Se1-C1 1.938(2) C8-C9 1.382(4) 


   Se1-Se1_a 2.3262(10) C9-C10 1.386(4) 


O1-C7 1.230(3) C10-C11 1.368(4) 


N1-C7 1.349(3) C11-C12 1.373(4) 


N1-C8 1.422(4) C12-C13 1.379(4) 


C1-C6 1.398(3) Se1_a-Se1-C1 102.46(7) 


C1-C2 1.393(4) C7-N1-C8 124.7(2) 


C2-C3 1.379(4) C8-N1-H5 118(2) 


Se1···O1         2.854(2) C7-N1-H5 116(2) 


C4-C5 1.381(4) Se1-C1-C6 119.60(18) 


C5-C6 1.393(3) C2-C1-C6 118.9(2) 


C6-C7 1.498(4) Se1-C1-C2 121.55(18) 


C8-C13 1.380(3) C1-C2-C3 120.4(2) 


C2-C3-C4 121.2(3) N1-C8-C13 121.8(2) 


C3-C4-C5 119.1(2) C8-C9-C10 120.1(2) 


C4-C5-C6 120.9(2) C9-C10-C11 120.2(3) 


C5-C6-C7 120.2(2) Se1_a-Se1-C1-C2 18.7(2) 


C1-C6-C7 120.19(19) Se1_a-Se1-C1-C6 -161.47(16) 


C1-C6-C5 119.6(2) C1-Se1-Se1_a-
C1_a 86.19(9) 


C10-C11-C12 119.8(3) C8-N1-C7-O1 0.6(4) 


C11-C12-C13 120.7(3) C8-N1-C7-C6 -178.4(2) 


C8-C13-C12 119.8(2) C7-N1-C8-C9 135.3(3) 


O1-C7-N1 123.4(2) C7-N1-C8-C13 -46.0(4) 


O1-C7-C6 121.3(2) Se1-C1-C2-C3 178.74(19) 
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N1-C7-C6 115.36(19) C6-C1-C2-C3 -1.1(3) 


N1-C8-C9 118.7(2) Se1-C1-C6-C5 -179.01(17) 


C9-C8-C13 119.5(2) Se1-C1-C6-C7 -0.5(3) 


C2-C1-C6-C5 0.8(3) C5-C6-C7-O1 140.4(2) 


C2-C1-C6-C7 179.3(2) C5-C6-C7-N1 -40.7(3) 


C1-C2-C3-C4 0.3(4) N1-C8-C9-C10 -179.8(2) 


C2-C3-C4-C5 0.7(4) C13-C8-C9-C10 1.5(4) 


C3-C4-C5-C6 -1.0(4) N1-C8-C13-C12 179.9(3) 


C4-C5-C6-C1 0.2(3) C9-C8-C13-C12 -1.4(4) 


C4-C5-C6-C7 -178.3(2) C8-C9-C10-C11 -0.5(4) 


C1-C6-C7-O1 -38.1(3) C9-C10-C11-C12 -0.7(4) 


C1-C6-C7-N1 140.8(2)   


 


 
Figure S44. Molecular structure of seleninic acid 9. 


 
 
 
Table S2. Important Bond Length (Å), Bond Angles (°) and Torsion Angles (°) of seleninic acid 9. 


Se1-O1 1.658(3) Se1-C1-C6 120.0(3) 


Se1-O2 1.753(4) C1-C2-C3 119.9(5) 


Se1-C1 1.959(4) C2-C3-C4 120.1(5) 


O3-C7 1.229(5) C3-C4-C5 120.4(5) 


N1-C8 1.419(7) C4-C5-C6 121.1(4) 


N1-C7 1.335(6) C5-C6-C7 125.2(4) 


C1-C6 1.399(6) C1-C6-C7 116.5(4) 


C1-C2 1.384(6) C1-C6-C5 118.3(4) 


C2-C3 1.373(7) O3-C7-N1 122.8(4) 


C3-C4 1.374(7) O3-C7-C6 118.4(4) 
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C4-C5 1.360(8) N1-C7-C6 118.8(4) 


C5-C6 1.382(7) N1-C8-C9 117.6(5) 


C6-C7 1.496(5) N1-C8-C13 124.1(5) 


C8-C13 1.370(8) C9-C8-C13 118.3(5) 


C8-C9 1.355(7) C8-C9-C10 120.5(6) 


C9-C10 1.370(8) C9-C10-C11 121.4(6) 


C10-C11 1.367(9) C10-C11-C12 117.9(6) 


C11-C12 1.333(9) C11-C12-C13 121.9(6) 


Se1···O3          2.460(3) C8-C13-C12 120.1(6) 


O1-Se1-O2 98.23(17) O1-Se1-C1-C2 -89.0(4) 


O1-Se1-C1 102.89(17) O2-Se1-C1-C2 10.3(4) 


O2-Se1-C1 93.53(17) O1-Se1-C1-C6 90.2(4) 


Se1-O2-H14 109.00 O2-Se1-C1-C6 -170.6(4) 


C7-N1-C8 127.1(3) C8-N1-C7-O3 3.1(8) 


C8-N1-H1 116.00 C8-N1-C7-C6 -178.4(5) 


C7-N1-H1 116.00 C7-N1-C8-C9 -167.6(5) 


C2-C1-C6 120.2(4) C7-N1-C8-C13 14.8(9) 


Se1-C1-C2 119.8(3) C2-C1-C6-C5 0.0(7) 


C2-C1-C6-C7 178.8(4) C5-C6-C7-O3 165.7(4) 


C6-C1-C2-C3 -0.5(7) C5-C6-C7-N1 -12.9(7) 


Se1-C1-C6-C5 -179.2(3) C1-C6-C7-O3 -12.9(6) 


Se1-C1-C2-C3 178.7(4) N1-C8-C9-C10 -178.5(6) 


Se1-C1-C6-C7 -0.4(5) C13-C8-C9-C10 -0.8(9) 


C1-C2-C3-C4 -0.2(8) N1-C8-C13-C12 178.9(6) 


C2-C3-C4-C5 1.4(8) C9-C8-C13-C12 1.4(10) 


C3-C4-C5-C6 -1.9(8) C8-C9-C10-C11 0.3(10) 


C4-C5-C6-C1 1.2(7) C9-C10-C11-C12 -0.4(10) 


C4-C5-C6-C7 -177.5(4) C10-C11-C12-C13 1.0(11) 


C1-C6-C7-N1 168.5(4) C11-C12-C13-C8 -1.6(11) 
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Figure S45. Molecular structure of selenoxide 19. 


 
Table S3. Important Bond Length (Å), Bond Angles (°) and Torsion Angles (°) of selenoxide 19. 


Se1-O2 1.6730(19) Se1-C1-C2 117.18(17) 


Se1-C1 1.949(2) Se1-C1-C6 121.09(16) 


Se1-C14 1.927(3) C1-C2-C3 118.9(2) 


O1-C7 1.224(3) C2-C3-C4 120.2(2) 


N1-C8 1.417(3) C3-C4-C5 120.7(2) 


N1-C7 1.345(3) C4-C5-C6 119.9(2) 


N1-H5 0.71(3) C5-C6-C7 123.3(2) 


C1-C2 1.377(3) C1-C6-C7 118.1(2) 


C1-C6 1.385(3) C1-C6-C5 118.6(2) 


C2-C3 1.390(3) O1-C7-N1 124.1(2) 


C3-C4 1.372(4) O1-C7-C6 119.0(2) 


C4-C5 1.379(3) N1-C7-C6 116.9(2) 


C5-C6 1.394(3) N1-C8-C9 117.9(2) 


C6-C7 1.499(3) N1-C8-C13 122.2(2) 


C8-C9 1.385(4) C9-C8-C13 120.0(2) 


C8-C13 1.386(4) C8-C9-C10 119.6(3) 


C9-C10 1.379(4) C9-C10-C11 120.6(3) 


C10-C11 1.372(5) C10-C11-C12 119.8(3) 


C11-C12 1.372(5) O1-Se1-O2 172.28 


C12-C13 1.384(4)          O2-Se1-C1-C2          17.0(2) 


O1···Se1    2.6879(19)          O2-Se1-C1-C6      -160.28(19) 
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O2-Se1-C1 101.94(10)          C14-Se1-C1 -C2         -86.8(2) 


O2-Se1-C14 102.45(11)          C14-Se1-C1-C6          96.0(2) 


C1-Se1-C14 94.43(12)          C8-N1-C7-O1           2.1(4) 


C7-N1-C8 125.5(2)          C8-N1-C7-C6        -175.0(2) 


C11-C12-C13 120.7(3)          C7-N1-C8-C9         146.7(3) 


C8-C13-C12 119.4(3)          C7-N1-C8-C13        -33.8(4) 


C2-C1-C6 121.7(2)          Se1-C1-C2-C3      -179.11(18) 


         C6-C1-C2-C3          -1.9(4)          C1-C6-C7-N1         148.8(2) 


         Se1-C1-C6-C5       178.67(17)          C5-C6-C7-O1         149.8(2) 


         Se1-C1-C6-C7          -3.0(3)          C5-C6-C7-N1         -32.9(3) 


         C2-C1-C6-C5           1.6(4)          N1-C8-C9-C10        179.5(3) 


         C2-C1-C6-C7         179.9(2)          C13-C8-C9-C10         -0.1(4) 


         C1-C2-C3-C4           0.7(4)          N1-C8-C13-C12        179.9(3) 


         C2-C3-C4-C5           0.7(4)          C9-C8-C13-C12         -0.5(4) 


         C3-C4-C5-C6          -1.1(4)          C8-C9-C10-C11          0.0(5) 


         C4-C5-C6-C1          -0.1(4)    C9-C10-C11-C12          0.7(5) 


         C4-C5-C6-C7        -178.4(2)          C10-C11-C12-C13         -1.4(5) 


         C1-C6-C7-O1         -28.5(3)          C11-C12-C13-C8           1.3(5) 


 


 
Figure S46. Molecular structure of diselenide 16. 


 
 
Table S4. Important Bond Length (Å), Bond Angles (°) and Torsion Angles (°) of diselenide 16. 


Se1-Se2 2.3266(16) O3-C18-C17 119.3(4) 


Se1-C1 1.935(5) O3-C18-N2 122.4(5) 


Se2-C12 1.940(5) N2-C18-C17 118.4(4) 


O1-C7 1.239(6) N2-C19-C20 108.7(4) 


O2A-C10 1.249(14) N2-C19-C21 106.5(4) 
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O2B-C11 1.161(17) N2-C19-C22 111.9(4) 


O3-C18 1.244(6) Se1-C1-C2 -C3 176.1(4) 


O4-C21 1.420(6) C6-C1-C2-C3 -1.3(8) 


N1-C8 1.494(7) Se1-C1-C6-C5 -177.1(4) 


N1-C7 1.326(7) Se1-C1-C6-C7 0.9(6) 


N2-C18 1.336(6) C8-N1-C7-O1 1.4(8) 


N2-C19 1.474(6) C8-N1-C7-C6 -176.0(4) 


C17-C18 1.486(7) C7-N1-C8-C9 -66.2(6) 


Se1···O1 2.973(4) C7-N1-C8-C10 176.1(5) 


Se2···O3 2.720(4) Se2-C12-C13-C14 179.0(4) 


Se2-Se1-C1 103.43(16) C17-C12-C13-C14 -2.1(8) 


Se1-Se2-C12 100.59(16) Se2-C12-C17-C16 179.6(4) 


C7-N1-C8 125.3(4) Se2-C12-C17-C18 -1.3(6) 


N1-C8-C11 112.1(4) C-Se1-Se2-C12 -91.3(2) 


O2A-C10-C8 116.9(6) Se2-Se1-C1-C2 24.7(5) 


O2B-C11-C8 118.3(9) Se2-Se1-C1-C6 -157.9(4) 


Se2-C12-C17 119.4(4) Se1-Se2-C12-C13 29.6(4) 


Se1-C1-C6 117.8(4) Se1-Se2-C12-C17 -149.3(4) 


O1-C7-C6 119.3(4)   


O1-C7-N1 124.0(5)   


N1-C8-C9 109.4(4)   


C9-C8-C10 108.4(5)   
 
Table S5. B3LYP/6-31G(d) level optimized geometries of reactants, intermediates, transition states and 
products involved in the cyclization of the selenenic acid 4 to the cyclic selenenyl amide 1.  
 


 
4 
 


 
4TS1 


 
6        2.081281      0.354938     -0.008451 
6        3.294289      1.056502     -0.017829 
6        3.302186      2.445560     -0.017096 
6        2.101056      3.166703     -0.008904 


 
6        2.048944      0.155424     -0.039156 
6        3.337624      0.473182     -0.469710 
6        3.718670      1.810623     -0.582275 
6        2.821596      2.832692     -0.266833 
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6        0.895881      2.479560     -0.007133 
6        0.865249      1.073381     -0.007147 
34       2.059500     -1.557700     -0.01636 
8        3.913809     -1.769460      0.008257 
1        4.136987     -1.8602547    0.949397 
1        4.219692      0.492189     -0.039994 
1        4.251457      2.974909     -0.026740 
1        2.109380      4.252397     -0.010051 
1       -0.024641      3.058878     -0.011078 
6       -0.362626      0.251502     -0.011239 
8       -0.245915     -0.988052     -0.038210 
7       -1.576990      0.874708      0.016146 
1       -1.558308      1.883419      0.045654 
6       -2.875795      0.317172      0.010125 
6       -3.949745      1.221207      0.039989 
6       -5.261853      0.758269      0.036285 
6       -5.523397     -0.613034      0.002674 
6       -4.454345     -1.508805     -0.027045 
6       -3.132661     -1.061993     -0.023002 
1       -3.754831      2.292213      0.065484 
1       -6.080426      1.473543      0.059611 
1       -6.546659     -0.976979      0.165802 
1       -4.643666     -2.578102     -0.053210 
1       -2.309048     -1.760755     -0.046363 
 


6        1.530673      2.511168      0.153976 
6        1.134631      1.175323      0.263962 
34       1.455800     -1.664228      0.144522 
8        2.931534     -2.506694     -0.530852 
1        3.474278     -2.719057      0.247342 
1        4.027234     -0.323724     -0.726848 
1        4.723469      2.052293     -0.918626 
1        3.122322      3.872869     -0.350825 
1        0.822618      3.298009      0.401046 
6       -0.254296      0.818280      0.750017 
8       -0.506453      0.635673      1.933647 
7       -1.161737      0.697091     -0.275979 
1       -0.785786      0.850781     -1.203030 
6       -2.533241      0.362051     -0.225115 
6       -3.216549      0.270552     -1.447671 
6       -4.570438     -0.050465     -1.474934 
6       -5.261587     -0.285603     -0.284727 
6       -4.578777     -0.194875      0.928648 
6       -3.221770      0.126002      0.974357 
1       -2.682364      0.450805     -2.378634 
1       -5.083696     -0.117413     -2.430343 
1       -6.318139     -0.536760     -0.304188 
1       -5.105263     -0.376205      1.861970 
1       -2.693236      0.194583      1.914661 
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4a 


  
4TS2 


 
6       -1.950205     -0.042841      0.068713 
6       -3.321285     -0.192423      0.293048 
6       -4.124447      0.931654      0.481001 
6       -3.573760      2.215035      0.433244 
6       -2.209132      2.364674      0.208958 
6       -1.382431      1.245467      0.046200 
34      -0.862684     -1.612539     -0.277677 
8       -2.217814     -2.844242     -0.381056 
1       -2.490178     -2.843551     -1.314904 
1       -3.750237     -1.188452      0.311697 
1       -5.188705      0.801071      0.658935 
1       -4.203824      3.089096      0.568589 
1       -1.753941      3.348618      0.151843 
6        0.077313      1.485886     -0.197405 
8        0.489665      2.431933     -0.852451 
7        0.892320      0.523064      0.381545 
1        0.469038     -0.011425      1.132252 
6        2.291197      0.343232      0.254814 
6        2.853378     -0.741826      0.945215 
6        4.220547     -0.990108      0.867871 
6        5.043208     -0.162669      0.100708 
6        4.478749      0.912122     -0.586826 
6        3.110564      1.178196     -0.517562 
1        2.210036     -1.400913      1.524533 
1        4.640736     -1.834933      1.406742 
1        6.110530     -0.354810      0.039869 
1        5.109017      1.563585     -1.186348 
1        2.675551      2.016665     -1.042819 


 


 
6       -2.033326      0.050142     -0.070202 
6       -3.411790      0.116902      0.171387 
6       -4.025816      1.323761      0.487759 
6       -3.266904      2.495593      0.517782 
6       -1.903346      2.439124      0.255581 
6       -1.251873      1.222610     -0.012228 
34      -1.316601     -1.678271     -0.559521 
8       -2.085559     -2.678862      0.772039 
1       -2.855686     -3.104642      0.360866 
1       -4.005796     -0.789501      0.110891 
1       -5.093904      1.351374      0.684973 
1       -3.736809      3.449287      0.740122 
1       -1.299544      3.339862      0.259923 
6        0.247451      1.369197     -0.220538 
8        0.694910      2.408297     -0.695759 
7        1.027975      0.335375      0.225618 
1        0.536384     -0.483518      0.566426 
6        2.432494      0.202917      0.180145 
6        2.965263     -1.011210      0.645047 
6        4.340177     -1.224622      0.641531 
6        5.205682     -0.231773      0.177521 
6        4.673801      0.973154     -0.282724 
6        3.297786      1.204217     -0.287358 
1        2.293970     -1.789734      1.001394 
1        4.733980     -2.170540      1.003708 
1        6.279434     -0.396215      0.175644 
1        5.336425      1.754208     -0.646506 
1        2.887761      2.137438     -0.645516 
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4b 


 


 
4TS3 


 
6       -2.122704     -0.120773     -0.055067 
6       -3.506928     -0.145260      0.174314 
6       -4.203493      1.022209      0.480113 
6       -3.512487      2.231430      0.558085 
6       -2.138912      2.264789      0.328401 
6       -1.417438      1.100424      0.031385 
34      -1.325303     -1.781662     -0.601178 
8       -0.361637     -2.160108      0.938858 
1       -1.020871     -2.481673      1.576521 
1       -4.031675     -1.092762      0.099980 
1       -5.275127      0.985070      0.654385 
1       -4.042058      3.150624      0.792594 
1       -1.595318      3.203098      0.359045 
6        0.062524      1.321705     -0.220523 
8        0.425471      2.347661     -0.789960 
7        0.908962      0.370461      0.278677 
1        0.491530     -0.419098      0.764919 
6        2.317191      0.315002      0.178436 
6        2.937213     -0.850339      0.660865 
6        4.321789     -0.979847      0.614994 
6        5.109730      0.044899      0.085977 
6        4.490536      1.198032     -0.396674 
6        3.103626      1.347041     -0.356801 
1        2.323494     -1.655727      1.056339 
1        4.784584     -1.888739      0.990636 
1        6.190733     -0.056574      0.048412 
1        5.091561      2.002440     -0.813017 
1        2.626165      2.240310     -0.732706 


 


 
6       -2.039278     -0.270905     -0.173896 
6       -3.430601     -0.519109     -0.203638 
6       -4.329456      0.518255     -0.002169 
6       -3.855993      1.808225      0.280167 
6       -2.487914      2.050006      0.358502 
6       -1.561670      1.020639      0.154226 
34      -0.882663     -1.655479     -0.639004 
8        0.106516     -2.025157      1.443467 
1       -0.700473     -2.076148      1.985267 
1       -3.782034     -1.526204     -0.406709 
1       -5.397485      0.325151     -0.050371 
1       -4.559579      2.616631      0.458470 
1       -2.099361      3.038162      0.581291 
6       -0.104529      1.361612      0.249508 
8        0.249512      2.540716      0.154445 
7        0.725448      0.285321      0.493344 
1        0.349331     -1.020238      1.334301 
6        2.082481      0.346462      0.212035 
6        2.917501     -0.639398      0.795559 
6        4.283598     -0.657197      0.550262 
6        4.861709      0.295329     -0.295515 
6        4.049957      1.265036     -0.892985 
6        2.682382      1.299732     -0.651465 
1        2.473947     -1.396984      1.433848 
1        4.901436     -1.421817      1.013622 
1        5.930222      0.277876     -0.491664 
1        4.490539      2.007078     -1.553816 
1        2.068527      2.068960     -1.098351 
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4c 


 


 


 
 


1 


 
34      0.394497      1.092155     -0.881223 
8       -0.033718     -2.404221      0.930789 
7       -0.474906     -0.352631     -0.034383 
6        2.020092      0.260557     -0.369014 
6        1.782636     -0.961889      0.263353 
6        2.858339     -1.736045      0.705622 
1        2.651301     -2.682627      1.195976 
6        4.156131     -1.274113      0.509506 
1        5.000987     -1.865280      0.849939 
6        4.378600     -0.043246     -0.125870 
1        5.394897      0.311434     -0.273784 
6        3.313211      0.738179     -0.572062 
1        3.493904      1.690027     -1.063076 
6        0.365406     -1.360478      0.434238 
6       -1.897977     -0.395565     -0.037525 
6       -2.573414     -1.522420     -0.519860 
1       -2.007540     -2.373731     -0.879075 
6       -3.967215     -1.540280     -0.511411 
1       -4.491434     -2.417698     -0.880051 
6       -4.687335     -0.439039     -0.043313 
1       -5.773655     -0.457122     -0.046698 
6       -4.006530      0.680204      0.439451 
1       -4.559780      1.532814      0.823410 
6       -2.612502      0.704097      0.454306 
1       -2.075609      1.547772      0.881831 
8       -0.241810      3.032782      1.953347 
1        0.131299      2.483635      1.241213 
1       -0.425361      3.877652      1.514961 


 


 
6       -4.134735      1.244896      0.162864 
6       -4.365137     -0.131178      0.013087 
6       -3.305638     -1.030415     -0.097440 
6       -2.005524     -0.526899     -0.057558 
6       -1.763545      0.841069      0.090285 
6       -2.833193      1.733620      0.201852 
34     -0.390817     -1.501568     -0.186333 
7        0.495473      0.159244      0.011007 
6       -0.347296      1.266550      0.121963 
8        0.045057      2.421559      0.236381 
6        1.914558      0.191190      0.024028 
6        2.623871     -0.880576      0.585135 
6        4.017381     -0.879476      0.580302 
6        4.718588      0.197855      0.038180 
6        4.010254      1.271303     -0.505045 
6        2.616750      1.276174     -0.522988 
1       -4.975541      1.926816      0.248058 
1       -5.384292     -0.506865     -0.016922 
1       -3.496656     -2.093516     -0.211773 
1       -2.617087      2.791532      0.317430 
1        2.081407     -1.707223      1.036317 
1        4.552553     -1.719538      1.014435 
1        5.804842      0.201848      0.039970 
1        4.545011      2.116889     -0.929197 
1        2.070757      2.111493     -0.939084 
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Table S6. Relative Electronic ?(E + ZPE) and relative Gibbs Free Energy ?(G + ZPE) for the cyclization 
of selenenic acid 4 to the corresponding selenenyl amide 1 calculated at B3LYP/6-31G(d) level of theory. 
 
 


 
 
 
 
 


 
 
 
 


 
 
 
Table S7. B3LYP/6-31G(d) level optimized geometries of reactants, intermediates, transition states and 
products involved in the cyclization of the selenenic acid 23 to the cyclic selenenyl amide 17.  
 


 
23  


23TS1 
 


8       -0.464648     -1.052709     -0.214423 
7       -1.908890      0.708210     -0.159458 
6        0.520449      1.068490     -0.058430 
6       -4.298717      1.014262     -0.321370 
6        2.941978      1.191700      0.072712 
6        1.774102      0.421486     -0.007670 
6       -3.377064     -1.053287      0.783564 
6       -0.659509      0.180569     -0.156596 
1        3.899141      0.682897      0.090549 
6       -3.179578     -0.034765     -0.366241 
6        1.626389      3.228609      0.067246 
6       -3.167860     -0.765250     -1.718700 
6        2.866613      2.578504      0.111213 
6        0.465818      2.472666     -0.019544 
8       -3.384412     -0.446842      2.066909 
1       -2.613211     -1.835550      0.713416 
1       -4.360379     -1.519893      0.662962 
1        3.781744      3.161974      0.171220 
1       -4.151232      1.785345     -1.087881 
1       -4.344692      1.484916      0.665540 
1       -0.488158      2.993203     -0.061702 
1       -3.064512     -0.048820     -2.541010 
1       -2.475337     -0.162361      2.249631 
1       -4.108828     -1.309464     -1.859096 
1        1.570479      4.312597      0.095307 
1       -5.265053      0.537449     -0.512064 
1       -2.341642     -1.477716     -1.771810 


 
8        0.939775      0.503462     -1.707597 
7        1.382772      0.696344      0.541745 
6       -0.825140      1.207633     -0.252675 
6        3.720113      1.405966      0.137752 
6       -3.099957      0.540086      0.259359 
6       -1.772693      0.202953     -0.005565 
6        3.052682     -1.028675     -0.203894 
6        0.596323      0.793491     -0.557066 
1       -3.819219     -0.243629      0.472564 
6        2.806937      0.270068      0.621651 
6       -2.549303      2.887788      0.004182 
6        3.058239     -0.045241      2.104636 
6       -3.482856      1.882259      0.261638 
6       -1.219792      2.547140     -0.250095 
8        3.310690     -0.835061     -1.570457 
1        2.197219     -1.704672     -0.029108 
1        3.944312     -1.515034      0.207583 
1       -4.518185      2.140695      0.467550 
1        3.580674      2.301491      0.753928 
1        3.508330      1.653588     -0.904305 
1       -0.483713      3.321070     -0.451871 
1        2.817543      0.816473      2.740147 
1        2.510248     -0.398110     -1.929649 
1        4.112314     -0.288918      2.266010 
1       -2.852240      3.930701      0.003435 
1        4.769786      1.099393      0.199594 
1        2.453149     -0.897529      2.436304 


4    ?    1  + H2O 
Structure ? (E + ZPE) ? (G + ZPE) 


 kcal/mol kcal/mol 
4 0 0 
4TS1 11.74 11.63 
4a 7.35 7.12 
4TS2 9.91 9.95 
4b 6.56 6.44 
4TS3 46.84 47.35 
4c 2.29 1.33 
1 + H2O 7.79 -1.31 
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34       1.863062     -1.488901     -0.066620 
8        3.723538     -1.596992      0.068460 
1        3.893566     -1.699333      1.019487 
1       -1.985330      1.714358     -0.137924 
 


34      -1.163924     -1.622474    -0.030004 
8       -2.729124     -2.443598      0.436932 
1       -3.150987     -2.675390     -0.407933 
1        0.946750      0.970333      1.413106 
 


 
 


 
 


23a 


 
23TS2 


 
8        1.119385      2.017868     -0.880723 
7        1.141421      0.222224      0.564037 
6       -0.952961      1.277720      0.048327 
6        3.419383      0.937704      1.257389 
6       -3.097868      0.158539      0.205174 
6       -1.708451      0.091199      0.074030 
6        3.065073     -0.332253     -0.929664 
6        0.532191      1.238763     -0.129111 
1       -3.675254     -0.759631      0.220184 
6        2.588038     -0.135448      0.539185 
6       -2.984142      2.581931      0.255888 
6        2.688521     -1.484176      1.270624 
6       -3.727316      1.399018      0.303167 
6       -1.601007      2.516397      0.117386 
8        3.502471      0.831114     -1.586318 
1        2.251930     -0.844411     -1.472755 
1        3.926762     -1.008586     -0.911427 
1       -4.808133      1.439653      0.410462 
1        3.118314      1.017596      2.308507 
1        3.296986      1.910484      0.778312 
1       -1.000261      3.418763      0.056078 
1        2.297019     -1.410960      2.293107 
1        2.750194      1.455795     -1.563533 
1        3.734413     -1.797538      1.338892 
1       -3.480894      3.545321      0.321919 
1        4.482401      0.677217      1.220227 
1        2.124470     -2.264587      0.747888 
34      -0.840518     -1.630760     -0.139558 
8       -2.355440     -2.634875     -0.412019 
1       -2.521842     -2.588038     -1.369254 
1        0.631475     -0.110029      1.376207 
 
 


 
8        1.383779      1.991205     -0.604857 
7        1.262831     -0.081977      0.353351 
6       -0.783438      1.226354     -0.009036 
6        3.360362      0.377907      1.583970 
6       -3.126475      0.576636      0.048588 
6       -1.777407      0.230703     -0.104788 
6        3.456211     -0.205388     -0.890373 
6        0.722642      1.058094     -0.128735 
1       -3.885624     -0.193399     -0.046402 
6        2.705402     -0.432543      0.454965 
6       -2.529746      2.884388      0.389516 
6        2.732854     -1.936196      0.775083 
6       -3.504565      1.887332      0.319529 
6       -1.191752      2.553018      0.209665 
8        3.903242      1.105821     -1.121964 
1        2.812659     -0.580978     -1.705192 
1        4.355672     -0.831977     -0.872162 
1       -4.555336      2.131197      0.449234 
1        2.866082      0.172823      2.540129 
1        3.301767      1.447654      1.375072 
1       -0.422644      3.316662      0.241490 
1        2.175030     -2.154230      1.694007 
1        3.102793      1.669611     -1.075100 
1        3.762667     -2.273626      0.923381 
1       -2.811509      3.916680      0.575904 
1        4.419524      0.113144      1.673596 
1        2.289088     -2.521356     -0.039204 
34      -1.394752     -1.617520     -0.526584 
8       -2.365287     -2.410199      0.814333 
1       -3.200901     -2.682378      0.400780 
1        0.614060     -0.776773      0.704473 
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23b 


 
23TS3 


 
8       -0.855676      1.871527      1.326356 
7       -1.215596      0.256693     -0.262587 
6        1.044114      1.116867      0.120943 
6       -3.032508     -1.210058     -0.904036 
6        3.234113      0.120024     -0.247723 
6        1.864403     -0.025661      0.016638 
6       -3.534319      1.082547      0.015336 
6       -0.432101      1.100464      0.466926 
1        3.853528     -0.768988     -0.317497 
6       -2.599088     -0.144960      0.113110 
6        2.990397      2.517783     -0.290672 
6       -2.608661     -0.718340      1.540290 
6        3.797626      1.385053     -0.405729 
6        1.630510      2.380412     -0.018810 
8       -3.538566      1.667798     -1.279442 
1       -3.254672      1.814141      0.781766 
1       -4.562532      0.755427      0.203688 
1        4.859672      1.483750     -0.611926 
1       -2.342256     -2.060371     -0.903982 
1       -3.073984     -0.782626     -1.910371 
1        1.000687      3.255431      0.106725 
1       -1.876300     -1.529577      1.613077 
1       -2.624206      1.946273     -1.450161 
1       -3.600107     -1.113638      1.788892 
1        3.420644      3.508939     -0.404418 
1       -4.032642     -1.577099     -0.651558 
1       -2.342979      0.048758      2.272358 
34       1.214712     -1.807315      0.335851 
8        0.318009     -2.074992     -1.262143 
1        1.012367     -2.296699     -1.904944 
1       -0.745310     -0.371324     -0.908290 
 


 
8       -0.708598      2.409290      0.085662 
7       -0.994106      0.123441     -0.205260 
6        1.225396      1.039212     -0.026229 
6       -3.009989     -1.248851     -0.189449 
6        3.189906     -0.410626      0.065099 
6        1.788940     -0.250104      0.069778 
6       -3.249393      1.240604      0.153897 
6       -0.253434      1.256621     -0.043729 
1        3.615921     -1.409662      0.077520 
6       -2.335347     -0.007955      0.414952 
6        3.455646      1.993104     -0.003163 
6       -2.164149     -0.172947      1.938289 
6        4.013341      0.707281      0.060014 
6        2.075256      2.151812     -0.055618 
8       -3.145520      1.764590     -1.149498 
1       -3.026866      2.006917      0.904512 
1       -4.288584      0.917338      0.292412 
1        5.092044      0.580296      0.083879 
1       -2.383244     -2.140503     -0.080240 
1       -3.213595     -1.093638     -1.253970 
1        1.616315      3.133016     -0.119960 
1       -1.541401     -1.044766      2.159714 
1       -2.319551      2.284272     -1.116707 
1       -3.138136     -0.301828      2.425197 
1        4.104131      2.863948     -0.036176 
1       -3.962428     -1.441600      0.315672 
1       -1.682486      0.711530      2.369348 
34       0.716349     -1.779284      0.205795 
8       -0.422592     -1.771457     -1.709574 
1        0.291820     -1.623797     -2.356014 
1       -0.764434     -0.818256     -1.341151 
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23c 


 
17 


 
 


8        0.265642      2.472792     -0.019352 
7        0.758353      0.244832     -0.398367 
6       -1.509591      0.854081     -0.110690 
6        2.827190     -0.996003     -0.913646 
6       -3.012092     -1.058385     -0.223960 
6       -1.727582     -0.515964     -0.268531 
6        2.856778      0.841260      0.805993 
6       -0.098112      1.306595     -0.167076 
1       -3.180356     -2.124913     -0.342581 
6        2.245224      0.373735     -0.544573 
6       -3.879819      1.190420      0.127639 
6        2.553680      1.390211     -1.658449 
6       -4.084615     -0.189804     -0.027926 
6       -2.592392      1.716073      0.088220 
8        2.843106     -0.149046      1.809007 
1        2.355820      1.765003      1.119512 
1        3.910043      1.082135      0.614003 
1       -5.093639     -0.591444      0.004889 
1        2.419003     -1.363283     -1.861750 
1        2.641095     -1.722862     -0.117552 
1       -2.397571      2.778007      0.205508 
1        2.087452      1.075730     -2.598628 
1        1.962462     -0.169881      2.239165 
1        3.636723      1.442362     -1.815680 
1       -4.731190      1.847294      0.279149 
1        3.912621     -0.908375     -1.023586 
1        2.183744      2.383945     -1.401473 
34     -0.091340     -1.442157     -0.491848 
8        0.257537     -0.645858      2.808392 
1       -0.380897      0.083702      2.786659 
1        0.069481     -1.154338      1.997395 
 


8        0.240432      2.483129      0.001461 
7        0.792596      0.258465     -0.351244 
6       -1.487823      0.816515     -0.040580 
6        2.914469     -0.925937     -0.785754 
6       -2.932321     -1.138961      0.020056 
6       -1.662274     -0.568208     -0.070607 
6        2.668246      0.611273      1.210760 
6       -0.092381      1.305839     -0.119654 
1       -3.070971     -2.215982     -0.005158 
6        2.283654      0.376754     -0.269664 
6       -3.865717      1.105186      0.178790 
6        2.766931      1.546782     -1.145849 
6       -4.029510     -0.288590      0.144019 
6       -2.594088      1.661053      0.089029 
8        2.354583     -0.488967      2.053605 
1        2.187877      1.536092      1.557525 
1        3.753155      0.742734      1.283262 
1       -5.026152     -0.715599      0.215482 
1        2.559502     -1.161250     -1.794184 
1        2.706633     -1.768634     -0.118917 
1       -2.428925      2.733927      0.118593 
1        2.444668      1.399856     -2.182092 
1        1.400132     -0.656899      1.980558 
1        3.862431      1.572986     -1.130243 
1       -4.735552      1.747983      0.276515 
1        4.002218     -0.808361     -0.822756 
1        2.375659      2.500739     -0.795067 
34     -0.004532     -1.461187     -0.230253 
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Table S8. Relative Electronic ?(E + ZPE) and relative Gibbs Free Energy ?(G + ZPE) for the cyclization 
of selenenic acid 23 to the corresponding selenenyl amide 17 calculated at B3LYP/6-31G(d) level. 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
Table S9. B3LYP/6-31G(d) level optimized geometries of reactants, intermediates, transition states and 
products involved in the cyclization of the selenenic acid 35 to the cyclic selenenyl amide 41.  
 


 
35 


 
 


35TS1 
6       -0.022215      0.548549     -0.007352 
6       -0.040300      1.949479     -0.012468 
6       -1.254      2.633891     -0.010977 
6       -2.467596      1.939975     -0.012077 
6       -2.457953      0.552252     -0.011858 
6       -1.244583     -0.156210     -0.003139 
1        0.903765      2.482079     -0.032769 
1       -1.247720      3.720904     -0.018159 
1       -3.409502      2.480101     -0.021595 
1       -3.405578      0.019774     -0.037417 
34      1.627078     -0.419521     -0.030980 
8        2.731815      1.086062      0.019940 
1        2.911902      1.224199      0.964575 
6       -1.139356     -1.625907      0.002070 
8       -0.013410     -2.150804     -0.058837 
7       -2.259911     -2.397981      0.049795 
1       -3.150970     -2.019824      0.330964 
1       -2.118373     -3.391885      0.165151 


6       -0.099898     -0.571679     -0.015628 
6       -0.261460     -1.956736      0.033095 
6       -1.545175     -2.503381      0.037830 
6       -2.667885     -1.675082     -0.005724 
6       -2.501871     -0.290218     -0.044634 
6       -1.221752      0.269791     -0.044216 
1        0.613784     -2.595937      0.080321 
1       -1.665067     -3.582897      0.076209 
1       -3.666235     -2.102721     -0.006110 
1       -3.368107      0.365426     -0.076672 
34       1.642437      0.245762     -0.032301 
8        2.661306     -1.259658      0.167061 
1        2.884288     -1.529887     -0.739854 
6       -1.034633      1.770321     -0.119347 
8       -0.939064      2.376225     -1.176382 
7       -0.962055      2.382508      1.100022 
1       -0.935778      1.850324      1.957126 
1       -0.753245      3.371591      1.133360 


 


23    ?    17  + H2O 
Structure ? (E + ZPE) ? (G + ZPE) 


 kcal/mol kcal/mol 
23 0 0 
23TS1 8.70 9.39 
23a 3.76 4.56 
23TS2 7.87 8.63 
23b 6.82 7.10 
23TS3 49.48 51.01 
23c -2.91 -2.29 
17 + H2O 6.77 -1.57 
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35a  


35TS2 
6        0.063562      0.528386      0.063904 
6        0.114878      1.924694      0.118922 
6        1.343956      2.582057      0.118203 
6        2.538485      1.859846      0.047413 
6        2.490916      0.471753     -0.009661 
6        1.264642     -0.206554      0.016776 
1       -0.811905      2.486428      0.159057 
1        1.365675      3.667695      0.168229 
1        3.494067      2.375647      0.036369 
1        3.398004     -0.120828     -0.077586 
34      -1.667820     -0.344699     -0.019524 
8       -2.697137      1.170439     -0.182427 
1       -2.747264      1.339020     -1.138873 
6        1.298797     -1.697932     -0.038420 
8        2.181180     -2.336575     -0.587660 
7        0.193434     -2.316685      0.545816 
1       -0.152660     -1.925429      1.416274 
1        0.242160     -3.330382      0.537491 


6        0.010842      0.548448     -0.094194 
6        0.024661      1.949649     -0.094545 
6        1.216672      2.654061      0.035389 
6        2.423951      1.956867      0.115704 
6        2.418247      0.567307      0.090236 
6        1.221436     -0.165112      0.017394 
1       -0.911112      2.490353     -0.195644 
1        1.203439      3.740464      0.048711 
1        3.364827      2.494205      0.192730 
1        3.344150      0.004647      0.136762 
34      -1.706123     -0.303949     -0.349431 
8       -2.670390      0.629145      0.902015 
1       -3.148146      1.310529      0.401181 
6        1.423945     -1.671246      0.061973 
8        2.464857     -2.165141     -0.357789 
7        0.459151     -2.425873      0.656976 
1       -0.445116     -2.049029      0.908609 
1        0.591826     -3.427652      0.643922 


 
 


 
35b 


 
35TS3 


6       -0.229117     -0.646146     -0.057404 
6       -0.793675     -1.927909      0.033128 
6       -2.168925     -2.095383      0.184536 
6       -2.993600     -0.972135      0.246269 
6       -2.440460      0.303534      0.155541 
6       -1.059708      0.493230      0.015854 
1       -0.139872     -2.792665     -0.026639 
1       -2.589342     -3.094845      0.252678 
1       -4.068038     -1.087441      0.359383 
1       -3.071902      1.185541      0.175104 
34       1.654128     -0.582769     -0.436606 
8        2.286710      0.086435      1.172333 
1        2.240787     -0.661614      1.790828 
6       -0.623240      1.942367     -0.086305 
8       -1.333440      2.754577     -0.671165 
7        0.522061      2.294622      0.552790 
1        1.138155      1.635284      1.018142 
1        0.821611      3.254067      0.446503 


6       -0.431233     -0.611538     -0.065568 
6       -1.220651     -1.768281      0.081253 
6       -2.599792     -1.645104      0.209314 
6       -3.194443     -0.376080      0.250170 
6       -2.406602      0.769165      0.161427 
6       -1.021562      0.664541      0.017075 
1       -0.749776     -2.747185      0.079956 
1       -3.212834     -2.537793      0.296713 
1       -4.270021     -0.286930      0.374184 
1       -2.838523      1.764284      0.202975 
34       1.400828     -0.826782     -0.434434 
8        2.618518      0.023991      1.230400 
1        2.281611     -0.479841      1.992964 
6       -0.176611      1.891914     -0.091701 
8       -0.655410      2.993983     -0.366533 
7        1.153446      1.637117      0.114066 
1        1.967174      0.872586      1.053287 
1        1.720603      2.374168     -0.310547 
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35c 


 
41 


6       -0.780137     -0.639738     -0.001374 
6       -1.770660     -1.622150      0.003608 
6       -3.104945     -1.218450      0.009649 
6       -3.449420      0.141803      0.010644 
6       -2.453218      1.113005      0.005539 
6       -1.113169      0.719695     -0.000622 
1       -1.517088     -2.678644      0.002888 
1       -3.887508     -1.972540      0.013670 
1       -4.495592      0.433641      0.015354 
1       -2.682683      2.174715      0.006231 
34       1.103583     -0.895502     -0.009741 
8        4.026189      0.125801      0.027230 
1        4.285025     -0.423778     -0.728034 
6        0.026137      1.672784     -0.005547 
8       -0.042595      2.896645     -0.002454 
7        1.204459      0.963968     -0.014882 
1        4.229651     -0.414918      0.805516 
1        2.118883      1.399546     -0.009854 


6        0.338375     -0.918683     -0.248520 
6       -0.897723     -1.523300     -0.476691 
6       -2.048027     -0.754628     -0.306616 
6       -1.969370      0.591138      0.083413 
6       -0.729861      1.181320      0.307329 
6        0.430520      0.421672      0.139962 
1       -0.970143     -2.564070     -0.779043 
1       -3.019471     -1.209477     -0.480339 
1       -2.879344      1.170182      0.209620 
1       -0.632354      2.219935      0.609768 
34       2.051119     -1.724500     -0.404066 
6        1.799169      0.951170      0.351062 
8        2.108244      2.085501      0.692121 
7        2.713867     -0.052476      0.102328 
1        3.705001      0.126214      0.199672 
 


 


 
Table S10. Relative Electronic ?(E + ZPE) and relative Gibbs Free Energy ?(G + ZPE) for the cyclization 
of selenenic acid 35 to the corresponding selenenyl amide 41 calculated at B3LYP/6-31G(d) level of 
theory. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


35    ?    41  + H2O 
Structure ? (E + ZPE) ? (G + ZPE) 


 kcal/mol kcal/mol 
35 0 0 
35TS1 12.69 12.10 
35a 7.33 7.15 
35TS2 10.74 10.57 
35b 7.60 7.13 
35TS3 50.84 51.04 
35c 3.20 0.32 
41 + H2O 9.52 -0.23 
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Table S11. B3LYP/6-31G(d) level optimized geometries of reactants, intermediates, transition states and 
products involved in the cyclization of the selenenic acid 37 to the cyclic selenenyl amide 43.  
 


 


 
37 


 
37TS1 


6        0.667191      0.510516     -0.007524 
6        1.624476      1.533621     -0.005048 
6        1.227305      2.865373     -0.000021 
6       -0.131383      3.206984     -0.003586 
6       -1.085284      2.198625     -0.011607 
6       -0.703187      0.846529     -0.009403 
34       1.192231     -1.329563     -0.031424 
8        3.031690     -0.999451      0.021066 
1        3.256895     -1.027506      0.965641 
1        2.674149      1.262905     -0.021577 
1        1.981864      3.647848     -0.000768 
1       -0.438050      4.248648     -0.007203 
1       -2.136412      2.477105     -0.032597 
6       -1.643943     -0.292602     -0.017585 
8       -1.180493     -1.449451     -0.068106 
7       -2.982700     -0.076265      0.017483 
1       -3.318588      0.861620      0.172801 
6       -3.943243     -1.166976      0.062694 
1       -3.504665     -2.033049     -0.434023 
1       -4.196372     -1.448676      1.093039 
1       -4.856940     -0.871094     -0.460483 


6        0.790989      0.340035      0.007255 
6        2.025907      0.955088     -0.200187 
6        2.104095      2.347483     -0.247569 
6        0.957190      3.127383     -0.089289 
6       -0.277172      2.506976      0.107880 
6       -0.370072      1.113554      0.151956 
34       0.607032     -1.572722      0.092085 
8        2.332035     -2.038265     -0.298819 
1        2.763977     -2.137277      0.566497 
1        2.912189      0.344437     -0.336218 
1        3.068117      2.822515     -0.409644 
1        1.021497      4.211105     -0.122341 
1       -1.177449      3.103452      0.230857 
6       -1.697199      0.428111      0.396112 
8       -2.097339      0.146996      1.519941 
7       -2.378390      0.127679     -0.748821 
1       -1.936886      0.347783     -1.630644 
6       -3.639136     -0.593979     -0.750193 
1       -3.976845     -0.663431      0.284693 
1       -4.390554     -0.060820     -1.342620 
1       -3.519595     -1.606709     -1.154487 


 
 


 
 


37a 
 


37TS2 
6        0.809824      0.062381     -0.068407 
6        2.200962      0.113986     -0.195253 
6        2.854349      1.345185     -0.225143 
6        2.133288      2.537473     -0.114801 
6        0.749273      2.487730      0.013468 
6        0.074817      1.260014      0.018567 
34      -0.070739     -1.661255      0.056393 
8        1.443970     -2.699434      0.187813 
1        1.645328     -2.729955      1.138741 
1        2.761079     -0.812331     -0.263287 


6       -0.717593      0.440484     -0.102029 
6       -1.870154      1.233820     -0.022148 
6       -1.782999      2.611193      0.148840 
6       -0.527386      3.220109      0.192220 
6        0.618813      2.441103      0.086408 
6        0.555933      1.042535     -0.034780 
34      -0.994809     -1.452706     -0.386954 
8       -2.201568     -1.761985      0.961208 
1       -3.072928     -1.755542      0.532351 
1       -2.845280      0.762168     -0.094027 







 39


1        3.936055      1.370409     -0.329391 
1        2.647213      3.494111     -0.127560 
1        0.160356      3.394025      0.116461 
6       -1.413035      1.273751      0.158850 
8       -2.026619      2.114636      0.799406 
7       -2.047192      0.204097     -0.459700 
1       -1.617997     -0.125188     -1.318244 
6       -3.498139      0.084875     -0.381046 
1       -3.804813      0.220411      0.657149 
1       -4.009395      0.841224     -0.989496 
1       -3.789185     -0.912700     -0.718991 


1       -2.689647      3.205443      0.222917 
1       -0.442384      4.297496      0.302062 
1        1.604193      2.893488      0.100971 
6        1.923145      0.376516     -0.082829 
8        2.900520      1.006954     -0.482884 
7        2.038902     -0.893636      0.383047 
1        1.218104     -1.383807      0.713509 
6        3.331864     -1.555959      0.415157 
1        3.989726     -1.113959      1.172970 
1        3.178579     -2.612528      0.647156 
1        3.829478     -1.463875     -0.554422 


 
 


 
37b 


 
37TS3 


6       -0.883334     -0.398430     -0.057296 
6       -2.206018     -0.844850      0.089690 
6       -3.251942      0.059250      0.263867 
6       -2.977615      1.426718      0.293546 
6       -1.667545      1.877236      0.147124 
6       -0.600199      0.984778     -0.018811 
34       0.423765     -1.753949     -0.442198 
8        1.381259     -1.725365      1.145266 
1        0.815057     -2.187033      1.786003 
1       -2.404064     -1.911826      0.056602 
1       -4.269926     -0.303524      0.375416 
1       -3.783146      2.143835      0.425696 
1       -1.442239      2.938480      0.140232 
6        0.756172      1.641939     -0.184091 
8        0.849707      2.715609     -0.778488 
7        1.822511      1.038537      0.395518 
1        1.714146      0.172206      0.912828 
6        3.145276      1.628736      0.279940 
1        3.180767      2.613491      0.759748 
1        3.865610      0.964904      0.762819 
1        3.421699      1.759782     -0.771280 


6       -0.819242     -0.562879     -0.092277 
6       -1.965215     -1.379232     -0.022778 
6       -3.219102     -0.793810      0.103310 
6       -3.340868      0.599399      0.215348 
6       -2.205422      1.403837      0.197024 
6       -0.936418      0.833620      0.059672 
34       0.847214     -1.363962     -0.423970 
8        2.128246     -1.024396      1.385334 
1        1.560766     -1.411169      2.075460 
1       -1.861905     -2.458885     -0.082183 
1       -4.105016     -1.422166      0.131400 
1       -4.322622      1.048266      0.337214 
1       -2.270065      2.483700      0.287251 
6        0.276266      1.698659      0.005805 
8        0.214523      2.900239     -0.266624 
7        1.442725      1.009699      0.233744 
1        1.795951      0.010784      1.175958 
6        2.651850      1.638359     -0.279217 
1        2.850433      2.573361      0.261203 
1        3.495886      0.958208     -0.136550 
1        2.558967      1.890239     -1.341976 
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37c 


 
43 


6       -0.942989     -0.607456     -0.163648 
6       -2.055457     -1.431945     -0.005708 
6       -3.277974     -0.833631      0.298697 
6       -3.387281      0.557954      0.439864 
6       -2.267098      1.367684      0.277958 
6       -1.037350      0.779754     -0.027864 
34       0.833042     -1.132630     -0.581064 
8        2.548688     -0.694780      2.406608 
1        1.892858     -1.002660      1.757078 
1       -1.980668     -2.510011     -0.114251 
1       -4.156765     -1.459331      0.428306 
1       -4.349745      1.001732      0.676475 
1       -2.315767      2.447485      0.383501 
6        0.222148      1.544901     -0.194524 
8        0.356228      2.755529     -0.053000 
7        1.259716      0.693064     -0.532619 
1        2.104624      0.043192      2.851454 
6        2.653635      1.114203     -0.561632 
1        2.651114      2.204796     -0.509113 
1        3.195326      0.701464      0.297247 
1        3.132476      0.796508     -1.493904 


6       -0.518705     -0.917049     -0.324657 
6       -1.800440     -1.453172     -0.444807 
6       -2.883542     -0.665422     -0.057105 
6       -2.693673      0.632512      0.440922 
6       -1.409248      1.154762      0.555475 
6       -0.316378      0.374513      0.170620 
34       1.125989     -1.747496     -0.768680 
1       -1.959437     -2.456541     -0.829237 
1       -3.889301     -1.067606     -0.143981 
1       -3.552376      1.227970      0.736602 
1       -1.225017      2.154917      0.936605 
6        1.089422      0.834252      0.252596 
8        1.474197      1.927868      0.654858 
7        1.940693     -0.159901     -0.196173 
6        3.381841     -0.001641     -0.241997 
1        3.599490      0.994577      0.149023 
1        3.881010     -0.753976      0.379859 
1        3.755475     -0.078567     -1.269923 
 


 
 
Table S12. Relative Electronic ?(E + ZPE) and relative Gibbs Free Energy ?(G + ZPE) for the cyclization 
of selenenic acid 37 to the corresponding selenenyl amide 43 calculated at B3LYP/6-31G(d) level of 
theory. 
 
 
 
 
 
 


 


 


 


 


37    ?    43 + H2O 
Structure ? (E + ZPE) ? (G + ZPE) 


 kcal/mol kcal/mol 
37 0 0 
37TS1 12.20 12.25 
37a 6.97 7.39 
37TS2 10.57 10.91 
37b 7.42 7.45 
37TS3 49.03 49.89 
37c 1.07 0.48 
43 + H2O 6.79 -1.64 
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Table S13. B3LYP/6-31G(d) level optimized geometry of the selenenyl sulfide 14. 
 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


16      -2.983670000      0.026935000     -1.569645000 
34      -0.785590000     -0.419625000     -1.341586000 
8        5.322524000      0.092060000      2.046108000 
1        5.112501000     -0.616151000      2.674622000 
8        1.616521000     -0.822144000     -1.027140000 
7        3.309974000      0.096611000      0.193853000 
1        3.513430000      0.728595000      0.959375000 
6        5.554537000     -0.500476000      0.769893000 
1        6.288178000     -1.316269000      0.831556000 
1        5.983453000      0.297925000      0.156636000 
6       -1.025722000      2.268662000     -0.176267000 
1       -2.067884000      2.210219000     -0.470181000 
6       -5.144415000     -0.354245000      0.062491000 
6        1.181333000      1.278059000     -0.051411000 
6       -3.750636000     -0.484986000     -0.018589000 
6       -0.173898000      1.192712000     -0.442304000 
6        4.263734000     -1.025804000      0.101835000 
1       -5.702198000      0.038189000     -0.784082000 
6        1.648994000      2.451779000      0.563183000 
1        2.699320000      2.549208000      0.822685000 
6       -3.038768000     -0.990607000      1.072947000 
1       -1.961259000     -1.098947000      1.000364000 
6        2.056560000      0.106727000     -0.325115000 
6       -0.548150000      3.416275000      0.449966000 
1       -1.230009000      4.240319000      0.642545000 
6       -3.718379000     -1.361855000      2.233966000 
1       -3.154290000     -1.755044000      3.076194000 
6       -5.814093000     -0.728282000      1.226802000 
1       -6.894937000     -0.623732000      1.278030000 
6       -5.105199000     -1.233090000      2.319195000 
1       -5.628928000     -1.523101000      3.225874000 
6        3.721434000     -2.258218000      0.852128000 
1        3.527095000     -2.028157000      1.907312000 
1        4.438399000     -3.086213000      0.803748000 
1        2.780865000     -2.586108000      0.403917000 
6        0.795944000      3.517748000      0.817362000 
1        1.174406000      4.419116000      1.290052000 
6        4.579821000     -1.372843000     -1.361090000 
1        4.929582000     -0.485949000     -1.900512000 
1        3.693350000     -1.757582000     -1.867140000 
1        5.366956000     -2.134964000     -1.401427000 
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Experimental Data : 
 
General Remarks: 
1H (400 MHz), 13C (100 MHz) NMR spectra were recorded on a Bruker 400FTNMR in CDCl3 unless otherwise 
stated, and chemical shift (δ) are given in ppm relative to residual CHCl3. Multiplicity is indicated as follows: s 
(singlet), d (doublet), t (triplet), q (quartet), m (multiplet), dd (doublet of doublet), dt (doublet of triplet). 
Coupling constants are reported in Hertz (Hz). IR spectra were recorded on Perkin-Elmer FT-IR Spectrometer. 
Evolution of reaction was followed by TLC and GC-MS (EI mode) on an HP6890. Optical rotations were 
recorded on a Perkin-Elmer 241 polarimeter at 20°C in a 10 cm cell in the stated solvent; [α]D values are given 
in 10-1 deg.cm2 g-1 (concentration c given as g/100 mL). Enantiomeric excesses were determined by chiral GC 
measurement either on a HP6890 (H2 as vector gas) or HP6850 (H2 or He as vector gas) with the stated column. 
Temperature programs are described as follows: initial temperature (°C) - initial time (min) - temperature 
gradient (°C/min) - final temperature (°C); retention times (RT) are given in min. In some cases, enantiomeric 
excess were determined by chiral SFC measurement on a Berger SFC with the stated column. Gradient 
programs are described as follows: initial methanol concentration (%) - initial time (min) – percent gradient of 
methanol (%/min) – final methanol concentration (%). Flash chromatography was performed using silicagel 32-
63 µm, 60 Å. THF, diethylether and dichloromethane were dried by filtration over alumina (activated at 350 °C 
under nitrogen atmosphere for 12 h). Copper (I) thiophenecarboxylate (CuTC) was purchased from Frontier 
Scientific. Trans-1,4-dichloro-2-butene and trans-1,4-dibromo-2-butene were purchased from Fluka, and cis-
1,4-dichloro-2-butene was purchased from Aldrich. 
 
Typical procedure for the enantioselective copper catalyzed allylic substitution with Grignard reagents: 
CuTC (1 mol%) and chiral ligand (1.1 mol%) are charged in a dried Schlenk tube, under inert gas, and 
suspended in dichloromethane (2 mL). The mixture is stirred at room temperature for 30 min, followed by the 
addition of the allylic halide (1 mmol) at room temperature before cooling the mixture to –78°C in an ethanol-
dry ice cold bath. The Grignard (3 M in diethyl ether, 1.2 eq) diluted in CH2Cl2 (0.6 mL) is added over 60 min 
via a syringe pump. Upon completion of the addition, the reaction mixture is left a further 4h at -78°C. The 
reaction is quenched by addition of aqueous HCl (1N, 2 mL) and then Et2O (10 mL). Aqueous phase is 
separated and further extracted with Et2O (3 x 3mL). The combined organic fractions are washed with brine (5 
mL), dried over anhydrous magnesium sulfate, filtered and concentrated in vacuo. The oily residue is purified 
by flash column chromatography. Gas Chromatography on a chiral stationary phase shows the enantiomeric 
excess of the SN2’ product. 
 
(−)-(S)-(1-Chlorobut-3-en-2-yl)cyclohexane  6a 
SiO2, pentane, RF = 0.80. 1H NMR (400 MHz, CDCl3) : 5.71-5.63 (m, 1H), 5.15-5.04 (m, 2H), 3.62-3.52 (m, 
2H), 2.19-2.13 (m, 1H), 1.75-1.63 (m, 6H), 1.32-0.87 (m, 5H). 13C NMR (100 MHz, CDCl3) : 137.9, 117.6, 
51.9, 47.1, 38.8, 31.0, 29.5, 26.6, 26.5, 26.5. MS (EI mode) m/z (%) : 172(1), 136(1), 123(1), 116(2), 109(2), 
96(3), 91(3), 83(67), 67(19), 54(100). [α] 22


D
= - 34.9 (c 1.1, CHCl3) for 75% ee. Ee was measured by chiral GC 


with a Chirasil-Dex CB column, Helium flow (program: 85-0-1-170) RT: 27.65 (+), 28.53 (−). 
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(−)-(R)-(3-(Chloromethyl)pent-4-enyl)benzene  7a 
SiO2, pentane, RF = 0.38. 1H NMR (400 MHz, CDCl3) : 7.29 (m, 5H), 5.71 (ddd, J=8.3 Hz, J= 10.3 Hz, J= 
17.2 Hz, 1H), 5.21 (d, J= 10.3 Hz, 1H), 5.16 (d, J= 17.2 Hz, 1H), 3.52 (d, J= 5.8 Hz, 2H), 2-73-2.53 (m, 2H), 
2.45-2.37 (m, 1H), 1.73-1.63 (m, 2H). 13C NMR (100 MHz, CDCl3) : 142.0, 138.9, 128.5, 126.1, 117.6, 48.8, 
45.4, 33.7, 33.1. MS (EI mode) m/z (%) : 194(2), 179(2), 158(11), 143(11), 129(20), 117(7), 104(83), 91(100), 
77(11), 65(14), 51(7). [α] 22


D
= − 6.13 (c 0.62, CHCl3) for 73% ee. 


Ee was measured by chiral GC with a Hydrodex-B-3P column, Hydrogen flow (program: 90-0-1-170) RT: 35.50 
(+), 35.94 (−). 
 
(−)-(R)-3-(Chloromethyl)hept-1-ene  9a 
1H NMR (500 MHz, CDCl3) : 5.64 (ddd, J1= 8.5 Hz, J2= 10.4 Hz, J3= 17.0 Hz, 1H), 5.13-5.08 (m, 2H), 3.49 
(dd, J1= 1.6 Hz, J2= 6.0 Hz, 2H), 2.38-2.31 (m, 1H), 1-60-1.53 (m, 1H), 1.37-1.21 (m, 5H), 0.90 (t, J= 7.0 Hz, 
3H). 13C NMR (125 MHz, CDCl3) : 139.4, 116.8, 48.9, 46.0, 31.7, 29.1, 22.8, 14.1. MS (EI mode) m/z (%) : 
197(13), 95(47), 69(10), 59(30), 57(100), 55(22), 43(11), 41(22), 32(13), 31(18), 29(15). [α] 22


D
= − 10.2 (c 1.33, 


CHCl3) for 85% ee. Ee was measured by chiral GC with a Chirasil Dex-CB column, Helium flow (program: 60-
0-1-170) RT: 19.51 (+), 20.14 (−). 
 
 (−)-(R)-3-(Chloromethyl)-7-methylocta-1,6-diene  10a  
SiO2, pentane, RF = 0.79. IR (neat): 3073(w), 2967(m), 2918(s), 2856(m), 2722(w), 1641(w), 1441(br), 
1377(m), 1105(br), 992(s), 919(s), 831(br), 742(s) cm-1. 1H NMR (500 MHz, CDCl3) : 5.65 (ddd, J1= 8.6 Hz, 
J2= 10.4 Hz, J3= 17.4 Hz, 1H), 5.15-5.07 (m, 3H), 3.50 (dd, J1= 2.2 Hz, J2= 6.0 Hz, 2H), 2.41-2.34 (m, 1H), 
2.06-1.91 (m, 2H), 1.69 (s, 3H), 1.59 (s, 3H), 1.43-1.39 (m, 2H). 13C NMR (125 MHz, CDCl3) : 139.2, 132.2, 
124.0, 117.0, 48.8, 45.5, 32.1, 25.9, 25.4, 17.9. MS (EI mode) m/z (%) : 174(3), 172(M+, 9), 159(2), 157(7), 
129(19), 123(22), 121(8), 107(5), 102(7), 95(13), 93(44), 91(13), 83(19), 82(69), 81(40), 80(12), 79(29), 
77(14), 70(11), 69(100), 68(20), 67(81), 65(12), 56(16), 55(95), 54(18), 53(44), 51(13). [α] 22


D
= − 2.75 (c 0.76, 


CHCl3) for 85% ee. Ee was measured by chiral GC with a Hydrodex-B-3P column, Hydrogen flow (program: 
50-10-1-170) RT: 49.58 (+), 50.63 (−). 
 
(−)-(R)-7-tert-Butoxy-3-(chloromethyl)hept-1-ene  11a  
SiO2, pentane/ Et2O 97.5:2.5, RF = 0.40. 1H NMR (400 MHz, CDCl3) : 5.68-5.59 (m, 1H), 5.13-5.08 (m, 2H), 
3.48 (d, J=6.3Hz, 2H), 3.32 (t, J= 6.6Hz, 2H), 2.40-2.32 (m, 1H), 1.63-1.46 (m, 3H), 1.43-1.25 (m, 3H), 1.18 (s, 
9H). 13C NMR (100 MHz, CDCl3) : 139.2, 116.9, 72.6, 61.4, 48.8, 46.0, 31.8, 30.7, 27.7(3), 23.6. MS (EI 
mode) m/z (%) : 205(15), 203(45), 109(52), 67(23), 59(79), 57(100), 56(12), 55(22). [α] 22


D
= − 5.34 (c 1.22, 


CHCl3) for 79% ee. Ee was measured by chiral GC with a Hydrodex-B-3P column, Hydrogen flow (program: 
80-0-1-170) RT: 40.61 (+), 50.08 (−). 
 
(−)-(S)-(1-Bromobut-3-en-2-yl)cyclohexane  6b 
SiO2, pentane, RF = 0.79. IR (neat): 3077(w), 2923(s), 2852(m), 1640(w), 1449(m), 1435(m), 1279(m), 
1236(w), 994(m), 916(s), 705(m), 655(m) cm-1. 1H NMR (400 MHz, CDCl3) : 5.69-5.60 (m, 1H), 5.15-5.03 (m, 
2H), 3.50-3.40 (m, 2H), 2.20-2.13 (m, 1H), 1.75-1.63 (m, 5H), 1.54-1.45 (m, 1H), 1.31-0.86 (m, 5H). 13C NMR 
(100 MHz, CDCl3) : 138.3, 117.5, 51.5, 39.7, 36.9, 30.9, 29.4, 26.5, 26.5, 26.4. MS (EI mode) m/z (%) : 137(4), 
83(68), 82(24), 81(18), 67(21), 55(94), 54(100),  53(15). HR-MS : calc. mass= 137.1331, mass found= 
137.1330. [α] 22


D
= + 2.27 (c 1.24, CHCl3) for 52% ee on ent-6b. Ee was measured by chiral GC with a Chirasil- 


Dex CB, Helium flow (program: 100-0-1-170) RT: 35.53 (+), 36.20 (−). 
 
 (−)-(R)-(3-(Bromomethyl)pent-4-enyl)benzene  7b 
SiO2, pentane, RF = 0.47. IR (neat): 3063(w), 3026(w), 2926(br), 2857(w), 1641(w), 1603(m), 1496(m), 
1454(m), 1258(br), 1222(br), 1030(m), 992(m), 919(s), 745(s), 697(s) cm-1. 1H NMR (400 MHz, CDCl3) : 7.30-
7.26 (m, 2H), 7.21-7.17 (m, 3H), 5.68 (ddd, J1= 8.3 Hz, J2= 10.4 Hz, J3= 17.2 Hz, 1H), 5.20 (dd, J1= 10.4 Hz, 
J2= 1.5 Hz, 1H), 5.15 (ddd, J1= 17.2 Hz, J2= 1.5 Hz, 1H), 3.40 (d, J= 5.8 Hz, 2H), 2.71-2.53 (m, 2H), 2.45-2.36 
(m, 1H), 1.97-1.88 (m, 1H), 1.73-1.64 (m, 1H). 13C NMR (100 MHz, CDCl3) : 141.9, 139.3, 128.7, 128.5, 
128.3, 126.0, 125.8, 117.5, 45.0, 38.2, 34.7, 33.2. 
MS (EI mode) m/z (%) : 159(7), 158(17), 143(7), 129(15), 117(10), 105(30), 104(60), 92(18), 91(100), 77(10), 
65(13). HR-MS : (-HBr, -81) calc. mass= 158.1096, mass found= 158.1095. [α] 22


D
= + 6.91 (c 0.91, CHCl3) for 


76% ee on ent-7b. Ee was measured by chiral GC with a Hydrodex-B-3P column, Hydrogen flow (program: 
110-65-1-170) RT: 75.74 (+), 76.74 (−). 
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(−)-(R)-3-(Bromomethyl)hept-1-ene  9b 
1H NMR (400 MHz, CDCl3) : 5.68-5.56 (m, 1H), 5.14-5.06 (m, 2H), 3.38 (d, J= 8.3Hz, 2H), 2.36-2.30 (m, 1H), 
1.36-1.25 (m, 6H), 0.90 (t, J= 8.4Hz, 3H). 13C NMR (100 MHz, CDCl3) : 139.9, 116.7, 45.7, 38.5, 32.8, 29.2, 
22.7, 14.1. MS (EI mode) m/z (%) : 150(4), 148(4), 136(9), 134(9), 111(5), 95(5), 83(8), 81(8), 69(76), 67(18), 
57(13), 56(12), 55(100), 54(39), 53(34), 51(8). [α] 22


D
= + 25.81 (c 1.36, CHCl3) for 82% ee on ent-9b. Ee was 


measured by chiral GC with a Hydrodex-B-3P column, Hydrogen flow (program: 60-0-1-170) RT: 26.5 (+), 
27.4 (−). 
 
(−)-(R)-3-(Bromomethyl)-7-methylocta-1,6-diene  10b  
SiO2, pentane, RF = 0.67. IR (neat): 3076(w), 2967(m), 2916(s), 2855(m), 1642(w), 1437(br), 1377(m), 
1280(w), 1221(w), 1106(br), 992(s), 919(s), 844(br), 740(w), 695(m), 655(w) cm-1. 1H NMR (500 MHz, 
CDCl3) : 5.63 (ddd, J1= 8.5 Hz, J2= 10.4 Hz, J3= 17.4 Hz, 1H), 5.15-5.07 (m, 3H), 3.38 (dd, J1= 4.1 Hz, J2= 
5.7 Hz, 2H), 2.41-2.34 (m, 1H), 2.05-1.92 (m, 2H), 1.69 (s, 3H), 1.59 (s, 3H), 1.43-1.35 (m, 2H). 13C NMR (125 
MHz, CDCl3) : 139.6, 132.2, 123.9, 117.0, 45.1, 38.4, 33.2, 25.9, 25.4, 17.9. MS (EI mode) m/z (%) : 218(6), 
216(6), 203(3), 201(3), 175(8), 173(7), 137(19), 123(11), 95(31), 93(25), 83(22), 82(53), 81(49), 79(8), 
69(100), 68(10), 67(42), 56(11), 55(69), 53(21), 43(14), 41(89), 39(20), 32(40), 31(53), 29(10), 29(19), 28(20), 
27(17). HR-MS (EI mode): calc. mass= 216.0514, mass found= 216.0513. [α] 22


D
= − 1.83 (c 0.77, CHCl3) for 


94% ee. Ee was measured by chiral GC with a Chirasil Dex CB column, Helium flow (program: 70-30-1-170) 
RT: 64.18 (+), 64.39 (−). 
 
(−)-(R)-7-tert-Butoxy-3-(bromomethyl)hept-1-ene  11b  
SiO2, pentane/Et2O 97.5:2.5, RF = 0.31. IR (neat): 3071(w), 2973(m), 2935(m), 2864(m), 1642(w), 1459(br), 
1390(w), 1362(m), 1197(s), 1082(s), 992(m), 917(s), 877(br), 751(w), 695(m), 653(m) cm-1. 
1H NMR (400 MHz, CDCl3) : 5.66-5.57 (m, 1H), 5.13-5.07 (m, 2H), 3.37 (dd, J1= 1.8Hz, J2= 6.0Hz 2H), 3.32 
(t, J= 6.8Hz, 2H), 2.39-2.34 (m, 1H), 1.60-1.21 (m, 6H), 1.17 (s, 9H). 13C NMR (100 MHz, CDCl3) : 139.7, 
116.8, 72.6, 61.5, 45.7, 38.4, 32.9, 30.6, 27.7(3), 23.7. MS (EI mode) m/z (%) : 250(2), 249(15), 247(15), 
135(6), 133(6), 110(5), 109(57), 108(5), 81(6), 69(7), 67(30), 59(70), 58(7), 57(100), 56(15), 55(28), 54(6), 
53(12). HR-MS : (-O, -16) calc. mass= 247.0698, mass found= 247.0698. [α] 22


D
= − 5.50 (c 1.07, CHCl3) for 


92% ee. Ee was measured by chiral GC with a Hydrodex-B-3P column, Hydrogen flow (program: 110-33-0.5-
115-10-20-170) RT: 47.70 (+), 48.52 (−). 
 
(R)-3-(bromomethyl)-5-methylhex-1-ene 12b  
SiO2, pentane, RF = 0.78. IR (neat): 3080(w), 2956(s), 2925(m), 2870(w), 1840(br), 1642(w), 1467(m), 
1434(w), 1418(w), 1385(w), 1367(m), 1268(w), 1221(m), 1170(br), 993(s), 917(s), 861(br), 797(br), 697(s), 
649(m), 611(m) cm-1. 1H NMR (400 MHz, CDCl3) : 5.59 (ddd, J1= 8.6 Hz, J2= 10.6 Hz, J3= 16.9 Hz, 1H), 5.13-
5.08 (m, 2H), 3.39-3.31 (m, 2H), 2.49-2.41 (m, 1H), 1.66-1.57 (m, 1H), 1.38-1.24 (m, 2H), 0.91-0.86 (m, 6H). 
13C NMR (100 MHz, CDCl3) : 139.9, 116.8, 43.7, 42.4, 38.9, 25.4, 23.5, 21.9. MS (EI mode) m/z (%) : 177(1), 
163(1), 161(1), 150(2), 148(3), 135(6), 111(26), 97(13), 95(6), 69(47), 67(10), 57(46), 56(59), 55(67), 54(24), 
53(13), 43(33), 41(45), 39(16), 32(76), 31(100), 29(21), 29(38), 28(16), 27(16). [α]D


26= − 24.30 (c 0.88, CHCl3) 
for 84% ee. Ee was measured by chiral GC with a Chirasil Dex CB column, Helium flow (program: 60-15-1-
170) RT: 33.20 (+), 33.78 (−). 
 
(S)-(1-chlorobut-3-en-2-yl)benzene  13 
SiO2, pentane, RF = 0.88. 1H NMR (400 MHz, CDCl3) : 7.37-7.32 (m, 2H), 7.29-7.23 (m, 3H), 6.02 (ddd, J= 
7.3 Hz, J= 10.4 Hz, J= 17.4 Hz, 1H), 5.23 (d, J= 10.3 Hz, 1H), 5.17 (d, J= 17.2 Hz, 1H), 3.79 (d, J=2.0 Hz, 
1H), 3.77 (s, 1H), 3.70-3.65 (m, 1H). 13C NMR (100 MHz, CDCl3) : 140.8, 138.1, 128.8, 128.8, 127.9, 127.9, 
127.3, 117.2, 52.0, 47.9. Ee was measured by chiral GC with a Hydrodex B6-TBDM, Hydrogen flow (program: 
70-0-1-170) RT: 38.30 (−), 40.98 (+). 
 
(−)-(S)-2-methyl-4-phenylbutan-1-ol  18 
A solution of olefin (+)-13 (0.86 mmol) in dry CH2Cl2 (30 mL) was cooled to –78°C, and ozone was passed 
through until a blue persisting color appeared (~10 min). After completion of the reaction, the excess ozone was 
removed by purging with O2 and N2. Cooling the system with an ice-bath, sodium borohydride (1.72 mmol) and 
methanol (5 mL) were added to the reaction. The resulting mixture was permitted to warm to RT and stirred 
overnight. More NaBH4 (1.72 mmol) was added at 0°C (and more). After 7 days, reaction was hydrolyzed with 
H2O (15 mL) and extracted with Et2O, dried over Na2SO4. Crude product was then chromatographied on Silica 
gel (eluent pentane/Et2O 75:25). One obtains the alcohol as slightly yellow oil (0.33 mmol) with 38% yield. 1H 
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NMR (400 MHz, CDCl3) : : 7.29-7.26 (m, 2H), 7.20-7.16 (m, 3H), 3.51 (dd, J= 38.1 Hz, J= 5.8 Hz, 1H), 3.51 
(dd, J= 17.2 Hz, J= 5.8 Hz, 1H), 2.75-2.56 (m, 2H), 1.81-1.63 (m, 2H), 1.49-1.38 (m, 2H), 0.99 (d, J= 6.8 Hz, 
3H). 13C NMR (100 MHz, CDCl3) : 128.5, 125.9, 68.3, 35.5, 35.1, 33.4, 16.6. [α]D


22= −10.21 (c 0.89, CHCl3) 
for 63% ee. (Litt [α]D


22= +20.0 (c 1.5, CHCl3) for 99% ee (R))1  
 
(+)-(S)-Hepta-1,6-dien-3-ylcyclohexane 19  
SiO2, pentane, RF = 0.97. 1H-NMR (CDCl3, 400 MHz) : 5.80 (m, 1H), 5.54 (m, 1H), 4.95 (m, 4H), 2.05-0.89 (m, 
18H). 13C-NMR (CDCl3, 100 MHz) : 141.6, 139.2, 114.9, 50.1, 41.8, 33.9, 31.2, 29.7, 26.9, 26.8, 26.7, 26.7. 
MS (EI mode) m/z (%) : 192(1), 164(14), 109(20), 95(17), 83(66), 67(63), 55(100). [α]D


22= +6.81 (c 1.35, 
CHCl3) for 78% ee. Ee was measured by chiral GC with a Hydrodex-B-3P column, Hydrogen flow (program: 
60-80-0.5-85-15-20-170), RT: 137.22(major), 138.53(minor). 
 
(S)-but-3-en-2-ylcyclohexane 202  
SiO2, pentane, RF = 0.97. 1H-NMR (CDCl3, 400 MHz) : 5.52 (ddd, 1H, J1 = 17.60, J2 = 9.6, J3 = 8.0 Hz), 4.92 
(m, 2H), 1.95 (m, 1H), 1.74-1-60 (m, 5H), 1.26-1.01 (m, 4H), 0.96 (d, 3H, J = 6.80 Hz), 0.99-0.87 (m, 2H). 13C-
NMR (CDCl3, 100 MHz) : 141143.8, 113.1, 43.7, 43.0, 30.5, 30.4, 26.8, 26.8, 17.2. 
MS (EI mode) m/z (%) : 138 (2), 96 (9), 83 (55), 67 (39), 55 (100). [α]D


22
 = -8.3 (c = 1.13, CHCl3) for 72% ee ; 


Lit. [α]D
22= +13.6 (c 0.50, CHCl3) for 87% ee (R) enantiomer. Ee was measured by chiral GC with a Chirasil-


Dex CB column, Helium flow (program: 70-0-1-170), RT: 15.54 (R), 15.84 (S). 
 
(R)-7-tert-butoxy-3-(iodomethyl)hept-1-ene  21 3 
A saturated solution of sodium iodide in acetone was added to a solution of the homoallylic bromide (44) or 
chloride (36) and left stirring overnight at room temperature or reflux until complete conversion. After 
precipitation of the salts, the solution is filtered and evaporated in vacuo. The crude is used without further 
purification (>98% yield). 1H NMR (400 MHz, CDCl3) : 5.60-5.51 (m, 1H), 5.13-5.04 (m, 2H), 3.32 (t, J= 
6.8Hz, 2H), 3.20-3.16 (m, 2H), 2.15-2.10 (m, 1H), 1.57-1.28 (m, 6H), 1.17 (s, 9H). 13C NMR (100 MHz, 
CDCl3) : 140.7, 116.5, 72.6, 61.4, 45.4, 34.6, 30.6, 27.7(3), 23.8, 13.8. MS (EI mode) m/z (%) : 295 (4), 181 (6), 
109 (51), 67 (30), 59 (28), 57 (100), 55 (22). Ee was measured by chiral GC with a Hydrodex-B-3P column, 
Hydrogen flow (program: 110-33-0.5-115-25-20-170) RT: 70.25 (major), 70.43 (minor). 
 
(S)-(6-tert-Butoxy-2-vinylhexyl)(phenyl)sulfane 22 
SiO2, pentane/diethyl ether 97.5:2.5, RF = 0.35. 1H-NMR (CDCl3, 400 MHz) : 7.34-7.26 (m, 4H), 7.17 (tt, J1= 
1.2 Hz, J2= 7.3 Hz, 1H), 5.65 (ddd, J1= 8.8 Hz, J2= 10.3 Hz, J3= 17.2 Hz, 1H), 5.10-5.04 (m, 2H),  3.32 (t, J= 
6.8 Hz, 2H), 2.99-2.90 (m, 2H), 2.35-2.26 (m, 1H), 1.67-1.59 (m, 1H), 1.56-1.23 (m, 5H), 1.19 (s, 9H). 13C-
NMR (CDCl3, 100 MHz) : 141.1, 137.3, 129.0(2), 129.0(2), 125.8, 116.0, 72.6, 61.5, 43.6, 39.1, 34.0, 30.7, 
27.7(3), 23.8. MS (EI mode) m/z (%) : 292(M+, 25), 236(15), 235(71), 219(32), 127(23), 125(19), 124(25), 
123(100), 110(71), 109(38), 109(20), 108(14), 107(17), 81(13), 79(15), 77(11), 71(10), 67(31), 65(10), 59(10), 
57(88), 55(27), 54(10), 45(34). Ee could not be determined by SFC or chiral GC.  
 
(+)-(S)-(6-tert-butoxy-2-vinylhexylsulfonyl)benzene 23 
SiO2, pentane/diethyl ether 7:3, RF = 0.26. IR (neat): 2973(m), 2933(m), 2865(m), 1641(w), 1586(w), 1480(w), 
1447(m), 1392(br), 1362(m), 1306(br), 1197(s), 1146(s), 1085(s), 1022(w), 998(w), 916(m), 747(s), 689(s) cm-


1. 1H-NMR (CDCl3, 500 MHz) : 7.90-7.88 (m, 2H), 7.66-7.62 (m, 1H), 7.57-7.53 (m, 2H), 5.52 (ddd, J1= 
8.6 Hz, J2= 10.6 Hz, J3= 16.9 Hz, 1H), 5.00-4.96 (m, 2H), 3.28 (t, J= 6.6 Hz, 2H), 3.13 (d, J= 6.3 Hz, 2H), 2.66-
2.57 (m, 1H), 1.60-1.52 (m, 1H), 1.50-1.20 (m, 5H), 1.16 (s, 9H). 13C-NMR (CDCl3, 125 MHz) : 140.2, 139.2, 
133.7, 129.3(2), 128.2(2), 116.5, 72.6, 61.4, 61.0, 38.8, 34.5, 30.5, 27.7(3), 23.4. MS (EI mode) m/z (%) : 250 
(M+, 16), 95 (83), 93 (10), 82 (41), 81 (100), 79 (18), 67 (56), 55 (16), 53 (11). HR-MS (EI mode): calc. mass= 
250.1181, mass found= 250.1183. [α]D


26= +7.54 (c 0.87, CHCl3) for 82% ee. Ee was measured by chiral SFC 
with OD-H column (program: 2%-2-1-15%, 200 bars, 2mL/min, 30°C) RT: 6.90(-), 7.16(+). 
 
(+)-(R)-7-tert-butoxy-3-vinylheptanal 24 
SiO2, pentane/diethyl ether 97.5:2.5, RF = 0.23. IR (neat): 3071(w), 2974(m), 2935(m), 2865(m), 2718(w), 
1725(s), 1641(w), 1477(w), 1461(w), 1391(m), 1362(s), 1253(w), 1198(s), 1081(s), 995(m), 915(m), 878(m), 
751(br), 676(br) cm-1. 1H-NMR (CDCl3, 500 MHz) : 9.71 (t, J= 2.2Hz, 1H), 5.65 (ddd,  J1= 8.2 Hz, J2= 9.8 Hz, 


                                                             
1 Z. Huang, Z. Tan, T. Novak, G. Zhu,E. Negishi, Adv. Synth. Catal. 2007, 349, 539 – 545 
2 a) S. E. Denmark, L. K. Marble, J. Org. Chem. 1990, 55, 1984; b) K. Tissot-Croset, A. Alexakis, Tetrahedron 
Letters 2004, 45, 7375; c) M. A. Kacprzynski, A. H. Hoveyda, J. Am. Chem. Soc. 2004, 126, 10676.  
3 T. W. Baughman, J. C. Sworen, K. B. Wagener, Tetrahedron 2004, 60, 10943. 
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J3= 17.7 Hz, 1H), 5.06-5.02 (m, 2H), 3.31 (t, J= 6.7Hz, 2H), 2.64-2.58 (m, 1H), 2.42 (ddd, , J1= 2.2 Hz, J2= J3= 
5.7 Hz, 2H), 1.55-1.47 (m, 2H), 1.44-1.29 (m, 4H), 1.17 (s, 9H). 13C-NMR (CDCl3, 125 MHz) : 202.6, 141.0, 
115.5, 72.6, 61.5, 48.6, 38.5, 34.7, 30.7, 27.7(3), 23.8. MS (EI mode) m/z (%) : 105(10), 97(29), 90(17), 70(16), 
69(18), 68(11), 67(10), 57(17), 56(24), 55(100), 54(28), 53(12), 43(13), 41(40), 39(13), 32(15), 31(20), 29(25), 
27(17). [α]D


25= +1.39 (c 0.71, CHCl3) for 81% ee. Ee was measured by chiral GC with a Hydrodex B-3P 
column, Hydrogen flow (program: 90-40-1-170), RT: 73.34(+), 73.76(-). 
 
(−)-(R)-cyclopent-2-enylcyclohexane  25  
SiO2, pentane, RF = 0.99. 1H-NMR (CDCl3, 400 MHz) : 5.74 (s, 2H), 2.47-0.92 (7m, 16H). 13C-NMR (CDCl3, 
100 MHz) : 133.5, 130.6, 51.8, 43.0, 32.2, 31.2, 31.1, 27.4, 26.8, 26.6, 26.6. MS (EI mode) m/z (%) : 150 (34), 
109 (15), 82 (45), 67 (100), 55 (44). [α]D


22= -88.2 (c 1.03, CHCl3) for 73% ee. Ee was measured by chiral GC 
with a Hydrodex-B-3P column, Hydrogen flow (program: 60-80-0.5-85-15-20-170), RT: 137.22(major), 
138.53(minor). 
 
(R)-3-(bromomethyl)-2-methylhept-1-ene  27a 
SiO2, pentane, RF = 0.95. 1H NMR (400 MHz, CDCl3) : 4.89 (s, 1H), 4.78 (s, 1H), 3.38 (d, J= 6.6 Hz, 2H), 2.40 
(quint, J= 7.1 Hz, 1H), 1.66 (s, 3H), 1.59-1.50 (m, 1H), 1.45-1.19 (m, 5H), 0.89 (t, J= 7.1 Hz, 3H). MS (EI 
mode) m/z (%) : 150(7), 148(7), 95(5), 91(5), 83(6), 79(6), 69(100), 68(14), 67(36), 55(29), 53(15). Ee was 
measured by chiral GC with a Hydrodex B6-TBDM, Hydrogen flow (program: 70-0-1-170) RT: 21.41 (minor), 
21.93 (major). [for 28a: Ee was measured by chiral GC with a Hydrodex B3P, Hydrogen flow (program: 80-0-
1-170) RT: 16.38 (major), 16.66 (minor)]. 
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Legends for the Scheme and Figures 


Scheme 1.  Donor−Acceptor models for cryptand based TPA active molecules. 


Section 1: Experimental Section. 


Fig. S1−−−−S2: 400MHz 1H NMR spectrum and 13C NMR spectrum of L4. 


Fig. S3−−−−S4: ESI-MS spectra of L4 and 400MHz 1H NMR spectrum of L5. 


Fig. S5−−−−S6: 13C NMR spectrum of L5 and ESI-MS spectra of L5. 


Fig. S7−−−−S8: 400MHz 1H NMR spectrum and 13C NMR spectrum of L6. 


Fig. S9−−−−S10: ESI-MS spectra of L6 and 400MHz 1H NMR spectrum of L7. 


Fig. S11−−−−S12: 13C NMR spectrum of L7 and FAB-MS spectra of L7. 


Figure S13−−−−S14: 400MHz 1H NMR spectrum and 13C NMR spectrum of L8. 
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Figure S15−−−−S16: FAB-MS spectra of Schiff Base L8 and 400MHz 1H NMR spectrum L9. 


Figure S17−−−−S18: 13C NMR spectrum of L9 and FAB-MS spectra of L9. 


Figure S19−−−−S20: 400MHz 1H NMR spectrum and 13C NMR spectrum of L10. 


Figure S21−−−−S22: FAB-MS spectra of Schiff Base L10 and 400MHz 1H NMR spectrum L11. 


Figure S23−−−−S24: 13C NMR spectrum of L11 and FAB-MS spectra of L11. 


Figure S25−−−−S26: 400MHz 1H NMR spectrum and 13C NMR spectrum of L12. 


Figure S27−−−−S28: FAB-MS spectra of Schiff Base L12 and ESI-MS spectra of ZnII complex of 


chromophore L7. 


Figure S29−−−−S30: ESI-MS spectra of ZnII complex of chromophores L8 and L9. 


Figure S31−−−−S32: ESI-MS spectra of ZnII complex of chromophores L10 and L11. 


Figure S33: ESI-MS spectra of ZnII complex of chromophore L12. 


 


Section 2: UV-vis spectra. 


Fig.S34: Absorption spectra of all the chromophores with CdII perchlorate in 10-5(M) CH3CN. 


Fig.S35: (a) Absorption spectra of the chromophore L7 as a function of [ZnII]. The arrows 


indicate the trend for increasing [ZnII]. The [L7] is 1×10-5 (M). (b) Plot of A0/A−A0 against 


[ZnII]−1 for binding constant determination.  


 


Fig.S36: (a) Absorption spectra of the chromophore L8 as a function of [ZnII]. The arrows 


indicate the trend for increasing [ZnII]. The [L8] is 1×10-5 (M). (b) Plot of A0/A−A0 


against [ZnII]−1 for binding constant determination.  


 


Fig.S37: (a) Absorption spectra of the chromophore L9 as a function of [ZnII]. The arrows 


indicate the trend for increasing [ZnII]. The [L9] is 1×10-5 (M). (b) Plot of A0/A−A0 


against [ZnII]−1 for binding constant determination.  







 3


 


Fig.S38: (a) Absorption spectra of the chromophore L10 as a function of [ZnII]. The arrows 


indicate the trend for increasing [ZnII]. The [L10] is 1×10-5 (M). (b) Plot of A0/A−A0 


against [ZnII]−1 for binding constant determination.  


 


Fig.S39: (a) Absorption spectra of the chromophore L11 as a function of [ZnII]. The arrows 


indicate the trend for increasing [ZnII]. The [L11] is 1×10-5 (M). (b) Plot of A0/A−A0 


against [ZnII]−1 for binding constant determination.  


 
Fig.S40: (a) Absorption spectra of the chromophore L12 as a function of [ZnII]. The arrows 


indicate the trend for increasing [ZnII]. The [L12] is 1×10-5 (M). (b) Plot of A0/A−A0 


against [ZnII]−1 for binding constant determination.  


 


Section 3: Two-Photon Absorption Spectra. 


Experimental method for measurement of 2PA cross-section. 


Fig.S41: Experimental set-up for Z-scan method. 


Fig.S42: Theoretically fitted Open aperture Z-scan traces for all the ligands and the CdII 


complexes of the chromophores L7 to L12. 


Fig.S43: Plot of the transmittance change amplitude, ∆T, against power density for the 


chromophore L9 and its ZnII complex. 


 
Section 4: Results of the Theoretical Studies of Ligands and Their Corresponding ZnII -
complexes. 
 
Optimized geometry of the chromophores L7 to L9 and their corresponding ZnII complexes 


in B3LYP/6-31G* level. 


 


Table 1:  Atomic numbers and the optimized X, Y, Z Cartesian coordinates for L7 in Å unit. 


Table 2:  Atomic numbers and the optimized X, Y, Z Cartesian coordinates for ZnII complex of 


ligand L7 in Å unit. 
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Table 3:  Atomic numbers and the optimized X, Y, Z Cartesian coordinates for L8 in Å unit. 


Table 4:  Atomic numbers and the optimized X, Y, Z Cartesian coordinates for ZnII complex of 


ligand L8 in Å unit. 


Table 5:  Atomic numbers and the optimized X, Y, Z Cartesian coordinates for L9 in Å unit. 


Table 6:  Atomic numbers and the optimized X, Y, Z Cartesian coordinates for ZnII complex of 


L9 in Å unit. 


Fig. S44: Contour surfaces of HOMO−1, HOMO, LUMO and LUMO+1 for all the ligands and 


their corresponding ZnII complexes. 
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Section 1: Experimental Section. 


 


Figure S1: 400 MHz 
1H NMR spectra of ligand L4 


 


 


Figure S2: 
13C NMR spectra of ligand L4 
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Figure S3: ESI-MS spectra of ligand L4 


 


 


 


Figure S4: 400 MHz 
1H NMR spectra of ligand L5 
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Figure S5: 13C NMR spectra of ligand L5 


 


 


Figure S6: ESI-MS spectra of ligand L5 
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Figure S7: 400 MHz 
1H NMR spectra of ligand L6 


 


 


Figure S8: 
13C NMR spectra of ligand L6 


 







 9


 


 


Figure S9: ESI-MS spectra of ligand L6 


 


 


Figure S10: 400 MHz 
1H NMR spectra of ligand L7 
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Figure S11: 
13C NMR spectra of ligand L7 


 


 


 


Figure S12: FAB-MS spectra of Schiff Base L7 
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Figure S13: 400 MHz 
1H NMR spectra of ligand L8 


 


 


 


Figure S14: 
13C NMR spectra of ligand L8 
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Figure S15: FAB-MS spectra of Schiff Base L8 


 


 


           


Figure S16: 
1H NMR spectra of ligands L9 
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Figure S17: 
13C NMR spectra of ligand L9 


 


 


 


Figure S18: FAB-MS spectra of Schiff Base L9 
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Figure S19: 400 MHz 
1H NMR spectra of ligand L10 


 


 
Figure S20: 


13C NMR spectra of ligand L10 
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Figure S21: FAB-MS spectra of Schiff Base L10 


 
 


 


Figure S22: 400 MHz 
1H NMR spectra of ligands L11 
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Figure S23: 
13C NMR spectra of ligand L11  


 


 


 


Figure S24: FAB-MS spectra of Schiff Base L11 
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Figure S25:  400 MHz 1H NMR spectra of ligand L12 


 


 


 


Figure S26: 
13C NMR spectra of ligand L12 
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Figure S27: FAB-MS spectra of Schiff Base L12 


 


 
 


 


Figure S28: ESI-MS spectra of ZnII complex of L7 
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Figure S29: ESI-MS spectra of ZnII complex of L8 


 


 


Figure S30: ESI-MS spectra of ZnII complex of L9 
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Figure S31: ESI-MS spectra of ZnII complex of L10 


 


 


 


Figure S32: ESI-MS spectra of ZnII complex of L11 
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Figure S33: ESI-MS spectra of ZnII complex of L12 


 


 
 
Section 2: UV-vis spectra.  
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Figure S34. Absorption spectra of all the chromophores with CdII perchlorate in 10-5(M) CH3CN. 
(1a) with the chromophores L7 to L9 and (1b) with the chromophores L10 to L12. 
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Figure S35. (2a) Absorption spectra of the chromophore L7 as a function of [ZnII]. The arrows 
indicate the trend for increasing [ZnII]. The [L7] is 1×10-5 (M). (2b) Plot of A0/A−A0 against 
[ZnII]−1 for binding constant determination. The absorption data yield log Ks = 5.153. 
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Figure S36. (3a) Absorption spectra of the chromophore L8 as a function of [ZnII]. The arrows 
indicate the trend for increasing [ZnII]. The [L8] is 1×10-5 (M). (3b) Plot of A0/A−A0 against 
[ZnII]−1 for binding constant determination. The absorption data yield log Ks = 4.13. 
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Figure S37. (4a) Absorption spectra of the chromophore L9 as a function of [ZnII]. The arrows 
indicate the trend for increasing [ZnII]. The [L9] is 1×10-5 (M). (4b) Plot of A0/A−A0 against 
[ZnII]−1 for binding constant determination. The absorption data yield log Ks = 4.06. 
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Figure S38. (5a) Absorption spectra of the chromophore L10 as a function of [ZnII]. The arrows 
indicate the trend for increasing [ZnII]. The [L10] is 1×10-5 (M). (5b) Plot of A0/A−A0 against 
[ZnII]−1 for binding constant determination. The absorption data yield log Ks = 4.65. 
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Figure S39. (6a) Absorption spectra of the chromophore L11 as a function of [ZnII]. The arrows 
indicate the trend for increasing [ZnII]. The [L11] is 1×10-5 (M). (6b) Plot of A0/A−A0 against 
[ZnII]−1 for binding constant determination. The absorption data yield log Ks = 4.42. 
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Figure S40. (7a) Absorption spectra of the chromophore L12 as a function of [ZnII]. The arrows 
indicate the trend for increasing [ZnII]. The [L12] is 1×10-5 (M). (7b) Plot of A0/A−A0 against 
[ZnII]−1 for binding constant determination. The absorption data yield log Ks = 4.62. 
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Section 3: Two-Photon Absorption Spectra. 


 
Measurement of two-photon absorption cross-section (σσσσ((((2)): 
 


Two-photon absorption cross-section values were measured by the open aperture Z-Scan 


technique. All the experiments were carried out using 10-5 M solutions in dry acetonitrile after 


purging with argon for 10 min.  


Two-photon absorption coefficient were measured by using an open aperture Z-scan method 


with ~130 fs pulses at 5 kHz repetition rate generated from a Ti:sapphire regenerative amplifier 


system (Spectra-Physics, Hurricane). The laser beam was divided into two parts. One was 


monitored by a Ge/PN photodiode as intensity reference and the other was used for transmittance 


measurement. After passing through an f = 10 cm lens, the laser beam was focused and passed 


through a quartz cell. The position of the sample cell could be varied along the laser-beam 


direction (z-axis), so the local power density within the sample cell could be changed under a 


constant laser power level. The thickness of the cell is 1 mm. The transmitted laser beam from 


the sample cell was then detected by the same photodiode as used for reference monitoring. The 


on-axis peak intensity of the incident pulses at the focal point, I0, ranged from 40 to 80 GW/cm. 


Assuming a Gaussian beam profile, the nonlinear absorption coefficient β can be obtained by 


curve fitting to the observed open-aperture traces with the following equation: 


0
0


2
0 0


(1 )
( ) 1


2 (1 ( / ) )


l
I e


T z
z z


αβ


α


−−
= −


+
         (1) 


where α0 is the linear absorption coefficient, l the sample length, and z0 the diffraction length of 


the incident beam. After obtaining the nonlinear absorption coefficient β, the TPA cross section 
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σ(2) of one solute molecule (in units of 1 GM = 10-50cm4·s/photon·molecule) can be determined 


by using the following relationship: 


(2) 310
A


N d


h


σ
β


ν


−×
=       (2) 


where NA is the Avogadro constant, d is the concentration of the TPA compound in solution , h is 


the Planck constant, and ν is the frequency of the incident laser beam. So as to satisfy the 


condition of α0l≪1, which allows the pure TPA σ(2) values to be determined using a simulation 


procedure, the TPA cross-section value of AF-50 was measured as a reference compound; this 


control was found to exhibit a TPA value of 50 GM at 800 nm. 


According to the basic consideration of the TPA process[1], the beam-intensity change along the 


propagation direction (z axis) can be described as  


dI/dz + αI + βI
2 = 0     (3) 


where α is the linear absorption coefficient, β is the nonlinear absorption coefficient. 


The solution of equation (3) is: 


(0) exp( )
( )


1 ( / ) (0) ( / ) (0)exp( )
I z


I z
I I z


α


β α β α α


−
=


+ − −
   (4) 


Where I(0) is the initial intensity, z is the sample length. 


Only in the case of small linear absorption, i.e., αz << 1, equation (4) becomes following 


equation from which our fitting equation is derived. 


)0(1
)exp()0(


)(
zI


zI
zI


β


α


+


−
=    (5) 


“Along the TPA equation, if the condition of α0l << 1 is satisfied, this means that linear 


absorption effect can’t affect the two photon absorption property. We do TPA measurement 


where the linear absorption band is not existed and the one photon absorption does not affect the 


TPA resonance.” 
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Figure S41. Schematic diagram of open aperture Z-scan experimental set-up. 


 
 


 


 


 


 


 


 


 


 


 


 


 


 


 


 
Figure S42. Theoretically fitted Open aperture Z-scan traces for all the ligands L7 to L12 and their 
corresponding CdII complexes. 
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[Zn(L7)](ClO4)2: (σ
(2)= 1220 GM); [Zn(L8)](ClO4)2: (σ


(2)= 2860 GM); 


[Zn(L9)](ClO4)2: (σ
(2)= 4640 GM); [Zn(L10)](ClO4)2: (σ


(2)= 2700 GM);  


[Zn(L11)](ClO4)2: (σ
(2)= 7490GM); [Zn(L12)](ClO4)2: (σ


(2)= 11200GM). 


 


[Cd(L7)](ClO4)2: (σ
(2)= 1300 GM); [Cd(L8)](ClO4)2: (σ


(2)= 2750 GM); 


[Cd(L9)](ClO4)2: (σ
(2)=3990 GM); [Cd(L10)](ClO4)2: (σ


(2)= 2560 GM);  


[Cd(L11)](ClO4)2: (σ
(2)= 6150GM); [Cd(L12)](ClO4)2: (σ


(2)= 10660GM). 


 


We did some additional experiments to demonstrate that the phenomenon is only the two-


photon absorption process (not contaminated with other nonlinear effects).  


Generally the transmittance changes in the Z-scan curves are associated with the 


combination of changes in the nonlinear refractive index and nonlinear absorption[2] 


(multiphoton absorption). However, in the open-aperture Z-scan method (the method used in the 


present investigation), the Z-scan transmittance changes are insensitive to beam distortion and is 


only a function of nonlinear absorption.[2] Since, the two-photon absorption is proportional to the 


square of the excitation intensity (quadratic relationship), we have carried out the irradiance-


dependent transmittance changes for L9 in presence as well as the absence of ZnII metal ion as an 


representative example. A linear relationship (Figure S43) of the transmittance change 


amplitude, ∆T, on the laser irradiance a typical of two-photon absorption process[2, 3] is observed.  
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 Figure S43. Plot of the transmittance change amplitude, ∆T, against power density for the 
chromophore L9 and its ZnII complex.  


 


Furthermore, the transmittance changes of L9 in presence of ZnII metal ion also show linear 


relationship with laser irradiance again ascertaining that the transmittance changes are solely 


originated from the enhanced two-photon absorbing efficiency of the molecule. If the 


transmittance was accompanied by any other nonlinear effects, the change in transmittance with 


the laser irradiance might have deviated from linearity.[2] Hence, this experiment unambiguously 


confirms that the observed Z-scan transmittance changes are due to two-photon absorption 


processes.  
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Section 4: Results of the Theoretical Studies of Ligands and Their Corresponding ZnII -
complexes. 
 


 We employed a blend of quantum- chemical approaches to model both linear and non-


linear spectra of the chromophores of interest. Geometry optimization has been carried out for all 


the ligands and their ZnII complexes. Time dependent density functional theory is applied for 


obtaining the excitation energies and transition dipole moments. All calculations are performed 


by the GAUSSIAN 03 program[4] using the B3LYP functional with a 6−31G* basis set. 


 


Optimized geometries, X, Y, Z Cartesian coordinates in Å unit for all the chromophores L7 


to L9 and their corresponding ZnII complexes in B3LYP/6−−−−31G* level. 


 
 
 


 


Table 1. Atomic numbers and the optimized X, Y, Z Cartesian parameters in Å unit for the 
ligand L7 


-------------------------------------------------------------------------------------------------------------------------------------------------------- 


Atomic No     X         Y            Z 
 
        8        -5.472816   -2.108879    0.278857 
        8        -1.676505   -1.191286    2.603707 
        8        -4.714285    2.835495    0.926985 
        7        -2.184240    2.731443   -0.620665 
        7        -1.675487    0.598179   -2.607036 
        7        -4.652472    0.077725    2.351256 
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        7        -4.137444   -1.073606   -3.645101 
        7         0.285761   -1.227633    0.040220 
        7         5.819814   -0.333744   -0.840325      
        7        12.202510    0.819936   -0.554959 
        6        -5.875110   -4.372748   -0.444893 
        6        -5.481528   -3.061697   -0.726179 
        6        -5.161345   -2.665993   -2.035275 
        6        -5.262821   -3.621988   -3.052181 
        6        -5.646367   -4.935723   -2.779139 
        6        -5.951523   -5.313784   -1.471124 
        6        -4.481005   -2.279560    1.302797 
        6        -4.806462   -1.373253    2.494527  
        6        -5.605144    0.651652    1.395570 
        6        -5.834966    2.157909    1.502189 
        6        -4.756502    4.170923    0.624637 
        6        -5.909149    4.957265    0.655528 
        6        -5.834019    6.301090    0.271734 
        6        -4.622764    6.856064   -0.129709 
        6        -3.470505    6.061365   -0.130294 
        6        -3.509708    4.720308    0.248231 
        6        -2.267024    3.848457    0.329742 
        6        -1.555280    3.061557   -1.891624 
        6        -1.779992    2.016028   -2.991462         
        6        -1.748852   -0.252238   -3.809240 
        6        -2.719106   -1.442250   -3.737986         
        6        -4.749997   -1.229389   -2.326915 
        6        -0.507846    0.300386   -1.763318 
        6        -0.589401   -1.098147   -1.131642 
        6         1.686761   -1.002245   -0.200971 
        6         2.379432   -1.601171   -1.266679 
        6         3.733693   -1.354851   -1.465513 
        6         4.455503   -0.537067   -0.578596 
        6         3.759831    0.070308    0.482665 
        6         2.397220   -0.158371    0.661244 
        6        12.762617    0.964993   -1.887567 
        6        13.069190    0.923310    0.605598 
        6         6.650005   -0.207228    0.132068 
        6         0.027886   -2.471430    0.802292 
        6         0.362247   -2.345171    2.273412 
        6        -0.502699   -1.649479    3.144218 
        6        -0.171061   -1.480604    4.491794 
        6         1.018166   -2.020466    4.989121 
        6         1.871615   -2.732357    4.150254 
        6         1.534697   -2.886592    2.802551 
        6         8.069863    0.061265   -0.062195 
        6         8.633702    0.220804   -1.341690 
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        6         9.984615    0.468450   -1.508866 
        6        10.854275    0.573363   -0.391267 
        6        10.285266    0.415167    0.895515 
        6         8.928276    0.164956    1.043606 
        6        -2.241986    0.017991    3.124522 
        6        -3.275858    0.551902    2.138416 
        1        -2.472614   -2.094992   -2.895407 
        1        -1.036651   -2.695436    0.693434 
        1         0.583181   -3.325391    0.377728 
        1        -2.698821   -0.147778    4.109966 
        1        -6.571766    0.167536    1.573388 
        1        -1.900400    4.023880   -2.316716 
        1        -1.614545   -1.235978   -0.773029 
        1        -2.554418   -2.041195   -4.647813 
        1        -3.096502    2.305719   -0.751677 
        1        -0.841865   -0.945856    5.156043 
        1         1.265783   -1.886484    6.039052 
        1         2.794196   -3.157884    4.534579 
        1         2.2 04175   -3.425604    2.136514 
        1        -1.436154    0.753349    3.241280 
        1        -2.898305    0.361347    1.119289 
        1        -3.298649    1.636342    2.250437 
        1        -5.340871    0.434575    0.347488 
        1        -5.969877    2.475876    2.544773 
        1        -6.744631    2.400320    0.937500 
        1        -6.858321    4.541196    0.974497 
        1        -6.734731    6.908967    0.293168 
        1        -2.514851    6.496968   -0.414258 
        1        -4.566951    7.899180   -0.427402 
        1        -2.200755    3.439489    1.346018 
        1        -1.377448    4.473071    0.189582 
        1        -0.477599    3.179579   -1.710862 
        1        -1.076774    2.274309   -3.808589 
        1        -2.789357    2.153008   -3.404166 
        1        -0.504479    1.014986   -0.938717 
        1         0.438501    0.408731   -2.325669 
        1        -0.406888   -1.884327   -1.888397 
        1        -5.843734   -1.569014    2.794995 
        1        -4.169968   -1.702858    3.322294 
        1        -4.475922   -3.322282    1.649541 
        1        -3.486078   -2.059507    0.897682 
        1        -6.138416   -4.639995    0.574859 
        1        -6.259761   -6.332113   -1.248861 
        1        -5.030292   -3.309153   -4.065051 
        1        -5.711556   -5.659942   -3.586924 
        1        -4.103607   -0.863298   -1.514318 
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        1        -5.648199   -0.596782   -2.303236 
        1        -0.745444   -0.625468   -4.082801 
        1        -2.067362    0.368597   -4.658667 
        1         1.850886   -2.255454   -1.955220 
        1         4.265870   -1.804497   -2.298765 
        1         4.281476    0.756999    1.143660 
        1         1.857117    0.326884    1.468044 
        1         6.328928   -0.312657    1.180561         
        1         7.981539    0.142492   -2.206037 
        1        10.373936    0.583282   -2.513581 
        1        10.904749    0.485702    1.781470 
        1         8.521355    0.045894    2.046022                 
        1        13.835963    1.144342   -1.807508 
        1        12.615065    0.060317   -2.494031 
        1        12.317840    1.811735   -2.429133 
        1        14.089903    1.122768    0.275404 
        1        12.763512    1.742283    1.272064 
        1        13.079055   -0.005378    1.194047 
        1        -4.269748   -0.119408   -3.966105 
 
 
 
 


 


 Table 2. Atomic numbers and the optimized X, Y, Z Cartesian parameters in Å unit for 
the ZnII complex of L7 


--------------------------------------------------------------------------------------------------------------------------------------------------------- 


Atomic No     X        Y         Z 
 
   30        -2.414159    0.625715   -0.770301 
    8        -1.752176    1.599664    2.134627 
    8        -3.532336   -2.103140    1.770135 
    8         0.111248   -2.070488    0.642064 
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    7        -1.132303   -1.349398    3.145430 
    7        -0.719858    1.950214   -0.986251 
    7        -3.246381    1.506866   -2.551333 
    7        -4.466960    0.814354   -0.052355 
    7        11.264040   -0.068847    0.536368     
    7         4.806172    0.857785    0.248777     
    7        -2.458929   -1.193572   -1.766015 
    6        -0.802576   -0.044449    3.756185 
    6        -1.833086    1.072420    3.507081 
    6        -2.581418    2.666277    1.809586 
    6        -3.716006    3.025058    2.573591 
    6        -4.544082    4.089525    2.168443 
    6        -4.255090    4.812835    1.001151 
    6        -3.116612    4.466672    0.254096 
    6        -2.263647    3.398931    0.620127 
    6        -0.940208    3.230682   -0.105042 
    6        -0.880566    2.304286   -2.458150 
    6        -2.311340    2.626158   -2.893531 
    6        -4.634562    1.996928   -2.251614 
    6        -5.321278    1.045108   -1.270320 
    6        -5.218167   -0.088645    0.939051 
    6        -5.445014   -1.522480    0.501841 
    6        -6.565343   -1.911015   -0.269135 
    6        -6.820183   -3.260402   -0.564350 
    6        -5.959292   -4.252035   -0.062189 
    6        -4.851232   -3.903169    0.728941 
    6        -4.595062   -2.545361    1.009664 
    6        -3.019527   -2.955736    2.830497 
    6        -2.265111   -2.040081    3.804479 
    6         0.035858   -2.260231    3.054502 
    6         0.938701   -2.047706    1.832669 
    6         0.700177   -2.302555   -0.584926 
    6         2.091527   -2.389103   -0.796161 
    6         2.589122   -2.675888   -2.078349 
    6         1.716902   -2.887654   -3.158603 
    6         0.333280   -2.799857   -2.943043 
    6        -0.201762   -2.487633   -1.673417 
    6        -1.693841   -2.497204   -1.434570 
    6        -2.336795   -0.799116   -3.215279 
    6        -3.267722    0.384283   -3.567307 
    6         5.690115    0.311782   -0.555533 
    6         0.718215    1.508684   -0.766079 
    6         3.486802    1.030619   -0.150310     
    6         1.702720    1.527341   -1.781303 
    6         2.482521    1.038580    0.859682 
    6         9.345484   -0.524174   -0.919462 
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    6         9.915202    0.023019    0.277806 
    6         9.021963    0.671410    1.199325 
    6         1.135280    1.242683    0.557371 
    6        11.831031    0.500839    1.771307 
    6        12.163630   -0.733118   -0.422750     
    6         7.981766   -0.423960   -1.166313 
    6         7.663862    0.763880    0.935719 
    6         7.098319    0.220267   -0.255089 
    6         3.050862    1.280830   -1.480446         
    1         0.176721    0.283409    3.374400 
    1        -0.692264   -0.113838    4.864310 
    1        -2.854756    0.702939    3.687591 
    1        -1.637671    1.908350    4.200182 
    1        -3.953949    2.499054    3.497758 
    1        -5.406846    4.356051    2.784561 
    1        -4.879738    5.655834    0.697734 
    1        -2.845334    5.077110   -0.613560 
    1        -0.765513    4.100503   -0.758013 
    1        -0.132142    3.218058    0.632900 
    1        -0.511521    1.444993   -3.032669 
    1        -0.231226    3.162143   -2.699904 
    1        -2.313933    2.834112   -3.979525 
    1        -2.671482    3.532750   -2.389631 
    1        -5.234857    2.100728   -3.173542 
    1        -4.552905    2.994583   -1.795864 
    1        -6.301972    1.461908   -0.978358 
    1        -5.514773    0.063801   -1.728901 
    1        -6.189606    0.400029    1.133199 
    1        -4.627511   -0.072689    1.862217 
    1        -7.274251   -1.147701   -0.605232 
    1        -7.696615   -3.536337   -1.154905 
    1        -6.155794   -5.306712   -0.272029 
    1        -4.199965   -4.682170    1.129939 
    1        -2.362688   -3.730973    2.400272 
    1        -3.857552   -3.454880    3.347727 
    1        -2.979906   -1.293501    4.182792 
    1        -1.945230   -2.642216    4.683834 
    1        -0.347567   -3.290153    3.003613 
    1         0.676758   -2.213539    3.963605 
    1         1.489593   -1.096415    1.871459 
    1         1.674164   -2.871101    1.805640 
    1        -2.165873   -3.283774   -2.048899 
    1        -1.914925   -2.688461   -0.377713 
    1         2.790302   -2.230861    0.024719 
    1        -0.352426   -3.012801   -3.769837 
    1         2.106097   -3.138464   -4.147911 







 36


    1         3.670355   -2.747602   -2.223839 
    1        -4.303147    0.015938   -3.630922 
    1        -3.006667    0.770504   -4.568357 
    1        -1.279225   -0.564706   -3.397578 
    1        -2.595841   -1.649927   -3.870786 
    1        -4.411186    1.718833    0.442958 
    1        -3.445559   -1.459771   -1.604062 
    1         1.472867    1.760004   -2.819757 
    1         0.396958    1.237526    1.357666     
    1         3.784403    1.342210   -2.287680 
    1         2.802698    0.886149    1.894018 
    1         5.378541   -0.140056   -1.520399 
    1         7.001398    1.261765    1.647563 
    1         7.578176   -0.849579   -2.091418 
    1         9.409464    1.102676    2.122338 
    1         9.979744   -1.024387   -1.650879 
    1        11.664823    1.591299    1.825985 
    1        11.391165    0.032488    2.669528 
    1        12.912471    0.318292    1.785362     
    1        13.189812   -0.694866   -0.037412 
    1        11.888111   -1.793166   -0.565441 
    1        12.145316   -0.230099   -1.405824 
 
     
 


 


Table 3. Atomic numbers and the optimized X, Y, Z Cartesian parameters in Å unit for the 
ligand L8  


--------------------------------------------------------------------------------------------------------------------------------------------------------- 


Atomic No       X          Y            Z            
 
     8         -2.501064   -4.093513   -0.261808 
     8          1.717588   -4.377449    2.321663 
     8          2.531781   -4.203061   -1.515638 
     7          0.230288   -5.399075   -0.032806 
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     7          0.389905   -2.238917   -2.569315 
     7         -0.092100   -0.116106   -0.562320 
     7          2.367950   -0.283924    1.234396 
     7          7.200151    2.492129    0.233968 
     7         12.216430    6.554192   -0.521868 
     7         -3.539991   -1.264248    0.521766 
     7         -7.298472    2.948226    0.009420 
     7        -12.428659    6.908939   -0.434034 
     6          2.467024   -3.945418    4.552578 
     6          2.247382   -3.494828    3.250022 
     6          2.590164   -2.189893    2.859121 
     6          3.153543   -1.350403    3.827778 
     6          3.374511   -1.790893    5.134158 
     6          3.033960   -3.093047    5.499616 
     6          0.285574   -4.413980    2.275681 
     6         -0.180833   -5.542749    1.369001 
     6          1.529370   -6.033470   -0.276198 
     6          2.244345   -5.606120   -1.551932 
     6          3.188510   -3.725005   -2.641710 
     6          4.581688   -3.738379   -2.682466 
     6          5.248726   -3.208616   -3.789280 
     6          4.518204   -2.672833   -4.849479 
     6          3.121877   -2.663244   -4.796975 
     6          2.431729   -3.185451   -3.697683 
     6          0.916735   -3.149238   -3.591484 
     6          0.329434   -0.836172   -2.977058 
     6          0.586573    0.152686   -1.838603 
     6          0.286181    0.921363    0.415874 
     6          1.134210    0.409140    1.595312 
     6          3.550774    0.416001    0.999698 
     6          4.798595   -0.241395    0.879110 
     6          5.962661    0.465673    0.614116 
     6          5.972784    1.865179    0.495739 
     6          4.736279    2.523130    0.609829 
     6          3.559160    1.823108    0.850760 
     6          2.353366   -1.729202    1.419892 
     6          7.418448    3.698925    0.617834 
     6          8.654688    4.415225    0.319468 
     6          9.691964    3.837547   -0.435204 
     6         10.862063    4.527374   -0.702491 
     6         11.056924    5.851955   -0.232739 
     6         10.017338    6.428147    0.534377 
     6          8.850609    5.721102    0.794241 
     6         13.334765    5.869545   -1.148369 
     6         -1.544714   -0.313340   -0.678157 
     6         -2.112754   -0.947136    0.603200 
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     6         -4.466573   -0.203497    0.394661 
     6         -4.140986    1.141675    0.657513 
     6         -5.085494    2.152105    0.508320 
     6         -6.408892    1.870556    0.136060 
     6         -6.734539    0.528347   -0.137720 
     6         -5.785391   -0.479522   -0.020658 
     6         -8.554224    2.787720    0.229595 
     6         -3.972604   -2.382689    1.392779 
     6         -4.583408   -3.600257    0.716915 
     6         -3.810402   -4.452576   -0.100414 
     6         -4.380864   -5.601166   -0.662395 
     6         -5.722934   -5.906134   -0.422395 
     6         -6.498479   -5.081825    0.387551 
     6         -5.916249   -3.944195    0.952559 
     6         -1.733982   -4.616347   -1.359455 
     6         -0.825425   -5.786336   -0.973565 
     6         12.458333    7.833867    0.121693 
     6        -12.050157    8.168680   -1.051795 
     6        -13.839346    6.600564   -0.277062      
     6         -9.534544    3.853406    0.050737 
     6         -9.173195    5.134575   -0.404881 
     6        -10.115711    6.134364   -0.571223 
     6        -11.486749    5.905520   -0.284580 
     6        -11.850364    4.613571    0.163720 
     6        -10.891036    3.623266    0.327337 
     1          0.531946   -0.288243    2.185290 
     1         -3.095285   -2.705769    1.964273 
     1         -4.698469   -2.006188    2.124673 
     1          1.080007   -0.595237   -3.749215 
     1         -1.584589   -1.892369    0.738345 
     1          1.357189    1.257197    2.258967 
     1          0.907617   -2.352570   -1.701556 
     1         -3.783817   -6.269734   -1.272456 
     1         -6.151332   -6.800835   -0.866776 
     1         -7.540037   -5.319082    0.583655 
     1         -6.512924   -3.295310    1.590108 
     1          5.128986   -4.150249   -1.839270 
     1          6.334898   -3.211113   -3.817434 
     1          2.553894   -2.246248   -5.625903 
     1          5.031391   -2.257256   -5.712248 
     1          0.538792   -4.156453   -3.378377 
     1          0.486392   -2.860135   -4.557212 
     1         -0.651889   -0.643977   -3.434770 
     1          4.866630   -1.315241    1.004623 
     1          6.907289   -0.062279    0.519289 
     1          4.681346    3.599350    0.469046 
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     1          2.634267    2.384410    0.903891 
     1          6.681684    4.262428    1.212239 
     1          9.558040    2.825115   -0.803433 
     1         11.634578    4.035090   -1.281279 
     1         10.118842    7.431090    0.931311 
     1          8.070135    6.194301    1.387287 
     1         11.668073    8.553998   -0.123274 
     1         13.402377    8.244239   -0.241703 
     1         12.516710    7.754212    1.218895 
     1         13.050230    5.461034   -2.125548 
     1         13.724902    5.042271   -0.534779 
     1         14.143740    6.583845   -1.313040 
     1          0.334756    1.159738   -2.228241 
     1          1.660582    0.162420   -1.620201 
     1         -1.733282   -1.018625   -1.490258 
     1         -2.070225    0.625369   -0.924094 
     1         -1.885913   -0.320186    1.484588 
     1          2.197095   -4.967838    4.802047 
     1          3.209062   -3.445863    6.512445 
     1          3.426822   -0.337484    3.551322 
     1          3.817243   -1.116200    5.861799 
     1          1.385535   -2.090666    1.065269 
     1          3.078440   -2.198686    0.747798 
     1         -0.611631    1.393431    0.839395 
     1          0.826567    1.727657   -0.096761 
     1         -3.143160    1.408799    0.987097 
     1         -4.817518    3.185955    0.706500 
     1         -7.728590    0.278124   -0.498930 
     1         -6.051752   -1.495970   -0.288335 
     1         -8.962775    1.827241    0.581988      
     1         -8.128320    5.325803   -0.628869 
     1         -9.788586    7.103154   -0.929789 
     1        -12.885024    4.379833    0.383935 
     1        -11.203874    2.640434    0.675075           
     1        -12.916891    8.831903   -1.071049 
     1        -11.260822    8.670494   -0.478490 
     1        -11.691087    8.042273   -2.084955 
     1        -14.422801    7.513283   -0.411066 
     1        -14.193577    5.855516   -1.006623 
     1        -14.050776    6.215986    0.728536 
     1         -2.407958   -4.909061   -2.173539 
     1         -1.120962   -3.776137   -1.698731 
     1         -1.419712   -6.637123   -0.595004 
     1         -0.362897   -6.129843   -1.906264 
     1         -1.272980   -5.536646    1.414649 
     1          0.155248   -6.507984    1.789705 
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     1         -0.102505   -3.457239    1.902252 
     1         -0.110857   -4.575847    3.289286 
     1          2.173334   -5.781096    0.567974 
     1          1.450885   -7.140263   -0.309985 
     1          1.657887   -5.839496   -2.451968 
     1          3.182599   -6.175545   -1.625560 
 
 
 
 


 
 


Table 4. Atomic numbers and the optimized X, Y, Z Cartesian parameters in Å unit for 
ZnII complex of L8 


--------------------------------------------------------------------------------------------------------------------------------------------------------- 


Atomic No     X      Y         Z 
 


 30         -0.190425    1.097280   -1.114065 
   8          1.521984    3.533748    0.899330 
   8         -1.825092    1.898416    2.557463 
   8          1.577555   -0.856151    1.707177 
   7          0.969880    1.653644    3.282271 
   7          1.839884    1.643242   -1.929567 
   7         -0.857384    1.129278   -3.128578 
   7         -1.603317    2.652123   -0.910204 
   7         -0.790014   -0.943565   -1.075202 
   7          6.778268   -0.528355   -0.084234 
   7         12.553941   -3.289032    0.943936 
   7        -12.526726   -3.582752    0.438455 
   7         -6.365788   -1.601018   -0.066179 
   6          2.035329    2.653041    3.123291 
   6          1.637792    3.874690    2.295759 
   6          1.084069    4.490735    0.022663 
   6          0.467386    5.685895    0.414107 
   6         -0.016771    6.576103   -0.547069 
   6          0.117531    6.297901   -1.906241 
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   6          0.782648    5.133401   -2.291973 
   6          1.272123    4.208925   -1.354870 
   6          2.247623    3.139207   -1.781904 
   6          1.588103    1.362144   -3.381766 
   6          0.228763    1.831808   -3.857228 
   6         -2.145237    1.889706   -3.221805 
   6         -2.702466    2.265659   -1.843656 
   6         -2.117349    3.440124    0.295999 
   6         -3.310469    2.923049    1.056460 
   6         -4.614821    3.287183    0.698706 
   6         -5.713972    2.927990    1.477119 
   6         -5.509111    2.206363    2.652188 
   6         -4.219955    1.842523    3.047042 
   6         -3.124578    2.206244    2.256629 
   6         -1.462687    1.548802    3.897728 
   6         -0.088179    2.139162    4.182140 
   6          1.464020    0.366417    3.795249 
   6          2.325161   -0.473782    2.865349 
   6          2.086074   -1.852779    0.912652 
   6          3.371071   -2.387212    1.060928 
   6          3.807114   -3.404334    0.212298 
   6          2.971762   -3.908667   -0.783273 
   6          1.684828   -3.392822   -0.906299 
   6          1.220779   -2.357039   -0.081394 
   6         -0.235646   -1.988498   -0.076300 
   6         -0.339916   -1.258270   -2.464763 
   6         -0.955465   -0.314282   -3.511560 
   6          3.045727    0.877060   -1.485146 
   6          3.917049    0.230579   -2.371566 
   6          3.439366    1.014102   -0.146996 
   6          5.138729   -0.276142   -1.927406 
   6          4.673969    0.554211    0.279043 
   6          7.371998   -1.581878   -0.551810 
   6          8.688976   -2.003719   -0.151207 
   6          9.473100   -1.265869    0.763986 
   6          9.245027   -3.185669   -0.682641 
   6         10.735945   -1.681920    1.126437 
   6         13.112678   -4.513119    0.380436 
   6         -4.399739   -2.080585   -1.483054 
   6         -5.018054   -1.485774   -0.363769 
   6         -6.976808   -2.730199   -0.247448 
   6         -2.262892   -1.073477   -0.917843 
   6         -2.861796   -0.487214    0.202963 
   6         -3.044059   -1.894286   -1.742875 
   6         -4.213378   -0.674067    0.463681 
   6         -8.391317   -2.922894   -0.061889 
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   6         -9.260692   -1.869528    0.298769 
   6         -8.956102   -4.201956   -0.245639 
   6        -10.613125   -2.078938    0.463696 
   6        -10.308885   -4.430680   -0.085406 
   6        -11.186402   -3.371462    0.276152 
   6        -13.090554   -4.914257    0.242928 
   6        -13.410360   -2.480512    0.802060 
   6         10.509366   -3.617928   -0.331646    
   6         11.300797   -2.876013    0.588504    
   6         13.353695   -2.504712    1.878759 
   6          5.553865   -0.124550   -0.591465 
   1          9.061251   -0.352750    1.182130 
   1          2.782291    1.531322    0.540995 
   1          6.871134   -2.232309   -1.286576 
   1          8.666971   -3.773858   -1.392770 
   1          3.702399    0.133437   -3.428203 
   1         11.301836   -1.083657    1.829723 
   1         10.893165   -4.529904   -0.771080 
   1          2.900284    2.182660    2.648962 
   1          2.389823    3.035286    4.099793 
   1          0.687710    4.284058    2.649530 
   1          2.404533    4.651480    2.404190 
   1          0.362143    5.939622    1.461437 
   1         -0.489211    7.498376   -0.222101 
   1         -0.238590    6.999816   -2.653169 
   1          0.985437    4.965993   -3.347743 
   1          2.682968    3.425613   -2.744532 
   1          3.057293    3.139909   -1.058167 
   1          1.671991    0.287032   -3.537678 
   1          2.366933    1.829600   -3.994433 
   1          0.142122    1.664837   -4.940032 
   1          0.116884    2.903096   -3.682473 
   1         -2.894950    1.312188   -3.769443 
   1         -1.963008    2.796909   -3.804952 
   1         -3.403275    3.098730   -1.971604 
   1         -3.249893    1.441126   -1.388761 
   1         -2.360949    4.435353   -0.091252 
   1         -1.267812    3.531348    0.967609 
   1         -4.770879    3.889358   -0.193300 
   1         -6.714634    3.222423    1.178721 
   1         -6.353515    1.921722    3.272823 
   1         -4.081357    1.271372    3.958076 
   1         -1.485937    0.457783    4.004189 
   1         -2.173075    1.977264    4.612598 
   1         -0.181949    3.222810    4.080974 
   1          0.161450    1.949325    5.242225 
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   1          0.591844   -0.238334    4.060499 
   1          2.045106    0.503791    4.727993 
   1          3.237641    0.046973    2.559225 
   1          2.626647   -1.369398    3.423096 
   1         -0.824176   -2.889187   -0.278685 
   1         -0.521645   -1.614669    0.905083 
   1          4.044209   -2.014062    1.821793 
   1          1.003782   -3.833246   -1.631116 
   1          3.304031   -4.714699   -1.429478 
   1          4.807220   -3.806647    0.344213 
   1         -2.008510   -0.556251   -3.647369 
   1         -0.458118   -0.482685   -4.474515 
   1          0.750926   -1.206432   -2.455598 
   1         -0.590215   -2.290032   -2.735844 
   1         -1.042568    3.361448   -1.393651 
   1          5.803380   -0.740323   -2.649124 
   1          5.002457    0.707195    1.302795       
   1         13.544452   -1.493715    1.496891 
   1         12.862957   -2.419995    2.856683 
   1         14.315043   -2.996776    2.025739 
   1         14.109409   -4.673651    0.791199 
   1         12.498051   -5.387362    0.629961 
   1         13.200619   -4.451225   -0.711928 
   1         -2.263112    0.111011    0.885053 
   1         -2.623248   -2.411038   -2.598398    
   1         -4.675289   -0.202081    1.322383 
   1         -4.990728   -2.683462   -2.165449      
   1         -6.414121   -3.630668   -0.539795 
   1         -8.842432   -0.878847    0.447372 
   1         -8.311559   -5.033899   -0.522095 
   1        -11.242867   -1.242640    0.740776 
   1        -10.694225   -5.430611   -0.238882 
   1        -14.432054   -2.852511    0.878152 
   1        -13.134582   -2.045124    1.771073 
   1        -13.394253   -1.684573    0.046550 
   1        -12.927315   -5.274363   -0.780899 
   1        -12.655230   -5.641446    0.940044 
   1        -14.165234   -4.877253    0.420955 
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Table 5. Atomic numbers and the optimized X, Y, Z Cartesian parameters in Å unit for the 
ligand L9  


-------------------------------------------------------------------------------------------------------------------------------------------------------- 


Atomic No   X               Y            Z 
     
    8        -2.128586   -4.031043   -2.605211 
    8         2.438786   -5.565908   -1.426073 
    8         2.333862   -2.807590   -4.996218 
    7         0.651797   -4.894311   -3.723049 
    7         0.169617   -1.371257    0.200558  
    7        -0.361332    5.750587   -3.469645 
    7        -3.489990   11.389931   -4.235110    
    7       -12.258317    1.659989    6.578618 
    7         1.477529    0.419863   -2.880684 
    7        -3.158657   -3.190770    0.230113 
    7        -7.038559   -0.549536    3.408386 
    7        11.870196    4.706831    5.511739 
    7         2.915142   -2.256950    1.260366 
    7         7.354289    0.880696    2.833301    
    6         3.469478   -7.038504    0.147115 
    6         3.095228   -5.742927   -0.215358 
    6         3.399094   -4.641196    0.602886 
    6         4.076654   -4.891653    1.802910 
    6         4.451493   -6.184024    2.174031 
    6         4.152250   -7.262729    1.342007 
    6         1.008301   -5.646706   -1.348486 
    6         0.409753   -5.937463   -2.717293 
    6         1.843709   -5.206896   -4.515292 
    6         2.287405   -4.130888   -5.512669 
    6         3.383181   -2.387908   -4.217825 
    6         4.502233   -3.175466   -3.919259 
    6         5.534410   -2.652823   -3.137901 
    6         5.455559   -1.353355   -2.639099 
    6         4.333078   -0.579244   -2.936343 
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    6         3.292312   -1.068014   -3.729067 
    6         2.109964   -0.177425   -4.071711 
    6         0.709624   -0.561545   -2.114486 
    6         0.728877   -0.275136   -0.607547     
    6         0.600698   -1.250822    1.606714 
    6         1.669971   -2.279724    2.021083     
    6         3.998027   -1.476340    1.660667 
    6         5.297406   -1.677632    1.137954 
    6         6.362536   -0.879892    1.532566 
    6         6.216776    0.133649    2.494175 
    6         4.925277    0.344381    3.008258 
    6         3.845645   -0.431755    2.602423 
    6         3.015496   -3.225363    0.174334     
    6         7.461155    1.435364    3.987659 
    6         8.598614    2.268930    4.363704 
    6         9.654383    2.540141    3.474247 
    6        10.730511    3.326503    3.848006 
    6        10.805817    3.899627    5.143769 
    6         9.748085    3.619271    6.040303 
    6         8.676844    2.826675    5.649083     
    6        13.017727    4.834137    4.629684 
    6        -1.287037   -1.520070    0.058268 
    6        -1.739550   -2.930344    0.473025 
    6        -4.118441   -2.527906    1.022384 
    6        -3.780674   -1.777288    2.167444 
    6        -4.756772   -1.130343    2.917587 
    6        -6.118924   -1.229192    2.595666 
    6        -6.457991   -1.962554    1.443312 
    6        -5.484258   -2.586814    0.673510 
    6         0.960966    1.730398   -3.026799 
    6        -0.351616    2.086662   -2.669857 
    6        -0.809311    3.396854   -2.808724 
    6         0.019829    4.408146   -3.318168 
    6         1.344812    4.060774   -3.639351 
    6         1.801761    2.759097   -3.503924     
    6        -1.570504    6.051020   -3.783337 
    6        -2.046631    7.425701   -3.891336 
    6        -3.371246    7.688287   -4.273822 
    6        -3.857737    8.983585   -4.386577 
    6        -3.022753   10.094529   -4.118981 
    6        -1.684626    9.827633   -3.727937 
    6        -1.217163    8.529495   -3.619902 
    6        -4.878021   11.632008   -4.585265 
    6        -2.629804   12.509222   -3.893749 
    6        -0.544641   -4.527091   -4.479990     
    6        -8.233555   -0.998483    3.556747 
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    6        -3.487586   -4.569475   -0.188962 
    6        -4.112980   -4.767781   -1.563631 
    6        -3.404178   -4.510140   -2.757211 
    6        -3.995810   -4.770638   -3.999511 
    6        -5.292911   -5.284860   -4.066925 
    6        -6.002519   -5.557023   -2.901946 
    6        -5.399908   -5.301330   -1.668175 
    6        -1.419819   -3.509779   -3.737751 
    6        11.997484    5.143080    6.891151 
    6        -9.253234   -0.303844    4.335025 
    6        -9.005103    0.930871    4.962773 
    6        -9.983153    1.576466    5.698946 
    6       -11.279232    1.016527    5.846376 
    6       -11.528395   -0.224749    5.213603 
    6       -10.534126   -0.858804    4.480998 
    6       -11.974177    2.932438    7.217950 
    6       -13.574014    1.062518    6.715636 
    1         1.242167   -3.283400    1.918413 
    1        -2.560792   -5.151830   -0.142006 
    1        -4.168682   -5.011602    0.549303 
    1        -2.127395   -3.034500   -4.426946 
    1         1.723277   -6.139497   -5.107769 
    1        -1.173238   -3.627039   -0.144723 
    1         1.890979   -2.145531    3.088370 
    1        -3.451436   -4.593384   -4.919416 
    1        -5.735707   -5.479472   -5.040164 
    1        -7.007471   -5.966179   -2.946796 
    1        -5.944689   -5.516678   -0.751378 
    1        -0.763818   -2.739149   -3.330266 
    1         2.643357   -5.394498   -3.795671 
    1         1.590909   -4.062646   -6.353473 
    1         3.258123   -4.424149   -5.934640 
    1         4.576562   -4.194366   -4.280021 
    1         6.397442   -3.275344   -2.916455 
    1         4.245977    0.427385   -2.536253 
    1         6.248596   -0.948200   -2.018310 
    1         2.445402    0.635996   -4.719839 
    1        -0.319224   -0.650003   -2.501841 
    1         5.482421   -2.472776    0.425891 
    1         7.352018   -1.051471    1.117915 
    1         4.746825    1.158859    3.705175 
    1         2.866769   -0.197921    3.004587 
    1         6.698820    1.300740    4.771376 
    1         9.611065    2.110950    2.478056 
    1        11.521943    3.500350    3.128574 
    1         9.761129    4.019516    7.046979 
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    1         7.879114    2.630889    6.363340 
    1        11.125137    5.731590    7.201545 
    1        12.877301    5.782446    6.985019 
    1        12.106500    4.302061    7.594145 
    1        12.726095    5.251544    3.658076 
    1        13.522797    3.872434    4.448189 
    1        13.739601    5.518590    5.079259 
    1         0.229632    0.684883   -0.386165 
    1         1.777811   -0.159004   -0.323672 
    1        -1.557288   -1.402810   -0.993785 
    1        -1.836049   -0.742338    0.615978 
    1        -1.463130   -3.136287    1.522018 
    1         0.775331   -6.918006   -3.069615 
    1        -0.668307   -6.036259   -2.563339 
    1         0.724991   -6.454387   -0.658102 
    1         0.604214   -4.702221   -0.962714 
    1         3.222846   -7.856663   -0.523909 
    1         4.445831   -8.271786    1.618852 
    1         4.312747   -4.055895    2.453611 
    1         4.979766   -6.344138    3.109985 
    1         2.048417   -3.239319   -0.331536 
    1         3.724005   -2.856787   -0.574414 
    1        -0.259139   -1.396742    2.273996 
    1         0.963336   -0.232002    1.804198 
    1        -2.748536   -1.696863    2.487366 
    1        -4.477287   -0.551561    3.793230 
    1        -7.493470   -2.002484    1.115604 
    1        -5.778245   -3.095188   -0.237182 
    1        -8.553575   -1.952432    3.108019 
    1        -8.018912    1.372596    4.858501 
    1        -9.743632    2.525422    6.164441 
    1       -12.500739   -0.696179    5.293627 
    1       -10.757645   -1.812890    4.007142 
    1       -12.866563    3.277409    7.742905 
    1       -11.160531    2.849868    7.952583 
    1       -11.692423    3.704085    6.487523 
    1       -14.202979    1.713175    7.325472 
    1       -14.067556    0.930847    5.741970 
    1       -13.528508    0.079448    7.206027 
    1         1.371815   -0.749188   -4.649418 
    1         1.184354   -1.534441   -2.268545     
    1        -4.038490    6.855179   -4.486845 
    1        -4.889359    9.131778   -4.682424 
    1        -1.009575   10.645603   -3.505520 
    1        -0.191047    8.341268   -3.319529 
    1        -2.320473    5.274603   -4.003246     
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    1        -5.053571   12.707938   -4.635037 
    1        -5.127402   11.204764   -5.566266 
    1        -5.573145   11.207362   -3.845664 
    1        -3.173628   13.441407   -4.056061 
    1        -2.309287   12.481151   -2.841824 
    1        -1.728163   12.533139   -4.520843 
    1        -0.236373   -4.022881   -5.400346 
    1        -1.141928   -5.405194   -4.785330 
    1        -1.032919    1.344331   -2.269349 
    1        -1.819505    3.637251   -2.488738 
    1         2.009285    4.843013   -3.994740 
    1         2.838464    2.534212   -3.738142   
 


 
Table 6. Atomic numbers and the optimized X, Y, Z Cartesian parameters in Å unit for 
ZnII complex of L9 


--------------------------------------------------------------------------------------------------------------------------------------------------------- 


Atomic No    X         Y          Z 
 
     30        0.147224    0.415511   -0.034687        
       8        2.766314    1.046272    1.883504 
       8       -0.755890   -0.784269    3.282932 
       8        2.039300   -3.808103    0.557158 
       7        2.067931   -1.826141    2.948043 
       7        2.025231    0.934196   -1.022551 
       7       -0.766236    0.345410   -1.880106 
       7       -1.427692    1.609229    0.714827 
       7       -1.255812   -2.164889   -0.352242 
       7       11.783690   -6.231246   -1.533417 
       7       -6.642562   -3.772103   -1.309592 
       7        6.865000   -2.008810   -1.483665        
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       7       -0.232862   13.548394   -1.122252 
       7      -13.019958   -4.940550   -1.283341       
       7       -0.511543    7.222333    0.250827        
       6        3.381298   -1.173180    2.806253 
       6        3.458102    0.338821    2.936505 
       6        3.223915    2.336437    1.672428 
       6        3.029099    2.929586    0.409393 
       6        2.184795    2.416068   -0.739158 
       6        1.573091    0.825838   -2.468579 
       6        0.123261    1.237571   -2.677040 
       6       -2.115925    0.962721   -1.646504 
       6       -2.494682    1.016246   -0.161556 
       6       -1.861645    1.558101    2.215593 
       6       -2.703991    0.421403    2.719172 
       6       -4.099272    0.551983    2.754998 
       6       -4.909751   -0.400790    3.369267 
       6       -4.315060   -1.502832    3.982382 
       6       -2.927261   -1.657433    3.974095 
       6       -2.122283   -0.703001    3.340203 
       6       -0.113376   -1.697669    4.187913 
       6        1.377649   -1.410092    4.178110 
       6        2.251443   -3.292516    2.976483 
       6        2.855559   -3.941963    1.730207 
       6        1.067179   -4.779244    0.361293 
       6        1.448658   -6.089789    0.060915 
       6        0.476303   -7.061110   -0.164548 
       6       -0.876690   -6.722383   -0.088230 
       6       -1.249908   -5.412276    0.205805 
       6       -0.288609   -4.412055    0.429632 
       6       -0.670309   -2.986344    0.767667 
       6        3.310034    0.196677   -0.968576 
       6        3.306744   -1.173752   -0.721094 
       6        4.504365    0.815048   -1.368395 
       6        4.471185   -1.925608   -0.872619        
       6       -0.401902   -2.142849   -1.544084 
       6       -0.817689   -1.026849   -2.499657 
       6        5.667332    0.068662   -1.507240 
       6        7.210918   -2.994320   -0.722792 
       6        8.377758   -3.813237   -0.947641 
       6        9.226006   -3.622516   -2.061020 
       6        8.709822   -4.839141   -0.041437 
       6       10.339958   -4.410770   -2.258475  
       6        5.683968   -1.319360   -1.262407 
       6        9.821968   -5.639471   -0.223436 
       6       10.677583   -5.449279   -1.342513 
       6       12.651817   -6.014464   -2.685690 
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       6       12.113982   -7.282590   -0.578535 
       6       -2.637614   -2.540185   -0.644259 
       6       -3.039781   -3.180157   -1.831890 
       6       -3.621834   -2.305011    0.327878 
       6       -4.363605   -3.559425   -2.028814 
       6       -4.945557   -2.685740    0.132998 
       6       -5.356640   -3.314829   -1.061033 
       6       -7.672089   -3.126858   -0.866762 
       6       -9.029388   -3.599840   -0.994627 
       6      -10.099642   -2.818769   -0.515843 
       6       -9.341313   -4.845927   -1.581340 
       6      -11.411593   -3.246091   -0.604897 
       6      -10.643795   -5.288043   -1.679731 
       6      -11.727196   -4.501892   -1.191136 
       6      -13.320230   -6.232831   -1.888809 
       6      -14.111981   -4.120729   -0.773032 
       6       -1.186960    3.054936    0.459207 
       6       -2.051678    3.860640   -0.296649 
       6       -0.143299    3.679625    1.161127 
       6       -0.765960    5.864567    0.268286 
       6       -0.746282    7.925386   -0.813289 
       6       -0.715202   11.413005   -2.179794 
       6       -0.357020   12.190466   -1.043539 
       6        0.124194   14.328096    0.058727 
       6       -0.467358   14.237721   -2.386423 
       6       -0.610774    9.356232   -0.872347 
       6       -0.256382   10.127184    0.258358 
       6       -0.835210   10.040319   -2.085417 
       6       -0.132951   11.497311    0.183006        
       6       -1.837732    5.234214   -0.399546 
       6        0.057694    5.048531    1.075517 
       6        3.883525    3.056836    2.680455 
       6        4.378398    4.337716    2.444457 
       6        3.555453    4.213860    0.198422 
       6        4.227316    4.921324    1.190348 
       1        3.791628   -1.438310    1.832036 
       1        4.088201   -1.552319    3.572162 
       1        3.092018    0.687341    3.907197 
       1        4.521490    0.594496    2.879156 
       1        1.730534   -0.211032   -2.767339 
       1        2.232794    1.437378   -3.093215 
       1       -0.130143    1.184864   -3.743244 
       1       -0.041842    2.266120   -2.349251 
       1       -2.884545    0.379938   -2.161467 
       1       -2.112405    1.959682   -2.088110 
       1       -3.431966    1.571031   -0.052671 







 51


       1       -2.681757    0.008632    0.204573 
       1       -2.419011    2.485611    2.360441 
       1       -0.935157    1.623183    2.783759 
       1       -4.554232    1.438029    2.318731 
       1       -5.986737   -0.269972    3.392793 
       1       -4.927226   -2.248044    4.481630 
       1       -2.488378   -2.517954    4.464293 
       1       -0.341840   -2.727661    3.895295 
       1       -0.504550   -1.533692    5.198941 
       1        1.476619   -0.331382    4.302026 
       1        1.823350   -1.884019    5.072873 
       1        1.280316   -3.762746    3.157066 
       1        2.900513   -3.578598    3.828856 
       1        3.822580   -3.507676    1.471594 
       1        3.014840   -5.003203    1.951272 
       1       -1.416511   -2.974276    1.562750 
       1        0.204395   -2.450019    1.138568 
       1        2.504401   -6.336103   -0.008926 
       1       -2.304493   -5.163886    0.273375 
       1       -1.639899   -7.476393   -0.254532 
       1        0.775177   -8.077837   -0.401833 
       1       -1.830320   -1.201252   -2.864249 
       1       -0.157725   -1.047441   -3.371373 
       1        0.632612   -1.995375   -1.217483 
       1       -0.399526   -3.093778   -2.093896        
       1        2.408370   -1.685794   -0.391478 
       1        4.545345    1.876587   -1.581972     
       1        4.425041   -3.000066   -0.727148 
       1        6.590305    0.546157   -1.819764        
       1        6.622193   -3.245337    0.175503        
       1        8.985697   -2.833430   -2.766343 
       1        8.076733   -5.009272    0.827471 
       1       10.963972   -4.229758   -3.124715 
       1       10.036908   -6.415290    0.500387 
       1       13.470306   -6.733712   -2.654892 
       1       12.111173   -6.155283   -3.630341 
       1       13.084809   -5.005951   -2.680766 
       1       13.023169   -7.788132   -0.903929 
       1       12.292007   -6.874659    0.425049 
       1       11.314026   -8.031097   -0.511279        
       1       -2.329051   -3.433031   -2.610729 
       1       -3.348908   -1.845386    1.269870 
       1       -4.654556   -4.068688   -2.942367 
       1       -5.662591   -2.523191    0.931534             
       1       -7.558222   -2.145218   -0.378475        
       1       -9.891929   -1.851734   -0.061613 
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       1       -8.529294   -5.459006   -1.959362 
       1      -12.198630   -2.608235   -0.222174 
       1      -10.835043   -6.251226   -2.136705 
       1      -12.845818   -7.056212   -1.339436 
       1      -14.398412   -6.392747   -1.871622 
       1      -12.987286   -6.276165   -2.933724 
       1      -15.054972   -4.646016   -0.924878 
       1      -14.001210   -3.925639    0.301592 
       1      -14.171080   -3.157111   -1.295484        
       1       -2.927032    3.451496   -0.788046 
       1        0.518990    3.095027    1.793201 
       1       -2.543800    5.833667   -0.965611 
       1        0.862483    5.520216    1.628847 
       1       -1.053371    7.438621   -1.752896 
       1       -0.081630    9.616348    1.199948 
       1       -1.113286    9.474612   -2.972510 
       1        0.136723   12.048462    1.075354 
       1       -0.901670   11.891998   -3.132596 
       1        1.098578   14.024219    0.461196 
       1        0.185755   15.381248   -0.214808 
       1       -0.627434   14.225452    0.851549 
       1        0.225340   13.893724   -3.165021 
       1       -1.494154   14.087770   -2.743593 
       1       -0.312553   15.307221   -2.244290               
       1        1.176115    2.821062   -0.633651 
       1        2.588060    2.876036   -1.648295 
       1        4.014496    2.625151    3.664176 
       1        4.886604    4.868132    3.243942 
       1        3.422466    4.674579   -0.777616 
       1        4.624520    5.909467    0.982657 
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Figure S44: Contour surfaces of HOMO−1, HOMO, LUMO and LUMO+1 for the 


chromophores L7 to L9 and their corresponding ZnII complexes. 
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Figure S1. XPS spectra of MPPA/Au in the a) S(2p) and b) P(2p) region. 
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Figure S2. Fourier-transform infrared external reflection spectrum of MPPA/Au electrode was collected on 


a Bruker Tensor 27 (Bruker, Germany) equipped with a liquid nitrogen cooled mercury-cadmium-telluride 


(MCT) detector. P-polarized light beam was used. The spectrum of a clean gold surface was used as the 


reference over 128 scans and then the sample spectrum of the MPPA/Au surface was calculated. 







 3


 


 


 


410 405 400 395


Binding Energy (eV)


N1sA
400.4 eV


   


740 730 720 710 700


Binding Energy (eV)


Fe2pB


710.8 eV


724.4eV


 
Figure S3. XPS spectra of Hb/MPPA/Au in the A) N(1s) and B) Fe(2p) region. 
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Figure S4. a) Surface-enhanced infrared absorption spectrum of Hb immobilized on MPPA/Au electrode 


and b) absorption infrared (IR) spectrum of native Hb. 
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Figure S5. AFM images of Hb/MPPA/Au obtained after MPPA/Au electrode is immersed in Hb solution 


for 30 s. 
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Figure S6. Cyclic voltammograms of Hb/MPPA/Au electrode in a 4.4 mM PBS (pH 7.0) at different scan 


rate of 30, 50, 80, 100, 300, 500, 700, 900, 1000, 1200, 1500 mVs-1 from inner to outer, respectively. Insert: 


plots of the corresponding cathodic and anodic peak currents vs. scan rate. 
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Figure S7. Cyclic voltammograms of a) MPPA/Au and b) hemin/MPPA/Au electrode in 4.4 mM PBS (pH 


7.0) at a scan rate of 100 mVs-1 After MPPA/Au electrode was immersed 10 mM NaAc-HAc buffer (pH 


5.4) containing saturated hemin solution in the dark for 20 hours at 4 °C, the hemin/MPPA/Au electrode 


was obtained. 


 


 


 


 


 


 


 


 


 


 


 


 







 6


 


 


 


 


 


 


300 320 340 360 380 400 420
0


100


200


300


400


500


600
 


F
lu


or
es


ce
nc


e 
in


te
ns


ity
 / 


a.
u.


Wavelength / nm


a


fA


  


300 400 500 600 700
0.00


0.05


0.10


0.15


0.20


 


A
bs


or
ba


nc
e


Wavelength / nm


a


f


B


 
Figure S8. A) Fluorescence spectrum of 1.33 µM Hb in a) 0.01 M NaAc/HAc buffer (pH 5.4) system, as a 


function of H2O3P-(CH2)4-PO3H2 concentration in the range of 1.33µM ~50.5 µM: b) 1.33 µM, c) 3.99 µM, 


d) 10.64 µM, e) 23.9 µM and f) 50.5 µM. B) UV-vis absorption spectra of 0.266 µM Hb in a) 0.01 M 


NaAc/HAc buffer (pH 5.4) system, as a function of H2O3P-(CH2)4-PO3H2 concentration in the range of 


1.33µM ~ 85.3µM: b) 1.33 µM, c) 2.66 µM, d) 5.32 µM, e) 18.2 µM and f) 85.3 µM.  


As the data shown, the tryptophan residues fluorescence intensity of Hb increase slightly with the 


increasing concentration of H2O3P-(CH2)4-PO3H2, which indicates that H2O3P-(CH2)4-PO3H2 can bind to 


Hb protein through -PO3H2 groups. On the other hand, after H2O3P-(CH2)4-PO3H2 of 340 times higher 


concentration than that of Hb were added to the Hb-NaAc/HAc solution, the UV-vis absorption spectrum 


of Hb do not show any significant spectral change except a very slight decrease in intensity of the soret 


band is observed. Although the number of binding sites are not clear, this result of UV-vis indicates that all 


four heme groups bound to hemoglobin are not directly attacked and degraded by -PO3H2 groups of 


H2O3P-(CH2)4-PO3H2. According to results of fluorescence and UV-vis absorption spectrum measurement, 


the possibility of release of iron ion was ruled out in the presence of -PO3H2 groups. 
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Figure S9. Cyclic voltammograms of Hb/MPPA/Au electrode a) without treatment and b) after treatment 


with 1M KCl solution solution for 15 h in 4.4 mM PBS (pH 7.0) at a scan rate of 100 mVs-1. 


 


 


 


 


-0.6 -0.4 -0.2 0.0 0.2 0.4


-0.9


-0.6


-0.3


0.0


0.3


0.6


0.9


I/µ
A


E/V vs SCE


a
b


c


 
Figure S10. Cyclic voltammograms of Hb/MPPA/Au electrode obtained form 3mgmL-1 Hb solution 


containing a) 4.4 mM PBS (pH 5.4), b) 0.1 M NaAc (pH 7.2) and c) 10 mM NaAc-HAc buffer (pH 5.4) in 
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a 4.4 mM PBS (pH 7.0) at a scan rate of 100 mVs-1. 
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Figure S11. A) UV-vis absorption spectra of 1.33 µM Hb in Hb-NaAc-HAc buffer (5.4) system. 


NaAc-HAc concentrations in NaAc-HAc buffer (5.4) system: a) 0, b) 0.133, c) 0.665, d) 5.85, e) 13.3 and f) 


133.3 µM. B) Fluorescence spectrum of 1.33µM Hb in Hb-NaAc-HAc buffer (5.4) system. NaAc-HAc 


concentrations in NaAc-HAc buffer (5.4) system: a) 0, b) 0.133, c) 0.665, d) 5.85, e) 13.3 and f) 133.3µM. 
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Figure S12. A) UV-vis absorption spectra of 1.33 µM Hb in Hb-PBS (5.4) system. PBS concentrations in 


PBS buffer (5.4) system: a) 0, b) 0.133, c) 0.665, d) 5.85, e) 13.3 and f) 133.3 µM. B) Fluorescence 


spectrum of 1.33 µM Hb in Hb-PBS (5.4) system. PBS concentrations in PBS buffer (5.4) system: a) 0, b) 


0.133, c) 0.665, d) 5.85, e) 13.3 and f) 133.3µM. 
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Figure S13. First and 400th recorded cyclic voltammograms of Hb/MPPA/Au in 4.4 mM PBS (pH 7.0) at a 


scan rate of 100 mVs-1. 
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Figure S14. Cyclic voltammograms for Hb/MPPA/Au electrode in 4.4 mM PBS (pH 7.0) at a scan rate of 


100 mVs-1. a) without the pretreatment of potentiostatic polarization, with the pretreatment of 


potentiostatic polarization at b) 0.2 V and c) -0.55 V in 4.4 mM PBS (pH 7.0) for 600s. 
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Figure S15. Cyclic voltammograms of a) bare Au and b) MPPA/Au in the 4.4 mM PBS (pH 7.0) at a scan 


rate of 100 mVs-1. 
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Table S1. Details of the structure determinations of products 1-6  


 


Crystal parameters. 1 2 3 4 5 6 


Empirical formula C34H30Ga3Ru C117H208P4Ga4Ru2 C76H79BF24Ga4Ru C144H136B2F50Ga8Ru2 C147H137B2F50.50Ga8Ru2 C100H118BF26Ga3P2Ru 


Molecular weight 748.81 2219.73 1839.15 3598.05 3644.59 2196.92 


Temperature (K) 113(2) 113(2) 113(2) 100(2) 103(2) 113(2) 
Wavelength  
Mo-Kα (Å) 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 


Crystal size (mm) 0.25 × 0.2 × 0.15 0.25 x 0.15 x 0.10 0.25 × 0.2 × 0.15 0.30 × 0.20 × 0.15 0.20 × 0.10 × 0.10 0.40 × 0.20 × 0.10 
Crystal system,  
space group 


Tetragonal,  
I4/m 


Monoclinic,   
P2(1)/c 


Orthorhombic,  
Pbca 


Monoclinic,  
P2(1)/c 


Triclinic,  
P-1 


Monoclinic,   
P2(1)/c 


a (Å) 19.8445(6) 20.9566(18) 25.546(3) 15.3517(4) 14.1090(6) 22.929(5) 


b (Å) 19.8445(6) 24.925(3) 21.2722(8) 18.2016(6) 14.7960(7) 17.448(3) 


c (Å) 18.8042(7) 23.0088(19) 29.176(2) 27.2028(10) 36.0416(18) 25.47(3) 


α(°) 90 90 90 90 86.712(4) 90 


β (°) 90 92.018(7) 90 102.118(3) 80.878(4) 101.84(4) 


γ (°) 90 90 90 90 88.267(4) 90 


Cell volume (Å3) 7405.2(4) 12011.1(19) 15855(2) 7431.8(4) 7414.8(6) 9972(10) 


Z 8 4 8 2 2 4 


Density ρcalc. (g cm-3) 1.343 1.228 1.541 1.608 1.632 1.463 
Absorption coefficient  
μ (mm-1) 2.577 1.225 1.625 1.733 1.739 1.076 


F (000) 2968 4728 7392 3592 3639 4496 


θ range for data collection (°) 2.54 - 27.58 2.68 - 27.70 2.67 - 27.59 2.81 - 27.66 2.74 - 25.05 2.69 - 27.62 


Index ranges  
-25≤h≤25,  
-22≤k≤25,  
-24≤l≤24 


-27≤h≤23,  
-32≤ k ≤32,  
-29≤l≤29 


-33≤h≤32,  
-27≤k≤27,  
-38≤l≤37 


-20≤h≤20,  
-23≤k≤23, 
-35≤l≤35 


-16≤h≤11,  
-17≤k≤16,  
-42≤l≤42 


-18≤h≤29,  
-22≤ k ≤22,  
-33≤l≤33 


Reflexions collected 37838 95267 290868 74060 30540 90864 


Reflexions unique 4402  
[R(int) = 0.0438] 


27422  
[R(int) = 0.1130] 


18306  
[R(int) = 0.1514] 


17247  
[R(int) = 0.0435] 


24536  
[R(int) = 0.1137] 


22956 
[R(int) = 0.0823] 


Refinement method Full-matrix  
least-squares on F2 


Full-matrix  
least-squares on F2 


Full-matrix  
least-squares on F2 


Full-matrix  
least-squares on F2 


Full-matrix  
least-squares on F2 


Full-matrix  
least-squares on F2 


Data/Restraints/Parameters 4402/0/200 27422/0/1160 18306/0/955 17247/0/988 24536/0/1896 22956/0/1198 


Absorption correction Empirical Empirical Empirical Empirical Empirical Empirical 
Goodness-of-fit  
on F2 (GOF) 0.983 0.659 0.824 1.309 0.861 0.806 


Final R indices 
[I>2σ(I)] 


R1 =  0.0334,  
wR2 =  0.0936 


R1 = 0.0446, 
wR2 = 0.0729 


R1 =  0.0483,  
wR2 =  0.0927 


R1 = 0.0449,  
wR2 = 0.1069 


R1 = 0.0701,  
wR2 = 0.1403 


R1 = 0.0410,  
wR2 = 0.0838 


R indices (all data) R1 =  0.0505,  
wR2 =  0.0980 


R1 = 0.1516,  
wR2 = 0.0828 


R1 =  0.1247,  
wR2 =  0.1050 


R1 = 0.0849,  
wR2 = 0.1197 


R1 = 0.1494,  
wR2 = 0.1548 


R1 = 0.1074,  
wR2 = 0.0927 


Largest difference peak and 
hole (e Å-3) 1.710 and -0.459 0.933 and -0.734 0.959 and -0.541 1.345 and -0.667 0.968 and -0.975 1.434 and -1.157 
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Cyclic Voltammetry Measurements. 


Representative cyclic voltammograms of various substituted rubrenes are shown in Figure 


S1. 
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Figure S1: Cyclic voltammograms spectra of rubrenes 1-4, 6 and 7. 
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General X-ray Procedures: 


The X-ray diffraction data were collected on a Nonius KappaCCD diffractometer, MoKα (λ 


= 0.71073 Å), a graphite monochromator, T=120(2)K. The data were processed with Denzo-


Scalepack. The structures were refined by full matrix least-squares based on F2 with 


SHELXL-97. 


X-ray Structural Analysis of 2. Compound 2 was crystallized from a solution of 


DCM/Ethanol to give orange crystals. Crystal data: C44H32O2, 0.5 x 0.5 x 0.3 mm3, 


Orthorhombic, space group Pbca, a=15.766(3) Å, b=13.859(3) Å, c=28.351(6) Å, from 20 


degrees of data, V=6195(1) Å3, Z=8, fw=592.70, Dc=1.271 Mg/m3, µ=0.076 mm-1. Data 


collection and treatment: 34854 reflections collected, 0 = h = 14, 0 = k = 12, 0 = l = 25, frame 


scan width = 1.0°, scan speed 1.0° per 40 s, typical peak mosaicity 0.68°, 6953 independent 


reflections (Rint =0.095). Solution and refinement: 417 parameters with no restraints, final 


R1= 0.0415 for data with I>2σ(I) and R1= 0.0569 on 2417 reflections, wR2=0.1075, 


goodness-of-fit on F2 = 1.086, largest electron density peak = 0.145 e/Å3 and hole=-0.155 


e/Å3. CCDC-671889 contains the supplementary crystallographic data for this paper. These 


data can be obtained free of charge from the Cambridge Crystallographic Data Centre via 


www.ccdc.cam.ac.uk/data_request/cif. 


X-ray Structural Analysis of 3. Compound 3 was crystallized from a solution of 


DCM/Ethanol to give orange prism crystals. Crystal data: C42H26F2 prism, 0.1 x 0.1 x 0.1 


mm3, Orthorhombic , Cmca  a=27.450(6)Å, b=7.102(1)Å, c=14.327(3) Å, from 16 degrees of 


data, T=120(2)K, V=2793.0(10)Å3, Z=4, Fw=568.63, Dc=1.347Mg.m-3, µ=0.086mm1. 


Data collection and processing: 0=h=26, 0=k=6, 0=l=13, frame scan width = 2.0°, scan speed 


1.0° per 300 sec, typical peak mosaicity 0.72°, 11396 reflections collected, 1826 independent 


reflections (R-int =0.081). Solution and refinement: Structure solved by Patterson method 


with SHELXS-97. Refined 106 parameters with 0 restraints, final R1= 0.0563 (based on F2) 


for data with I>2σ(I) and, R1= 0.0573 on 655 reflections, goodness-of-fit on F2 = 1.429, 


largest electron density peak = 0.20 e/Å3 and hole -0.178 e/Å3. CCDC-671890 contains the 


supplementary crystallographic data for this paper. These data can be obtained free of charge 


from the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. 


X-ray Structural Analysis of 4. Compound 4 was crystallized from a solution of 


DCM/Ethanol to give red prismatic crystals. Crystal data: C44H28O2 +0.25(O) 0.50x0.30x0.10 


mm3, Orthorhombic, Pna21, a=15.320(3), b=13.661(3), c=14.250(3) A from 20 degrees of 


data, T=120(2) K, V=2982(1) Å3, Z=4, Fw=592.66, Dc=1.320 Mg.m-3, µ=0.080 mm-1. Data 
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collection and processing: 21191 reflections collected, -17=h=18, -16=k=16, -16=l=16, frame 


scan width = 1.0°, scan speed 1.0° per 400 sec, typical peak mosaicity 0.643°, 4883 


independent reflections (R-int =0.059). Solution and refinement: Structure solved by direct 


methods with SHELXS. Refine 421 parameters with 1 restraint, final R1= 0.0393 (based on 


F2) for data with I>2s (I) and, R1= 0.0512 on 4855 reflections, goodness-of-fit on F2 = 1.040, 


largest electron density peak =0.177 e/Å3. CCDC-671892 contains the supplementary 


crystallographic data for this paper. These data can be obtained free of charge from the 


Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. 


X-ray Structural Analysis of 6. Compound 6 was crystallized from a solution of 


DCM/Ethanol to give orange plate-like crystals. Crystal data: C43H28OF2, 0.8 x 0.4 x 0.2 


mm3, Monoclinic, P2(1)/n, a=17.677(4)Å, b=9.424(2)Å, c=18.571(4) Å, β= 103.79°(3) from 


20 degrees of data, T=120(2)K, V=3004.5(10)Å3, Z=4, Fw=598.65, Dc=1.323Mg.m-3, 


µ=0.086mm1. Data collection and processing: 0=h=19, 0=k=10, -20=l=12, frame scan width 


= 1.5°, scan speed 1.0° per 120 sec, typical peak mosaicity 0.54°, 16323 reflections collected, 


4618 independent reflections (R-int =0.065). Solution and refinement: Structure solved by 


Patterson method with SHELXS-97. Refined 415 parameters with 0 restraints, final R1= 


0.0559 (based on F2) for data with I>2σ(I) and, R1= 0.0815 on 4310 reflections, goodness-of-


fit on F2 = 1.020, largest electron density peak = 0.93 e/Å3 and hole -0.28 e/Å3. CCDC-


671891 contains the supplementary crystallographic data for this paper. These data can be 


obtained free of charge from the Cambridge Crystallographic Data Centre via 


www.ccdc.cam.ac.uk/data_request/cif. 


 


In order to clarify the packing density, Cremer–Pople puckering parametersS1 were calculated 


and estimation of the packing index was made using PLATON (December, 2006)S2. The 


results are summarized in the Table S1. 


 


Table S1. Calculated densities and packing indexes. 


Compound V/Z Calculated density, g/cm3 Packing index, % 
1 685 1.291 70.3 
2 774 1.271 68.4 
4 745 1.311 69.7 
6 751 1.323 68.7 
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Table S2: Distribution of twist through tetracene core. 


Degree of Twist (degrees) Compound 


1st ring 2nd ring 3rd ring 4th ring 


Total 
twist 


(degrees) 
2 7.4 16.2 15.6 4.8 44.0 


4 5.2 13.4 12.5 4.1 35.2 


5 5.4 13.5 13.0 5.7 37.6 


 


 
Figure S2. X ray structure of rubrene 1. 


 


        
 (a) (b)  
  


           
 (c) (d) 
  
Figure. S3. p-p contacts in (a) 1, (b) 3, (c) 6 and (d). 2. A view parallel to the mean plane of 


the side aromatic ring. 
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Details of DFT calculations 


 


 
 


Figure S4: Calculated (B3LYP/6-31G(d)) geometries of rubrene 1. 
 
Table S3: Absolute energies of the optimized structures (B3LYP/6-31G(d)). 


Compound 


 


Number of imaginary 


frequencies (NIMAG) 


Energy at B3LYP/6-31G(d) 


(Hartree) 


1 (D2 symmetry) 0 -1617.3354858 
1 (C2h symmetry) 1 -1617.3294631 
1 (D2h symmetry) 2 -1617.3251840 
2 (C2 symmetry) 0 -1846.3811626 
2 (Cs symmetry) 1 -1846.3747893 
5 (C2 symmetry) 0 -1801.8244396 
5 (Cs symmetry) 1 -1801.8186880 
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Table S4. Calculated (GIAO-B3LYP/6-311G(2df,p)//B3LYP/6-31G(d)) and measured 13C 


NMR chemical shifts for 9,10-diphenylanthracene. 


Carbon 
Calculated values 


(ppm) 
Measured values (ppm)a Difference 


1 133.0 126.9 6.1 
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2 129.5 125.0 4.5 


4a 136.0 129.9 6.1 


9 145.5 137.1 8.4 


A 149.1 139.1 10.0 


B 137.1 128.4 8.7 


C 133.1 131.3 1.8 


D 132.4 127.4 5.0 
a The values are from the Spectral Database for Organic Compounds (SDBS) at 


http://riodb01.ibase.aist.go.jp/sdbs/cgi-bin/direct_frame_top.cgi 
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Table S5. Calculated (as planar C2h and twisted D2 structures at GIAO-B3LYP/6-


311G(2df,p)//B3LYP/6-31G(d)) and measured 13C NMR chemical shifts for rubrene 1. 


Carbon Twisted Planar Measured  Ref Ca Difference 
Twistedb 


Difference 
Planarc 


1 132.5 133.5 127.1 1 -0.6 0.4 
2 129.8 129.2 125.4 2 -0.2 -0.7 
4a 136.8 138.6 131.1 4a -0.5 1.4 
5 145.1 148.6 137.5 9 -0.7 2.7 
5a 136.1 131.7 129.6 4a 0.3 -4.0 
A 151.3 153.0 142.4 A -1.1 0.6 
B 139.2 141.2 132.6 B 0.6 2.6 
C 132.4 132.4 127.6 C 3.0 3.0 
D 130.9 131.7 126 D 0.0 0.7 


a Carbon from 9,10-diphenyanthracene for comparison. 
b Difference between the 13C NMR chemical shifts for rubrene 1 as measured (in benzene) 


and as estimated (based on GIAO-B3LYP/6-311G(2df,p)//B3LYP/6-31G(d) calculations of 


rubrene 1 in a twisted D2 symmetry, corrected for the measured and calculated difference of 


the corresponding carbon atom of 9,10-diphenylanthracene, see Table S4). For example, the 


“difference twisted” for carbon C1 is 132.548–(132.97-126.94)–127.1 = -0.6 ppm. We note 
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that 4 digits after the decimal point were used to obtain the “difference twisted”, while only 


one digit after the decimal point is given in the Table. 
c Difference between the 13C NMR chemical shifts for rubrene 1 as measured (in benzene) 


and as estimated (based on GIAO-B3LYP/6-311G(2df,p)//B3LYP/6-31G(d) calculations of 


rubrene 1 keeping a planar C2h symmetry, corrected for the measured and calculated 


difference of the corresponding carbon atom of 9,10-diphenylanthracene, see Table S4). For 


example, “difference planar” for carbon C1 is 133.5 – (132.97-126.94)– 127.1 = 0.4 ppm. We 


note that 4 digits after the decimal point were used to obtain the “difference twisted”, while 


only one digit after the decimal point is given in the Table. 


 
 
Cartesian coordinates for the optimized geometries 
 
Compound 1 D2 symmetry 
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
 --------------------------------------------------------------------- 
    1          6             0       -0.471919    3.715397   -1.320111 
    2          6             0       -0.193120    2.448688   -0.699122 
    3          6             0        0.193120    2.448688    0.699122 
    4          6             0        0.471919    3.715397    1.320111 
    5          6             0        0.256625    4.895230    0.664748 
    6          6             0       -0.256625    4.895230   -0.664748 
    7          1             0       -0.844073    3.725627   -2.337171 
    8          1             0        0.844073    3.725627    2.337171 
    9          6             0        0.250330    1.234676    1.408185 
   10          6             0       -0.250330    1.234676   -1.408185 
   11          6             0        0.000000    0.000000    0.727869 
   12          6             0        0.000000    0.000000   -0.727869 
   13          6             0       -0.250330   -1.234676    1.408185 
   14          6             0        0.250330   -1.234676   -1.408185 
   15          6             0       -0.193120   -2.448688    0.699122 
   16          6             0        0.193120   -2.448688   -0.699122 
   17          6             0       -0.471919   -3.715397    1.320111 
   18          1             0       -0.844073   -3.725627    2.337171 
   19          6             0        0.471919   -3.715397   -1.320111 
   20          1             0        0.844073   -3.725627   -2.337171 
   21          6             0       -0.256625   -4.895230    0.664748 
   22          6             0        0.256625   -4.895230   -0.664748 
   23          6             0       -0.743138   -1.256325    2.822159 
   24          6             0       -0.017277   -1.840061    3.871248 
   25          6             0       -2.027294   -0.758690    3.096117 
   26          6             0       -0.551353   -1.908395    5.157755 
   27          1             0        0.978037   -2.228373    3.676597 
   28          6             0       -2.566120   -0.833374    4.380482 
   29          1             0       -2.607023   -0.318231    2.289413 
   30          6             0       -1.828376   -1.406788    5.417227 
   31          1             0        0.032306   -2.354305    5.958927 
   32          1             0       -3.564825   -0.447651    4.569365 
   33          1             0       -2.245458   -1.464797    6.419201 
   34          6             0        0.743138   -1.256325   -2.822159 
   35          6             0        0.017277   -1.840061   -3.871248 
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   36          6             0        2.027294   -0.758690   -3.096117 
   37          6             0        0.551353   -1.908395   -5.157755 
   38          1             0       -0.978037   -2.228373   -3.676597 
   39          6             0        2.566120   -0.833374   -4.380482 
   40          1             0        2.607023   -0.318231   -2.289413 
   41          6             0        1.828376   -1.406788   -5.417227 
   42          1             0       -0.032306   -2.354305   -5.958927 
   43          1             0        3.564825   -0.447651   -4.569365 
   44          1             0        2.245458   -1.464797   -6.419201 
   45          6             0        0.743138    1.256325    2.822159 
   46          6             0        2.027294    0.758690    3.096117 
   47          6             0        0.017277    1.840061    3.871248 
   48          6             0        2.566120    0.833374    4.380482 
   49          1             0        2.607023    0.318231    2.289413 
   50          6             0        0.551353    1.908395    5.157755 
   51          1             0       -0.978037    2.228373    3.676597 
   52          6             0        1.828376    1.406788    5.417227 
   53          1             0        3.564825    0.447651    4.569365 
   54          1             0       -0.032306    2.354305    5.958927 
   55          1             0        2.245458    1.464797    6.419201 
   56          6             0       -0.743138    1.256325   -2.822159 
   57          6             0       -0.017277    1.840061   -3.871248 
   58          6             0       -2.027294    0.758690   -3.096117 
   59          6             0       -0.551353    1.908395   -5.157755 
   60          1             0        0.978037    2.228373   -3.676597 
   61          6             0       -2.566120    0.833374   -4.380482 
   62          1             0       -2.607023    0.318231   -2.289413 
   63          6             0       -1.828376    1.406788   -5.417227 
   64          1             0        0.032306    2.354305   -5.958927 
   65          1             0       -3.564825    0.447651   -4.569365 
   66          1             0       -2.245458    1.464797   -6.419201 
   67          1             0        0.465003   -5.838702   -1.162322 
   68          1             0       -0.465003   -5.838702    1.162322 
   69          1             0        0.465003    5.838702    1.162322 
   70          1             0       -0.465003    5.838702   -1.162322 
 --------------------------------------------------------------------- 
 
Compound 1 C2h symmetry 
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
 --------------------------------------------------------------------- 
    1          6             0       -3.693165    0.564481    1.398395 
    2          6             0       -2.437170    0.369603    0.723230 
    3          6             0       -2.437170    0.369603   -0.723230 
    4          6             0       -3.693165    0.564481   -1.398395 
    5          6             0       -4.853858    0.781158   -0.711828 
    6          6             0       -4.853858    0.781158    0.711828 
    7          1             0       -3.709418    0.549627    2.480401 
    8          1             0       -3.709418    0.549627   -2.480401 
    9          1             0       -5.782321    0.943606   -1.252819 
   10          1             0       -5.782321    0.943606    1.252819 
   11          6             0       -1.248423    0.099546   -1.428991 
   12          6             0       -1.248423    0.099546    1.428991 
   13          6             0        0.000000    0.000000   -0.737009 
   14          6             0        0.000000    0.000000    0.737009 
   15          6             0        1.248423   -0.099546   -1.428991 
   16          6             0        1.248423   -0.099546    1.428991 
   17          6             0        2.437170   -0.369603   -0.723230 
   18          6             0        2.437170   -0.369603    0.723230 
   19          6             0        3.693165   -0.564481   -1.398395 
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   20          1             0        3.709418   -0.549627   -2.480401 
   21          6             0        3.693165   -0.564481    1.398395 
   22          1             0        3.709418   -0.549627    2.480401 
   23          6             0        4.853858   -0.781158   -0.711828 
   24          1             0        5.782321   -0.943606   -1.252819 
   25          6             0        4.853858   -0.781158    0.711828 
   26          1             0        5.782321   -0.943606    1.252819 
   27          6             0        1.409665    0.274229   -2.875314 
   28          6             0        1.619007   -0.669252   -3.890825 
   29          6             0        1.490901    1.636272   -3.203169 
   30          6             0        1.879106   -0.263144   -5.199644 
   31          1             0        1.566706   -1.727428   -3.652781 
   32          6             0        1.752277    2.044851   -4.511357 
   33          1             0        1.353366    2.377922   -2.420604 
   34          6             0        1.946331    1.095413   -5.515450 
   35          1             0        2.029263   -1.010852   -5.974049 
   36          1             0        1.812346    3.105342   -4.743077 
   37          1             0        2.152436    1.410205   -6.535090 
   38          6             0        1.409665    0.274229    2.875314 
   39          6             0        1.490901    1.636272    3.203169 
   40          6             0        1.619007   -0.669252    3.890825 
   41          6             0        1.752277    2.044851    4.511357 
   42          1             0        1.353366    2.377922    2.420604 
   43          6             0        1.879106   -0.263144    5.199644 
   44          1             0        1.566706   -1.727428    3.652781 
   45          6             0        1.946331    1.095413    5.515450 
   46          1             0        1.812346    3.105342    4.743077 
   47          1             0        2.029263   -1.010852    5.974049 
   48          1             0        2.152436    1.410205    6.535090 
   49          6             0       -1.409665   -0.274229   -2.875314 
   50          6             0       -1.490901   -1.636272   -3.203169 
   51          6             0       -1.619007    0.669252   -3.890825 
   52          6             0       -1.752277   -2.044851   -4.511357 
   53          1             0       -1.353366   -2.377922   -2.420604 
   54          6             0       -1.879106    0.263144   -5.199644 
   55          1             0       -1.566706    1.727428   -3.652781 
   56          6             0       -1.946331   -1.095413   -5.515450 
   57          1             0       -1.812346   -3.105342   -4.743077 
   58          1             0       -2.029263    1.010852   -5.974049 
   59          1             0       -2.152436   -1.410205   -6.535090 
   60          6             0       -1.409665   -0.274229    2.875314 
   61          6             0       -1.490901   -1.636272    3.203169 
   62          6             0       -1.619007    0.669252    3.890825 
   63          6             0       -1.752277   -2.044851    4.511357 
   64          1             0       -1.353366   -2.377922    2.420604 
   65          6             0       -1.879106    0.263144    5.199644 
   66          1             0       -1.566706    1.727428    3.652781 
   67          6             0       -1.946331   -1.095413    5.515450 
   68          1             0       -1.812346   -3.105342    4.743077 
   69          1             0       -2.029263    1.010852    5.974049 
   70          1             0       -2.152436   -1.410205    6.535090 
 --------------------------------------------------------------------- 
 
Compound 1 D2h symmetry 
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
 --------------------------------------------------------------------- 
    1          6             0       -1.397259   -3.747360    0.000000 
    2          6             0       -0.721415   -2.473613    0.000000 
    3          6             0        0.721415   -2.473613    0.000000 
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    4          6             0        1.397259   -3.747360    0.000000 
    5          6             0        0.711489   -4.927811    0.000000 
    6          6             0       -0.711489   -4.927811    0.000000 
    7          1             0       -2.478194   -3.766937    0.000000 
    8          1             0        2.478194   -3.766937    0.000000 
    9          1             0        1.253813   -5.869636    0.000000 
   10          1             0       -1.253813   -5.869636    0.000000 
   11          6             0        1.431608   -1.257298    0.000000 
   12          6             0       -1.431608   -1.257298    0.000000 
   13          6             0        0.741217    0.000000    0.000000 
   14          6             0       -0.741217    0.000000    0.000000 
   15          6             0        1.431608    1.257298    0.000000 
   16          6             0       -1.431608    1.257298    0.000000 
   17          6             0        0.721415    2.473613    0.000000 
   18          6             0       -0.721415    2.473613    0.000000 
   19          6             0        1.397259    3.747360    0.000000 
   20          1             0        2.478194    3.766937    0.000000 
   21          6             0       -1.397259    3.747360    0.000000 
   22          1             0       -2.478194    3.766937    0.000000 
   23          6             0        0.711489    4.927811    0.000000 
   24          1             0        1.253813    5.869636    0.000000 
   25          6             0       -0.711489    4.927811    0.000000 
   26          1             0       -1.253813    5.869636    0.000000 
   27          6             0        2.926204    1.428293    0.000000 
   28          6             0        3.618512    1.620307    1.203675 
   29          6             0        3.618512    1.620307   -1.203675 
   30          6             0        4.968443    1.971576    1.205762 
   31          1             0        3.087674    1.504191    2.144906 
   32          6             0        4.968443    1.971576   -1.205762 
   33          1             0        3.087674    1.504191   -2.144906 
   34          6             0        5.648905    2.150028    0.000000 
   35          1             0        5.486320    2.114540    2.150806 
   36          1             0        5.486320    2.114540   -2.150806 
   37          1             0        6.699008    2.430151    0.000000 
   38          6             0       -2.926204    1.428293    0.000000 
   39          6             0       -3.618512    1.620307   -1.203675 
   40          6             0       -3.618512    1.620307    1.203675 
   41          6             0       -4.968443    1.971576   -1.205762 
   42          1             0       -3.087674    1.504191   -2.144906 
   43          6             0       -4.968443    1.971576    1.205762 
   44          1             0       -3.087674    1.504191    2.144906 
   45          6             0       -5.648905    2.150028    0.000000 
   46          1             0       -5.486320    2.114540   -2.150806 
   47          1             0       -5.486320    2.114540    2.150806 
   48          1             0       -6.699008    2.430151    0.000000 
   49          6             0        2.926204   -1.428293    0.000000 
   50          6             0        3.618512   -1.620307    1.203675 
   51          6             0        3.618512   -1.620307   -1.203675 
   52          6             0        4.968443   -1.971576    1.205762 
   53          1             0        3.087674   -1.504191    2.144906 
   54          6             0        4.968443   -1.971576   -1.205762 
   55          1             0        3.087674   -1.504191   -2.144906 
   56          6             0        5.648905   -2.150028    0.000000 
   57          1             0        5.486320   -2.114540    2.150806 
   58          1             0        5.486320   -2.114540   -2.150806 
   59          1             0        6.699008   -2.430151    0.000000 
   60          6             0       -2.926204   -1.428293    0.000000 
   61          6             0       -3.618512   -1.620307    1.203675 
   62          6             0       -3.618512   -1.620307   -1.203675 
   63          6             0       -4.968443   -1.971576    1.205762 
   64          1             0       -3.087674   -1.504191    2.144906 
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   65          6             0       -4.968443   -1.971576   -1.205762 
   66          1             0       -3.087674   -1.504191   -2.144906 
   67          6             0       -5.648905   -2.150028    0.000000 
   68          1             0       -5.486320   -2.114540    2.150806 
   69          1             0       -5.486320   -2.114540   -2.150806 
   70          1             0       -6.699008   -2.430151    0.000000 
 --------------------------------------------------------------------- 
 
Compound 2 C2 symmetry 
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
 --------------------------------------------------------------------- 
    1          6             0       -0.323432    0.634994   -4.727137 
    2          6             0       -0.669169    1.231662   -3.546922 
    3          6             0       -0.394154    0.608803   -2.280767 
    4          6             0        0.394154   -0.608803   -2.280767 
    5          6             0        0.669169   -1.231662   -3.546922 
    6          6             0        0.323432   -0.634994   -4.727137 
    7          6             0       -0.890537    1.120618   -1.067106 
    8          6             0        0.890537   -1.120618   -1.067106 
    9          6             0        0.547264   -0.479758    0.166440 
   10          6             0       -0.547264    0.479758    0.166440 
   11          6             0       -1.227041    0.735532    1.400623 
   12          6             0       -0.655038    0.311900    2.614515 
   13          6             0        0.655038   -0.311900    2.614515 
   14          6             0        1.227041   -0.735532    1.400623 
   15          1             0       -0.553055    1.123254   -5.670630 
   16          1             0       -1.176850    2.188480   -3.555569 
   17          1             0        1.176850   -2.188480   -3.555569 
   18          1             0        0.553055   -1.123254   -5.670630 
   19          6             0        1.307103   -0.506486    3.881366 
   20          6             0       -1.307103    0.506486    3.881366 
   21          6             0       -0.670650    0.240846    5.061249 
   22          6             0        0.670650   -0.240846    5.061249 
   23          1             0        2.320107   -0.889530    3.891647 
   24          1             0        1.183426   -0.408613    6.004704 
   25          1             0       -1.183426    0.408613    6.004704 
   26          1             0       -2.320107    0.889530    3.891647 
   27          6             0       -1.629779    2.420019   -1.080311 
   28          6             0       -2.885524    2.580223   -1.675663 
   29          6             0       -1.007581    3.565903   -0.551195 
   30          6             0       -3.519082    3.823575   -1.730367 
   31          1             0       -3.390725    1.713530   -2.091593 
   32          6             0       -1.619387    4.810944   -0.603049 
   33          1             0       -0.024823    3.472858   -0.097076 
   34          6             0       -2.885524    4.948159   -1.189530 
   35          1             0       -4.499024    3.898991   -2.187739 
   36          1             0       -1.135412    5.694839   -0.198789 
   37          6             0        1.629779   -2.420019   -1.080311 
   38          6             0        2.885524   -2.580223   -1.675663 
   39          6             0        1.007581   -3.565903   -0.551195 
   40          6             0        3.519082   -3.823575   -1.730367 
   41          1             0        3.390725   -1.713530   -2.091593 
   42          6             0        1.619387   -4.810944   -0.603049 
   43          1             0        0.024823   -3.472858   -0.097076 
   44          6             0        2.885524   -4.948159   -1.189530 
   45          1             0        4.499024   -3.898991   -2.187739 
   46          1             0        1.135412   -5.694839   -0.198789 
   47          6             0        2.620583   -1.284835    1.421260 
   48          6             0        3.664761   -0.491839    0.918413 
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   49          6             0        2.945233   -2.515986    2.010665 
   50          6             0        4.990567   -0.918523    0.994058 
   51          1             0        3.429812    0.471271    0.473389 
   52          6             0        4.269695   -2.947817    2.080317 
   53          1             0        2.150655   -3.143027    2.403844 
   54          6             0        5.297982   -2.150024    1.574576 
   55          1             0        5.783522   -0.284956    0.604452 
   56          1             0        4.497621   -3.909558    2.532724 
   57          1             0        6.330406   -2.484583    1.635371 
   58          6             0       -2.620583    1.284835    1.421260 
   59          6             0       -3.664761    0.491839    0.918413 
   60          6             0       -2.945233    2.515986    2.010665 
   61          6             0       -4.990567    0.918523    0.994058 
   62          1             0       -3.429812   -0.471271    0.473389 
   63          6             0       -4.269695    2.947817    2.080317 
   64          1             0       -2.150655    3.143027    2.403844 
   65          6             0       -5.297982    2.150024    1.574576 
   66          1             0       -5.783522    0.284956    0.604452 
   67          1             0       -4.497621    3.909558    2.532724 
   68          1             0       -6.330406    2.484583    1.635371 
   69          8             0        3.408739   -6.210219   -1.186426 
   70          8             0       -3.408739    6.210219   -1.186426 
   71          6             0       -4.690324    6.405020   -1.760777 
   72          1             0       -5.459051    5.815892   -1.243135 
   73          1             0       -4.912282    7.467725   -1.645730 
   74          1             0       -4.699336    6.147263   -2.828404 
   75          6             0        4.690324   -6.405020   -1.760777 
   76          1             0        4.912282   -7.467725   -1.645730 
   77          1             0        4.699336   -6.147263   -2.828404 
   78          1             0        5.459051   -5.815892   -1.243135 
 --------------------------------------------------------------------- 
 
Compound 2 Cs symmetry 
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
 --------------------------------------------------------------------- 
    1          6             0       -3.868732    0.712550    1.398382 
    2          6             0       -2.636517    0.399995    0.723225 
    3          6             0       -2.636517    0.399995   -0.723225 
    4          6             0       -3.868732    0.712550   -1.398382 
    5          6             0       -5.004171    1.036500   -0.711880 
    6          6             0       -5.004171    1.036500    0.711880 
    7          1             0       -3.885759    0.700349    2.480431 
    8          1             0       -3.885759    0.700349   -2.480431 
    9          1             0       -5.913346    1.285249   -1.252920 
   10          1             0       -5.913346    1.285249    1.252920 
   11          6             0       -1.478080    0.021723   -1.429292 
   12          6             0       -1.478080    0.021723    1.429292 
   13          6             0       -0.244385   -0.196271   -0.737223 
   14          6             0       -0.244385   -0.196271    0.737223 
   15          6             0        0.989054   -0.413790   -1.429896 
   16          6             0        0.989054   -0.413790    1.429896 
   17          6             0        2.145844   -0.796004   -0.722959 
   18          6             0        2.145844   -0.796004    0.722959 
   19          6             0        3.376623   -1.111747   -1.398616 
   20          1             0        3.392988   -1.098541   -2.480779 
   21          6             0        3.376623   -1.111747    1.398616 
   22          1             0        3.392988   -1.098541    2.480779 
   23          6             0        4.510829   -1.440264   -0.711932 
   24          1             0        5.419179   -1.692544   -1.252762 
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   25          6             0        4.510829   -1.440264    0.711932 
   26          1             0        5.419179   -1.692544    1.252762 
   27          6             0        1.181066   -0.069139   -2.878605 
   28          6             0        1.284370   -1.034704   -3.894215 
   29          6             0        1.407183    1.266326   -3.226959 
   30          6             0        1.573625   -0.675398   -5.203451 
   31          1             0        1.125170   -2.081406   -3.653109 
   32          6             0        1.698165    1.647345   -4.540094 
   33          1             0        1.358981    2.030911   -2.455927 
   34          6             0        1.779001    0.671223   -5.538067 
   35          1             0        1.641470   -1.421272   -5.989250 
   36          1             0        1.865620    2.694865   -4.764531 
   37          6             0        1.181066   -0.069139    2.878605 
   38          6             0        1.407183    1.266326    3.226959 
   39          6             0        1.284370   -1.034704    3.894215 
   40          6             0        1.698165    1.647345    4.540094 
   41          1             0        1.358981    2.030911    2.455927 
   42          6             0        1.573625   -0.675398    5.203451 
   43          1             0        1.125170   -2.081406    3.653109 
   44          6             0        1.779001    0.671223    5.538067 
   45          1             0        1.865620    2.694865    4.764531 
   46          1             0        1.641470   -1.421272    5.989250 
   47          6             0       -1.675747   -0.326399   -2.878002 
   48          6             0       -1.906013   -1.669405   -3.213097 
   49          6             0       -1.783012    0.639631   -3.888504 
   50          6             0       -2.212752   -2.039922   -4.523012 
   51          1             0       -1.849577   -2.425908   -2.434745 
   52          6             0       -2.087990    0.271469   -5.198739 
   53          1             0       -1.617879    1.684814   -3.644344 
   54          6             0       -2.303527   -1.069947   -5.521777 
   55          1             0       -2.388345   -3.086315   -4.760051 
   56          1             0       -2.158486    1.035034   -5.969133 
   57          1             0       -2.543367   -1.354815   -6.542774 
   58          6             0       -1.675747   -0.326399    2.878002 
   59          6             0       -1.906013   -1.669405    3.213097 
   60          6             0       -1.783012    0.639631    3.888504 
   61          6             0       -2.212752   -2.039922    4.523012 
   62          1             0       -1.849577   -2.425908    2.434745 
   63          6             0       -2.087990    0.271469    5.198739 
   64          1             0       -1.617879    1.684814    3.644344 
   65          6             0       -2.303527   -1.069947    5.521777 
   66          1             0       -2.388345   -3.086315    4.760051 
   67          1             0       -2.158486    1.035034    5.969133 
   68          1             0       -2.543367   -1.354815    6.542774 
   69          8             0        2.055704    0.920861    6.853223 
   70          8             0        2.055704    0.920861   -6.853223 
   71          6             0        2.273260    2.265067   -7.246400 
   72          1             0        3.138740    2.703396   -6.731428 
   73          1             0        2.470398    2.236118   -8.319809 
   74          1             0        1.390021    2.890141   -7.057243 
   75          6             0        2.273260    2.265067    7.246400 
   76          1             0        2.470398    2.236118    8.319809 
   77          1             0        3.138740    2.703396    6.731428 
   78          1             0        1.390021    2.890141    7.057243 
--------------------------------------------------------------------- 
 
Compound 5 C2 symmetry 
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
 --------------------------------------------------------------------- 
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    1          6             0       -0.253481   -0.665922   -4.774750 
    2          6             0       -0.466212   -1.322124   -3.595210 
    3          6             0       -0.190354   -0.699989   -2.328315 
    4          6             0        0.190354    0.699989   -2.328315 
    5          6             0        0.466212    1.322124   -3.595210 
    6          6             0        0.253481    0.665922   -4.774750 
    7          6             0       -0.245864   -1.405160   -1.112563 
    8          6             0        0.245864    1.405160   -1.112563 
    9          6             0       -0.000718    0.727615    0.124796 
   10          6             0        0.000718   -0.727615    0.124796 
   11          6             0        0.245864   -1.409542    1.358680 
   12          6             0        0.189755   -0.699901    2.572995 
   13          6             0       -0.189755    0.699901    2.572995 
   14          6             0       -0.245864    1.409542    1.358680 
   15          1             0       -0.459129   -1.164378   -5.718005 
   16          1             0       -0.835200   -2.340286   -3.609030 
   17          1             0        0.835200    2.340286   -3.609030 
   18          1             0        0.459129    1.164378   -5.718005 
   19          6             0       -0.463622    1.323511    3.838911 
   20          6             0        0.463622   -1.323511    3.838911 
   21          6             0        0.252158   -0.666299    5.018526 
   22          6             0       -0.252158    0.666299    5.018526 
   23          1             0       -0.829362    2.342809    3.849319 
   24          1             0       -0.456936    1.164960    5.961982 
   25          1             0        0.456936   -1.164960    5.961982 
   26          1             0        0.829362   -2.342809    3.849319 
   27          6             0       -0.737830   -2.818705   -1.136140 
   28          6             0       -0.005605   -3.868194   -1.713222 
   29          6             0       -2.026692   -3.092414   -0.648163 
   30          6             0       -0.528911   -5.154357   -1.781650 
   31          1             0        0.991431   -3.674517   -2.095283 
   32          6             0       -2.566492   -4.371705   -0.718904 
   33          1             0       -2.611692   -2.286649   -0.214845 
   34          6             0       -1.816564   -5.415926   -1.284075 
   35          1             0        0.051945   -5.960989   -2.217159 
   36          1             0       -3.565704   -4.569428   -0.343844 
   37          6             0        0.737830    2.818705   -1.136140 
   38          6             0        0.005605    3.868194   -1.713222 
   39          6             0        2.026692    3.092414   -0.648163 
   40          6             0        0.528911    5.154357   -1.781650 
   41          1             0       -0.991431    3.674517   -2.095283 
   42          6             0        2.566492    4.371705   -0.718904 
   43          1             0        2.611692    2.286649   -0.214845 
   44          6             0        1.816564    5.415926   -1.284075 
   45          1             0       -0.051945    5.960989   -2.217159 
   46          1             0        3.565704    4.569428   -0.343844 
   47          6             0       -0.724948    2.827951    1.378551 
   48          6             0       -2.004204    3.115243    0.875213 
   49          6             0        0.012545    3.870623    1.960005 
   50          6             0       -2.525741    4.407367    0.939688 
   51          1             0       -2.594285    2.313457    0.439451 
   52          6             0       -0.503662    5.165154    2.016809 
   53          1             0        1.002332    3.664773    2.357145 
   54          6             0       -1.774942    5.438235    1.507113 
   55          1             0       -3.521002    4.607105    0.550928 
   56          1             0        0.088247    5.961528    2.459910 
   57          1             0       -2.177734    6.446255    1.556082 
   58          6             0        0.724948   -2.827951    1.378551 
   59          6             0        2.004204   -3.115243    0.875213 
   60          6             0       -0.012545   -3.870623    1.960005 
   61          6             0        2.525741   -4.407367    0.939688 
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   62          1             0        2.594285   -2.313457    0.439451 
   63          6             0        0.503662   -5.165154    2.016809 
   64          1             0       -1.002332   -3.664773    2.357145 
   65          6             0        1.774942   -5.438235    1.507113 
   66          1             0        3.521002   -4.607105    0.550928 
   67          1             0       -0.088247   -5.961528    2.459910 
   68          1             0        2.177734   -6.446255    1.556082 
   69          6             0        2.360884    6.740096   -1.353126 
   70          6             0       -2.360884   -6.740096   -1.353126 
   71          7             0        2.801948    7.815601   -1.406810 
   72          7             0       -2.801948   -7.815601   -1.406810 
 --------------------------------------------------------------------- 
 
Compound 5 Cs symmetry 
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
 --------------------------------------------------------------------- 
    1          6             0        3.858181   -0.627396    1.399030 
    2          6             0        2.614293   -0.370150    0.723077 
    3          6             0        2.614293   -0.370150   -0.723077 
    4          6             0        3.858181   -0.627396   -1.399030 
    5          6             0        5.006682   -0.899938   -0.711787 
    6          6             0        5.006682   -0.899938    0.711787 
    7          1             0        3.875152   -0.614080    2.480958 
    8          1             0        3.875152   -0.614080   -2.480958 
    9          1             0        5.926175   -1.107448   -1.252309 
   10          1             0        5.926175   -1.107448    1.252309 
   11          6             0        1.440169   -0.043295   -1.429285 
   12          6             0        1.440169   -0.043295    1.429285 
   13          6             0        0.199906    0.125258   -0.736773 
   14          6             0        0.199906    0.125258    0.736773 
   15          6             0       -1.042837    0.295682   -1.425373 
   16          6             0       -1.042837    0.295682    1.425373 
   17          6             0       -2.217031    0.629018   -0.723317 
   18          6             0       -2.217031    0.629018    0.723317 
   19          6             0       -3.460450    0.892518   -1.398388 
   20          1             0       -3.480207    0.882328   -2.480381 
   21          6             0       -3.460450    0.892518    1.398388 
   22          1             0       -3.480207    0.882328    2.480381 
   23          6             0       -4.608024    1.169703   -0.711782 
   24          1             0       -5.526086    1.382250   -1.252539 
   25          6             0       -4.608024    1.169703    0.711782 
   26          1             0       -5.526086    1.382250    1.252539 
   27          6             0       -1.227098   -0.061675   -2.872568 
   28          6             0       -1.366152    0.899524   -3.884877 
   29          6             0       -1.407852   -1.413973   -3.205093 
   30          6             0       -1.646534    0.525359   -5.194166 
   31          1             0       -1.240905    1.949955   -3.643624 
   32          6             0       -1.692325   -1.803047   -4.509571 
   33          1             0       -1.327890   -2.166864   -2.426365 
   34          6             0       -1.809945   -0.832328   -5.517234 
   35          1             0       -1.740218    1.276735   -5.971527 
   36          1             0       -1.830735   -2.851532   -4.753998 
   37          6             0       -1.227098   -0.061675    2.872568 
   38          6             0       -1.407852   -1.413973    3.205093 
   39          6             0       -1.366152    0.899524    3.884877 
   40          6             0       -1.692325   -1.803047    4.509571 
   41          1             0       -1.327890   -2.166864    2.426365 
   42          6             0       -1.646534    0.525359    5.194166 
   43          1             0       -1.240905    1.949955    3.643624 
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   44          6             0       -1.809945   -0.832328    5.517234 
   45          1             0       -1.830735   -2.851532    4.753998 
   46          1             0       -1.740218    1.276735    5.971527 
   47          6             0        1.615466    0.302725   -2.880630 
   48          6             0        1.774724    1.652756   -3.229423 
   49          6             0        1.759634   -0.667057   -3.883075 
   50          6             0        2.044645    2.025367   -4.546777 
   51          1             0        1.691839    2.412894   -2.456935 
   52          6             0        2.027199   -0.296832   -5.201199 
   53          1             0        1.654436   -1.717339   -3.627059 
   54          6             0        2.168444    1.051128   -5.538496 
   55          1             0        2.166176    3.076524   -4.795621 
   56          1             0        2.126169   -1.062750   -5.965729 
   57          1             0        2.379854    1.337626   -6.565098 
   58          6             0        1.615466    0.302725    2.880630 
   59          6             0        1.774724    1.652756    3.229423 
   60          6             0        1.759634   -0.667057    3.883075 
   61          6             0        2.044645    2.025367    4.546777 
   62          1             0        1.691839    2.412894    2.456935 
   63          6             0        2.027199   -0.296832    5.201199 
   64          1             0        1.654436   -1.717339    3.627059 
   65          6             0        2.168444    1.051128    5.538496 
   66          1             0        2.166176    3.076524    4.795621 
   67          1             0        2.126169   -1.062750    5.965729 
   68          1             0        2.379854    1.337626    6.565098 
   69          6             0       -2.096531   -1.222948   -6.866230 
   70          7             0       -2.325878   -1.540098   -7.962108 
   71          6             0       -2.096531   -1.222948    6.866230 
   72          7             0       -2.325878   -1.540098    7.962108 
 --------------------------------------------------------------------- 
 
References: 
 
 
                                                
S1 Cremer, D.; Pople, J. A. J. Am. Chem. Soc. 1975. 97, 1354-1358. 
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General synthetic procedure for palladium complexes 2a-c. A sample of the corresponding palladium complex 1a-c 
(0.042 mmol) was suspended in diethyl ether (6 mL) and then cooled to - 10 ºC. A slight excess of PhI·Cl2 (13 mg, 0.055 mmol) 
in acetonitrile (1 mL) was added dropwise to the yellow suspension while the mixture was stirred. The colour of the suspension 
changed from yellow to red. The reaction mixture was stirred for 15 min at about - 5 ºC. The pale red-orange solution was 
decanted off and the red precipitate was washed with a 5:1 v/v mixture of diethyl ether/acetonitrile (3 × 3 mL) and then dried 
under vacuum to give the products in high yield (2a, 90%; 2b, 96%; 2c, 78%). Analytically pure samples were obtained by 
dissolving a sample in dichloromethane, and then filtering the solution and evaporating the solvent under vacuum. Finally the 
solid was washed with acetonitrile and dried under vacuum.  


2a: 31P{1H} NMR (CDCl3, 20 °C): -13.8 (s). 1H NMR (CDCl3, 20 °C): 8.22 (m, 2H), 7.74 (m, 1H), 7.42 (m, 4H), 7.20 (m, 4H), 
6.99 (m, 1H), 6.80 (m, 1H), 6.74 (m, 1H), 1.14 (s, 3H). UV–Vis, ?max nm (e, M- 1·mol- 1): 499 (8.7 × 103), 434 (1.8 × 103), 379 
(1.2 × 104). Anal. calcd. for C40H34Cl2P2Pd2O4: C 51.95, H 3.71. Found: C 51.51, H 3.63. 


 


X-Ray Crystal Structure Data for compound 2a: C40H34Cl2O4P2Pd2, orthorhombic, space group  P-421/c, a=22.299(3)Å, 
b=22.299(3)Å, c=17.250(3)Å,  a=β=?=90°, V=8577(2)Å3, Z=8; MoKα radiation, 273(2)K; 11321 reflections, 6135 independent; 
(µ = 1.073mm-1); refinement (on F2) with SHELXTL (version 6.1), 454 parameters, 0 restraints, R1=0.0690 (I>2σ) and wR2 (all 
data)=0.2020, GOF=1.129, max/min residual electron density: 2.152/-1.291 e Å-3. 


 


 


 


 


 


 


 


_audit_creation_method            SHELXL-97 


_chemical_formula_sum 


  'C40 H34 Cl2 O4 P2 Pd2' 


_chemical_formula_weight          924.31 


loop_ 


  _atom_type_symbol 


  _atom_type_description 


  _atom_type_scat_dispersion_real 


  _atom_type_scat_dispersion_imag 
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  _atom_type_scat_source 


  'C'  'C'   0.0033   0.0016 


  'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4' 


  'H'  'H'   0.0000   0.0000 


  'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4' 


  'O'  'O'   0.0106   0.0060 


  'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4' 


  'P'  'P'   0.1023   0.0942 


  'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4' 


  'Cl'  'Cl'   0.1484   0.1585 


  'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4' 


  'Pd'  'Pd'  -0.9988   1.0072 


  'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4' 


 


_symmetry_cell_setting            tetragonal 


_symmetry_space_group_name_H-M    P-421c 


 


loop_ 


  _symmetry_equiv_pos_as_xyz 


  'x, y, z' 


  '-x, -y, z' 


  'y, -x, -z' 


  '-y, x, -z' 


  '-x+1/2, y+1/2, -z+1/2' 


  'x+1/2, -y+1/2, -z+1/2' 


  '-y+1/2, -x+1/2, z+1/2' 


  'y+1/2, x+1/2, z+1/2' 


 


_cell_length_a                    22.299(3) 
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_cell_length_b                    22.299(3) 


_cell_length_c                    17.250(3) 


_cell_angle_alpha                 90.00 


_cell_angle_beta                  90.00 


_cell_angle_gamma                 90.00 


_cell_volume                      8577(2) 


_cell_formula_units_Z             8 


_cell_measurement_temperature     293(2) 


_cell_measurement_reflns_used     ? 


_cell_measurement_theta_min       ? 


_cell_measurement_theta_max       ? 


 


_exptl_crystal_description        prism 


_exptl_crystal_colour             red-orange 


_exptl_crystal_size_max           0.24 


_exptl_crystal_size_mid           0.20 


_exptl_crystal_size_min           0.18 


_exptl_crystal_density_meas       ? 


_exptl_crystal_density_diffrn     1.432 


_exptl_crystal_density_method     'not measured' 


_exptl_crystal_F_000              3696 


_exptl_absorpt_coefficient_mu     1.073 


_exptl_absorpt_correction_type    none 


_exptl_absorpt_correction_T_min   ? 


_exptl_absorpt_correction_T_max   ? 


_exptl_absorpt_process_details    ? 


 


_exptl_special_details 


; 
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  ? 


; 


 


_diffrn_ambient_temperature       293(2) 


_diffrn_radiation_wavelength      0.71073 


_diffrn_radiation_type            MoK\a 


_diffrn_radiation_source          'fine-focus sealed tube' 


_diffrn_radiation_monochromator   graphite 


_diffrn_measurement_device_type   ? 


_diffrn_measurement_method        ? 


_diffrn_detector_area_resol_mean  ? 


_diffrn_standards_number          ? 


_diffrn_standards_interval_count  ? 


_diffrn_standards_interval_time   ? 


_diffrn_standards_decay_%         ? 


_diffrn_reflns_number             11321 


_diffrn_reflns_av_R_equivalents   0.0999 


_diffrn_reflns_av_sigmaI/netI     0.1322 


_diffrn_reflns_limit_h_min        -24 


_diffrn_reflns_limit_h_max        24 


_diffrn_reflns_limit_k_min        -17 


_diffrn_reflns_limit_k_max        17 


_diffrn_reflns_limit_l_min        -19 


_diffrn_reflns_limit_l_max        15 


_diffrn_reflns_theta_min          1.29 


_diffrn_reflns_theta_max          23.25 


_reflns_number_total              6135 


_reflns_number_gt                 3954 


_reflns_threshold_expression      >2sigma(I) 
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_computing_data_collection        'Collect(Nonius BV, 1997-2000)' 


_computing_cell_refinement        'Denzo and Scalepack(Otwinowski & Minor1997)' 


_computing_data_reduction         'Denzo and Scalepack(Otwinowski & Minor1997)' 


_computing_structure_solution     'Bruker SHELXTL' 


_computing_structure_refinement   'Bruker SHELXTL' 


_computing_molecular_graphics     'Bruker SHELXTL' 


_computing_publication_material   'Bruker SHELXTL' 


 


_refine_special_details 


; 


  Refinement of F^2^ against ALL reflections.  The weighted R-factor wR and 


  goodness of fit S are based on F^2^, conventional R-factors R are based 


  on F, with F set to zero for negative F^2^. The threshold expression of 


  F^2^ > 2sigma(F^2^) is used only for calculating R-factors(gt) etc. and is 


  not relevant to the choice of reflections for refinement.  R-factors based 


  on F^2^ are statistically about twice as large as those based on F, and R- 


  factors based on ALL data will be even larger. 


; 


 


_refine_ls_structure_factor_coef  Fsqd 


_refine_ls_matrix_type            full 


_refine_ls_weighting_scheme       calc 


_refine_ls_weighting_details 


  'calc w=1/[\s^2^(Fo^2^)+(0.1038P)^2^+0.0000P] where P=(Fo^2^+2Fc^2^)/3' 


_atom_sites_solution_primary      direct 


_atom_sites_solution_secondary    difmap 


_atom_sites_solution_hydrogens    geom 


_refine_ls_hydrogen_treatment     constr 
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_refine_ls_extinction_method      SHELXL 


_refine_ls_extinction_coef        0.0067(4) 


_refine_ls_extinction_expression 


  'Fc^*^=kFc[1+0.001xFc^2^\l^3^/sin(2\q)]^-1/4^' 


_refine_ls_abs_structure_details 


  'Flack H D (1983), Acta Cryst. A39, 876-881' 


_refine_ls_abs_structure_Flack    0.30(8) 


_refine_ls_number_reflns          6135 


_refine_ls_number_parameters      454 


_refine_ls_number_restraints      0 


_refine_ls_R_factor_all           0.1276 


_refine_ls_R_factor_gt            0.0690 


_refine_ls_wR_factor_ref          0.2019 


_refine_ls_wR_factor_gt           0.1659 


_refine_ls_goodness_of_fit_ref    1.129 


_refine_ls_restrained_S_all       1.129 


_refine_ls_shift/su_max           0.001 


_refine_ls_shift/su_mean          0.000 


 


loop_ 


  _atom_site_label 


  _atom_site_type_symbol 


  _atom_site_fract_x 


  _atom_site_fract_y 


  _atom_site_fract_z 


  _atom_site_U_iso_or_equiv 


  _atom_site_adp_type 


  _atom_site_occupancy 


  _atom_site_symmetry_multiplicity 
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  _atom_site_calc_flag 


  _atom_site_refinement_flags 


  _atom_site_disorder_assembly 


  _atom_site_disorder_group 


Pd1 Pd 0.69731(6) 0.89626(6) 0.81290(6) 0.0365(4) Uani 1 1 d . . . 


P1 P 0.6178(2) 0.8842(2) 0.7336(2) 0.0379(11) Uani 1 1 d . . . 


Cl1 Cl 0.6499(2) 0.97072(19) 0.8986(2) 0.0483(11) Uani 1 1 d . . . 


O1 O 0.7325(6) 0.9708(5) 0.7460(6) 0.051(3) Uani 1 1 d . . . 


C1 C 0.7518(7) 0.9632(8) 0.6805(9) 0.043(4) Uani 1 1 d . . . 


Pd2 Pd 0.75989(6) 0.83746(6) 0.71708(6) 0.0387(4) Uani 1 1 d . . . 


P2 P 0.74997(19) 0.7558(2) 0.7945(2) 0.0425(11) Uani 1 1 d . . . 


Cl2 Cl 0.8363(2) 0.7929(2) 0.6356(2) 0.0570(12) Uani 1 1 d . . . 


O2 O 0.7614(5) 0.9147(5) 0.6492(5) 0.047(3) Uani 1 1 d . . . 


C2 C 0.7644(11) 1.0226(9) 0.6375(10) 0.087(7) Uani 1 1 d . . . 


H2A H 0.7777 1.0522 0.6740 0.131 Uiso 1 1 calc R . . 


H2B H 0.7283 1.0362 0.6127 0.131 Uiso 1 1 calc R . . 


H2C H 0.7949 1.0162 0.5992 0.131 Uiso 1 1 calc R . . 


O3 O 0.7769(6) 0.9038(5) 0.8803(6) 0.055(3) Uani 1 1 d . . . 


C3 C 0.8282(9) 0.9009(10) 0.8462(13) 0.066(6) Uani 1 1 d . . . 


O4 O 0.8328(5) 0.8787(6) 0.7779(6) 0.057(3) Uani 1 1 d . . . 


C4 C 0.8794(8) 0.9192(12) 0.8945(10) 0.091(8) Uani 1 1 d . . . 


H4A H 0.9070 0.9422 0.8637 0.136 Uiso 1 1 calc R . . 


H4B H 0.8993 0.8842 0.9142 0.136 Uiso 1 1 calc R . . 


H4C H 0.8654 0.9433 0.9369 0.136 Uiso 1 1 calc R . . 


C11 C 0.6350(8) 0.8257(8) 0.6666(8) 0.043(5) Uani 1 1 d . . . 


C12 C 0.6884(8) 0.8056(8) 0.6555(7) 0.036(4) Uani 1 1 d . . . 


C13 C 0.7004(8) 0.7636(8) 0.5992(8) 0.046(5) Uani 1 1 d . . . 


H13 H 0.7391 0.7490 0.5930 0.055 Uiso 1 1 calc R . . 


C14 C 0.6558(10) 0.7438(9) 0.5530(8) 0.062(6) Uani 1 1 d . . . 







 S9


H14 H 0.6650 0.7176 0.5128 0.075 Uiso 1 1 calc R . . 


C15 C 0.5952(9) 0.7617(9) 0.5641(9) 0.054(5) Uani 1 1 d . . . 


H15 H 0.5640 0.7467 0.5340 0.065 Uiso 1 1 calc R . . 


C16 C 0.5863(8) 0.8020(8) 0.6214(8) 0.048(5) Uani 1 1 d . . . 


H16 H 0.5474 0.8147 0.6320 0.057 Uiso 1 1 calc R . . 


C21 C 0.5463(6) 0.8653(8) 0.7829(8) 0.039(4) Uani 1 1 d . . . 


C22 C 0.5296(7) 0.8080(8) 0.7965(8) 0.046(4) Uani 1 1 d . . . 


H22 H 0.5544 0.7776 0.7782 0.055 Uiso 1 1 calc R . . 


C23 C 0.4790(8) 0.7918(9) 0.8349(9) 0.053(5) Uani 1 1 d . . . 


H23 H 0.4678 0.7518 0.8407 0.064 Uiso 1 1 calc R . . 


C24 C 0.4458(9) 0.8371(14) 0.8643(11) 0.085(8) Uani 1 1 d . . . 


H24 H 0.4114 0.8279 0.8925 0.102 Uiso 1 1 calc R . . 


C25 C 0.4624(8) 0.9010(12) 0.8532(10) 0.066(6) Uani 1 1 d . . . 


H25 H 0.4397 0.9321 0.8737 0.079 Uiso 1 1 calc R . . 


C26 C 0.5101(7) 0.9107(7) 0.8133(8) 0.040(4) Uani 1 1 d . . . 


H26 H 0.5212 0.9503 0.8042 0.048 Uiso 1 1 calc R . . 


C31 C 0.6062(8) 0.9498(8) 0.6738(8) 0.043(4) Uani 1 1 d . . . 


C32 C 0.6067(8) 1.0093(9) 0.7040(8) 0.054(5) Uani 1 1 d . . . 


H32 H 0.6151 1.0145 0.7564 0.064 Uiso 1 1 calc R . . 


C33 C 0.5959(10) 1.0568(10) 0.6620(10) 0.077(7) Uani 1 1 d . . . 


H33 H 0.5985 1.0948 0.6842 0.092 Uiso 1 1 calc R . . 


C34 C 0.5808(9) 1.0511(10) 0.5862(12) 0.073(6) Uani 1 1 d . . . 


H34 H 0.5715 1.0846 0.5564 0.087 Uiso 1 1 calc R . . 


C35 C 0.5796(10) 0.9923(11) 0.5532(10) 0.080(7) Uani 1 1 d . . . 


H35 H 0.5705 0.9879 0.5009 0.096 Uiso 1 1 calc R . . 


C36 C 0.5913(8) 0.9432(9) 0.5956(9) 0.051(5) Uani 1 1 d . . . 


H36 H 0.5894 0.9053 0.5732 0.061 Uiso 1 1 calc R . . 


C41 C 0.6888(8) 0.7645(7) 0.8586(8) 0.037(4) Uani 1 1 d . . . 


C42 C 0.6671(7) 0.8239(7) 0.8725(7) 0.041(4) Uani 1 1 d . . . 
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C43 C 0.6247(7) 0.8326(7) 0.9329(7) 0.038(4) Uani 1 1 d . . . 


H43 H 0.6121 0.8712 0.9447 0.046 Uiso 1 1 calc R . . 


C44 C 0.6015(9) 0.7842(8) 0.9751(8) 0.050(5) Uani 1 1 d . . . 


H44 H 0.5716 0.7907 1.0117 0.060 Uiso 1 1 calc R . . 


C45 C 0.6229(7) 0.7268(9) 0.9626(9) 0.049(5) Uani 1 1 d . . . 


H45 H 0.6102 0.6954 0.9939 0.059 Uiso 1 1 calc R . . 


C46 C 0.6652(10) 0.7161(7) 0.9007(10) 0.062(6) Uani 1 1 d . . . 


H46 H 0.6768 0.6771 0.8887 0.075 Uiso 1 1 calc R . . 


C51 C 0.8169(8) 0.7436(8) 0.8534(8) 0.044(4) Uani 1 1 d . . . 


C52 C 0.8720(9) 0.7528(10) 0.8264(10) 0.067(6) Uani 1 1 d . . . 


H52 H 0.8778 0.7661 0.7758 0.081 Uiso 1 1 calc R . . 


C53 C 0.9213(9) 0.7423(9) 0.8751(12) 0.068(6) Uani 1 1 d . . . 


H53 H 0.9595 0.7509 0.8565 0.081 Uiso 1 1 calc R . . 


C54 C 0.9161(10) 0.7211(10) 0.9448(12) 0.072(7) Uani 1 1 d . . . 


H54 H 0.9499 0.7128 0.9745 0.087 Uiso 1 1 calc R . . 


C55 C 0.8630(12) 0.7118(9) 0.9719(9) 0.073(7) Uani 1 1 d . . . 


H55 H 0.8589 0.6972 1.0221 0.088 Uiso 1 1 calc R . . 


C56 C 0.8112(9) 0.7231(8) 0.9281(10) 0.065(6) Uani 1 1 d . . . 


H56 H 0.7734 0.7168 0.9495 0.078 Uiso 1 1 calc R . . 


C61 C 0.7372(9) 0.6859(7) 0.7441(8) 0.044(5) Uani 1 1 d . . . 


C62 C 0.7827(9) 0.6531(8) 0.7195(8) 0.057(5) Uani 1 1 d . . . 


H62 H 0.8216 0.6653 0.7313 0.068 Uiso 1 1 calc R . . 


C63 C 0.7745(12) 0.6022(10) 0.6774(12) 0.080(7) Uani 1 1 d . . . 


H63 H 0.8076 0.5812 0.6589 0.095 Uiso 1 1 calc R . . 


C64 C 0.7165(13) 0.5813(10) 0.6617(11) 0.082(7) Uani 1 1 d . . . 


H64 H 0.7101 0.5455 0.6353 0.098 Uiso 1 1 calc R . . 


C65 C 0.6705(10) 0.6154(10) 0.6865(10) 0.071(6) Uani 1 1 d . . . 


H65 H 0.6316 0.6030 0.6756 0.085 Uiso 1 1 calc R . . 


C66 C 0.6788(9) 0.6691(9) 0.7285(10) 0.061(5) Uani 1 1 d . . . 
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H66 H 0.6464 0.6921 0.7449 0.073 Uiso 1 1 calc R . . 


 


loop_ 


  _atom_site_aniso_label 


  _atom_site_aniso_U_11 


  _atom_site_aniso_U_22 


  _atom_site_aniso_U_33 


  _atom_site_aniso_U_23 


  _atom_site_aniso_U_13 


  _atom_site_aniso_U_12 


Pd1 0.0387(9) 0.0370(9) 0.0337(6) 0.0006(5) 0.0006(6) -0.0003(6) 


P1 0.037(3) 0.040(3) 0.036(2) 0.0007(18) -0.0011(18) 0.005(2) 


Cl1 0.061(3) 0.040(3) 0.044(2) -0.0032(18) 0.007(2) 0.001(2) 


O1 0.068(9) 0.039(8) 0.047(6) 0.002(5) 0.010(6) -0.001(6) 


C1 0.044(11) 0.051(13) 0.034(9) -0.006(8) 0.017(8) -0.003(9) 


Pd2 0.0366(8) 0.0430(9) 0.0365(6) 0.0020(6) -0.0003(6) 0.0021(6) 


P2 0.040(3) 0.045(3) 0.042(2) 0.0028(19) -0.0022(19) 0.004(2) 


Cl2 0.047(3) 0.071(3) 0.053(2) -0.002(2) 0.010(2) 0.017(3) 


O2 0.055(8) 0.049(9) 0.037(5) 0.003(5) -0.002(5) -0.010(6) 


C2 0.13(2) 0.083(18) 0.051(11) 0.010(11) 0.002(12) -0.017(16) 


O3 0.059(9) 0.058(9) 0.048(6) 0.001(6) -0.013(6) 0.000(7) 


C3 0.030(13) 0.073(16) 0.096(15) 0.027(12) 0.007(11) 0.002(11) 


O4 0.031(7) 0.102(11) 0.038(6) -0.008(6) 0.004(5) -0.020(7) 


C4 0.019(12) 0.18(3) 0.071(12) 0.000(14) -0.005(9) -0.011(13) 


C11 0.047(13) 0.045(12) 0.039(9) -0.006(7) 0.001(8) 0.004(10) 


C12 0.032(11) 0.043(11) 0.033(8) 0.002(7) -0.002(7) -0.005(9) 


C13 0.040(11) 0.060(13) 0.038(8) -0.014(8) -0.009(8) -0.001(10) 


C14 0.099(19) 0.050(13) 0.037(9) -0.014(8) 0.008(10) 0.011(14) 


C15 0.059(15) 0.059(14) 0.045(9) -0.019(9) -0.018(9) 0.010(11) 
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C16 0.050(12) 0.048(12) 0.045(9) -0.003(9) 0.008(8) 0.004(10) 


C21 0.017(9) 0.059(13) 0.040(8) 0.019(9) 0.006(7) -0.004(9) 


C22 0.035(11) 0.056(13) 0.045(9) 0.001(9) 0.009(8) 0.000(9) 


C23 0.045(13) 0.060(14) 0.055(10) 0.008(9) 0.008(9) 0.002(11) 


C24 0.020(12) 0.17(3) 0.069(13) 0.025(16) 0.005(9) -0.007(15) 


C25 0.010(10) 0.12(2) 0.067(11) -0.005(13) 0.003(9) 0.020(12) 


C26 0.028(10) 0.042(11) 0.049(8) 0.007(8) 0.006(9) 0.002(8) 


C31 0.036(11) 0.057(13) 0.034(9) 0.012(8) 0.001(7) 0.004(9) 


C32 0.066(13) 0.065(14) 0.030(9) 0.013(9) -0.014(8) -0.002(11) 


C33 0.12(2) 0.071(17) 0.042(11) 0.004(10) -0.005(11) -0.007(14) 


C34 0.078(17) 0.049(15) 0.090(15) 0.014(12) 0.031(12) 0.001(12) 


C35 0.092(18) 0.12(2) 0.034(9) 0.007(12) 0.007(10) 0.013(16) 


C36 0.059(14) 0.054(13) 0.040(9) 0.012(9) 0.020(8) 0.007(10) 


C41 0.053(12) 0.025(10) 0.032(7) 0.001(7) 0.000(7) -0.001(8) 


C42 0.050(11) 0.040(11) 0.033(8) 0.009(7) -0.003(8) -0.010(9) 


C43 0.047(11) 0.035(11) 0.033(8) -0.001(7) 0.001(7) -0.004(9) 


C44 0.059(13) 0.056(14) 0.034(8) 0.012(8) 0.017(8) -0.006(11) 


C45 0.033(12) 0.055(15) 0.061(10) 0.013(9) -0.006(8) -0.012(10) 


C46 0.078(15) 0.021(10) 0.088(12) 0.014(9) 0.032(12) -0.004(10) 


C51 0.040(12) 0.042(12) 0.050(9) 0.001(8) 0.009(8) 0.010(9) 


C52 0.052(14) 0.095(17) 0.055(10) 0.002(11) -0.018(10) 0.019(12) 


C53 0.040(13) 0.074(16) 0.089(15) -0.011(12) -0.003(11) 0.002(11) 


C54 0.043(15) 0.10(2) 0.070(14) 0.011(12) -0.015(11) 0.020(13) 


C55 0.11(2) 0.072(16) 0.038(10) 0.004(9) -0.024(12) 0.013(14) 


C56 0.056(14) 0.074(16) 0.065(12) 0.005(10) -0.014(10) 0.007(11) 


C61 0.062(14) 0.031(10) 0.040(8) 0.012(7) -0.001(8) 0.012(10) 


C62 0.104(17) 0.029(11) 0.036(8) -0.002(8) 0.011(10) 0.027(11) 


C63 0.085(19) 0.066(17) 0.088(14) 0.038(14) 0.019(13) 0.021(14) 


C64 0.12(2) 0.063(16) 0.061(12) 0.002(10) -0.004(13) 0.023(17) 
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C65 0.062(15) 0.072(16) 0.079(12) -0.008(12) -0.010(11) -0.003(13) 


C66 0.051(14) 0.057(14) 0.076(12) -0.008(10) 0.002(10) -0.013(10) 


 


_geom_special_details 


; 


  All esds (except the esd in the dihedral angle between two l.s. planes) 


  are estimated using the full covariance matrix.  The cell esds are taken 


  into account individually in the estimation of esds in distances, angles 


  and torsion angles; correlations between esds in cell parameters are only 


  used when they are defined by crystal symmetry.  An approximate (isotropic) 


  treatment of cell esds is used for estimating esds involving l.s. planes. 


; 


 


loop_ 


  _geom_bond_atom_site_label_1 


  _geom_bond_atom_site_label_2 


  _geom_bond_distance 


  _geom_bond_site_symmetry_2 


  _geom_bond_publ_flag 


Pd1 C42 2.028(15) . ? 


Pd1 O3 2.127(11) . ? 


Pd1 O1 2.170(11) . ? 


Pd1 P1 2.255(4) . ? 


Pd1 Cl1 2.462(4) . ? 


Pd1 Pd2 2.5294(17) . ? 


P1 C11 1.784(16) . ? 


P1 C31 1.809(16) . ? 


P1 C21 1.856(14) . ? 


O1 C1 1.222(17) . ? 
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C1 O2 1.228(18) . ? 


C1 C2 1.54(2) . ? 


Pd2 C12 2.044(15) . ? 


Pd2 O2 2.082(10) . ? 


Pd2 O4 2.142(11) . ? 


Pd2 P2 2.269(4) . ? 


Pd2 Cl2 2.423(4) . ? 


P2 C41 1.766(16) . ? 


P2 C61 1.808(17) . ? 


P2 C51 1.826(17) . ? 


O3 C3 1.29(2) . ? 


C3 O4 1.28(2) . ? 


C3 C4 1.47(3) . ? 


C11 C12 1.29(2) . ? 


C11 C16 1.44(2) . ? 


C12 C13 1.37(2) . ? 


C13 C14 1.35(2) . ? 


C14 C15 1.42(3) . ? 


C15 C16 1.35(2) . ? 


C21 C22 1.35(2) . ? 


C21 C26 1.40(2) . ? 


C22 C23 1.36(2) . ? 


C23 C24 1.35(3) . ? 


C24 C25 1.49(3) . ? 


C25 C26 1.28(2) . ? 


C31 C36 1.40(2) . ? 


C31 C32 1.43(2) . ? 


C32 C33 1.31(3) . ? 


C33 C34 1.36(3) . ? 
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C34 C35 1.43(3) . ? 


C35 C36 1.34(3) . ? 


C41 C46 1.40(2) . ? 


C41 C42 1.43(2) . ? 


C42 C43 1.42(2) . ? 


C43 C44 1.40(2) . ? 


C44 C45 1.38(2) . ? 


C45 C46 1.45(2) . ? 


C51 C52 1.33(2) . ? 


C51 C56 1.37(2) . ? 


C52 C53 1.40(2) . ? 


C53 C54 1.30(3) . ? 


C54 C55 1.29(3) . ? 


C55 C56 1.40(3) . ? 


C61 C62 1.32(2) . ? 


C61 C66 1.38(2) . ? 


C62 C63 1.36(3) . ? 


C63 C64 1.40(3) . ? 


C64 C65 1.35(3) . ? 


C65 C66 1.41(2) . ? 


 


loop_ 


  _geom_angle_atom_site_label_1 


  _geom_angle_atom_site_label_2 


  _geom_angle_atom_site_label_3 


  _geom_angle 


  _geom_angle_site_symmetry_1 


  _geom_angle_site_symmetry_3 


  _geom_angle_publ_flag 
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C42 Pd1 O3 93.6(5) . . ? 


C42 Pd1 O1 177.2(6) . . ? 


O3 Pd1 O1 85.9(5) . . ? 


C42 Pd1 P1 87.2(4) . . ? 


O3 Pd1 P1 175.0(3) . . ? 


O1 Pd1 P1 93.0(3) . . ? 


C42 Pd1 Cl1 95.1(5) . . ? 


O3 Pd1 Cl1 88.7(3) . . ? 


O1 Pd1 Cl1 87.6(3) . . ? 


P1 Pd1 Cl1 96.18(16) . . ? 


C42 Pd1 Pd2 95.9(5) . . ? 


O3 Pd1 Pd2 86.4(3) . . ? 


O1 Pd1 Pd2 81.4(3) . . ? 


P1 Pd1 Pd2 88.57(11) . . ? 


Cl1 Pd1 Pd2 168.22(12) . . ? 


C11 P1 C31 104.6(7) . . ? 


C11 P1 C21 108.4(8) . . ? 


C31 P1 C21 108.8(8) . . ? 


C11 P1 Pd1 108.2(6) . . ? 


C31 P1 Pd1 111.2(6) . . ? 


C21 P1 Pd1 115.1(5) . . ? 


C1 O1 Pd1 120.9(11) . . ? 


O1 C1 O2 126.1(16) . . ? 


O1 C1 C2 113.0(16) . . ? 


O2 C1 C2 120.9(14) . . ? 


C12 Pd2 O2 90.5(5) . . ? 


C12 Pd2 O4 174.9(6) . . ? 


O2 Pd2 O4 84.7(5) . . ? 


C12 Pd2 P2 87.2(4) . . ? 
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O2 Pd2 P2 174.9(4) . . ? 


O4 Pd2 P2 97.5(3) . . ? 


C12 Pd2 Cl2 96.0(5) . . ? 


O2 Pd2 Cl2 90.1(3) . . ? 


O4 Pd2 Cl2 85.8(3) . . ? 


P2 Pd2 Cl2 94.61(16) . . ? 


C12 Pd2 Pd1 95.1(5) . . ? 


O2 Pd2 Pd1 87.0(3) . . ? 


O4 Pd2 Pd1 82.9(3) . . ? 


P2 Pd2 Pd1 88.73(12) . . ? 


Cl2 Pd2 Pd1 168.49(13) . . ? 


C41 P2 C61 106.0(8) . . ? 


C41 P2 C51 107.4(7) . . ? 


C61 P2 C51 105.5(8) . . ? 


C41 P2 Pd2 110.8(5) . . ? 


C61 P2 Pd2 115.1(5) . . ? 


C51 P2 Pd2 111.6(6) . . ? 


C1 O2 Pd2 118.7(10) . . ? 


C3 O3 Pd1 119.2(12) . . ? 


O4 C3 O3 120.6(18) . . ? 


O4 C3 C4 124.4(18) . . ? 


O3 C3 C4 114.7(19) . . ? 


C3 O4 Pd2 123.7(12) . . ? 


C12 C11 C16 119.3(15) . . ? 


C12 C11 P1 123.4(14) . . ? 


C16 C11 P1 117.2(13) . . ? 


C11 C12 C13 121.6(15) . . ? 


C11 C12 Pd2 121.5(13) . . ? 


C13 C12 Pd2 116.9(12) . . ? 
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C14 C13 C12 119.8(16) . . ? 


C13 C14 C15 121.9(15) . . ? 


C16 C15 C14 115.1(16) . . ? 


C15 C16 C11 122.0(17) . . ? 


C22 C21 C26 117.4(14) . . ? 


C22 C21 P1 122.1(13) . . ? 


C26 C21 P1 120.3(13) . . ? 


C21 C22 C23 124.4(17) . . ? 


C24 C23 C22 116(2) . . ? 


C23 C24 C25 122.2(18) . . ? 


C26 C25 C24 116.0(18) . . ? 


C25 C26 C21 123.9(18) . . ? 


C36 C31 C32 116.8(15) . . ? 


C36 C31 P1 120.0(14) . . ? 


C32 C31 P1 123.0(11) . . ? 


C33 C32 C31 123.5(14) . . ? 


C32 C33 C34 120(2) . . ? 


C33 C34 C35 118(2) . . ? 


C36 C35 C34 121.9(18) . . ? 


C35 C36 C31 119.1(19) . . ? 


C46 C41 C42 119.9(14) . . ? 


C46 C41 P2 121.9(13) . . ? 


C42 C41 P2 117.9(12) . . ? 


C43 C42 C41 118.3(14) . . ? 


C43 C42 Pd1 119.0(12) . . ? 


C41 C42 Pd1 122.6(11) . . ? 


C44 C43 C42 121.5(16) . . ? 


C45 C44 C43 120.3(16) . . ? 


C44 C45 C46 119.6(15) . . ? 
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C41 C46 C45 119.9(16) . . ? 


C52 C51 C56 117.8(17) . . ? 


C52 C51 P2 122.4(12) . . ? 


C56 C51 P2 119.8(14) . . ? 


C51 C52 C53 119.2(17) . . ? 


C54 C53 C52 123(2) . . ? 


C55 C54 C53 118.5(19) . . ? 


C54 C55 C56 122.1(18) . . ? 


C51 C56 C55 119(2) . . ? 


C62 C61 C66 120.9(18) . . ? 


C62 C61 P2 120.7(16) . . ? 


C66 C61 P2 118.3(14) . . ? 


C61 C62 C63 122(2) . . ? 


C62 C63 C64 120(2) . . ? 


C65 C64 C63 117(2) . . ? 


C64 C65 C66 123(2) . . ? 


C61 C66 C65 116.9(19) . . ? 


 


_diffrn_measured_fraction_theta_max    0.998 


_diffrn_reflns_theta_full              23.25 


_diffrn_measured_fraction_theta_full   0.998 


_refine_diff_density_max    2.247 


_refine_diff_density_min   -1.310 


_refine_diff_density_rms    0.392 


 


2b: 31P{1H} NMR (CD2Cl2, 20 °C): -14.0 (s). 1H NMR (CD2Cl2, 20 °C): 8.33 (m, 2H), 7.76 (m, 1H), 7.50 (m, 4H), 7.22 (m, 4H), 
7.05 (m, 1H), 6.83 (m, 2H), 0.61 (s, 9H). UV–Vis, ?max nm (e, M- 1·mol- 1): 500 (1.4 × 104), 428 (3.9 × 103), 381 (2.0 × 104). Anal. 
calcd. for C46H46Cl2P2Pd2O4: C 53.99, H 4.12. Found: C 53.49, H 3.63. 


 


X-Ray Crystal Structure Data for compound 2b: C46H46Cl2O4P2Pd2, orthorombic, space group Pbna, a=11.7110(3)Å, 
b=17.1950(4)Å, c=21.1460(7)Å, a=β=?=90°, V=4258.2(2)Å3, Z=4; MoKα radiation, 293(2) K; 45790 reflections, 4528 
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independent; (µ = 1.088mm-1); refinement (on F2) with SHELXTL (version 6.1), 257parameters, 0 restraints, R1=0.0487 (I>2σ) 
and wR2 (all data)=0.1260, GOF= 1.031, max/min residual electron density: 0.605/-0.784 e Å-3. 


 


_audit_creation_method            SHELXL-97 


_chemical_formula_sum 


  'C46 H46 Cl2 O4 P2 Pd2' 


_chemical_formula_weight          1008.47 


 


loop_ 


  _atom_type_symbol 


  _atom_type_description 


  _atom_type_scat_dispersion_real 


  _atom_type_scat_dispersion_imag 


  _atom_type_scat_source 


  'C'  'C'   0.0033   0.0016 


  'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4' 


  'H'  'H'   0.0000   0.0000 


  'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4' 


  'O'  'O'   0.0106   0.0060 


  'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4' 


  'Cl'  'Cl'   0.1484   0.1585 


  'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4' 


  'P'  'P'   0.1023   0.0942 


  'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4' 


  'Pd'  'Pd'  -0.9988   1.0072 


  'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4' 


 


_symmetry_cell_setting            orthorhombic 


_symmetry_space_group_name_H-M    Pbna 
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loop_ 


  _symmetry_equiv_pos_as_xyz 


  'x, y, z' 


  '-x+1/2, -y, z+1/2' 


  'x, -y+1/2, -z' 


  '-x+1/2, y+1/2, -z+1/2' 


  '-x, -y, -z' 


  'x-1/2, y, -z-1/2' 


  '-x, y-1/2, z' 


  'x-1/2, -y-1/2, z-1/2' 


 


_cell_length_a                    11.7110(3) 


_cell_length_b                    17.1950(4) 


_cell_length_c                    21.1460(7) 


_cell_angle_alpha                 90.00 


_cell_angle_beta                  90.00 


_cell_angle_gamma                 90.00 


_cell_volume                      4258.2(2) 


_cell_formula_units_Z             4 


_cell_measurement_temperature     293(2) 


_cell_measurement_reflns_used     ? 


_cell_measurement_theta_min       ? 


_cell_measurement_theta_max       ? 


 


_exptl_crystal_description        prismatic 


_exptl_crystal_colour             red-orange 


_exptl_crystal_size_max           0.26 


_exptl_crystal_size_mid           0.24 


_exptl_crystal_size_min           0.20 
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_exptl_crystal_density_meas       ? 


_exptl_crystal_density_diffrn     1.573 


_exptl_crystal_density_method     'not measured' 


_exptl_crystal_F_000              2040 


_exptl_absorpt_coefficient_mu     1.088 


_exptl_absorpt_correction_type    none 


_exptl_absorpt_correction_T_min   ? 


_exptl_absorpt_correction_T_max   ? 


_exptl_absorpt_process_details    ? 


 


_exptl_special_details 


; 


  ? 


; 


 


_diffrn_ambient_temperature       293(2) 


_diffrn_radiation_wavelength      0.71073 


_diffrn_radiation_type            MoK\a 


_diffrn_radiation_source          'fine-focus sealed tube' 


_diffrn_radiation_monochromator   graphite 


_diffrn_measurement_device_type   ? 


_diffrn_measurement_method        ? 


_diffrn_detector_area_resol_mean  ? 


_diffrn_standards_number          ? 


_diffrn_standards_interval_count  ? 


_diffrn_standards_interval_time   ? 


_diffrn_standards_decay_%         ? 


_diffrn_reflns_number             45790 


_diffrn_reflns_av_R_equivalents   0.2523 
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_diffrn_reflns_av_sigmaI/netI     0.1202 


_diffrn_reflns_limit_h_min        -14 


_diffrn_reflns_limit_h_max        14 


_diffrn_reflns_limit_k_min        -21 


_diffrn_reflns_limit_k_max        21 


_diffrn_reflns_limit_l_min        -26 


_diffrn_reflns_limit_l_max        26 


_diffrn_reflns_theta_min          1.93 


_diffrn_reflns_theta_max          26.73 


_reflns_number_total              4528 


_reflns_number_gt                 2295 


_reflns_threshold_expression      >2sigma(I) 


 


__computing_data_collection        'Collect(Nonius BV, 1997-2000)' 


_computing_cell_refinement        'Denzo and Scalepack(Otwinowski & Minor1997)' 


_computing_data_reduction         'Denzo and Scalepack(Otwinowski & Minor1997)' 


_computing_structure_solution     'Bruker SHELXTL' 


_computing_structure_refinement   'Bruker SHELXTL' 


_computing_molecular_graphics     'Bruker SHELXTL' 


_computing_publication_material   'Bruker SHELXTL' 


 


_refine_special_details 


; 


  Refinement of F^2^ against ALL reflections.  The weighted R-factor wR and 


  goodness of fit S are based on F^2^, conventional R-factors R are based 


  on F, with F set to zero for negative F^2^. The threshold expression of 


  F^2^ > 2sigma(F^2^) is used only for calculating R-factors(gt) etc. and is 


  not relevant to the choice of reflections for refinement.  R-factors based 


  on F^2^ are statistically about twice as large as those based on F, and R- 
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  factors based on ALL data will be even larger. 


; 


 


_refine_ls_structure_factor_coef  Fsqd 


_refine_ls_matrix_type            full 


_refine_ls_weighting_scheme       calc 


_refine_ls_weighting_details 


  'calc w=1/[\s^2^(Fo^2^)+(0.0507P)^2^+0.6871P] where P=(Fo^2^+2Fc^2^)/3' 


_atom_sites_solution_primary      direct 


_atom_sites_solution_secondary    difmap 


_atom_sites_solution_hydrogens    geom 


_refine_ls_hydrogen_treatment     constr 


_refine_ls_extinction_method      SHELXL 


_refine_ls_extinction_coef        0.00061(16) 


_refine_ls_extinction_expression 


  'Fc^*^=kFc[1+0.001xFc^2^\l^3^/sin(2\q)]^-1/4^' 


_refine_ls_number_reflns          4528 


_refine_ls_number_parameters      257 


_refine_ls_number_restraints      0 


_refine_ls_R_factor_all           0.1418 


_refine_ls_R_factor_gt            0.0487 


_refine_ls_wR_factor_ref          0.1261 


_refine_ls_wR_factor_gt           0.0938 


_refine_ls_goodness_of_fit_ref    1.031 


_refine_ls_restrained_S_all       1.031 


_refine_ls_shift/su_max           0.001 


_refine_ls_shift/su_mean          0.000 


 


loop_ 
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  _atom_site_label 


  _atom_site_type_symbol 


  _atom_site_fract_x 


  _atom_site_fract_y 


  _atom_site_fract_z 


  _atom_site_U_iso_or_equiv 


  _atom_site_adp_type 


  _atom_site_occupancy 


  _atom_site_symmetry_multiplicity 


  _atom_site_calc_flag 


  _atom_site_refinement_flags 


  _atom_site_disorder_assembly 


  _atom_site_disorder_group 


Pd1 Pd 0.64520(4) 0.79982(2) 0.45617(2) 0.03425(17) Uani 1 1 d . . . 


Cl1 Cl 0.68633(16) 0.88637(9) 0.36846(8) 0.0557(5) Uani 1 1 d . . . 


P1 P 0.52327(15) 0.77795(9) 0.59762(8) 0.0391(4) Uani 1 1 d . . . 


O1 O 0.7966(4) 0.7394(2) 0.4288(2) 0.0471(12) Uani 1 1 d . . . 


C1 C 0.8168(6) 0.6719(4) 0.4481(3) 0.0462(18) Uani 1 1 d . . . 


O2 O 0.7520(4) 0.6332(2) 0.4852(2) 0.0436(11) Uani 1 1 d . . . 


C2 C 0.9271(7) 0.6319(4) 0.4267(4) 0.065(2) Uani 1 1 d . . . 


C3 C 0.9020(8) 0.5534(4) 0.3996(5) 0.093(3) Uani 1 1 d . . . 


H3A H 0.8565 0.5590 0.3621 0.139 Uiso 1 1 calc R . . 


H3B H 0.8611 0.5229 0.4302 0.139 Uiso 1 1 calc R . . 


H3C H 0.9724 0.5278 0.3892 0.139 Uiso 1 1 calc R . . 


C4 C 0.9996(9) 0.6240(7) 0.4862(6) 0.131(4) Uani 1 1 d . . . 


H4A H 1.0693 0.5973 0.4761 0.196 Uiso 1 1 calc R . . 


H4B H 0.9582 0.5950 0.5174 0.196 Uiso 1 1 calc R . . 


H4C H 1.0170 0.6747 0.5024 0.196 Uiso 1 1 calc R . . 


C5 C 0.9883(9) 0.6802(5) 0.3771(6) 0.128(5) Uani 1 1 d . . . 
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H5A H 0.9444 0.6805 0.3388 0.192 Uiso 1 1 calc R . . 


H5B H 1.0622 0.6580 0.3690 0.192 Uiso 1 1 calc R . . 


H5C H 0.9972 0.7324 0.3922 0.192 Uiso 1 1 calc R . . 


C11 C 0.4539(5) 0.8446(3) 0.5445(3) 0.0391(15) Uani 1 1 d . . . 


C12 C 0.5048(5) 0.8589(3) 0.4856(3) 0.0339(15) Uani 1 1 d . . . 


C13 C 0.4600(5) 0.9176(3) 0.4477(3) 0.0418(16) Uani 1 1 d . . . 


H13 H 0.4918 0.9274 0.4082 0.050 Uiso 1 1 calc R . . 


C14 C 0.3686(6) 0.9613(4) 0.4685(3) 0.0462(17) Uani 1 1 d . . . 


H14 H 0.3420 1.0020 0.4436 0.055 Uiso 1 1 calc R . . 


C15 C 0.3163(6) 0.9460(3) 0.5250(4) 0.0478(18) Uani 1 1 d . . . 


H15 H 0.2535 0.9753 0.5374 0.057 Uiso 1 1 calc R . . 


C16 C 0.3563(6) 0.8869(4) 0.5638(3) 0.0505(18) Uani 1 1 d . . . 


H16 H 0.3199 0.8753 0.6018 0.061 Uiso 1 1 calc R . . 


C21 C 0.5940(7) 0.8379(4) 0.6565(3) 0.0475(18) Uani 1 1 d . . . 


C22 C 0.5564(7) 0.9137(3) 0.6693(3) 0.055(2) Uani 1 1 d . . . 


H22 H 0.4997 0.9352 0.6440 0.066 Uiso 1 1 calc R . . 


C23 C 0.5999(8) 0.9569(4) 0.7176(4) 0.075(3) Uani 1 1 d . . . 


H23 H 0.5706 1.0061 0.7262 0.090 Uiso 1 1 calc R . . 


C24 C 0.6878(8) 0.9269(4) 0.7533(4) 0.074(3) Uani 1 1 d . . . 


H24 H 0.7202 0.9569 0.7852 0.089 Uiso 1 1 calc R . . 


C25 C 0.7270(8) 0.8544(4) 0.7424(4) 0.075(3) Uani 1 1 d . . . 


H25 H 0.7856 0.8343 0.7672 0.090 Uiso 1 1 calc R . . 


C26 C 0.6800(7) 0.8097(4) 0.6941(3) 0.061(2) Uani 1 1 d . . . 


H26 H 0.7074 0.7596 0.6872 0.073 Uiso 1 1 calc R . . 


C31 C 0.4121(7) 0.7271(3) 0.6400(3) 0.0468(17) Uani 1 1 d . . . 


C32 C 0.3087(6) 0.7095(4) 0.6119(4) 0.0554(19) Uani 1 1 d . . . 


H32 H 0.2943 0.7259 0.5707 0.066 Uiso 1 1 calc R . . 


C33 C 0.2261(7) 0.6677(4) 0.6444(4) 0.063(2) Uani 1 1 d . . . 


H33 H 0.1574 0.6555 0.6247 0.076 Uiso 1 1 calc R . . 







 S27


C34 C 0.2450(9) 0.6446(5) 0.7045(5) 0.078(3) Uani 1 1 d . . . 


H34 H 0.1890 0.6169 0.7261 0.094 Uiso 1 1 calc R . . 


C35 C 0.3459(9) 0.6615(4) 0.7338(4) 0.070(2) Uani 1 1 d . . . 


H35 H 0.3574 0.6460 0.7754 0.083 Uiso 1 1 calc R . . 


C36 C 0.4314(7) 0.7015(4) 0.7022(3) 0.0552(19) Uani 1 1 d . . . 


H36 H 0.5009 0.7112 0.7220 0.066 Uiso 1 1 calc R . . 


 


loop_ 


  _atom_site_aniso_label 


  _atom_site_aniso_U_11 


  _atom_site_aniso_U_22 


  _atom_site_aniso_U_33 


  _atom_site_aniso_U_23 


  _atom_site_aniso_U_13 


  _atom_site_aniso_U_12 


Pd1 0.0361(3) 0.0325(2) 0.0342(3) -0.0002(2) 0.0012(3) -0.0008(2) 


Cl1 0.0725(13) 0.0471(9) 0.0474(10) 0.0046(8) 0.0156(10) -0.0025(9) 


P1 0.0466(11) 0.0387(9) 0.0321(9) -0.0013(7) -0.0006(9) 0.0030(8) 


O1 0.047(3) 0.036(2) 0.059(3) 0.000(2) 0.015(2) 0.000(2) 


C1 0.034(4) 0.046(4) 0.059(5) -0.012(4) 0.007(4) 0.000(3) 


O2 0.041(3) 0.035(2) 0.055(3) 0.001(2) 0.007(2) -0.001(2) 


C2 0.039(5) 0.053(4) 0.104(7) 0.001(4) 0.024(5) 0.014(4) 


C3 0.086(7) 0.070(5) 0.123(8) -0.011(5) 0.055(6) 0.018(5) 


C4 0.056(6) 0.147(10) 0.190(12) -0.018(9) -0.012(8) 0.042(7) 


C5 0.092(8) 0.082(7) 0.210(13) 0.006(7) 0.090(9) 0.017(6) 


C11 0.049(4) 0.035(3) 0.033(3) 0.001(3) 0.000(4) 0.001(3) 


C12 0.037(4) 0.030(3) 0.034(3) -0.004(3) -0.005(3) -0.001(3) 


C13 0.047(4) 0.039(3) 0.039(4) 0.006(3) -0.003(3) -0.005(3) 


C14 0.041(4) 0.041(3) 0.057(5) 0.005(3) 0.000(4) 0.010(3) 
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C15 0.031(4) 0.039(3) 0.073(5) -0.010(4) -0.007(4) 0.010(3) 


C16 0.051(4) 0.048(4) 0.052(4) -0.005(3) 0.012(4) 0.011(4) 


C21 0.065(5) 0.043(4) 0.034(4) 0.004(3) -0.003(4) -0.005(4) 


C22 0.074(6) 0.037(4) 0.054(5) -0.004(3) -0.016(4) 0.002(4) 


C23 0.128(9) 0.039(4) 0.059(5) -0.012(4) -0.011(6) -0.003(5) 


C24 0.114(8) 0.058(5) 0.052(5) -0.012(4) -0.020(5) -0.014(5) 


C25 0.103(7) 0.068(5) 0.053(5) -0.014(4) -0.026(5) 0.003(5) 


C26 0.090(6) 0.046(4) 0.047(4) -0.001(4) -0.017(4) -0.001(4) 


C31 0.058(5) 0.041(3) 0.041(4) -0.004(3) 0.013(4) 0.004(3) 


C32 0.054(5) 0.055(4) 0.057(5) -0.001(4) 0.019(4) -0.006(4) 


C33 0.057(6) 0.063(5) 0.069(6) -0.011(4) 0.009(5) 0.003(4) 


C34 0.082(7) 0.061(5) 0.092(8) 0.003(5) 0.034(6) -0.004(5) 


C35 0.100(7) 0.062(5) 0.047(5) 0.008(4) 0.040(5) 0.010(5) 


C36 0.071(5) 0.053(4) 0.042(4) 0.007(4) 0.016(4) 0.005(4) 


 


_geom_special_details 


; 


  All esds (except the esd in the dihedral angle between two l.s. planes) 


  are estimated using the full covariance matrix.  The cell esds are taken 


  into account individually in the estimation of esds in distances, angles 


  and torsion angles; correlations between esds in cell parameters are only 


  used when they are defined by crystal symmetry.  An approximate (isotropic) 


  treatment of cell esds is used for estimating esds involving l.s. planes. 


; 


 


loop_ 


  _geom_bond_atom_site_label_1 


  _geom_bond_atom_site_label_2 


  _geom_bond_distance 
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  _geom_bond_site_symmetry_2 


  _geom_bond_publ_flag 


Pd1 C12 2.030(6) . ? 


Pd1 O2 2.104(4) 3_566 ? 


Pd1 O1 2.135(4) . ? 


Pd1 P1 2.2628(18) 3_566 ?  


Pd1 Cl1 2.4264(17) . ? 


Pd1 Pd1 2.5241(9) 3_566 ? 


P1 C11 1.799(6) . ? 


P1 C31 1.806(7) . ? 


P1 C21 1.817(7) . ? 


P1 Pd1 2.2629(18) 3_566 ?  


O1 C1 1.252(8) . ? 


C1 O2 1.278(7) . ? 


C1 C2 1.533(9) . ? 


O2 Pd1 2.104(4) 3_566 ? 


C2 C3 1.496(10) . ? 


C2 C5 1.517(11) . ? 


C2 C4 1.524(13) . ? 


C3 H3A 0.9600 . ? 


C3 H3B 0.9600 . ? 


C3 H3C 0.9600 . ? 


C4 H4A 0.9600 . ? 


C4 H4B 0.9600 . ? 


C4 H4C 0.9600 . ? 


C5 H5A 0.9600 . ? 


C5 H5B 0.9600 . ? 


C5 H5C 0.9600 . ? 


C11 C12 1.402(8) . ? 







 S30


C11 C16 1.415(8) . ? 


C12 C13 1.391(8) . ? 


C13 C14 1.380(8) . ? 


C13 H13 0.9300 . ? 


C14 C15 1.368(9) . ? 


C14 H14 0.9300 . ? 


C15 C16 1.389(9) . ? 


C15 H15 0.9300 . ? 


C16 H16 0.9300 . ? 


C21 C26 1.373(9) . ? 


C21 C22 1.401(8) . ? 


C22 C23 1.361(9) . ? 


C22 H22 0.9300 . ? 


C23 C24 1.378(11) . ? 


C23 H23 0.9300 . ? 


C24 C25 1.348(10) . ? 


C24 H24 0.9300 . ? 


C25 C26 1.392(9) . ? 


C25 H25 0.9300 . ? 


C26 H26 0.9300 . ? 


C31 C32 1.383(10) . ? 


C31 C36 1.406(9) . ? 


C32 C33 1.387(10) . ? 


C32 H32 0.9300 . ? 


C33 C34 1.351(11) . ? 


C33 H33 0.9300 . ? 


C34 C35 1.365(12) . ? 


C34 H34 0.9300 . ? 


C35 C36 1.386(10) . ? 
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C35 H35 0.9300 . ? 


C36 H36 0.9300 . ? 


 


loop_ 


  _geom_angle_atom_site_label_1 


  _geom_angle_atom_site_label_2 


  _geom_angle_atom_site_label_3 


  _geom_angle 


  _geom_angle_site_symmetry_1 


  _geom_angle_site_symmetry_3 


  _geom_angle_publ_flag 


C12 Pd1 O2 91.6(2) . 3_566 ? 


C12 Pd1 O1 177.5(2) . . ? 


O2 Pd1 O1 86.12(17) 3_566 . ? 


C12 Pd1 P1 86.48(17) . 3_566 ?  


O2 Pd1 P1 174.08(13) 3_566 3_566 ? 


O1 Pd1 P1 95.74(13) . 3_566 ? 


C12 Pd1 Cl1 95.05(18) . . ? 


O2 Pd1 Cl1 89.80(12) 3_566 . ? 


O1 Pd1 Cl1 85.79(13) . . ? 


P1 Pd1 Cl1 95.94(6) 3_566 . ? 


C12 Pd1 Pd1 96.59(17) . 3_566 ? 


O2 Pd1 Pd1 86.51(11) 3_566 3_566 ? 


O1 Pd1 Pd1 82.45(12) . 3_566 ? 


P1 Pd1 Pd1 88.17(5) 3_566 3_566 ? 


Cl1 Pd1 Pd1 167.88(5) . 3_566 ? 


C11 P1 C31 107.0(3) . . ? 


C11 P1 C21 105.8(3) . . ? 


C31 P1 C21 105.3(3) . . ? 
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C11 P1 Pd1 110.3(2) . 3_566 ? 


C31 P1 Pd1 114.7(2) . 3_566 ? 


C21 P1 Pd1 113.1(3) . 3_566 ? 


C1 O1 Pd1 121.3(4) . . ? 


O1 C1 O2 124.8(6) . . ? 


O1 C1 C2 118.6(6) . . ? 


O2 C1 C2 116.6(6) . . ? 


C1 O2 Pd1 115.4(4) . 3_566 ? 


C3 C2 C5 108.8(8) . . ? 


C3 C2 C4 110.2(8) . . ? 


C5 C2 C4 110.8(9) . . ? 


C3 C2 C1 110.7(7) . . ? 


C5 C2 C1 110.9(6) . . ? 


C4 C2 C1 105.4(7) . . ? 


C2 C3 H3A 109.5 . . ? 


C2 C3 H3B 109.5 . . ? 


H3A C3 H3B 109.5 . . ? 


C2 C3 H3C 109.5 . . ? 


H3A C3 H3C 109.5 . . ? 


H3B C3 H3C 109.5 . . ? 


C2 C4 H4A 109.5 . . ? 


C2 C4 H4B 109.5 . . ? 


H4A C4 H4B 109.5 . . ? 


C2 C4 H4C 109.5 . . ? 


H4A C4 H4C 109.5 . . ? 


H4B C4 H4C 109.5 . . ? 


C2 C5 H5A 109.5 . . ? 


C2 C5 H5B 109.5 . . ? 


H5A C5 H5B 109.5 . . ? 
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C2 C5 H5C 109.5 . . ? 


H5A C5 H5C 109.5 . . ? 


H5B C5 H5C 109.5 . . ? 


C12 C11 C16 120.7(6) . . ? 


C12 C11 P1 118.3(5) . . ? 


C16 C11 P1 120.7(5) . . ? 


C13 C12 C11 118.5(6) . . ? 


C13 C12 Pd1 119.5(5) . . ? 


C11 C12 Pd1 121.9(4) . . ? 


C14 C13 C12 120.4(6) . . ? 


C14 C13 H13 119.8 . . ? 


C12 C13 H13 119.8 . . ? 


C15 C14 C13 121.3(6) . . ? 


C15 C14 H14 119.4 . . ? 


C13 C14 H14 119.4 . . ? 


C14 C15 C16 120.5(6) . . ? 


C14 C15 H15 119.8 . . ? 


C16 C15 H15 119.8 . . ? 


C15 C16 C11 118.5(6) . . ? 


C15 C16 H16 120.7 . . ? 


C11 C16 H16 120.7 . . ? 


C26 C21 C22 116.6(6) . . ? 


C26 C21 P1 122.1(5) . . ? 


C22 C21 P1 121.2(6) . . ? 


C23 C22 C21 122.4(7) . . ? 


C23 C22 H22 118.8 . . ? 


C21 C22 H22 118.8 . . ? 


C22 C23 C24 119.1(7) . . ? 


C22 C23 H23 120.5 . . ? 
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C24 C23 H23 120.5 . . ? 


C25 C24 C23 120.5(7) . . ? 


C25 C24 H24 119.8 . . ? 


C23 C24 H24 119.8 . . ? 


C24 C25 C26 120.2(8) . . ? 


C24 C25 H25 119.9 . . ? 


C26 C25 H25 119.9 . . ? 


C21 C26 C25 121.3(7) . . ? 


C21 C26 H26 119.4 . . ? 


C25 C26 H26 119.4 . . ? 


C32 C31 C36 118.3(7) . . ? 


C32 C31 P1 121.6(5) . . ? 


C36 C31 P1 120.0(6) . . ? 


C31 C32 C33 120.7(7) . . ? 


C31 C32 H32 119.6 . . ? 


C33 C32 H32 119.6 . . ? 


C34 C33 C32 120.3(9) . . ? 


C34 C33 H33 119.8 . . ? 


C32 C33 H33 119.8 . . ? 


C33 C34 C35 120.3(9) . . ? 


C33 C34 H34 119.8 . . ? 


C35 C34 H34 119.8 . . ? 


C34 C35 C36 120.9(8) . . ? 


C34 C35 H35 119.6 . . ? 


C36 C35 H35 119.6 . . ? 


C35 C36 C31 119.3(8) . . ? 


C35 C36 H36 120.3 . . ? 


C31 C36 H36 120.3 . . ? 


 







 S35


loop_ 


  _geom_torsion_atom_site_label_1 


  _geom_torsion_atom_site_label_2 


  _geom_torsion_atom_site_label_3 


  _geom_torsion_atom_site_label_4 


  _geom_torsion 


  _geom_torsion_site_symmetry_1 


  _geom_torsion_site_symmetry_2 


  _geom_torsion_site_symmetry_3 


  _geom_torsion_site_symmetry_4 


  _geom_torsion_publ_flag 


C12 Pd1 O1 C1 86(5) . . . . ? 


O2 Pd1 O1 C1 106.2(5) 3_566 . . . ? 


P1 Pd1 O1 C1 -68.2(5) 3_566 . . . ? 


Cl1 Pd1 O1 C1 -163.7(5) . . . . ? 


Pd1 Pd1 O1 C1 19.2(5) 3_566 . . . ? 


Pd1 O1 C1 O2 -0.3(9) . . . . ? 


Pd1 O1 C1 C2 -180.0(5) . . . . ? 


O1 C1 O2 Pd1 -25.1(9) . . . 3_566 ? 


C2 C1 O2 Pd1 154.6(5) . . . 3_566 ? 


O1 C1 C2 C3 -128.0(7) . . . . ? 


O2 C1 C2 C3 52.4(10) . . . . ? 


O1 C1 C2 C5 -7.0(11) . . . . ? 


O2 C1 C2 C5 173.3(8) . . . . ? 


O1 C1 C2 C4 113.0(8) . . . . ? 


O2 C1 C2 C4 -66.7(9) . . . . ? 


C31 P1 C11 C12 -145.4(5) . . . . ? 


C21 P1 C11 C12 102.7(5) . . . . ? 


Pd1 P1 C11 C12 -20.0(5) 3_566 . . . ? 
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C31 P1 C11 C16 40.3(6) . . . . ? 


C21 P1 C11 C16 -71.6(6) . . . . ? 


Pd1 P1 C11 C16 165.7(5) 3_566 . . . ? 


C16 C11 C12 C13 2.5(9) . . . . ? 


P1 C11 C12 C13 -171.8(4) . . . . ? 


C16 C11 C12 Pd1 179.8(5) . . . . ? 


P1 C11 C12 Pd1 5.5(7) . . . . ? 


O2 Pd1 C12 C13 100.1(5) 3_566 . . . ? 


O1 Pd1 C12 C13 120(5) . . . . ? 


P1 Pd1 C12 C13 -85.5(5) 3_566 . . . ? 


Cl1 Pd1 C12 C13 10.2(5) . . . . ? 


Pd1 Pd1 C12 C13 -173.2(4) 3_566 . . . ? 


O2 Pd1 C12 C11 -77.2(5) 3_566 . . . ? 


O1 Pd1 C12 C11 -57(5) . . . . ? 


P1 Pd1 C12 C11 97.2(5) 3_566 . . . ? 


Cl1 Pd1 C12 C11 -167.1(5) . . . . ? 


Pd1 Pd1 C12 C11 9.5(5) 3_566 . . . ? 


C11 C12 C13 C14 1.0(9) . . . . ? 


Pd1 C12 C13 C14 -176.4(5) . . . . ? 


C12 C13 C14 C15 -3.2(10) . . . . ? 


C13 C14 C15 C16 1.8(10) . . . . ? 


C14 C15 C16 C11 1.7(10) . . . . ? 


C12 C11 C16 C15 -3.8(9) . . . . ? 


P1 C11 C16 C15 170.3(5) . . . . ? 


C11 P1 C21 C26 -161.8(6) . . . . ? 


C31 P1 C21 C26 85.1(7) . . . . ? 


Pd1 P1 C21 C26 -40.9(7) 3_566 . . . ? 


C11 P1 C21 C22 23.8(7) . . . . ? 


C31 P1 C21 C22 -89.4(6) . . . . ? 
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Pd1 P1 C21 C22 144.6(5) 3_566 . . . ? 


C26 C21 C22 C23 -1.8(11) . . . . ? 


P1 C21 C22 C23 173.0(6) . . . . ? 


C21 C22 C23 C24 3.2(13) . . . . ? 


C22 C23 C24 C25 -2.7(14) . . . . ? 


C23 C24 C25 C26 1.0(14) . . . . ? 


C22 C21 C26 C25 -0.1(11) . . . . ? 


P1 C21 C26 C25 -174.8(6) . . . . ? 


C24 C25 C26 C21 0.4(13) . . . . ? 


C11 P1 C31 C32 33.6(6) . . . . ? 


C21 P1 C31 C32 145.8(5) . . . . ? 


Pd1 P1 C31 C32 -89.2(6) 3_566 . . . ? 


C11 P1 C31 C36 -149.1(5) . . . . ? 


C21 P1 C31 C36 -36.8(6) . . . . ? 


Pd1 P1 C31 C36 88.2(5) 3_566 . . . ? 


C36 C31 C32 C33 0.0(10) . . . . ? 


P1 C31 C32 C33 177.4(5) . . . . ? 


C31 C32 C33 C34 1.1(11) . . . . ? 


C32 C33 C34 C35 -0.6(12) . . . . ? 


C33 C34 C35 C36 -1.1(12) . . . . ? 


C34 C35 C36 C31 2.2(11) . . . . ? 


C32 C31 C36 C35 -1.6(10) . . . . ? 


P1 C31 C36 C35 -179.1(5) . . . . ? 


 


_diffrn_measured_fraction_theta_max    1.000 


_diffrn_reflns_theta_full              26.73 


_diffrn_measured_fraction_theta_full   1.000 


_refine_diff_density_max    0.605 


_refine_diff_density_min   -0.784 
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_refine_diff_density_rms    0.196 


 


2c: 31P{1H} NMR (CDCl3, 20 °C): -8.8 (q, 5JF-P 1.2 Hz). 19F NMR (CDCl3, 20 °C): -74.2 (d, 5JP-F 1.2 Hz). 1H NMR (CDCl3, 
20 °C): 8.25 (m, 1H), 8.21 (m, 1H), 8.04 (m, 1H), 7.59 (m, 2H), 7.49 (m, 2H), 7.45-7.26 (m, 4H), 7.14 (m, 1H), 6.97 (m, 1H), 
6.84 (m, 1H).  


X-Ray Crystal Structure Data for compound 2c.2CH2Cl2: C42H32Cl6F6O4P2Pd2, triclinic, space group P-1, a=11.4873(9)Å, 
b=12.2811(10)Å, c=17.4297(14)Å, a=96.8940(10)°,      β=91.5210(10)°, ?=111.8540(10)°, V=2258.9(3)Å3, Z=2, MoKα radiation, 
173(2)K;  20358 reflections, 10494 independent; (µ = 1.288mm-1); refinement (on F2) with SHELXTL (version 6.1), 559 
parameters, 0 restraints, R1=0.0541 (I>2σ) and wR2 (all data)=0.1033, GOF=1.061, max/min residual electron density: 1.542/-
1.161 -e Å-3. 


_audit_creation_method            SHELXL-97 


_chemical_formula_sum 


  'C42 H32 Cl6 F6 O4 P2 Pd2' 


_chemical_formula_weight          1202.12 


 


loop_ 


  _atom_type_symbol 


  _atom_type_description 


  _atom_type_scat_dispersion_real 


  _atom_type_scat_dispersion_imag 


  _atom_type_scat_source 


  'C'  'C'   0.0033   0.0016 


  'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4' 


  'H'  'H'   0.0000   0.0000 


  'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4' 


  'O'  'O'   0.0106   0.0060 


  'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4' 


  'F'  'F'   0.0171   0.0103 


  'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4' 


  'P'  'P'   0.1023   0.0942 


  'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4' 


  'Cl'  'Cl'   0.1484   0.1585 
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  'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4' 


  'Pd'  'Pd'  -0.9988   1.0072 


  'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4' 


 


_symmetry_cell_setting            Triclinic 


_symmetry_space_group_name_H-M    P-1 


 


loop_ 


  _symmetry_equiv_pos_as_xyz 


  'x, y, z' 


  '-x, -y, -z' 


 


_cell_length_a                    11.4873(9) 


_cell_length_b                    12.2811(10) 


_cell_length_c                    17.4297(14) 


_cell_angle_alpha                 96.8940(10) 


_cell_angle_beta                  91.5210(10) 


_cell_angle_gamma                 111.8540(10) 


_cell_volume                      2258.9(3) 


_cell_formula_units_Z             2 


_cell_measurement_temperature     173(2) 


_cell_measurement_reflns_used     9548 


_cell_measurement_theta_min       2.29 


_cell_measurement_theta_max       29.06 


 


_exptl_crystal_description        plate 


_exptl_crystal_colour             red 


_exptl_crystal_size_max           0.18 


_exptl_crystal_size_mid           0.18 
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_exptl_crystal_size_min           0.08 


_exptl_crystal_density_meas       0 


_exptl_crystal_density_diffrn     1.767 


_exptl_crystal_density_method     'not measured' 


_exptl_crystal_F_000              1188 


_exptl_absorpt_coefficient_mu     1.288 


_exptl_absorpt_correction_type    none 


_exptl_absorpt_correction_T_min   ? 


_exptl_absorpt_correction_T_max   ? 


_exptl_absorpt_process_details    ? 


 


_exptl_special_details 


; 


  ? 


; 


 


_diffrn_ambient_temperature       173(2) 


_diffrn_radiation_wavelength      0.71073 


_diffrn_radiation_type            MoK\a 


_diffrn_radiation_source          'fine-focus sealed tube' 


_diffrn_radiation_monochromator   graphite 


_diffrn_measurement_device_type   'CCD area detector' 


_diffrn_measurement_method        'phi and omega scans' 


_diffrn_detector_area_resol_mean  ? 


_diffrn_standards_number          ? 


_diffrn_standards_interval_count  ? 


_diffrn_standards_interval_time   ? 


_diffrn_standards_decay_%         ? 


_diffrn_reflns_number             20358 
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_diffrn_reflns_av_R_equivalents   0.0338 


_diffrn_reflns_av_sigmaI/netI     0.0627 


_diffrn_reflns_limit_h_min        -15 


_diffrn_reflns_limit_h_max        15 


_diffrn_reflns_limit_k_min        -16 


_diffrn_reflns_limit_k_max        16 


_diffrn_reflns_limit_l_min        -22 


_diffrn_reflns_limit_l_max        23 


_diffrn_reflns_theta_min          1.80 


_diffrn_reflns_theta_max          29.06 


_reflns_number_total              10494 


_reflns_number_gt                 8296 


_reflns_threshold_expression      >2sigma(I) 


 


_computing_data_collection        'Bruker SMART' 


_computing_cell_refinement        'Bruker SMART' 


_computing_data_reduction         'Bruker SAINT' 


_computing_structure_solution     'SHELXS-97 (Sheldrick, 1990)' 


_computing_structure_refinement   'SHELXL-97 (Sheldrick, 1997)' 


_computing_molecular_graphics     'Bruker SHELXTL' 


_computing_publication_material   'Bruker SHELXTL' 


 


_refine_special_details 


; 


  Refinement of F^2^ against ALL reflections.  The weighted R-factor wR and 


  goodness of fit S are based on F^2^, conventional R-factors R are based 


  on F, with F set to zero for negative F^2^. The threshold expression of 


  F^2^ > 2sigma(F^2^) is used only for calculating R-factors(gt) etc. and is 


  not relevant to the choice of reflections for refinement.  R-factors based 
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  on F^2^ are statistically about twice as large as those based on F, and R- 


  factors based on ALL data will be even larger. 


; 


 


_refine_ls_structure_factor_coef  Fsqd 


_refine_ls_matrix_type            full 


_refine_ls_weighting_scheme       calc 


_refine_ls_weighting_details 


  'calc w=1/[\s^2^(Fo^2^)+(0.0307P)^2^+6.3144P] where P=(Fo^2^+2Fc^2^)/3' 


_atom_sites_solution_primary      direct 


_atom_sites_solution_secondary    difmap 


_atom_sites_solution_hydrogens    geom 


_refine_ls_hydrogen_treatment     constr 


_refine_ls_extinction_method      none 


_refine_ls_extinction_coef        ? 


_refine_ls_number_reflns          10494 


_refine_ls_number_parameters      559 


_refine_ls_number_restraints      0 


_refine_ls_R_factor_all           0.0771 


_refine_ls_R_factor_gt            0.0540 


_refine_ls_wR_factor_ref          0.1033 


_refine_ls_wR_factor_gt           0.0963 


_refine_ls_goodness_of_fit_ref    1.061 


_refine_ls_restrained_S_all       1.061 


_refine_ls_shift/su_max           0.001 


_refine_ls_shift/su_mean          0.000 


 


loop_ 


  _atom_site_label 
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  _atom_site_type_symbol 


  _atom_site_fract_x 


  _atom_site_fract_y 


  _atom_site_fract_z 


  _atom_site_U_iso_or_equiv 


  _atom_site_adp_type 


  _atom_site_occupancy 


  _atom_site_symmetry_multiplicity 


  _atom_site_calc_flag 


  _atom_site_refinement_flags 


  _atom_site_disorder_assembly 


  _atom_site_disorder_group 


Pd2 Pd 0.87786(3) 0.37637(3) 0.693092(18) 0.01553(8) Uani 1 1 d . . . 


P2 P 0.82573(10) 0.49953(10) 0.77919(6) 0.0174(2) Uani 1 1 d . . . 


Cl2 Cl 0.69392(11) 0.32526(10) 0.60461(6) 0.0259(2) Uani 1 1 d . . . 


O1 O 1.0408(3) 0.2269(3) 0.71809(17) 0.0228(7) Uani 1 1 d . . . 


C1 C 0.9978(4) 0.2107(4) 0.6497(3) 0.0232(10) Uani 1 1 d . . . 


F1 F 1.0444(4) 0.1314(3) 0.53025(19) 0.0654(12) Uani 1 1 d . . . 


Pd1 Pd 1.04731(3) 0.38431(3) 0.792999(18) 0.01580(8) Uani 1 1 d . . . 


P1 P 1.18905(10) 0.51875(10) 0.73095(6) 0.0187(2) Uani 1 1 d . . . 


Cl1 Cl 1.20208(11) 0.35124(11) 0.87333(7) 0.0270(2) Uani 1 1 d . . . 


O2 O 0.9447(3) 0.2671(3) 0.61680(17) 0.0235(7) Uani 1 1 d . . . 


F2 F 1.0754(4) 0.0555(3) 0.62804(19) 0.0526(9) Uani 1 1 d . . . 


C2 C 1.0031(5) 0.1026(5) 0.5973(3) 0.0331(12) Uani 1 1 d . . . 


O4 O 0.7718(3) 0.2116(3) 0.73813(17) 0.0226(7) Uani 1 1 d . . . 


C3 C 0.8070(4) 0.1952(4) 0.8022(2) 0.0214(9) Uani 1 1 d . . . 


F3 F 0.8885(4) 0.0184(3) 0 .5849(2) 0.0633(11) Uani 1 1 d . . . 


Cl3 Cl 0.5049(2) 0.12334(17) 0.43193(12) 0.0698(5) Uani 1 1 d . . . 


O3 O 0.9017(3) 0.2581(3) 0.84685(17) 0.0239(7) Uani 1 1 d . . . 
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C4 C 0.7237(5) 0.0808(4) 0.8320(3) 0.0301(11) Uani 1 1 d . . . 


F4 F 0.7860(5) 0.0309(5) 0.8642(5) 0.163(4) Uani 1 1 d . . . 


Cl4 Cl 0.6021(3) -0.01901(19) 0.33075(17) 0.0994(8) Uani 1 1 d . . . 


C5 C 0.4733(7) -0.0171(6) 0.3816(4) 0.065(2) Uani 1 1 d . . . 


H5A H 0.3983 -0.0398 0.3448 0.077 Uiso 1 1 calc R . . 


H5B H 0.4548 -0.0756 0.4185 0.077 Uiso 1 1 calc R . . 


F5 F 0.6497(6) 0.0042(4) 0.7818(3) 0.139(3) Uani 1 1 d . . . 


Cl5 Cl 0.17174(19) -0.01265(17) 0.81410(14) 0.0783(6) Uani 1 1 d . . . 


C6 C 0.0930(6) 0.0451(6) 0.8828(4) 0.0619(19) Uani 1 1 d . . . 


H6A H 0.0058 -0.0128 0.8831 0.074 Uiso 1 1 calc R . . 


H6B H 0.0886 0.1185 0.8672 0.074 Uiso 1 1 calc R . . 


Cl6 Cl 0.16709(19) 0.0773(2) 0.97708(13) 0.0801(6) Uani 1 1 d . . . 


F6 F 0.6585(7) 0.0989(4) 0.8846(4) 0.157(3) Uani 1 1 d . . . 


C11 C 1.1103(4) 0.5872(4) 0.6739(2) 0.0193(9) Uani 1 1 d . . . 


C12 C 0.9836(4) 0.5243(4) 0.6493(2) 0.0196(9) Uani 1 1 d . . . 


C13 C 0.9296(5) 0.5625(4) 0.5916(3) 0.0252(10) Uani 1 1 d . . . 


H13 H 0.8436 0.5202 0.5741 0.030 Uiso 1 1 calc R . . 


C14 C 1.0001(5) 0.6622(4) 0.5592(3) 0.0308(11) Uani 1 1 d . . . 


H14 H 0.9622 0.6864 0.5188 0.037 Uiso 1 1 calc R . . 


C15 C 1.1244(5) 0.7267(5) 0.5845(3) 0.0334(12) Uani 1 1 d . . . 


H15 H 1.1711 0.7958 0.5627 0.040 Uiso 1 1 calc R . . 


C16 C 1.1803(5) 0.6897(4) 0.6421(3) 0.0296(11) Uani 1 1 d . . . 


H16 H 1.2658 0.7336 0.6600 0.036 Uiso 1 1 calc R . . 


C21 C 1.2626(4) 0.4473(4) 0.6615(2) 0.0221(9) Uani 1 1 d . . . 


C22 C 1.3066(5) 0.3615(5) 0.6826(3) 0.0289(11) Uani 1 1 d . . . 


H22 H 1.2948 0.3379 0.7327 0.035 Uiso 1 1 calc R . . 


C23 C 1.3670(5) 0.3116(5) 0.6299(3) 0.0362(12) Uani 1 1 d . . . 


H23 H 1.3970 0.2539 0.6442 0.043 Uiso 1 1 calc R . . 


C24 C 1.3843(5) 0.3451(5) 0.5569(3) 0.0407(14) Uani 1 1 d . . . 
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H24 H 1.4269 0.3111 0.5214 0.049 Uiso 1 1 calc R . . 


C25 C 1.3398(5) 0.4277(5) 0.5355(3) 0.0390(13) Uani 1 1 d . . . 


H25 H 1.3509 0.4499 0.4851 0.047 Uiso 1 1 calc R . . 


C26 C 1.2787(5) 0.4786(5) 0.5874(3) 0.0286(11) Uani 1 1 d . . . 


H26 H 1.2477 0.5351 0.5721 0.034 Uiso 1 1 calc R . . 


C31 C 1.3143(4) 0.6335(4) 0.7935(3) 0.0225(9) Uani 1 1 d . . . 


C32 C 1.4201(5) 0.6132(5) 0.8182(3) 0.0309(11) Uani 1 1 d . . . 


H32 H 1.4284 0.5403 0.8006 0.037 Uiso 1 1 calc R . . 


C33 C 1.5136(5) 0.7003(5) 0.8686(3) 0.0379(13) Uani 1 1 d . . . 


H33 H 1.5863 0.6872 0.8849 0.046 Uiso 1 1 calc R . . 


C34 C 1.5009(5) 0.8045(5) 0.8947(3) 0.0409(14) Uani 1 1 d . . . 


H34 H 1.5643 0.8627 0.9301 0.049 Uiso 1 1 calc R . . 


C35 C 1.3973(6) 0.8264(5) 0.8704(3) 0.0402(13) Uani 1 1 d . . . 


H35 H 1.3901 0.8997 0.8882 0.048 Uiso 1 1 calc R . . 


C36 C 1.3033(5) 0.7404(4) 0.8196(3) 0.0295(11) Uani 1 1 d . . . 


H36 H 1.2317 0.7548 0.8029 0.035 Uiso 1 1 calc R . . 


C41 C 0.9534(4) 0.5749(4) 0.8520(2) 0.0192(9) Uani 1 1 d . . . 


C42 C 1.0430(4) 0.5254(4) 0.8638(2) 0.0179(9) Uani 1 1 d . . . 


C43 C 1.1309(4) 0.5737(4) 0.9279(3) 0.0245(10) Uani 1 1 d . . . 


H43 H 1.1923 0.5411 0.9367 0.029 Uiso 1 1 calc R . . 


C44 C 1.1289(5) 0.6685(4) 0.9783(3) 0.0286(11) Uani 1 1 d . . . 


H44 H 1.1883 0.6994 1.0221 0.034 Uiso 1 1 calc R . . 


C45 C 1.0421(5) 0.7193(4) 0.9662(3) 0.0278(10) Uani 1 1 d . . . 


H45 H 1.0423 0.7851 1.0010 0.033 Uiso 1 1 calc R . . 


C46 C 0.9551(5) 0.6731(4) 0.9027(3) 0.0259(10) Uani 1 1 d . . . 


H46 H 0.8960 0.7083 0.8934 0.031 Uiso 1 1 calc R . . 


C51 C 0.7864(4) 0.6108(4) 0.7382(2) 0.0203(9) Uani 1 1 d . . . 


C52 C 0.8789(5) 0.7223(4) 0.7349(3) 0.0269(10) Uani 1 1 d . . . 


H52 H 0.9625 0.7410 0.7557 0.032 Uiso 1 1 calc R . . 







 S46


C53 C 0.8482(5) 0.8056(5) 0.7013(3) 0.0367(12) Uani 1 1 d . . . 


H53 H 0.9107 0.8819 0.6994 0.044 Uiso 1 1 calc R . . 


C54 C 0.7265(5) 0.7782(5) 0.6702(3) 0.0369(13) Uani 1 1 d . . . 


H54 H 0.7061 0.8358 0.6472 0.044 Uiso 1 1 calc R . . 


C55 C 0.6358(5) 0.6686(5) 0.6726(3) 0.0325(12) Uani 1 1 d . . . 


H55 H 0.5528 0.6504 0.6512 0.039 Uiso 1 1 calc R . . 


C56 C 0.6645(4) 0.5836(4) 0.7062(3) 0.0259(10) Uani 1 1 d . . . 


H56 H 0.6015 0.5074 0.7073 0.031 Uiso 1 1 calc R . . 


C61 C 0.6914(4) 0.4199(4) 0.8309(3) 0.0213(9) Uani 1 1 d . . . 


C62 C 0.6887(5) 0.4575(5) 0.9089(3) 0.0274(10) Uani 1 1 d . . . 


H62 H 0.7592 0.5207 0.9358 0.033 Uiso 1 1 calc R . . 


C63 C 0.5831(5) 0.4028(5) 0.9478(3) 0.0346(12) Uani 1 1 d . . . 


H63 H 0.5819 0.4288 1.0013 0.042 Uiso 1 1 calc R . . 


C64 C 0.4800(5) 0.3112(5) 0.9095(3) 0.0355(13) Uani 1 1 d . . . 


H64 H 0.4073 0.2753 0.9362 0.043 Uiso 1 1 calc R . . 


C65 C 0.4829(5) 0.2718(5) 0.8322(3) 0.0343(12) Uani 1 1 d . . . 


H65 H 0.4127 0.2076 0.8059 0.041 Uiso 1 1 calc R . . 


C66 C 0.5883(4) 0.3258(4) 0.7924(3) 0.0267(10) Uani 1 1 d . . . 


H66 H 0.5899 0.2985 0.7392 0.032 Uiso 1 1 calc R . . 


 


loop_ 


  _atom_site_aniso_label 


  _atom_site_aniso_U_11 


  _atom_site_aniso_U_22 


  _atom_site_aniso_U_33 


  _atom_site_aniso_U_23 


  _atom_site_aniso_U_13 


  _atom_site_aniso_U_12 


Pd2 0.01439(16) 0.01737(17) 0.01452(16) 0.00225(12) 0.00084(12) 0.00567(13) 
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P2 0.0146(5) 0.0203(6) 0.0175(5) 0.0024(4) 0.0022(4) 0.0068(4) 


Cl2 0.0211(6) 0.0291(6) 0.0239(5) 0.0026(4) -0.0059(4) 0.0064(5) 


O1 0.0268(18) 0.0239(17) 0.0208(16) 0.0019(13) 0.0012(13) 0.0135(14) 


C1 0.023(2) 0.019(2) 0.026(2) 0.0060(18) 0.0081(19) 0.0053(19) 


F1 0.137(4) 0.052(2) 0.0333(18) 0.0140(16) 0.038(2) 0.061(2) 


Pd1 0.01406(16) 0.01838(17) 0.01515(16) 0.00315(12) 0.00157(12) 0.00608(13) 


P1 0.0141(5) 0.0233(6) 0.0191(5) 0.0052(4) 0.0032(4) 0.0068(5) 


Cl1 0.0256(6) 0.0335(6) 0.0259(6) 0.0063(5) -0.0027(5) 0.0154(5) 


O2 0.0318(18) 0.0224(17) 0.0187(15) 0.0020(13) 0.0029(13) 0.0131(14) 


F2 0.081(3) 0.049(2) 0.046(2) -0.0016(16) -0.0001(18) 0.048(2) 


C2 0.049(3) 0.032(3) 0.027(3) 0.007(2) 0.007(2) 0.024(3) 


O4 0.0218(17) 0.0225(17) 0.0209(16) 0.0041(13) -0.0005(13) 0.0051(13) 


C3 0.024(2) 0.022(2) 0.021(2) 0.0055(18) 0.0059(18) 0.0102(19) 


F3 0.060(3) 0.033(2) 0.084(3) -0.0200(18) -0.008(2) 0.0116(18) 


Cl3 0.0742(13) 0.0545(11) 0.0809(13) 0.0012(9) 0.0024(10) 0.0274(10) 


O3 0.0224(17) 0.0278(18) 0.0176(15) 0.0031(13) 0.0002(13) 0.0050(14) 


C4 0.034(3) 0.026(3) 0.025(2) 0.007(2) 0.001(2) 0.003(2) 


F4 0.059(3) 0.116(4) 0.312(9) 0.165(6) -0.024(4) -0.007(3) 


Cl4 0.1007(19) 0.0549(12) 0.135(2) -0.0114(13) 0.0236(16) 0.0266(12) 


C5 0.071(5) 0.057(4) 0.046(4) 0.002(3) -0.010(4) 0.004(4) 


F5 0.191(6) 0.065(3) 0.059(3) 0.031(2) -0.038(3) -0.071(3) 


Cl5 0.0550(12) 0.0566(12) 0.1164(18) 0.0099(11) 0.0091(11) 0.0138(9) 


C6 0.039(4) 0.050(4) 0.094(6) 0.016(4) -0.006(4) 0.012(3) 


Cl6 0.0548(12) 0.0890(15) 0.0884(15) 0.0389(12) 0.0023(10) 0.0103(10) 


F6 0.211(7) 0.046(3) 0.181(6) 0.020(3) 0.165(6) 0.000(3) 


C11 0.016(2) 0.024(2) 0.020(2) 0.0076(18) 0.0029(17) 0.0089(18) 


C12 0.017(2) 0.026(2) 0.017(2) 0.0044(17) 0.0061(17) 0.0088(18) 


C13 0.026(3) 0.029(3) 0.022(2) 0.0070(19) -0.0012(19) 0.012(2) 


C14 0.031(3) 0.036(3) 0.028(3) 0.015(2) 0.003(2) 0.013(2) 
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C15 0.030(3) 0.032(3) 0.039(3) 0.021(2) 0.007(2) 0.008(2) 


C16 0.025(3) 0.030(3) 0.032(3) 0.012(2) 0.003(2) 0.006(2) 


C21 0.015(2) 0.033(3) 0.021(2) 0.0042(19) 0.0044(17) 0.0114(19) 


C22 0.023(3) 0.038(3) 0.026(2) 0.004(2) 0.002(2) 0.012(2) 


C23 0.033(3) 0.046(3) 0.037(3) -0.001(2) 0.001(2) 0.025(3) 


C24 0.035(3) 0.064(4) 0.033(3) -0.004(3) 0.008(2) 0.031(3) 


C25 0.029(3) 0.068(4) 0.023(3) 0.004(3) 0.004(2) 0.023(3) 


C26 0.024(3) 0.040(3) 0.022(2) 0.003(2) 0.0013(19) 0.012(2) 


C31 0.014(2) 0.029(3) 0.021(2) 0.0046(19) 0.0034(17) 0.0039(19) 


C32 0.022(2) 0.042(3) 0.027(2) 0.006(2) 0.001(2) 0.010(2) 


C33 0.025(3) 0.049(4) 0.030(3) 0.012(2) -0.002(2) 0.002(2) 


C34 0.031(3) 0.039(3) 0.033(3) 0.006(2) -0.005(2) -0.009(2) 


C35 0.044(3) 0.022(3) 0.041(3) 0.000(2) -0.001(3) -0.001(2) 


C36 0.024(3) 0.029(3) 0.032(3) 0.005(2) 0.003(2) 0.006(2) 


C41 0.014(2) 0.020(2) 0.019(2) 0.0036(17) 0.0018(17) 0.0017(17) 


C42 0.016(2) 0.021(2) 0.015(2) 0.0025(16) 0.0057(16) 0.0052(17) 


C43 0.022(2) 0.029(3) 0.021(2) 0.0040(19) 0.0017(19) 0.008(2) 


C44 0.029(3) 0.033(3) 0.018(2) -0.0017(19) -0.0028(19) 0.006(2) 


C45 0.032(3) 0.026(3) 0.022(2) -0.0037(19) 0.000(2) 0.009(2) 


C46 0.026(3) 0.026(3) 0.026(2) -0.0009(19) 0.003(2) 0.012(2) 


C51 0.021(2) 0.026(2) 0.017(2) 0.0023(18) 0.0026(17) 0.0120(19) 


C52 0.024(2) 0.025(2) 0.033(3) 0.005(2) 0.002(2) 0.010(2) 


C53 0.042(3) 0.028(3) 0.043(3) 0.011(2) 0.001(3) 0.014(2) 


C54 0.045(3) 0.039(3) 0.037(3) 0.010(2) 0.000(2) 0.026(3) 


C55 0.028(3) 0.048(3) 0.030(3) 0.010(2) -0.001(2) 0.022(2) 


C56 0.022(2) 0.032(3) 0.027(2) 0.006(2) 0.0038(19) 0.012(2) 


C61 0.014(2) 0.026(2) 0.028(2) 0.0092(19) 0.0040(18) 0.0096(18) 


C62 0.025(2) 0.038(3) 0.021(2) 0.007(2) 0.0020(19) 0.012(2) 


C63 0.028(3) 0.057(4) 0.024(2) 0.012(2) 0.008(2) 0.019(3) 
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C64 0.020(3) 0.057(4) 0.038(3) 0.025(3) 0.014(2) 0.018(2) 


C65 0.018(2) 0.042(3) 0.038(3) 0.013(2) 0.002(2) 0.004(2) 


C66 0.020(2) 0.027(3) 0.029(2) 0.005(2) 0.0039(19) 0.003(2) 


 


_geom_special_details 


; 


  All esds (except the esd in the dihedral angle between two l.s. planes) 


  are estimated using the full covariance matrix.  The cell esds are taken 


  into account individually in the estimation of esds in distances, angles 


  and torsion angles; correlations between esds in cell parameters are only 


  used when they are defined by crystal symmetry.  An approximate (isotropic) 


  treatment of cell esds is used for estimating esds involving l.s. planes. 


; 


 


loop_ 


  _geom_bond_atom_site_label_1 


  _geom_bond_atom_site_label_2 


  _geom_bond_distance 


  _geom_bond_site_symmetry_2 


  _geom_bond_publ_flag 


Pd2 C12 2.024(4) . ? 


Pd2 O2 2.133(3) . ? 


Pd2 O4 2.189(3) . ? 


Pd2 P2 2.2529(11) . ? 


Pd2 Cl2 2.4175(11) . ? 


Pd2 Pd1 2.5434(5) . ? 


P2 C41 1.796(4) . ? 


P2 C51 1.805(4) . ? 


P2 C61 1.819(4) . ? 
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O1 C1 1.242(5) . ? 


O1 Pd1 2.175(3) . ? 


C1 O2 1.255(5) . ? 


C1 C2 1.541(7) . ?  


F1 C2 1.311(6) . ? 


Pd1 C42 2.021(4) . ? 


Pd1 O3 2.141(3) . ? 


Pd1 P1 2.2511(12) . ? 


Pd1 Cl1 2.4141(11) . ? 


P1 C11 1.798(4) . ? 


P1 C31 1.812(5) . ? 


P1 C21 1.817(4) . ? 


F2 C2 1.310(6) . ? 


C2 F3 1.329(7) . ? 


O4 C3 1.242(5) . ? 


C3 O3 1.253(5) . ? 


C3 C4 1.536(6) . ? 


Cl3 C5 1.740(7) . ? 


C4 F5 1.241(6) . ? 


C4 F6 1.250(7) . ? 


C4 F4 1.261(7) . ? 


Cl4 C5 1.751(8) . ? 


Cl5 C6 1.757(8) . ? 


C6 Cl6 1.761(7) . ? 


C11 C12 1.396(6) . ? 


C11 C16 1.406(6) . ? 


C12 C13 1.382(6) . ? 


C13 C14 1.390(7) . ? 


C14 C15 1.378(7) . ? 
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C15 C16 1.385(7) . ? 


C21 C26 1.389(6) . ? 


C21 C22 1.407(6) . ? 


C22 C23 1.384(7) . ? 


C23 C24 1.381(8) . ? 


C24 C25 1.377(8) . ? 


C25 C26 1.386(7) . ? 


C31 C36 1.389(7) . ? 


C31 C32 1.396(6) . ? 


C32 C33 1.392(7) . ? 


C33 C34 1.367(8) . ? 


C34 C35 1.382(8) . ? 


C35 C36 1.393(7) . ? 


C41 C42 1.399(6) . ? 


C41 C46 1.401(6) . ? 


C42 C43 1.397(6) . ? 


C43 C44 1.379(6) . ? 


C44 C45 1.382(7) . ? 


C45 C46 1.384(7) . ? 


C51 C52 1.395(6) . ? 


C51 C56 1.396(6) . ? 


C52 C53 1.385(7) . ? 


C53 C54 1.388(7) . ? 


C54 C55 1.368(8) . ? 


C55 C56 1.390(6) . ? 


C61 C62 1.388(6) . ? 


C61 C66 1.394(6) . ? 


C62 C63 1.388(7) . ? 


C63 C64 1.379(8) . ? 
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C64 C65 1.383(7) . ? 


C65 C66 1.394(7) . ? 


 


loop_ 


  _geom_angle_atom_site_label_1 


  _geom_angle_atom_site_label_2 


  _geom_angle_atom_site_label_3 


  _geom_angle 


  _geom_angle_site_symmetry_1 


  _geom_angle_site_symmetry_3 


  _geom_angle_publ_flag 


C12 Pd2 O2 92.35(15) . . ? 


C12 Pd2 O4 176.51(15) . . ? 


O2 Pd2 O4 84.49(12) . . ? 


C12 Pd2 P2 85.63(12) . . ? 


O2 Pd2 P2 174.60(9) . . ? 


O4 Pd2 P2 97.39(9) . . ? 


C12 Pd2 Cl2 96.23(13) . . ? 


O2 Pd2 Cl2 89.96(9) . . ? 


O4 Pd2 Cl2 85.27(8) . . ? 


P2 Pd2 Cl2 95.22(4) . . ? 


C12 Pd2 Pd1 95.98(12) . . ? 


O2 Pd2 Pd1 86.60(8) . . ? 


O4 Pd2 Pd1 82.39(8) . . ? 


P2 Pd2 Pd1 88.63(3) . . ? 


Cl2 Pd2 Pd1 167.44(3) . . ? 


C41 P2 C51 107.6(2) . . ? 


C41 P2 C61 105.9(2) . . ? 


C51 P2 C61 106.1(2) . . ? 
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C41 P2 Pd2 109.81(15) . . ? 


C51 P2 Pd2 114.96(14) . . ? 


C61 P2 Pd2 112.02(15) . . ? 


C1 O1 Pd1 118.5(3) . . ? 


O1 C1 O2 129.3(4) . . ? 


O1 C1 C2 116.8(4) . . ? 


O2 C1 C2 113.8(4) . . ? 


C42 Pd1 O3 94.04(14) . . ? 


C42 Pd1 O1 176.72(15) . . ? 


O3 Pd1 O1 82.99(12) . . ? 


C42 Pd1 P1 85.57(12) . . ? 


O3 Pd1 P1 175.72(9) . . ? 


O1 Pd1 P1 97.30(9) . . ? 


C42 Pd1 Cl1 95.94(12) . . ? 


O3 Pd1 Cl1 89.25(9) . . ? 


O1 Pd1 Cl1 85.43(8) . . ? 


P1 Pd1 Cl1 95.03(4) . . ? 


C42 Pd1 Pd2 95.92(12) . . ? 


O3 Pd1 Pd2 87.41(8) . . ? 


O1 Pd1 Pd2 82.59(8) . . ? 


P1 Pd1 Pd2 88.39(3) . . ? 


Cl1 Pd1 Pd2 167.87(3) . . ? 


C11 P1 C31 108.9(2) . . ? 


C11 P1 C21 105.0(2) . . ? 


C31 P1 C21 107.2(2) . . ? 


C11 P1 Pd1 109.65(15) . . ? 


C31 P1 Pd1 114.82(15) . . ? 


C21 P1 Pd1 110.78(16) . . ? 


C1 O2 Pd2 115.0(3) . . ? 
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F2 C2 F1 108.0(4) . . ? 


F2 C2 F3 106.7(4) . . ? 


F1 C2 F3 108.6(5) . . ? 


F2 C2 C1 113.1(4) . . ? 


F1 C2 C1 110.8(4) . . ? 


F3 C2 C1 109.5(4) . . ? 


C3 O4 Pd2 119.1(3) . . ? 


O4 C3 O3 129.7(4) . . ? 


O4 C3 C4 116.1(4) . . ? 


O3 C3 C4 114.2(4) . . ? 


C3 O3 Pd1 114.5(3) . . ? 


F5 C4 F6 106.4(6) . . ? 


F5 C4 F4 106.2(6) . . ? 


F6 C4 F4 102.5(6) . . ? 


F5 C4 C3 114.9(4) . . ? 


F6 C4 C3 112.7(4) . . ? 


F4 C4 C3 113.1(5) . . ? 


Cl3 C5 Cl4 110.5(4) . . ? 


Cl5 C6 Cl6 112.8(4) . . ? 


C12 C11 C16 120.3(4) . . ? 


C12 C11 P1 118.3(3) . . ? 


C16 C11 P1 120.1(3) . . ? 


C13 C12 C11 118.9(4) . . ? 


C13 C12 Pd2 119.0(3) . . ? 


C11 C12 Pd2 122.2(3) . . ? 


C12 C13 C14 120.5(5) . . ? 


C15 C14 C13 121.0(4) . . ? 


C14 C15 C16 119.4(5) . . ? 


C15 C16 C11 119.9(5) . . ? 
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C26 C21 C22 119.1(4) . . ? 


C26 C21 P1 120.4(4) . . ? 


C22 C21 P1 120.5(3) . . ? 


C23 C22 C21 119.6(5) . . ? 


C24 C23 C22 120.6(5) . . ? 


C25 C24 C23 120.0(5) . . ? 


C24 C25 C26 120.3(5) . . ? 


C25 C26 C21 120.3(5) . . ? 


C36 C31 C32 119.6(4) . . ? 


C36 C31 P1 120.2(4) . . ? 


C32 C31 P1 120.2(4) . . ? 


C33 C32 C31 119.7(5) . . ? 


C34 C33 C32 120.2(5) . . ? 


C33 C34 C35 120.9(5) . . ? 


C34 C35 C36 119.6(5) . . ? 


C31 C36 C35 120.1(5) . . ? 


C42 C41 C46 119.9(4) . . ? 


C42 C41 P2 118.9(3) . . ? 


C46 C41 P2 120.7(3) . . ? 


C43 C42 C41 118.8(4) . . ? 


C43 C42 Pd1 118.9(3) . . ? 


C41 C42 Pd1 122.3(3) . . ? 


C44 C43 C42 120.4(4) . . ? 


C43 C44 C45 121.1(4) . . ? 


C44 C45 C46 119.2(4) . . ? 


C45 C46 C41 120.5(4) . . ? 


C52 C51 C56 119.7(4) . . ? 


C52 C51 P2 120.2(3) . . ? 


C56 C51 P2 120.0(4) . . ? 
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C53 C52 C51 119.6(5) . . ? 


C52 C53 C54 120.4(5) . . ? 


C55 C54 C53 120.2(5) . . ? 


C54 C55 C56 120.4(5) . . ? 


C55 C56 C51 119.7(5) . . ? 


C62 C61 C66 119.4(4) . . ? 


C62 C61 P2 119.5(4) . . ? 


C66 C61 P2 121.0(3) . . ? 


C61 C62 C63 120.1(5) . . ? 


C64 C63 C62 120.6(5) . . ? 


C63 C64 C65 119.6(5) . . ? 


C64 C65 C66 120.4(5) . . ? 


C61 C66 C65 119.8(5) . . ? 


 


loop_ 


  _geom_torsion_atom_site_label_1 


  _geom_torsion_atom_site_label_2 


  _geom_torsion_atom_site_label_3 


  _geom_torsion_atom_site_label_4 


  _geom_torsion 


  _geom_torsion_site_symmetry_1 


  _geom_torsion_site_symmetry_2 


  _geom_torsion_site_symmetry_3 


  _geom_torsion_site_symmetry_4 


  _geom_torsion_publ_flag 


C12 Pd2 P2 C41 -76.7(2) . . . . ? 


O2 Pd2 P2 C41 -8.5(9) . . . . ? 


O4 Pd2 P2 C41 101.58(17) . . . . ? 


Cl2 Pd2 P2 C41 -172.53(15) . . . . ? 
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Pd1 Pd2 P2 C41 19.44(15) . . . . ? 


C12 Pd2 P2 C51 44.8(2) . . . . ? 


O2 Pd2 P2 C51 113.0(9) . . . . ? 


O4 Pd2 P2 C51 -136.97(19) . . . . ? 


Cl2 Pd2 P2 C51 -51.08(17) . . . . ? 


Pd1 Pd2 P2 C51 140.89(17) . . . . ? 


C12 Pd2 P2 C61 166.0(2) . . . . ? 


O2 Pd2 P2 C61 -125.8(9) . . . . ? 


O4 Pd2 P2 C61 -15.74(17) . . . . ? 


Cl2 Pd2 P2 C61 70.15(16) . . . . ? 


Pd1 Pd2 P2 C61 -97.88(15) . . . . ? 


Pd1 O1 C1 O2 -7.4(7) . . . . ? 


Pd1 O1 C1 C2 176.0(3) . . . . ? 


C1 O1 Pd1 C42 85(3) . . . . ? 


C1 O1 Pd1 O3 109.9(3) . . . . ? 


C1 O1 Pd1 P1 -65.8(3) . . . . ? 


C1 O1 Pd1 Cl1 -160.3(3) . . . . ? 


C1 O1 Pd1 Pd2 21.6(3) . . . . ? 


C12 Pd2 Pd1 C42 71.42(17) . . . . ? 


O2 Pd2 Pd1 C42 163.43(14) . . . . ? 


O4 Pd2 Pd1 C42 -111.68(14) . . . . ? 


P2 Pd2 Pd1 C42 -14.04(12) . . . . ? 


Cl2 Pd2 Pd1 C42 -122.19(19) . . . . ? 


C12 Pd2 Pd1 O3 165.21(14) . . . . ? 


O2 Pd2 Pd1 O3 -102.78(12) . . . . ? 


O4 Pd2 Pd1 O3 -17.89(12) . . . . ? 


P2 Pd2 Pd1 O3 79.75(9) . . . . ? 


Cl2 Pd2 Pd1 O3 -28.40(17) . . . . ? 


C12 Pd2 Pd1 O1 -111.53(15) . . . . ? 
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O2 Pd2 Pd1 O1 -19.52(12) . . . . ? 


O4 Pd2 Pd1 O1 65.37(12) . . . . ? 


P2 Pd2 Pd1 O1 163.01(9) . . . . ? 


Cl2 Pd2 Pd1 O1 54.86(17) . . . . ? 


C12 Pd2 Pd1 P1 -13.96(12) . . . . ? 


O2 Pd2 Pd1 P1 78.06(9) . . . . ? 


O4 Pd2 Pd1 P1 162.94(9) . . . . ? 


P2 Pd2 Pd1 P1 -99.41(4) . . . . ? 


Cl2 Pd2 Pd1 P1 152.43(15) . . . . ? 


C12 Pd2 Pd1 Cl1 -120.6(2) . . . . ? 


O2 Pd2 Pd1 Cl1 -28.62(18) . . . . ? 


O4 Pd2 Pd1 Cl1 56.26(18) . . . . ? 


P2 Pd2 Pd1 Cl1 153.91(16) . . . . ? 


Cl2 Pd2 Pd1 Cl1 45.8(2) . . . . ? 


C42 Pd1 P1 C11 -74.9(2) . . . . ? 


O3 Pd1 P1 C11 9.9(12) . . . . ? 


O1 Pd1 P1 C11 103.48(18) . . . . ? 


Cl1 Pd1 P1 C11 -170.50(16) . . . . ? 


Pd2 Pd1 P1 C11 21.15(16) . . . . ? 


C42 Pd1 P1 C31 48.0(2) . . . . ? 


O3 Pd1 P1 C31 132.9(12) . . . . ? 


O1 Pd1 P1 C31 -133.57(19) . . . . ? 


Cl1 Pd1 P1 C31 -47.55(17) . . . . ? 


Pd2 Pd1 P1 C31 144.11(17) . . . . ? 


C42 Pd1 P1 C21 169.6(2) . . . . ? 


O3 Pd1 P1 C21 -105.5(12) . . . . ? 


O1 Pd1 P1 C21 -11.98(17) . . . . ? 


Cl1 Pd1 P1 C21 74.04(16) . . . . ? 


Pd2 Pd1 P1 C21 -94.30(15) . . . . ? 
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O1 C1 O2 Pd2 -17.0(6) . . . . ? 


C2 C1 O2 Pd2 159.6(3) . . . . ? 


C12 Pd2 O2 C1 121.6(3) . . . . ? 


O4 Pd2 O2 C1 -56.9(3) . . . . ? 


P2 Pd2 O2 C1 53.8(11) . . . . ? 


Cl2 Pd2 O2 C1 -142.1(3) . . . . ? 


Pd1 Pd2 O2 C1 25.8(3) . . . . ? 


O1 C1 C2 F2 -12.9(7) . . . . ? 


O2 C1 C2 F2 170.0(4) . . . . ? 


O1 C1 C2 F1 -134.4(5) . . . . ? 


O2 C1 C2 F1 48.6(6) . . . . ? 


O1 C1 C2 F3 105.9(5) . . . . ? 


O2 C1 C2 F3 -71.2(5) . . . . ? 


C12 Pd2 O4 C3 81(2) . . . . ? 


O2 Pd2 O4 C3 105.9(3) . . . . ? 


P2 Pd2 O4 C3 -69.0(3) . . . . ? 


Cl2 Pd2 O4 C3 -163.7(3) . . . . ? 


Pd1 Pd2 O4 C3 18.6(3) . . . . ? 


Pd2 O4 C3 O3 -3.8(7) . . . . ? 


Pd2 O4 C3 C4 176.7(3) . . . . ? 


O4 C3 O3 Pd1 -18.5(6) . . . . ? 


C4 C3 O3 Pd1 161.0(3) . . . . ? 


C42 Pd1 O3 C3 120.6(3) . . . . ? 


O1 Pd1 O3 C3 -58.0(3) . . . . ? 


P1 Pd1 O3 C3 36.1(14) . . . . ? 


Cl1 Pd1 O3 C3 -143.5(3) . . . . ? 


Pd2 Pd1 O3 C3 24.9(3) . . . . ? 


O4 C3 C4 F5 17.3(8) . . . . ? 


O3 C3 C4 F5 -162.3(6) . . . . ? 
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O4 C3 C4 F6 -104.8(7) . . . . ? 


O3 C3 C4 F6 75.7(7) . . . . ? 


O4 C3 C4 F4 139.5(6) . . . . ? 


O3 C3 C4 F4 -40.1(7) . . . . ? 


C31 P1 C11 C12 -151.5(3) . . . . ? 


C21 P1 C11 C12 94.0(4) . . . . ? 


Pd1 P1 C11 C12 -25.1(4) . . . . ? 


C31 P1 C11 C16 41.1(4) . . . . ? 


C21 P1 C11 C16 -73.5(4) . . . . ? 


Pd1 P1 C11 C16 167.5(3) . . . . ? 


C16 C11 C12 C13 2.0(7) . . . . ? 


P1 C11 C12 C13 -165.4(3) . . . . ? 


C16 C11 C12 Pd2 -179.8(3) . . . . ? 


P1 C11 C12 Pd2 12.7(5) . . . . ? 


O2 Pd2 C12 C13 95.4(4) . . . . ? 


O4 Pd2 C12 C13 120(2) . . . . ? 


P2 Pd2 C12 C13 -89.6(4) . . . . ? 


Cl2 Pd2 C12 C13 5.2(4) . . . . ? 


Pd1 Pd2 C12 C13 -177.8(3) . . . . ? 


O2 Pd2 C12 C11 -82.7(4) . . . . ? 


O4 Pd2 C12 C11 -58(3) . . . . ? 


P2 Pd2 C12 C11 92.3(4) . . . . ? 


Cl2 Pd2 C12 C11 -172.9(3) . . . . ? 


Pd1 Pd2 C12 C11 4.1(4) . . . . ? 


C11 C12 C13 C14 -0.5(7) . . . . ? 


Pd2 C12 C13 C14 -178.6(4) . . . . ? 


C12 C13 C14 C15 -1.3(8) . . . . ? 


C13 C14 C15 C16 1.5(8) . . . . ? 


C14 C15 C16 C11 0.1(8) . . . . ? 
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C12 C11 C16 C15 -1.9(7) . . . . ? 


P1 C11 C16 C15 165.3(4) . . . . ? 


C11 P1 C21 C26 17.0(4) . . . . ? 


C31 P1 C21 C26 -98.8(4) . . . . ? 


Pd1 P1 C21 C26 135.3(4) . . . . ? 


C11 P1 C21 C22 -164.5(4) . . . . ? 


C31 P1 C21 C22 79.8(4) . . . . ? 


Pd1 P1 C21 C22 -46.1(4) . . . . ? 


C26 C21 C22 C23 1.3(7) . . . . ? 


P1 C21 C22 C23 -177.3(4) . . . . ? 


C21 C22 C23 C24 -0.2(8) . . . . ? 


C22 C23 C24 C25 -0.8(9) . . . . ? 


C23 C24 C25 C26 0.7(9) . . . . ? 


C24 C25 C26 C21 0.4(8) . . . . ? 


C22 C21 C26 C25 -1.4(7) . . . . ? 


P1 C21 C26 C25 177.2(4) . . . . ? 


C11 P1 C31 C36 29.9(4) . . . . ? 


C21 P1 C31 C36 143.0(4) . . . . ? 


Pd1 P1 C31 C36 -93.5(4) . . . . ? 


C11 P1 C31 C32 -152.6(4) . . . . ? 


C21 P1 C31 C32 -39.5(4) . . . . ? 


Pd1 P1 C31 C32 84.0(4) . . . . ? 


C36 C31 C32 C33 -0.1(7) . . . . ? 


P1 C31 C32 C33 -177.6(4) . . . . ? 


C31 C32 C33 C34 0.9(8) . . . . ? 


C32 C33 C34 C35 -1.5(8) . . . . ? 


C33 C34 C35 C36 1.1(8) . . . . ? 


C32 C31 C36 C35 -0.3(7) . . . . ? 


P1 C31 C36 C35 177.2(4) . . . . ? 
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C34 C35 C36 C31 -0.2(8) . . . . ? 


C51 P2 C41 C42 -146.9(3) . . . . ? 


C61 P2 C41 C42 100.0(4) . . . . ? 


Pd2 P2 C41 C42 -21.1(4) . . . . ? 


C51 P2 C41 C46 41.1(4) . . . . ? 


C61 P2 C41 C46 -72.0(4) . . . . ? 


Pd2 P2 C41 C46 166.9(3) . . . . ? 


C46 C41 C42 C43 1.7(6) . . . . ? 


P2 C41 C42 C43 -170.3(3) . . . . ? 


C46 C41 C42 Pd1 -179.7(3) . . . . ? 


P2 C41 C42 Pd1 8.2(5) . . . . ? 


O3 Pd1 C42 C43 97.5(3) . . . . ? 


O1 Pd1 C42 C43 122(2) . . . . ? 


P1 Pd1 C42 C43 -86.8(3) . . . . ? 


Cl1 Pd1 C42 C43 7.8(3) . . . . ? 


Pd2 Pd1 C42 C43 -174.7(3) . . . . ? 


O3 Pd1 C42 C41 -81.1(4) . . . . ? 


O1 Pd1 C42 C41 -56(3) . . . . ? 


P1 Pd1 C42 C41 94.7(3) . . . . ? 


Cl1 Pd1 C42 C41 -170.7(3) . . . . ? 


Pd2 Pd1 C42 C41 6.8(4) . . . . ? 


C41 C42 C43 C44 0.0(7) . . . . ? 


Pd1 C42 C43 C44 -178.7(3) . . . . ? 


C42 C43 C44 C45 -1.2(7) . . . . ? 


C43 C44 C45 C46 0.7(7) . . . . ? 


C44 C45 C46 C41 1.1(7) . . . . ? 


C42 C41 C46 C45 -2.3(7) . . . . ? 


P2 C41 C46 C45 169.7(4) . . . . ? 


C41 P2 C51 C52 30.1(4) . . . . ? 
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C61 P2 C51 C52 143.1(4) . . . . ? 


Pd2 P2 C51 C52 -92.5(4) . . . . ? 


C41 P2 C51 C56 -153.1(4) . . . . ? 


C61 P2 C51 C56 -40.1(4) . . . . ? 


Pd2 P2 C51 C56 84.3(4) . . . . ? 


C56 C51 C52 C53 1.3(7) . . . . ? 


P2 C51 C52 C53 178.1(4) . . . . ? 


C51 C52 C53 C54 -0.7(8) . . . . ? 


C52 C53 C54 C55 0.0(8) . . . . ? 


C53 C54 C55 C56 0.0(8) . . . . ? 


C54 C55 C56 C51 0.6(7) . . . . ? 


C52 C51 C56 C55 -1.2(7) . . . . ? 


P2 C51 C56 C55 -178.0(4) . . . . ? 


C41 P2 C61 C62 22.6(4) . . . . ? 


C51 P2 C61 C62 -91.6(4) . . . . ? 


Pd2 P2 C61 C62 142.2(3) . . . . ? 


C41 P2 C61 C66 -160.9(4) . . . . ? 


C51 P2 C61 C66 85.0(4) . . . . ? 


Pd2 P2 C61 C66 -41.2(4) . . . . ? 


C66 C61 C62 C63 -1.1(7) . . . . ? 


P2 C61 C62 C63 175.5(4) . . . . ? 


C61 C62 C63 C64 -0.2(8) . . . . ? 


C62 C63 C64 C65 1.4(8) . . . . ? 


C63 C64 C65 C66 -1.3(8) . . . . ? 


C62 C61 C66 C65 1.1(7) . . . . ? 


P2 C61 C66 C65 -175.4(4) . . . . ? 


C64 C65 C66 C61 0.1(8) . . . . ? 


 


_diffrn_measured_fraction_theta_max    0.868 
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_diffrn_reflns_theta_full              29.06 


_diffrn_measured_fraction_theta_full   0.868 


_refine_diff_density_max    1.542 


_refine_diff_density_min   -1.161 


_refine_diff_density_rms    0.120 


Synthesis of 2d: A suspension of 1a (50 mg, 0.042 mmol) in diethyl ether (6 mL) was cooled to - 10 ºC. A slight excess of 
bromine (5 µL, 0.097 mmol) in ether (1 mL) was added dropwise while the mixture was stirred. The colour changed from yellow 
to dark red. The reaction mixture was stirred for 15 min at about - 5 ºC. The pale red solution was decanted off and the red 
precipitate was washed with diethyl ether (3 × 3 mL) and then dried under vacuum to give the product in high yield (59 mg, 
98 %). Single crystals suitable for X-ray diffraction were obtained by diffusion of diethyl ether into a dichloromethane solution of 
the compound at -15 ºC.  
 
31P{1H} NMR (CDCl3, 20 °C): -15.0 (s). 1H NMR (CDCl3, 20 °C): 8.41-8.35 (m, 4H), 8.08-8.04 (m, 2H), 7.05-7.55 (m, 16H), 
7.00-6.95 (m, 2H), 6.89-6.84 (m, 2H), 6.81-6.74 (m, 2H), 1.23 (s, 6H). 
 


 X-Ray Crystal Structure Data for compound 2d: C40H34Br2O4P2Pd2, orthorhombic, space group  P-421/c, a=22.565(3)Å, 
b=22.565(3)Å, c=17.279(4)Å,  a=β=?=90°, V=8798(3)Å3, Z=8; MoKα radiation, 293(2)K; 16930 reflections, 9894 independent; 
(µ = 2.742mm-1); refinement (on F2) with SHELXTL (version 6.1), 453 parameters, 0 restraints, R1=0.0608 (I>2σ) and wR2 (all 
data)=0.1791, GOF=1.049, max/min residual electron density: 1.658/-1.531 e Å-3. 


 


_audit_creation_method            SHELXL-97 


  'C40 H34 Br2 O4 P2 Pd2' 


_chemical_formula_weight          1013.23 


 


loop_ 


  _atom_type_symbol 


  _atom_type_description 


  _atom_type_scat_dispersion_real 


  _atom_type_scat_dispersion_imag 


  _atom_type_scat_source 


  'C'  'C'   0.0033   0.0016 


  'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4' 


  'H'  'H'   0.0000   0.0000 


  'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4' 


  'O'  'O'   0.0106   0.0060 
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  'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4' 


  'P'  'P'   0.1023   0.0942 


  'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4' 


  'Br'  'Br'  -0.2901   2.4595 


  'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4' 


  'Pd'  'Pd'  -0.9988   1.0072 


  'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4' 


 


_symmetry_cell_setting            tetragonal 


_symmetry_space_group_name_H-M    P-421c 


 


loop_ 


  _symmetry_equiv_pos_as_xyz 


  'x, y, z' 


  '-x, -y, z' 


  'y, -x, -z' 


  '-y, x, -z' 


  '-x+1/2, y+1/2, -z+1/2' 


  'x+1/2, -y+1/2, -z+1/2' 


  '-y+1/2, -x+1/2, z+1/2' 


  'y+1/2, x+1/2, z+1/2' 


 


_cell_length_a                    22.565(3) 


_cell_length_b                    22.565(3) 


_cell_length_c                    17.279(4) 


_cell_angle_alpha                 90.00 


_cell_angle_beta                  90.00 


_cell_angle_gamma                 90.00 


_cell_volume                      8798(3) 
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_cell_formula_units_Z             8 


_cell_measurement_temperature     293(2) 


_cell_measurement_reflns_used     ? 


_cell_measurement_theta_min       ? 


_cell_measurement_theta_max       ? 


 


_exptl_crystal_description        prismatic 


_exptl_crystal_colour             red 


_exptl_crystal_size_max           0.22 


_exptl_crystal_size_mid           0.20 


_exptl_crystal_size_min           0.17 


_exptl_crystal_density_meas       ? 


_exptl_crystal_density_diffrn     1.530 


_exptl_crystal_density_method     'not measured' 


_exptl_crystal_F_000              3984 


_exptl_absorpt_coefficient_mu     2.742 


_exptl_absorpt_correction_type    none 


_exptl_absorpt_correction_T_min   ? 


_exptl_absorpt_correction_T_max   ? 


_exptl_absorpt_process_details    ? 


 


_exptl_special_details 


; 


  ? 


; 


 


_diffrn_ambient_temperature       293(2) 


_diffrn_radiation_wavelength      0.71073 


_diffrn_radiation_type            MoK\a 
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_diffrn_radiation_source          'fine-focus sealed tube' 


_diffrn_radiation_monochromator   graphite 


_diffrn_measurement_device_type   ? 


_diffrn_measurement_method        ? 


_diffrn_detector_area_resol_mean  ? 


_diffrn_standards_number          ? 


_diffrn_standards_interval_count  ? 


_diffrn_standards_interval_time   ? 


_diffrn_standards_decay_%         ? 


_diffrn_reflns_number             16930 


_diffrn_reflns_av_R_equivalents   0.0739 


_diffrn_reflns_av_sigmaI/netI     0.0788 


_diffrn_reflns_limit_h_min        -29 


_diffrn_reflns_limit_h_max        29 


_diffrn_reflns_limit_k_min        -20 


_diffrn_reflns_limit_k_max        20 


_diffrn_reflns_limit_l_min        -15 


_diffrn_reflns_limit_l_max        21 


_diffrn_reflns_theta_min          1.28 


_diffrn_reflns_theta_max          27.48 


_reflns_number_total              9894 


_reflns_number_gt                 7702 


_reflns_threshold_expression      >2sigma(I) 


 


_computing_data_collection        'Collect(Nonius BV, 1997-2000)' 


_computing_cell_refinement        'Denzo and Scalepack(Otwinowski & Minor1997)' 


_computing_data_reduction         'Denzo and Scalepack(Otwinowski & Minor1997)' 


_computing_structure_solution     'Bruker SHELXTL' 


_computing_structure_refinement   'Bruker SHELXTL' 
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_computing_molecular_graphics     'Bruker SHELXTL' 


_computing_publication_material   'Bruker SHELXTL' 


 


 


_refine_special_details 


; 


  Refinement of F^2^ against ALL reflections.  The weighted R-factor wR and 


  goodness of fit S are based on F^2^, conventional R-factors R are based 


  on F, with F set to zero for negative F^2^. The threshold expression of 


  F^2^ > 2sigma(F^2^) is used only for calculating R-factors(gt) etc. and is 


  not relevant to the choice of reflections for refinement.  R-factors based 


  on F^2^ are statistically about twice as large as those based on F, and R- 


  factors based on ALL data will be even larger. 


; 


 


_refine_ls_structure_factor_coef  Fsqd 


_refine_ls_matrix_type            full 


_refine_ls_weighting_scheme       calc 


_refine_ls_weighting_details 


  'calc w=1/[\s^2^(Fo^2^)+(0.1136P)^2^+0.0000P] where P=(Fo^2^+2Fc^2^)/3' 


_atom_sites_solution_primary      direct 


_atom_sites_solution_secondary    difmap 


_atom_sites_solution_hydrogens    geom 


_refine_ls_hydrogen_treatment     constr 


_refine_ls_extinction_method      SHELXL 


_refine_ls_extinction_coef        0.0046(3) 


_refine_ls_extinction_expression 


  'Fc^*^=kFc[1+0.001xFc^2^\l^3^/sin(2\q)]^-1/4^' 


_refine_ls_abs_structure_details 
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  'Flack H D (1983), Acta Cryst. A39, 876-881' 


_refine_ls_abs_structure_Flack    0.31(8) 


_refine_ls_number_reflns          9894 


_refine_ls_number_parameters      453 


_refine_ls_number_restraints      0 


_refine_ls_R_factor_all           0.0888 


_refine_ls_R_factor_gt            0.0608 


_refine_ls_wR_factor_ref          0.1791 


_refine_ls_wR_factor_gt           0.1547 


_refine_ls_goodness_of_fit_ref    1.049 


_refine_ls_restrained_S_all       1.049 


_refine_ls_shift/su_max           0.001 


_refine_ls_shift/su_mean          0.000 


 


loop_ 


  _atom_site_label 


  _atom_site_type_symbol 


  _atom_site_fract_x 


  _atom_site_fract_y 


  _atom_site_fract_z 


  _atom_site_U_iso_or_equiv 


  _atom_site_adp_type 


  _atom_site_occupancy 


  _atom_site_symmetry_multiplicity 


  _atom_site_calc_flag 


  _atom_site_refinement_flags 


  _atom_site_disorder_assembly 


  _atom_site_disorder_group 


Pd1 Pd 0.69589(3) 0.89588(3) 0.81254(3) 0.03370(17) Uani 1 1 d . . . 
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Br1 Br 0.64762(5) 0.97271(4) 0.90497(5) 0.0469(2) Uani 1 1 d . . . 


P1 P 0.61750(10) 0.88423(10) 0.73275(11) 0.0338(4) Uani 1 1 d . . . 


O1 O 0.7288(3) 0.9696(3) 0.7496(3) 0.0462(15) Uani 1 1 d . . . 


C1 C 0.7494(4) 0.9643(4) 0.6819(5) 0.0419(19) Uani 1 1 d . . . 


Pd2 Pd 0.75838(3) 0.83879(3) 0.71553(3) 0.03643(18) Uani 1 1 d . . . 


Br2 Br 0.83957(5) 0.79654(6) 0.62787(5) 0.0578(3) Uani 1 1 d . . . 


P2 P 0.75074(10) 0.75801(10) 0.79247(12) 0.0405(5) Uani 1 1 d . . . 


O2 O 0.7584(3) 0.9162(3) 0.6476(3) 0.0498(16) Uani 1 1 d . . . 


C2 C 0.7630(7) 1.0207(5) 0.6377(6) 0.075(4) Uani 1 1 d . . . 


H2A H 0.7543 1.0544 0.6697 0.113 Uiso 1 1 calc R . . 


H2B H 0.7391 1.0222 0.5917 0.113 Uiso 1 1 calc R . . 


H2C H 0.8041 1.0212 0.6236 0.113 Uiso 1 1 calc R . . 


C3 C 0.8177(5) 0.8966(4) 0.8457(5) 0.047(2) Uani 1 1 d . . . 


O3 O 0.7740(3) 0.9019(3) 0.8798(4) 0.0546(17) Uani 1 1 d . . . 


O4 O 0.8291(3) 0.8780(4) 0.7781(4) 0.0555(17) Uani 1 1 d . . . 


C4 C 0.8756(6) 0.9205(9) 0.8892(8) 0.105(6) Uani 1 1 d . . . 


H4A H 0.8653 0.9329 0.9406 0.158 Uiso 1 1 calc R . . 


H4B H 0.8918 0.9535 0.8612 0.158 Uiso 1 1 calc R . . 


H4C H 0.9046 0.8894 0.8920 0.158 Uiso 1 1 calc R . . 


C11 C 0.6321(4) 0.8251(4) 0.6662(5) 0.0357(18) Uani 1 1 d . . . 


C12 C 0.6888(4) 0.8046(4) 0.6543(4) 0.0350(17) Uani 1 1 d . . . 


C13 C 0.5957(5) 0.7614(5) 0.5638(5) 0.051(2) Uani 1 1 d . . . 


H13 H 0.5648 0.7467 0.5339 0.062 Uiso 1 1 calc R . . 


C14 C 0.6538(5) 0.7433(5) 0.5512(5) 0.050(2) Uani 1 1 d . . . 


H14 H 0.6617 0.7160 0.5122 0.060 Uiso 1 1 calc R . . 


C15 C 0.7004(4) 0.7652(4) 0.5960(5) 0.045(2) Uani 1 1 d . . . 


H15 H 0.7391 0.7530 0.5864 0.054 Uiso 1 1 calc R . . 


C16 C 0.5855(4) 0.8022(5) 0.6223(5) 0.045(2) Uani 1 1 d . . . 


H16 H 0.5469 0.8145 0.6325 0.054 Uiso 1 1 calc R . . 
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C21 C 0.5474(4) 0.8658(4) 0.7809(5) 0.0409(19) Uani 1 1 d . . . 


C22 C 0.5316(4) 0.8085(5) 0.7939(5) 0.048(2) Uani 1 1 d . . . 


H22 H 0.5558 0.7782 0.7758 0.057 Uiso 1 1 calc R . . 


C23 C 0.4796(5) 0.7944(5) 0.8339(6) 0.059(3) Uani 1 1 d . . . 


H23 H 0.4681 0.7551 0.8408 0.070 Uiso 1 1 calc R . . 


C24 C 0.4463(5) 0.8395(6) 0.8625(7) 0.068(3) Uani 1 1 d . . . 


H24 H 0.4119 0.8308 0.8898 0.081 Uiso 1 1 calc R . . 


C25 C 0.4621(5) 0.8978(8) 0.8522(6) 0.072(4) Uani 1 1 d . . . 


H25 H 0.4392 0.9280 0.8735 0.086 Uiso 1 1 calc R . . 


C26 C 0.5124(4) 0.9112(5) 0.8100(5) 0.049(2) Uani 1 1 d . . . 


H26 H 0.5228 0.9506 0.8011 0.059 Uiso 1 1 calc R . . 


C31 C 0.6038(4) 0.9487(4) 0.6727(5) 0.0415(19) Uani 1 1 d . . . 


C32 C 0.6036(5) 1.0069(4) 0.7044(5) 0.052(2) Uani 1 1 d . . . 


H32 H 0.6120 1.0122 0.7566 0.062 Uiso 1 1 calc R . . 


C33 C 0.5915(5) 1.0538(5) 0.6603(6) 0.060(3) Uani 1 1 d . . . 


H33 H 0.5921 1.0916 0.6819 0.072 Uiso 1 1 calc R . . 


C34 C 0.5780(6) 1.0469(5) 0.5812(7) 0.069(3) Uani 1 1 d . . . 


H34 H 0.5689 1.0796 0.5507 0.083 Uiso 1 1 calc R . . 


C35 C 0.5784(7) 0.9918(5) 0.5505(6) 0.067(3) Uani 1 1 d . . . 


H35 H 0.5697 0.9869 0.4983 0.080 Uiso 1 1 calc R . . 


C36 C 0.5913(5) 0.9429(5) 0.5944(6) 0.056(3) Uani 1 1 d . . . 


H36 H 0.5917 0.9056 0.5715 0.068 Uiso 1 1 calc R . . 


C41 C 0.6892(4) 0.7670(4) 0.8570(5) 0.0404(19) Uani 1 1 d . . . 


C42 C 0.6662(4) 0.8236(4) 0.8713(4) 0.0368(18) Uani 1 1 d . . . 


C43 C 0.6221(4) 0.8290(4) 0.9283(5) 0.042(2) Uani 1 1 d . . . 


H43 H 0.6056 0.8661 0.9379 0.051 Uiso 1 1 calc R . . 


C44 C 0.6029(5) 0.7817(5) 0.9696(5) 0.052(2) Uani 1 1 d . . . 


H44 H 0.5744 0.7873 1.0078 0.062 Uiso 1 1 calc R . . 


C45 C 0.6242(5) 0.7265(5) 0.9566(6) 0.056(3) Uani 1 1 d . . . 
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H45 H 0.6098 0.6942 0.9843 0.067 Uiso 1 1 calc R . . 


C46 C 0.6685(5) 0.7193(4) 0.9002(6) 0.053(2) Uani 1 1 d . . . 


H46 H 0.6843 0.6818 0.8916 0.064 Uiso 1 1 calc R . . 


C51 C 0.7406(5) 0.6890(4) 0.7432(5) 0.049(2) Uani 1 1 d . . . 


C52 C 0.7885(5) 0.6568(4) 0.7199(5) 0.056(2) Uani 1 1 d . . . 


H52 H 0.8266 0.6701 0.7310 0.067 Uiso 1 1 calc R . . 


C53 C 0.7803(8) 0.6037(5) 0.6791(7) 0.077(4) Uani 1 1 d . . . 


H53 H 0.8130 0.5820 0.6625 0.092 Uiso 1 1 calc R . . 


C54 C 0.7224(8) 0.5831(5) 0.6633(7) 0.076(4) Uani 1 1 d . . . 


H54 H 0.7171 0.5472 0.6377 0.091 Uiso 1 1 calc R . . 


C55 C 0.6750(7) 0.6149(6) 0.6850(7) 0.073(3) Uani 1 1 d . . . 


H55 H 0.6371 0.6015 0.6731 0.088 Uiso 1 1 calc R . . 


C56 C 0.6823(6) 0.6680(5) 0.7253(6) 0.062(3) Uani 1 1 d . . . 


H56 H 0.6493 0.6897 0.7405 0.074 Uiso 1 1 calc R . . 


C61 C 0.8151(5) 0.7472(5) 0.8539(5) 0.054(3) Uani 1 1 d . . . 


C62 C 0.8078(5) 0.7264(5) 0.9285(5) 0.060(3) Uani 1 1 d . . . 


H62 H 0.7702 0.7204 0.9490 0.072 Uiso 1 1 calc R . . 


C63 C 0.8590(7) 0.7146(6) 0.9728(6) 0.077(4) Uani 1 1 d . . . 


H63 H 0.8544 0.7007 1.0231 0.092 Uiso 1 1 calc R . . 


C64 C 0.9143(6) 0.7226(7) 0.9453(7) 0.074(4) Uani 1 1 d . . . 


H64 H 0.9470 0.7126 0.9754 0.089 Uiso 1 1 calc R . . 


C65 C 0.9220(5) 0.7460(7) 0.8713(7) 0.079(4) Uani 1 1 d . . . 


H65 H 0.9598 0.7537 0.8526 0.095 Uiso 1 1 calc R . . 


C66 C 0.8721(5) 0.7578(7) 0.8252(6) 0.067(3) Uani 1 1 d . . . 


H66 H 0.8770 0.7727 0.7754 0.080 Uiso 1 1 calc R . . 


 


loop_ 


  _atom_site_aniso_label 


  _atom_site_aniso_U_11 
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  _atom_site_aniso_U_22 


  _atom_site_aniso_U_33 


  _atom_site_aniso_U_23 


  _atom_site_aniso_U_13 


  _atom_site_aniso_U_12 


Pd1 0.0365(3) 0.0355(3) 0.0291(3) 0.0011(2) -0.0005(2) -0.0004(3) 


Br1 0.0587(6) 0.0422(5) 0.0399(4) -0.0022(3) 0.0016(4) 0.0028(4) 


P1 0.0342(11) 0.0350(11) 0.0324(9) -0.0003(8) -0.0009(8) 0.0030(9) 


O1 0.057(4) 0.039(3) 0.043(3) 0.002(2) 0.004(3) -0.008(3) 


C1 0.043(5) 0.041(5) 0.042(4) -0.005(4) -0.004(4) 0.000(4) 


Pd2 0.0337(3) 0.0426(4) 0.0329(3) 0.0015(2) -0.0001(2) 0.0040(3) 


Br2 0.0482(6) 0.0744(7) 0.0508(5) 0.0028(5) 0.0076(4) 0.0159(5) 


P2 0.0412(12) 0.0408(12) 0.0395(10) 0.0009(8) -0.0013(9) 0.0105(10) 


O2 0.066(5) 0.046(4) 0.037(3) 0.004(3) 0.002(3) -0.008(3) 


C2 0.120(11) 0.050(7) 0.056(6) 0.009(5) 0.024(6) -0.011(7) 


C3 0.068(7) 0.047(5) 0.026(4) 0.001(4) 0.005(4) 0.001(5) 


O3 0.054(4) 0.063(5) 0.047(3) 0.007(3) -0.016(3) -0.008(4) 


O4 0.032(3) 0.076(5) 0.058(4) -0.007(3) 0.000(3) -0.008(3) 


C4 0.047(7) 0.185(19) 0.084(9) -0.046(10) -0.015(6) -0.005(9) 


C11 0.037(5) 0.032(4) 0.038(4) -0.004(3) 0.002(3) 0.000(3) 


C12 0.030(4) 0.043(5) 0.032(3) 0.004(3) -0.002(3) 0.007(4) 


C13 0.061(7) 0.058(6) 0.035(4) -0.007(4) -0.010(4) -0.010(5) 


C14 0.059(6) 0.050(6) 0.041(4) -0.006(4) -0.005(4) 0.007(5) 


C15 0.039(5) 0.055(6) 0.041(4) -0.010(4) -0.003(4) 0.010(4) 


C16 0.029(4) 0.052(6) 0.056(5) -0.003(4) -0.001(4) 0.007(4) 


C21 0.036(4) 0.055(5) 0.032(4) 0.000(4) -0.005(3) 0.001(4) 


C22 0.041(5) 0.050(6) 0.051(5) -0.002(4) 0.003(4) -0.003(4) 


C23 0.055(6) 0.063(7) 0.058(6) 0.009(5) -0.001(5) -0.008(6) 


C24 0.043(6) 0.085(9) 0.075(7) 0.004(6) 0.005(5) -0.009(6) 
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C25 0.037(6) 0.124(12) 0.054(6) -0.011(6) 0.003(4) 0.012(7) 


C26 0.030(4) 0.064(6) 0.052(5) -0.009(4) 0.002(4) 0.009(4) 


C31 0.051(5) 0.035(4) 0.039(4) 0.004(3) 0.006(4) 0.006(4) 


C32 0.070(7) 0.045(5) 0.040(5) -0.004(4) -0.009(4) 0.004(5) 


C33 0.078(8) 0.045(6) 0.057(6) -0.006(5) 0.000(5) 0.004(6) 


C34 0.087(9) 0 .061(7) 0.060(6) 0.023(5) 0.001(6) 0.012(6) 


C35 0.106(10) 0.053(7) 0.041(5) 0.004(4) -0.003(5) 0.013(7) 


C36 0.077(8) 0.049(6) 0.044(5) 0.003(4) 0.004(5) 0.011(5) 


C41 0.044(5) 0.033(4) 0.044(4) 0.006(3) -0.002(4) 0.002(4) 


C42 0.040(5) 0.044(5) 0.027(3) 0.007(3) 0.004(3) 0.000(4) 


C43 0.046(5) 0.044(5) 0.037(4) -0.003(3) 0.005(3) 0.003(4) 


C44 0.059(6) 0.054(6) 0.042(5) 0.009(4) 0.013(4) 0.005(5) 


C45 0.058(6) 0.051(6) 0.058(5) 0.021(5) 0.005(5) -0.006(5) 


C46 0.064(7) 0.035(5) 0.060(6) 0.004(4) 0.004(5) 0.004(5) 


C51 0.065(7) 0.038(5) 0.045(5) 0.006(4) -0.001(4) 0.006(5) 


C52 0.072(7) 0.043(5) 0.051(5) 0.002(4) 0.006(5) 0.016(5) 


C53 0.117(12) 0.045(6) 0.068(7) 0.002(5) 0.018(7) 0.023(7) 


C54 0.126(13) 0.038(6) 0.064(7) 0.002(5) -0.010(7) 0.012(7) 


C55 0.091(9) 0.064(8) 0.064(7) 0.003(6) -0.019(6) -0.012(7) 


C56 0.070(7) 0.053(6) 0.062(6) -0.009(5) -0.013(5) 0.014(5) 


C61 0.051(6) 0.066(7) 0.044(5) -0.002(4) -0.008(4) 0.020(5) 


C62 0.063(7) 0.073(7) 0.043(5) 0.004(4) -0.009(5) 0.017(6) 


C63 0.103(11) 0.090(10) 0.039(5) 0.013(5) -0.017(6) 0.010(8) 


C64 0.057(7) 0.099(10) 0.067(7) 0.006(6) -0.022(6) 0.020(7) 


C65 0.037(6) 0.118(12) 0.083(8) 0.017(8) -0.012(5) 0.026(7) 


C66 0.041(6) 0.109(10) 0.051(6) 0.007(6) -0.003(4) 0.020(6) 


 


_geom_special_details 


; 
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  All esds (except the esd in the dihedral angle between two l.s. planes) 


  are estimated using the full covariance matrix.  The cell esds are taken 


  into account individually in the estimation of esds in distances, angles 


  and torsion angles; correlations between esds in cell parameters are only 


  used when they are defined by crystal symmetry.  An approximate (isotropic) 


  treatment of cell esds is used for estimating esds involving l.s. planes. 


; 


 


loop_ 


  _geom_bond_atom_site_label_1 


  _geom_bond_atom_site_label_2 


  _geom_bond_distance 


  _geom_bond_site_symmetry_2 


  _geom_bond_publ_flag 


Pd1 C42 2.035(8) . ? 


Pd1 O3 2.115(7) . ? 


Pd1 O1 2.122(6) . ? 


Pd1 P1 2.258(2) . ? 


Pd1 Pd2 2.5411(9) . ? 


Pd1 Br1 2.5967(11) . ? 


P1 C11 1.792(8) . ? 


P1 C31 1.814(9) . ? 


P1 C21 1.835(9) . ? 


O1 C1 1.265(11) . ? 


C1 O2 1.254(11) . ? 


C1 C2 1.516(13) . ? 


Pd2 C12 2.045(8) . ? 


Pd2 O2 2.104(6) . ? 


Pd2 O4 2.122(7) . ? 
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Pd2 P2 2.263(2) . ? 


Pd2 Br2 2.5613(12) . ? 


P2 C51 1.790(10) . ? 


P2 C41 1.792(9) . ? 


P2 C61 1.815(10) . ? 


C3 O3 1.156(12) . ? 


C3 O4 1.269(11) . ? 


C3 C4 1.601(16) . ? 


C11 C12 1.376(11) . ? 


C11 C16 1.396(12) . ? 


C12 C15 1.368(12) . ? 


C13 C16 1.387(14) . ? 


C13 C14 1.389(15) . ? 


C14 C15 1.397(14) . ? 


C21 C22 1.360(14) . ? 


C21 C26 1.387(13) . ? 


C22 C23 1.398(14) . ? 


C23 C24 1.359(17) . ? 


C24 C25 1.37(2) . ? 


C25 C26 1.383(15) . ? 


C31 C36 1.389(13) . ? 


C31 C32 1.422(13) . ? 


C32 C33 1.333(15) . ? 


C33 C34 1.409(16) . ? 


C34 C35 1.352(17) . ? 


C35 C36 1.369(15) . ? 


C41 C46 1.390(13) . ? 


C41 C42 1.400(12) . ? 


C42 C43 1.405(12) . ? 
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C43 C44 1.356(14) . ? 


C44 C45 1.355(16) . ? 


C45 C46 1.405(15) . ? 


C51 C52 1.363(15) . ? 


C51 C56 1.432(16) . ? 


C52 C53 1.403(17) . ? 


C53 C54 1.41(2) . ? 


C54 C55 1.34(2) . ? 


C55 C56 1.395(16) . ? 


C61 C62 1.382(14) . ? 


C61 C66 1.399(16) . ? 


C62 C63 1.411(16) . ? 


C63 C64 1.35(2) . ? 


C64 C65 1.393(18) . ? 


C65 C66 1.404(14) . ? 


 


loop_ 


  _geom_angle_atom_site_label_1 


  _geom_angle_atom_site_label_2 


  _geom_angle_atom_site_label_3 


  _geom_angle 


  _geom_angle_site_symmetry_1 


  _geom_angle_site_symmetry_3 


  _geom_angle_publ_flag 


C42 Pd1 O3 92.9(3) . . ? 


C42 Pd1 O1 178.3(3) . . ? 


O3 Pd1 O1 86.5(3) . . ? 


C42 Pd1 P1 87.3(2) . . ? 


O3 Pd1 P1 174.6(2) . . ? 
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O1 Pd1 P1 93.04(19) . . ? 


C42 Pd1 Pd2 96.1(2) . . ? 


O3 Pd1 Pd2 86.1(2) . . ? 


O1 Pd1 Pd2 82.27(18) . . ? 


P1 Pd1 Pd2 88.45(6) . . ? 


C42 Pd1 Br1 95.2(2) . . ? 


O3 Pd1 Br1 88.2(2) . . ? 


O1 Pd1 Br1 86.46(18) . . ? 


P1 Pd1 Br1 97.17(6) . . ? 


Pd2 Pd1 Br1 167.67(4) . . ? 


C11 P1 C31 105.2(4) . . ? 


C11 P1 C21 106.3(4) . . ? 


C31 P1 C21 107.1(4) . . ? 


C11 P1 Pd1 109.6(3) . . ? 


C31 P1 Pd1 112.9(3) . . ? 


C21 P1 Pd1 115.1(3) . . ? 


C1 O1 Pd1 121.8(6) . . ? 


O2 C1 O1 125.4(8) . . ? 


O2 C1 C2 117.2(8) . . ? 


O1 C1 C2 117.4(8) . . ? 


C12 Pd2 O2 91.4(3) . . ? 


C12 Pd2 O4 177.5(3) . . ? 


O2 Pd2 O4 86.5(3) . . ? 


C12 Pd2 P2 86.6(2) . . ? 


O2 Pd2 P2 175.1(2) . . ? 


O4 Pd2 P2 95.4(2) . . ? 


C12 Pd2 Pd1 96.1(2) . . ? 


O2 Pd2 Pd1 86.99(19) . . ? 


O4 Pd2 Pd1 82.54(19) . . ? 
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P2 Pd2 Pd1 88.77(6) . . ? 


C12 Pd2 Br2 95.9(2) . . ? 


O2 Pd2 Br2 88.8(2) . . ? 


O4 Pd2 Br2 85.31(19) . . ? 


P2 Pd2 Br2 95.86(7) . . ? 


Pd1 Pd2 Br2 167.35(4) . . ? 


C51 P2 C41 107.2(5) . . ? 


C51 P2 C61 105.3(5) . . ? 


C41 P2 C61 105.7(4) . . ? 


C51 P2 Pd2 115.5(3) . . ? 


C41 P2 Pd2 109.5(3) . . ? 


C61 P2 Pd2 113.0(4) . . ? 


C1 O2 Pd2 117.1(5) . . ? 


O3 C3 O4 132.6(10) . . ? 


O3 C3 C4 115.1(9) . . ? 


O4 C3 C4 112.2(9) . . ? 


C3 O3 Pd1 115.2(6) . . ? 


C3 O4 Pd2 117.0(7) . . ? 


C12 C11 C16 119.6(8) . . ? 


C12 C11 P1 121.2(7) . . ? 


C16 C11 P1 119.1(7) . . ? 


C15 C12 C11 120.5(8) . . ? 


C15 C12 Pd2 118.6(6) . . ? 


C11 C12 Pd2 120.6(6) . . ? 


C16 C13 C14 117.8(9) . . ? 


C13 C14 C15 121.3(9) . . ? 


C12 C15 C14 119.6(8) . . ? 


C13 C16 C11 121.1(8) . . ? 


C22 C21 C26 119.6(9) . . ? 
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C22 C21 P1 121.1(7) . . ? 


C26 C21 P1 119.2(8) . . ? 


C21 C22 C23 121.3(10) . . ? 


C24 C23 C22 118.1(11) . . ? 


C23 C24 C25 121.9(11) . . ? 


C24 C25 C26 119.4(12) . . ? 


C25 C26 C21 119.7(11) . . ? 


C36 C31 C32 117.5(8) . . ? 


C36 C31 P1 121.1(7) . . ? 


C32 C31 P1 121.4(7) . . ? 


C33 C32 C31 120.9(9) . . ? 


C32 C33 C34 120.7(10) . . ? 


C35 C34 C33 118.7(10) . . ? 


C34 C35 C36 121.7(10) . . ? 


C35 C36 C31 120.5(10) . . ? 


C46 C41 C42 119.1(8) . . ? 


C46 C41 P2 120.5(7) . . ? 


C42 C41 P2 120.0(7) . . ? 


C41 C42 C43 117.8(8) . . ? 


C41 C42 Pd1 121.4(6) . . ? 


C43 C42 Pd1 120.8(7) . . ? 


C44 C43 C42 121.7(9) . . ? 


C45 C44 C43 121.6(9) . . ? 


C44 C45 C46 118.2(9) . . ? 


C41 C46 C45 121.5(9) . . ? 


C52 C51 C56 119.3(10) . . ? 


C52 C51 P2 120.2(9) . . ? 


C56 C51 P2 120.5(8) . . ? 


C51 C52 C53 119.9(13) . . ? 
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C52 C53 C54 120.0(13) . . ? 


C55 C54 C53 120.5(12) . . ? 


C54 C55 C56 120.3(13) . . ? 


C55 C56 C51 120.0(11) . . ? 


C62 C61 C66 119.9(10) . . ? 


C62 C61 P2 119.7(9) . . ? 


C66 C61 P2 120.4(7) . . ? 


C61 C62 C63 118.2(11) . . ? 


C64 C63 C62 122.8(10) . . ? 


C63 C64 C65 119.2(10) . . ? 


C64 C65 C66 119.6(12) . . ? 


C61 C66 C65 120.2(10) . . ? 


 


_diffrn_measured_fraction_theta_max    0.989 


_diffrn_reflns_theta_full              27.48 


_diffrn_measured_fraction_theta_full   0.989 


_refine_diff_density_max    1.680 


_refine_diff_density_min   -1.505 


_refine_diff_density_rms    0.414 


 


 


Synthesis of 3: 4b (50 mg, 0.028 mmol) was dissolved in dichloromethane (6 mL) and silver tetrafluoroborate (24 mg, 
0.123 mmol) in acetonitrile (1.5 mL) was added under vigorous stirring. The stirring was continued for 1 hour in the absence of 
light. The pale yellow solution was filtered to remove precipitated silver bromide and dried under vacuum to give a yellow oil. 
This crude product exhibited a single signal at 21.5 ppm in 31P-NMR spectroscopy. It was dissolved in the minimum amount of 
acetonitrile and the addition of diethyl ether precipitated a pale yellow solid, which was collected by filtration and washed with 
diethyl ether (49 mg). Its 31P-NMR spectrum showed two broad signals at 21.5 ppm and 23.8 ppm but when one drop of 
acetonitrile was added to the sample the spectrum changed again to a single sharp signal at 21.5 ppm. 
 


Synthesis of 4c: A sample of 3, prepared as described above, starting from 50 mg (0.028 mmol) of 4b, was dissolved in acetone 
(3 mL) and a solution of tetrabutylammonium iodide (62 mg, 0.168 mmol) in acetone (3 mL) was added. A fine orange 
precipitate immediately formed, which was collected by filtration and washed with acetone and diethyl ether (51 mg, 93 %).  


31P{1H} NMR (CDCl3, 20 °C): 24.0 (s). 1H NMR (CDCl3, 20 °C): 7.52-7.41 (m, 12H), 7.28-7.10 (m, 32H), 6.51-6.41 (m, 12H). 
Anal. calcd. for C72H56I4P4Pd4: C 43.08, H 2.98. Found: C 43.71, H 2.85.  
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Typical catalytic diboration and subsequent oxidation: Bis(catecholato)diboron (0.6 mmol) was added to a solution of the 
catalyst (5 mol%, 0.01 mmol Pd) and sodium acetate (0.2 mmol) in tetrahydrofurane (2 mL) under nitrogen. The solution was 
stirred for 5 minutes and the substrate (0.2 mmol) was then added. The mixture was stirred for 4 hours at room temperature. 
NaOH(aq) (3 M, 1 mL) and H2O2 (30 %, 1 mL) were added carefully and stirring at room temperature was continued for 2 hours. 
The oxidation was quenched by adding a saturated aqueous solution of sodium thiosulfate (1 mL) and NaOH(aq) (1 M, 10 mL). 
Then the reaction mixture was extracted with ethyl acetate (3 x 20 mL) and the united organic phases were washed with brine 
(20 mL), dried over magnesium sulfate and carefully dried in vacuo so that the styrene was not removed. The products obtained 
were analyzed by 1H NMR spectroscopy to determine the degree of conversion and the nature of the reaction products. 


Typical catalytic diboration, subsequent Suzuki reaction and oxidation: Bis(catecholato)diboron (0.6 mmol) was added to a 
solution of the catalyst (5 mol%, 0.01 mmol Pd) and NaOAc (0.2 mmol) in tetrahydrofurane (2 mL) under nitrogen. The solution 
was stirred for 5 minutes, the substrate (0.2 mmol) was added and the stirring was continued for 4 hours at room temperature. 
After heating to reflux, cesium carbonate (0.6 mmol), substrate (0.4 mmol) and water (degassed, 0.2 mL) were added and the 
reaction mixture was stirred for 15 hours. After cooling to room temperature, NaOH(aq) (3 M, 1 mL) and H2O2 (30 %, 1 mL) 
were added carefully and stirring was continued for 2 hours. The oxidation was quenched by adding a saturated aqueous solution 
of sodium thiosulfate (1 mL) and NaOH(aq) (1 M, 10 mL). Then the reaction mixture was extracted with ethyl acetate (3 x 
20 mL) and the united organic phases were washed with brine (20 mL), dried over magnesium sulfate and dried in vacuo. The 
products obtained were analyzed by 1H NMR spectroscopy1 to determine the degree of conversion and the nature of the reaction 
products. 


(±)-1-Cyclohexyl-2-phenylethanol: 1H NMR (400 MHz, CDCl3) d 7.23 (1H, m), 6.78 (3H, m), 3.80 (3H, 1s, OMe), 3.58 (1H, 
ddd, J = 9.6, 6.0, 3.6 Hz), 2.85 (1H, dd, J = 13.6, 3.6Hz), 2.56 (1H, dd, J = 13.6, 9.5 Hz), 2.04-1.67 (5H, m), 1.44-1.41 (1H, m), 
1.29-1.07 (5H, m) ppm; 13C NMR (75 MHz, CDCl3) d 159.9, 141.0, 129.7, 122.8, 115.9, 11.9, 77.0, 55.3, 43.4, 41.0, 29.5, 28.2, 
26.7, 26.4 ppm. 


_________________________ 


1. S. P. Miller, J. B. Morgan, F. J. Nepveux, J. P. Morken, Org. Lett., 2004, 6, 131. 
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Supplementary Material. Experimental and calculated hydrogen-bond properties, pKHB and ∆H°
HB, for the whole set of nitrogen compounds. 


 
Experimental      Theoretical Calculated


N°   
 -  


Compound Structure
pKHB -∆H°


HB
Vs.min  -∆D0


(HF) -∆H°(HF) pKHB,calc -∆H°
HB,calc


1 Chloroacetonitrile        0.42 16.3  138.61 26.04 27.88  0.18 13.8
2 4-Chlorobenzonitrile        


       
0.68 15.8  154.62 31.11 32.93  0.65 16.9


3 Acrylonitrile 0.71 17.5  159.06 30.66 32.65  0.67 16.7
4 Methylthiocyanate C NS  0.73        


       
       


16.6 157.23 30.32 32.26 0.63 16.5
5 Benzonitrile 0.80 17.5  164.91 32.42 34.32  0.84 17.7
6 2,6-Dimethylbenzonitrile 0.86 18.1  167.11 34.25 36.17  0.97 18.9
7 Allylcyanide C N 0.87        


       
       
       
       
       
       


17.8 165.25 32.20 34.18 0.83 17.7
8 Acetonitrile 0.89 19.3  164.38 32.19 34.28  0.82 17.7
9 Propionitrile 0.93 18.2  168.54 32.95 35.02  0.91 18.2
10 Isobutyronitrile 0.98 18.1  170.77 33.71 35.87  0.98 18.7
11 4-Methoxybenzonitrile 0.99 18.1  175.60 34.93 36.81  1.10 19.3
12 Trimethylacetonitrile 0.99 18.5  171.63 34.65 36.62  1.04 19.2
13 4-Dimethylaminobenzonitrile 1.26 20.5  190.33 37.95 40.04  1.43 21.3


14 Dimethylcyanamide N C N 1.51        22.4 187.88 38.70 40.44 1.46 21.5


15 1-Piperidinecarbonitrile N C N
 1.58        21.7 193.48 39.75 41.75 1.58 22.3


16 Diethylcyanamide [a] N C
Et


Et
N


 
1.61        21.9 190.35 39.64 41.67 1.54 22.3


17 trans-3-Dimethylaminoacrylonitrile N
C N 1.70        23.5 202.92 41.50 43.40 1.78 23.3


18 N1,N1-Dimethyl-N2-cyanoformamidine N
N N 2.03        


       
       
       
       
       


24.5 213.74 43.43 45.85 2.01 24.8


19 3,5-Dichloropyridine 0.81 23.9  123.15 40.49 43.08  0.91 23.1
20 3-Chloropyridine 1.30 27.2  141.27 45.43 48.12  1.39 26.2
21 3-Bromopyridine 1.35 24.8  140.84 44.96 47.69  1.36 26.0
22 3-Fluoropyridine 1.35 25.4  143.20 45.86 48.62  1.44 26.6
23 Pyridine 1.86 29.6  160.76 50.76 53.61  1.92 29.6


24 Quinoline 
N  


1.90        30.1 153.35 51.68 54.59 1.90 30.2


25 Isoquinoline 
N


 
1.93        


       
       
       
       


29.7 163.03 51.97 54.65 2.01 30.3


26 2-Methylpyridine 2.01 30.5  159.50 52.80 55.80  2.03 31.0
27 3-Methylpyridine 2.03 30.0  167.34 52.65 55.33  2.10 30.7
28 4-Methylpyridine 2.10 30.8  168.79 52.86 55.67  2.13 30.9
29 3,5-Dimethylpyridine 2.18 31.9  170.79 53.79 56.65  2.21 31.5







Experimental      Theoretical Calculated
N°   


 -  
Compound Structure


pKHB -∆H°
HB


Vs.min  -∆D0
(HF) -∆H°(HF) pKHB,calc -∆H°


HB,calc


30 2,4-Dimethylpyridine        2.21 31.8  166.50 54.92 57.81  2.23 32.2
31 4-Aminopyridine        


       
       


2.52 32.7  182.20 57.35 60.04  2.54 33.6
32 4-Methylaminopyridine 2.69 33.5  188.24 59.61 61.96  2.74 34.8
33 4-N,N-Dimethylaminopyridine 2.77 34.1  191.07 59.67 62.26  2.77 35.0


34 4-Pyrrolidinopyridine N N
 


2.93        36.3 195.32 60.46 63.41 2.86 35.7


35 2-Methylpyrroline N  
2.56        34.2 176.82 57.34 60.10 2.48 33.6


36 5-Bromo-1-methylimidazole N


N


Br


 
2.22        30.5 176.81 51.37 54.13 2.12 29.9


37 1-Methylimidazole 
N


N  
2.70        


       
       
       
       
       
       


34.0 196.01 56.15 59.00 2.61 32.9


38 3,5-Difluorobenzylamine [a] 1.28 29.0  113.08 48.58 52.17  1.30 28.7
39 3-Fluorobenzylamine [a] 1.58 29.6  127.70 51.38 54.96  1.62 30.5
40 Benzylamine [a] 1.88 31.1  142.86 54.27 57.82  1.95 32.2
41 3-Methylbenzylamine [a] 1.97 31.7  146.83 55.17 58.63  2.05 32.7
42 tButylamine 2.23 34.2  162.31 56.75 60.59  2.30 33.9
43 Ethylamine [a] 2.28 33.8  167.87 55.86 59.67  2.30 33.4


44 1,2,3,6-Tetrahydropyridine [a] NH
 


2.16        


       
       


32.1 155.56 57.24 60.56 2.26 33.9


45 Dimethylamine [a] 2.23 35.1  155.01 56.62 60.30  2.22 33.7
46 N-Methylethylamine [a] 2.26 34.7  153.72 57.39 60.95  2.25 34.2


47 Piperidine [a] NH
 


2.34        36.0 152.43 58.48 61.76 2.30 34.6


48 Pyrrolidine [a] NH
 


2.56        36.1 160.02 59.43 62.73 2.44 35.2


49 Azetidine NH
 


2.57        


       


35.7 163.92 59.90 63.36 2.51 35.6


50 N,N-Dimethylbenzylamine [a] 1.61 31.9  110.74 54.13 57.40  1.61 32.0


51 N,N-Dimethylpropargylamine [a] N
 


1.63        30.3 131.62 51.96 55.38 1.69 30.7


52 N,N-Dimethylallylamine [a] N
 


1.93        32.8 131.36 55.39 58.90 1.90 32.9


53 3-Chloroquinuclidine N


Cl


 
1.96        


       


34.1 133.98 55.61 58.70 1.94 32.8


54 1-Methyl-1,2,3,6-tetrahydropyridine 1.98 32.5  140.60 55.54 58.70  2.00 32.8







Experimental      Theoretical Calculated
N°   


 -  
Compound Structure


pKHB -∆H°
HB


Vs.min  -∆D0
(HF) -∆H°(HF) pKHB,calc -∆H°


HB,calc


55 N-Methylpiperidine N
 


2.11        34.0 135.53 57.63 60.85 2.08 34.1


56 Trimethylamine        
       


2.11 33.5  140.68 56.54 59.78  2.07 33.4
57 N,N-Dimethylethylamine [a] 2.17 34.5  138.40 57.09 60.42  2.08 33.8


58 N-Methylpyrrolidine N
 


2.25        34.8 138.45 58.36 61.41 2.15 34.4


59 Quinuclidine N
 


2.67        37.7 157.73 61.95 65.02 2.57 36.7


60 N1,N1-Dimethyl-N2-cyanoacetamidine N
N C N


Me


 
2.24       215.48 45.83 47.56  2.17 25.9


61 Tri-nbutylammonium cyanamidate nBu3N N C N 3.24      


       
        
       


         
       


         
         
         


 248.79 57.62 59.34  3.24 33.2


62 2-Ethylpyridine [a] 1.90 34.0  155.57 53.15 56.02  2.01 31.1
63 2-iPropylpyridine [a] 1.76  146.20 51.61 54.60  1.82 30.2
64 2-tButylpyridine [a] 1.41 31.7  139.47 49.06 52.19  1.60 28.8
65 2,6-Dimethylpyridine  2.09 33.3 155.66 55.03 57.83 2.13 32.2
66 2,4,6-Trimethylpyridine  2.28 35.4 163.49 56.38 59.44 2.29 33.2
67 2-Fluoropyridine  0.94 24.5 154.10 39.23 41.79 1.14 22.3
68 2-Chloropyridine  1.07 24.1 152.37 39.91 42.53 1.17 22.8
69 2-Bromopyridine  1.04 23.7 150.62 39.60 42.19 1.13 22.6
70 2,6-Di-tbutylpyridine   -0.54   98.39 36.37 40.35  0.40 21.5 


71 1,2,2,6,6-Pentamethylpiperidine N


 


1.25        34.0 116.92 55.24 58.58 1.74 32.7


72 [Triazine-(CCl4)2] 
N


N


N


 
0.31[b] 19.8        99.91 34.44 36.72 0.30 19.2


73 [Pyrazine-CCl4] 
N


N


 
0.94 [b] 22.6        123.52 41.41 44.08 0.97 23.8


74 [Pyrimidine-CCl4] 
N


N


 
1.06 [b] 23.9        130.02 42.09 44.77 1.07 24.2


75 [5-Bromopyrimidine-CCl4] 
N


N
Br


 
0.59 [b]        112.33 37.63 40.08 0.62 21.3


76 [Phenazine-CCl4] 
N


N


 
1.22 [b]        119.30 46.26 48.76 1.22 26.6







Experimental      Theoretical Calculated
N°   


 -  
Compound Structure


pKHB -∆H°
HB


Vs.min  -∆D0
(HF) -∆H°(HF) pKHB,calc -∆H°


HB,calc


77 [Pyridazine-CCl4] 
N


N
 


1.65 [b] 27.9        165.38 43.81 46.33 1.54 25.1


78 [Phtalazine-CCl4] N
N


 
1.97 [b]        177.12 46.96 49.32 1.85 27.0


79 [2,5-Dimethylpyrazine-CCl4] 
N


N


 
1.29 [b] 26.6        129.93 45.69 48.28 1.29 26.3


80 [4,6-Dimethylpyrimidine-CCl4] 
N


N


 


1.47 [b] 27.8        137.98 47.15 49.76 1.46 27.3


81 [N,N-Dimethylpiperazine-CCl4] NN
 


1.88 [b] 32.9        123.00 55.27 58.24 1.81 32.5


82 [Hexamethylenetetramine-(CCl4)3] NN
N


N


 
1.33 [b] 26.2        100.99 48.59 51.05 1.17 28.1


83 Cyanamide H2N C N 1.19       175.53 35.21 37.11  1.12 19.5


84 Imidazole N


N


H


 
2.47       188.94 53.79 56.74  2.39 31.6


85 4-Methylimidazole N


N


H


 
2.64       188.56 55.57 58.53  2.50 32.7


86 3-Methyl-4-bromopyrazole 
N


N


Br


H  
        137.26 44.82 47.23  1.31 25.7


87 Pyrazole N
NH  


        158.57 46.72 49.45  1.65 27.1


88 4-Methylpyrazole N
NH  


        164.69 48.32 50.91  1.81 28.0


89 3- Methylpyrazole  N
NH  


        158.58 49.37 52.07  1.81 28.7


90 5- Methylpyrazole  N
NH  


        168.20 49.36 52.05  1.91 28.7


91 3(5)- Methylpyrazole (weighted)     162.47 49.36 52.06  1.85 28.7 







Experimental      Theoretical Calculated
N°   


 -  
Compound Structure


pKHB -∆H°
HB


Vs.min  -∆D0
(HF) -∆H°(HF) pKHB,calc -∆H°


HB,calc


92 3,5-Dimethylpyrazole N
NH  


        166.92 51.91 54.56  2.05 30.2


93 3,4,5-Trimethylpyrazole N
NH  


        170.33 53.28 55.83  2.17 31.0


94 2,4,5-Trimethyloxazole  
N


O


 


        165.87 52.53 55.04  2.08 30.5


95 [1,7-Phenanthroline-(CCl4)] 
N1


N7


 


Polyfunctional 
pKt = 1.87  N      


     


1 145.99 51.83 54.40 1.83 30.1


N7 98.44 44.93 47.70 0.92 26.0
96  


[Quinazoline--(CCl4)] 


 
N3


N1  


 
Polyfunctional 


pKt = 1.55 


 
 N1 129.75     


     


     


     


     


     


     


     


     


     


45.65 48.15 1.29 26.3


N3 137.61 44.47 47.00 1.30 25.6
97  


[2-Cyanopyridine-(CCl4)] 
 
 


 
Polyfunctional 


pKt = 0.85 


 
 Nsp2 127.34 34.87 37.43 0.60 19.7


Nsp 157.01 29.77 31.53 0.59 16.0
98  


[3-Cyanopyridine-(CCl4)] 
 
 


 
Polyfunctional 


pKt = 1.00 


 
 Nsp2 116.42 40.36 42.92 0.83 23.0


Nsp 145.06 29.15 30.80 0.43 15.6
99  


[4-Cyanopyridine-(CCl4)] 
 
 


 
Polyfunctional 


pKt = 1.05 


 
 Nsp2 117.86 41.99 44.62 0.94 24.1


Nsp 137.24 27.54 29.27 0.26 14.6
100  


[N,N-Dimethylaminoacetonitrile-(CCl4)] 
 
 


 
Polyfunctional 


pKt = 1.02 


 
 Nsp3 84.8 44.46 47.50 0.76 25.9


Nsp 154.77 31.53 33.24 0.68 17.1


101  
7,8-Benzoquinoline 


 
N


 


 
1.16 


 
        


          


       
        


        
        


121.61 45.84 48.81 1.22 26.7


102 Trichloroacetonitrile  -0.26 113.10 20.74 22.15 -0.41 10.2


103 4-Trifluoromethylbenzonitrile 0.54 143.44 29.08 30.85 0.41 15.6
104 nPentanenitrile  0.89  171.91 33.26 35.46 0.96 18.4
105 Butyronitrile  0.89  170.35 33.58 35.64 0.96 18.6
106 cPropanenitrile  1.03  172.29 34.33 36.25 1.03 18.9


107 1-Pyrrolidinecarbonitrile N N
 


1.66      


         


 199.48 41.02 43.10  1.72 23.2


108 3-Aminopyridine  2.20  172.43 53.81 56.58 2.22 31.5
109 3-Ethylpyridine  2.01   167.35     52.47 55.30 2.09 30.7







Experimental      Theoretical Calculated
N°   


 -  
Compound Structure


pKHB -∆H°
HB


Vs.min  -∆D0
(HF) -∆H°(HF) pKHB,calc -∆H°


HB,calc


110 4-Chloropyridine          1.54  143.65 47.21 49.91 1.53 27.3
111 4-Phenylpyridine         


        
         


         


 1.96  163.93 52.15 54.88 2.03 30.4
112 4-Ethylpyridine  2.07  168.64 53.00 55.80 2.13 31.0
113 4-tButylpyridine  2.11  171.29 53.45 56.19 2.19 31.2
114 4-Methoxypyridine  2.13  172.35 54.31 57.01 2.25 31.7


115 4-Piperidinopyridine N N
 


2.68       187.14 58.71 61.40  2.67 34.4


116 N-Methyl-N-pyridin-4-ylhydrazine 
H2N


N N
 


2.77      


       
         


 192.98 59.41 62.04  2.78 34.8


117 4-N,N-Diethylaminopyridine 2.89 192.48 59.34 62.15 2.77 34.9
118 3,4-Dimethylpyridine  2.24  173.57 54.06 56.88 2.25 31.6


119 Phenanthridine 
N  


1.87       152.78 51.45 54.27  1.88 30.0


120 Acridine 
N  


1.95      


        
         


         
         


        
     


 145.18 53.22 56.01  1.91 31.1


121 2-Vinylpyridine [a] 1.65  135.03 48.80 51.92  1.53 28.6
122 2-Phenylpyridine  1.41 27.6 141.72 47.53 50.44 1.53 27.7
123 2,6-Difluoropyridine  0.19 17.2 138.72 28.32 30.40 0.32 15.3
124 2-Aminopyridine  2.12  146.65 58.69 61.78 2.26 34.7
125 2-N-Methylaminopyridine [a] 2.11  148.09 57.34 60.58  2.19 33.9
126 2-N,N-Dimethylaminopyridine 1.61  131.56 48.79 51.70 1.50 28.5


127 N-Methylpyrazole N
N  


1.84       161.31 49.10 51.91  1.82 28.6


128 Oxazole 
N


O  
1.30       151.74 43.17 45.83  1.36 24.8


129 Isoxazole 
N


O  
0.81       155.30 36.07 38.54  0.96 20.3


130 Thiazole 
N


S  
1.37       148.94 44.07 46.80  1.39 25.4


131 Benzothiazole 
S


N


 
1.29       139.30 43.49 46.01  1.25 24.9


132 2-Methylbenzoxazole 
O


N


 
1.48       147.00 46.42 49.04  1.51 26.8


133 [1,2,3-Benzothiadiazole-CCl4]  
S


N
N


 
0.25       114.53 34.61 36.76  0.46 19.2







Experimental      Theoretical Calculated
N°   


 -  
Compound Structure


pKHB -∆H°
HB


Vs.min  -∆D0
(HF) -∆H°(HF) pKHB,calc -∆H°


HB,calc


134 1,5-Dicyclohexylimidazole N


N  


3.12       209.80 60.92 63.67  3.04 35.8


135 N-Vinylimidazole [a] N


N  
2.35       180.00 52.13 54.86  2.20 30.4


136 Tetramethylguanidine 
N


N N


H


 
3.20        37.52 193.39 64.04 66.90 3.06 37.81


137 N-Benzylidenemethylamine 
N  


1.49       133.63 50.04 53.24  1.60 29.4


138 oPhenanthroline 
N N  


3.10        36.1 248.83 52.01 54.66 2.89 30.3


139 4,7- Dimethyl-ophenanthroline 
N N  


3.34       260.72 54.63 57.22  3.17 31.9


140 3,4,7,8-Tetramethyl-ophenanthroline 
N N  


3.46      


        


       
        
        
        
       


 267.36 55.94 58.53  3.32 32.7


141 Methylamine  2.20 35.1 168.98 55.61 59.68 2.30 33.4


142 3,5-Dichlorobenzylamine [a] 1.27 27.8  111.34 48.29 51.80  1.26 28.5
143 nPropylamine [a] 2.19  167.00 56.11 59.75  2.31 33.4
144 iPropylamine [a] 2.22  163.96 56.37 59.97  2.29 33.5
145 nButylamine [a] 2.21  167.64 56.67 60.18  2.35 33.7
146 3-Trifluoromethylbenzylamine [a] 1.43 28.4  116.19 49.83 53.37  1.41 29.5


147 1-Aminoadamantane 


H2N


 


2.31      


        


 164.17 56.55 60.30  2.31 33.7


148 cPropylamine[a] 1.74  148.50 51.60 55.21  1.84 30.6


149 Allylamine [a]
NH2  1.94       157.49 53.93 57.52  2.08 32.0


150 Propargylamine [a] H2N
 1.60        


       


       


30.6 149.96 50.82 54.20 1.81 30.0


151 3-Trifluoromethyl-N,N-dimethylbenzylamine [a] 1.16 28.6  89.35 50.66 53.83  1.18 29.8


152 3-Fluoro-N,N-dimethylbenzylamine [a] 1.27 29.7  98.11 52.03 55.21  1.36 30.6


153 2-Methylaziridine [a]
NH  


2.28      


         


 174.15 56.53 59.81  2.41 33.4


154 Di-ipropylamine  2.00 36.0 144.28 57.43 61.02 2.16 34.2







Experimental      Theoretical Calculated
N°   


 -  
Compound Structure


pKHB -∆H°
HB


Vs.min  -∆D0
(HF) -∆H°(HF) pKHB,calc -∆H°


HB,calc


155 Hexamethyleneimine [a] NH
 


2.26       146.81 56.91 60.29  2.15 33.7


156 N-Methylbenzylamine [a]        
       


1.84 33.5  127.79 56.36 59.81  1.92 33.4
157 N-Methylpropargylamine [a] 1.69 29.3  141.84 52.67 55.99  1.84 31.1


158 4-Phenylquinuclidine [a] N
 


2.46       151.36 60.90 63.69  2.44 35.8


[a] Theoretical properties correspond to average weighted values for the different stable isomers of the monomer. [b] statistically corrected by log(n) ; n is the number of equivalent nitrogen atoms in the molecule. 
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Figure S1. 1H NMR spectrum of cephalosol at 500MHz in CDCl3 


 







S4 


Figure S2. 13C NMR spectrum of cephalosol at 125MHz in CDCl3 
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Figure S3. HSQC spectrum of cephalosol at 500MHz in CDCl3 
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Figure S4. HMBC spectrum of cephalosol at 500MHz in CDCl3 


 


 







S7 


Figure S5. FT-IR spectrum of cephalosol 
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Figure S6. EIMS spectrum of cephalosol 
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UV/Vis (96% EtOH) spectrum of 10-(5-azido-3-oxa-pentoxy)-7,8-dikarba-nido-
undekaborane (2).  
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FT-IR (nujol) spectrum of 10-(5-azido-3-oxa-pentoxy)-7,8-dikarba-nido-undekaborane 
(2). 
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11B {1H BB} NMR (acetone-d6, 25°C, 80.253MHz, BF3·Et2O) spectrum of 10-(5-azido-3-
oxa-pentoxy)-7,8-dikarba-nido-undekaborane (2). 


 


 


 
 


11B NMR (acetone-d6, 25°C, 80.253MHz, BF3·Et2O) spectrum of 10-(5-azido-3-oxa-
pentoxy)-7,8-dikarba-nido-undekaborane (2). 
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1H {11B BB} NMR (acetone-d6, 250.131MHz, 25°C, TMS) spectrum of 10-(5-azido-3-oxa-


pentoxy)-7,8-dikarba-nido-undekaborane (2). 
 


 
 


1H NMR (acetone-d6, 250.131MHz, 25°C, TMS) spectrum of 10-(5-azido-3-oxa-
pentoxy)-7,8-dikarba-nido-undekaborane (2). 
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MS (Gly, FAB, -Ve): spectrum of 10-(5-azido-3-oxa-pentoxy)-7,8-dikarba-nido-


undekaborane (2), m/z (%):molecular formula: C6H19B9N3O2; calculated average mass: 
262.53, found 263.3 (100) [M+1H]- 
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UV/Vis spectrum (96% EtOH) of 8-(5-azido-3-oxa-pentoxy)-3-cobalt bis(1,2-
dicarbollide) (5). 
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FT-IR (nujol) spectrum of 8-(5-azido-3-oxa-pentoxy)-3-cobalt bis(1,2-dicarbollide) (5). 


 


 


 
 


11B {1H BB} NMR (acetone-d6, 25°C, 80.25MHz, BF3·Et2O) spectrum of 8-(5-azido-3-
oxa-pentoxy)-3-cobalt bis(1,2-dicarbollide) (5). 
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11B NMR (acetone-d6, 25 °C, 80.25MHz, BF3·Et2O) spectrum of 8-(5-azido-3-oxa-


pentoxy)-3-cobalt bis(1,2-dicarbollide) (5). 
 


 


 


 
 


1H {11B BB} NMR (acetone-d6, 250.131MHz, 25°C, TMS) spectrum of 8-(5-azido-3-oxa-
pentoxy)-3-cobalt bis(1,2-dicarbollide) (5). 
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1H NMR (acetone-d6, 250.131 MHz, 25°C, TMS) spectrum of 8-(5-azido-3-oxa-pentoxy)-


3-cobalt bis(1,2-dicarbollide) (5). 
 


 


 
MS (Gly, FAB, -Ve) spectrum of 8-(5-azido-3-oxa-pentoxy)-3-cobalt bis(1,2-dicarbollide) 


(5); m/z (%):molecular formula: C8H29B18CoN3O2, calculated average mass: 452.87, 
found 453.2 (100) [M]- 
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UV/Vis (96% EtOH) spectrum of 8-(5-azido-3-oxa-pentoxy)-3-iron bis(1,2-dicarbollide) 
(6). 
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FT-IR (KBr) spectrum of 8-(5-azido-3-oxa-pentoxy)-3-iron bis(1,2-dicarbollide) (6). 
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11B {1H BB} NMR (acetone-d6, 25°C, 80.253MHz, BF3·Et2O) spectrum of 8-(5-azido-3-


oxa-pentoxy)-3-iron bis(1,2-dicarbollide) (6). 
 


 


 
11B NMR (acetone-d6, 25°C, 80.253MHz, BF3·Et2O) spectrum of 8-(5-azido-3-oxa-


pentoxy)-3-iron bis(1,2-dicarbollide) (6). 
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MS (Gly, FAB, -Ve) spectrum of 8-(5-azido-3-oxa-pentoxy)-3-iron bis(1,2-dicarbollide) 


(6). m/z (%): molecular formula: C8H29B18FeN3O2, calculated average mass: 449.78, 
found 450.5 (100) [M+1H] 
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UV/Vis (96% EtOH) spectrum of 10-8-(5-propargyl-3-oxa-pentoxy)-3-cobalt bis(1,2-


dicarbollide) (7) 
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FT-IR (KBr) spectrum of 10-8-(5-propargyl-3-oxa-pentoxy)-3-cobalt bis(1,2-


dicarbollide) (7). 
 


 
11B {1H BB} NMR (acetone-d6, 25°C, 80.253MHz, BF3·Et2O) spectrum of -8-(5-


propargyl-3-oxa-pentoxy)-3-cobalt bis(1,2-dicarbollide) (7).  
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11B NMR (acetone-d6, 25°C, 80.253MHz, BF3·Et2O) spectrum of -8-(5-propargyl-3-oxa-
pentoxy)-3-cobalt bis(1,2-dicarbollide) (7). 


 
 


 
 
 
 


1H NMR (acetone-d6, 250.131MHz, 25°C, TMS) spectrum of  10-8-(5-propargyl-3-oxa-
pentoxy)-3-cobalt bis(1,2-dicarbollide) (7).  
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MS (ESI) spectrum of 10-8-(5-propargyl-3-oxa-pentoxy)-3-cobalt bis(1,2-dicarbollide) 
(7), m/z (100): molecular formula:  C11H32B18CoO3, calculated average mass: 465.90, 


found 467.0 (100) [M+1H]- 
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UV/Vis (96% EtOH) spectrum of 8-[5-(4-pentyn-1-yl)-3-oxa-pentoxy]-3-cobalt bis(1,2-
dicarbollide) (8). 
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FT-IR (KBr) spectrum of 8-[5-(4-pentyn-1-yl)-3-oxa-pentoxy]-3-cobalt bis(1,2-


dicarbollide) (8).  
 


 


 
 
11B {1H BB} NMR (acetone-d6, 25°C, 80.253MHz, BF3·Et2O) spectrum of 8-[5-(4-pentyn-


1-yl)-3-oxa-pentoxy]-3-cobalt bis(1,2-dicarbollide) (8).  
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11B NMR (acetone-d6, 25°C, 80.253MHz, BF3·Et2O) spectrum of 8-[5-(4-pentyn-1-yl)-3-
oxa-pentoxy]-3-cobalt bis(1,2-dicarbollide) (8).  


 


 


 
 


1H NMR (acetone-d6, 250.131MHz, 25°C, TMS) spectrum of 8-[5-(4-pentyn-1-yl)-3-oxa-
pentoxy]-3-cobalt bis(1,2-dicarbollide) (8).  
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MS (Gly, FAB, -Ve) spectrum of 8-[5-(4-pentyn-1-yl)-3-oxa-pentoxy]-3-cobalt bis(1,2-


dicarbollide) (8), m/z (%): molecular formula: C13H36B18CoO3, calculated average mass: 
493.95, found 494.5 (100) [M+1H]- 
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UV/Vis (96% EtOH) spectrum of 8-[(5-thia-(3-thiolo-propan-1-yl)-3-oxa-pentoxy)-3-
cobalt bis(1,2-dicarbollide) [(8-HS(CH2)3S-(CH2CH2O)2-1,2-C2B9H10)(1’,2’-C2B9H11-


3,3’-Co]Na (9). 
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FT-IR (KBr) spectrum of 8-[(5-thia-(3-thiolo-propan-1-yl)-3-oxa-pentoxy)-3-cobalt 
bis(1,2-dicarbollide) [(8-HS(CH2)3S-(CH2CH2O)2-1,2-C2B9H10)(1’,2’-C2B9H11-3,3’-


Co]Na (9). 
 


 


 
 
1H NMR (D2O, 250.131MHz, 25°C, TMS) spectrum of  8-[(5-thia-(3-thiolo-propan-1-yl)-


3-oxa-pentoxy)-3-cobalt bis(1,2-dicarbollide) [(8-HS(CH2)3S-(CH2CH2O)2-1,2-
C2B9H10)(1’,2’-C2B9H11-3,3’-Co]Na (9). 
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MS (FAB, Gly, -Ve) spectrum of 8-[(5-thia-(3-thiolo-propan-1-yl)-3-oxa-pentoxy)-3-
cobalt bis(1,2-dicarbollide) [(8-HS(CH2)3S-(CH2CH2O)2-1,2-C2B9H10)(1’,2’-C2B9H11-


3,3’-Co]Na (9), m/z (%): molecular formula:C11H36B18O2S2Co,  calculated average mass: 
518.06, found 518.1 (100) [M]- 


 


 
 


11B {1H BB} NMR (acetone-d6, 25°C, 80.253MHz, BF3·Et2O) spectrum of -[(5-thia-(3-
thiolo-propan-1-yl)-3-oxa-pentoxy)-3-cobalt bis(1,2-dicarbollide) [(8-HS(CH2)3S-


(CH2CH2O)2-1,2-C2B9H10)(1’,2’-C2B9H11-3,3’-Co]Na (9), 
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11B NMR (acetone-d6, 25°C, 80.253MHz, BF3·Et2O) spectrum of -[(5-thia-(3-thiolo-
propan-1-yl)-3-oxa-pentoxy)-3-cobalt bis(1,2-dicarbollide) [(8-HS(CH2)3S-(CH2CH2O)2-


1,2-C2B9H10)(1’,2’-C2B9H11-3,3’-Co]Na (9), 
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UV/Vis (96% EtOH) spectrum of 3N-(4-pentyn-1-yl)thymidine (12).  
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FT-IR (KBr) spectrum of 3N-(4-pentyn-1-yl)thymidine (12).  
 


 


 


 
 


1H NMR (MeOD, 250.131MHz, 25°C, TMS) spectrum of 3N-(4-pentyn-1-yl)thymidine 
(12). 
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13C NMR (62.90 MHz, CD3OH, 25°C, TMS) spectrum of 3N-(4-pentyn-1-yl)thymidine 


(12). 
 


 


 
MS-ESI spectrum of 3N-(4-pentyn-1-yl)thymidine (12), molecular formula: C15H20N2O5; 


calculated average mass 308.33, found 331.0 (100) [M+Na]- 
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UV/Vis (96% EtOH) spectrum of 3N-[1-para-toluensulphonyl)-3-oxa-


pentoxy)]thymidine (14). 


 
MS-ESI spectrum of 3N-[1-para-toluensulphonyl)-3-oxa-pentoxy)]thymidine (14), m/z 


(%): molecular formula: C21H28N2O9S; calculated average mass:484.52, found 485.0 (10) 
[M+1H]- 
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1H NMR (CDCl3, 250.131MHz, 25°C, TMS) spectrum of 3N-[1-para-toluensulphonyl)-3-


oxa-pentoxy)]thymidine (14) 


 
FT-IR (film) spectrum of 3N-[1-para-toluensulphonyl)-3-oxa-pentoxy)]thymidine (14). 
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UV/Vis (96% EtOH) spectrum of 3N-[5-azide-3-oxa-pentoxy)]thymidine (15). 


 


 


 
 


FT-IR (film) spectrum of 3N-[5-azide-3-oxa-pentoxy)]thymidine (15).  
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1H NMR (acetone-d6, 250.131MHz, 25°C, TMS) spectrum of 3N-[5-azide-3-oxa-
pentoxy)]thymidine (15). 


 


 
MS-ESI spectrum of 3N-[5-azide-3-oxa-pentoxy)]thymidine (15), m/z (%): molecular 


formula: C14H21N5O6 ,calculated average mass: 355.35, found 378.0 (100) [M+Na]- 
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UV/Vis (96% EtOH) spectrum of 2’-O-{[5-(7,8-dikarba-nido-undekaborane-10-yl)-3-


oxa-pentoxy]-1N-1,2,3-triazole-4-yl}methyluridine (17).  
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FT-IR (nujol) spectra of 2’-O-{[5-(7,8-dikarba-nido-undekaborane-10-yl)-3-oxa-


pentoxy]-1N-1,2,3-triazole-4-yl}methyluridine (17). 
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11B NMR (acetone-d6, 25°C, 80.253MHz, BF3·Et2O) spectrum of 2’-O-{[5-(7,8-dikarba-


nido-undekaborane-10-yl)-3-oxa-pentoxy]-1N-1,2,3-triazole-4-yl}methyluridine (17).  
 


 
11B {1H BB} NMR (acetone-d6, 25°C, 80.253MHz, BF3·Et2O) spectrum of 2’-O-{[5-(7,8-


dikarba-nido-undekaborane-10-yl)-3-oxa-pentoxy]-1N-1,2,3-triazole-4-yl}methyluridine 


(17). 
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1H NMR (CD3OH, 250.131MHz, 25°C, TMS) spectrum of 2’-O-{[5-(7,8-dikarba-nido-


undekaborane-10-yl)-3-oxa-pentoxy]-1N-1,2,3-triazole-4-yl}methyluridine (17). 
 


 
MS (FAB, Gly, -Ve) spectrum of 2’-O-{[5-(7,8-dikarba-nido-undekaborane-10-yl)-3-oxa-


pentoxy]-1N-1,2,3-triazole-4-yl}methyluridine (17),m/z (%): molecular formula: 
C18H31B9N5O8 ,  calculated average mass: 542.77, found 545.4 (100) [M+3H]- 
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UV/VIS (96% EtOH) spectrum of 2’-O-{{5-[3-cobalt bis(1,2-dicarbollide)-8-yl]-3-oxa-


pentoxy}-1N-1,2,3-triazole-4-yl}methyluridine (18).  
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FT-IR (film) spectra of 2’-O-{{5-[3-cobalt bis(1,2-dicarbollide)-8-yl]-3-oxa-pentoxy}-1N-
1,2,3-triazole-4-yl}methyluridine (18). 
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11B NMR (acetone-d6, 25°C, 80.253MHz, BF3·Et2O) spectrum of 2’-O-{{5-[3-cobalt 
bis(1,2-dicarbollide)-8-yl]-3-oxa-pentoxy}-1N-1,2,3-triazole-4-yl}methyluridine (18).  


 


 
 


11B {1H BB} NMR (acetone-d6, 25°C, 80.253MHz, BF3·Et2O) spectrum of 2’-O-{{5-[3-
cobalt bis(1,2-dicarbollide)-8-yl]-3-oxa-pentoxy}-1N-1,2,3-triazole-4-yl}methyluridine 


(18).  
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1H NMR (CD3OH, 250.131MHz, 25°C, TMS) spectrum of 2’-O-{{5-[3-cobalt bis(1,2-


dicarbollide)-8-yl]-3-oxa-pentoxy}-1N-1,2,3-triazole-4-yl}methyluridine (18). 
 
 


 
MS (FAB, Gly, -Ve) spectrum of 2’-O-{{5-[3-cobalt bis(1,2-dicarbollide)-8-yl]-3-oxa-


pentoxy}-1N-1,2,3-triazole-4-yl}methyluridine (18), m/z (%): molecular formula: 
C20H43B18CoN5O8, calculated  average mass: 735.11, fund 735.5 (36) [M]- 
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UV/Vis (96% EtOH) spectrum of 2’-O-{{5-[3-iron bis(1,2-dicarbollide)-8-yl]-3-oxa-
pentoxy}-1N-1,2,3-triazole-4-yl}methyluridine (19).  


 
 
 


25
42


.7


28
61


.4
29


24
.5


29
55


.6


34
40


.9


16
98


.6


14
58


.1


12
66


.5


11
17


.5


13
85


.6


87
0.


9
97


4.
9


56
7.


3


81
5.


1
71


6.
0


5001000150020002500300035004000


50


55


60


65


70


75


Operator: A.Sut Mon Jun 12 12:08:18:96 2006Z.Lesnikowski ZL-B2


Wavenumbers


%
 
T
r
a
n
s
m
i
t
t
a
n
c
e


 
FT-IR (KBr) spectrum of 2’-O-{{5-[3-iron bis(1,2-dicarbollide)-8-yl]-3-oxa-pentoxy}-1N-


1,2,3-triazole-4-yl}methyluridine (19).  
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11B NMR (acetone-d6, 25°C, 80.253MHz, BF3·Et2O) spectrum of 2’-O-{{5-[3-iron bis(1,2-
dicarbollide)-8-yl]-3-oxa-pentoxy}-1N-1,2,3-triazole-4-yl}methyluridine (19).  


 


 
MS (FAB, Gly, -Ve) spectrum of 2’-O-{{5-[3-iron bis(1,2-dicarbollide)-8-yl]-3-oxa-
pentoxy}-1N-1,2,3-triazole-4-yl}methyluridine (19), m/z (%): molecular formula: 


C20H43B18FeN5O8, calculated average mass: 732.03, found 732.6 (100) [M]- 
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UV/Vis (96% EtOH) spectrum of 3-N-{[5-(7,8-dikarba-nido-undekaborane-10-yl)-3-oxa-


pentoxy]-1N-1,2,3-triazole-4-yl}(4-propan-1-yl)thymidine (20). 
 


 
 


FT-IR (KBr) spectrum of 3-N-{[5-(7,8-dikarba-nido-undekaborane-10-yl)-3-oxa-
pentoxy]-1N-1,2,3-triazole-4-yl}(4-propan-1-yl)thymidine (20). 
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11B NMR (acetone-d6, 25°C, 80.253MHz, BF3·Et2O) spectrum of 3-N-{[5-(7,8-dikarba-
nido-undekaborane-10-yl)-3-oxa-pentoxy]-1N-1,2,3-triazole-4-yl}(4-propan-1-


yl)thymidine (20).  
 


 
 


11B {1H BB} NMR (acetone-d6?, 25°C, 80.253MHz, BF3·Et2O) spectrum of 3-N-{[5-(7,8-
dikarba-nido-undekaborane-10-yl)-3-oxa-pentoxy]-1N-1,2,3-triazole-4-yl}(4-propan-1-


yl)thymidine (20).  
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1H NMR (CD3OH, 250.131MHz, 25°C, TMS) spectrum of 3-N-{[5-(7,8-dikarba-nido-
undekaborane-10-yl)-3-oxa-pentoxy]-1N-1,2,3-triazole-4-yl}(4-propan-1-yl)thymidine 


(20). 
 


 
MS-ESI spectrum of 3-N-{[5-(7,8-dikarba-nido-undekaborane-10-yl)-3-oxa-pentoxy]-


1N-1,2,3-triazole-4-yl}(4-propan-1-yl)thymidine (20), m/z (%): molecular formula: 
C21H38B9N5O7, calculated average mass: 569.85, found 572.0 (100) [M+2H]- 
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UV/Vis (96% EtOH) spectrum of 3-N-{{5-[3-cobalt bis(1,2-dicarbollide)-8-yl]-3-oxa-


pentoxy}-1N-1,2,3-triazole-4-yl}(4-propan-1-yl)thymidine (21). 
 


 


 
 


FT-IR (KBr) spectrum of 3-N-{{5-[3-cobalt bis(1,2-dicarbollide)-8-yl]-3-oxa-pentoxy}-
1N-1,2,3-triazole-4-yl}(4-propan-1-yl)thymidine (21).  
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11B {1H BB} NMR (acetone-d6?, 25°C, 80.253MHz, BF3·Et2O) spectrum of 3-N-{{5-[3-
cobalt bis(1,2-dicarbollide)-8-yl]-3-oxa-pentoxy}-1N-1,2,3-triazole-4-yl}(4-propan-1-


yl)thymidine (21).  
 


 
1H NMR (CD3OH, 250.131MHz, 25°C, TMS) spectrum of 3-N-{{5-[3-cobalt bis(1,2-


dicarbollide)-8-yl]-3-oxa-pentoxy}-1N-1,2,3-triazole-4-yl}(4-propan-1-yl)thymidine (21). 
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13C NMR (62.90 MHz, CD3OH, 25°C, TMS) spectrum of 3-N-{{5-[3-cobalt bis(1,2-


dicarbollide)-8-yl]-3-oxa-pentoxy}-1N-1,2,3-triazole-4-yl}(4-propan-1-yl)thymidine (21). 
 
 


 


250 MHz 1H-13C correlation (CD3OH) spectrum (HMQC) of 3-N-{{5-[3-cobalt bis(1,2-
dicarbollide)-8-yl]-3-oxa-pentoxy}-1N-1,2,3-triazole-4-yl}(4-propan-1-yl)thymidine (21). 
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250 MHz 1H-13C Heteronuclear Multiple Bond Correlation (HMBC) (CD3OH) 
experiments for analysis of 3-N-{{5-[3-cobalt bis(1,2-dicarbollide)-8-yl]-3-oxa-pentoxy}-
1N-1,2,3-triazole-4-yl}(4-propan-1-yl)thymidine (21). Observable on the HMBC 
spectrum two connectivities, C-2/α-H and C-4/ α -H, allow assignment of the alkylation 
site in thymine nucleobase to 3N.  
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MS-ESI spectrum of of 3-N-{{5-[3-cobalt bis(1,2-dicarbollide)-8-yl]-3-oxa-pentoxy}-1N-


1,2,3-triazole-4-yl}(4-propan-1-yl)thymidine (21), m/z (%): molecular formula: 
C23H49B18CoN5O7, calculated average mass: 761.20, found 762.0 (100) [M+1H]- 
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UV/Vis (96% EtOH) spectrum of 3-N-{{5-[3-iron bis(1,2-dicarbollide)-8-yl]-3-oxa-
pentoxy}-1N-1,2,3-triazole-4-yl}(4-propan-1-yl)thymidine (22). 
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FT-IR (KBr) spectrum of 3-N-{{5-[3-iron bis(1,2-dicarbollide)-8-yl]-3-oxa-pentoxy}-1N-
1,2,3-triazole-4-yl}(4-propan-1-yl)thymidine (22).  


 


 
 


11B NMR (acetone-d6, 25°C, 80.253MHz, BF3·Et2O) spectrum of 3-N-{{5-[3-iron bis(1,2-
dicarbollide)-8-yl]-3-oxa-pentoxy}-1N-1,2,3-triazole-4-yl}(4-propan-1-yl)thymidine (22).  
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MS-ESI spectrum of 3-N-{{5-[3-iron bis(1,2-dicarbollide)-8-yl]-3-oxa-pentoxy}-1N-1,2,3-


triazole-4-yl}(4-propan-1-yl)thymidine (22). m/z (%): molecular formula: 
C23H49B18FeN5O7, calculated average  mass: 758.11, found 759.0 (100) [M+1H]- 
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UV/Vis (96% EtOH) spectrum of 3-N-{{5-[3-cobalt bis(1,2-dicarbollide)-8-yl]-3-oxa-


pentoxy}methyl-(4-1,2,3-triazole-1N-yl}} (1-ethoxyethan-4-yl)thymidine (23). 
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FT-IR (KBr) spectrum of 3-N-{{5-[3-cobalt bis(1,2-dicarbollide)-8-yl]-3-oxa-
pentoxy}methyl-(4-1,2,3-triazole-1N-yl}} (1-ethoxyethan-4-yl)thymidine (23).  


 


 


 
 


11B NMR (acetone-d6, 25°C, 80.253MHz, BF3·Et2O) spectrum of 3-N-{{5-[3-cobalt 
bis(1,2-dicarbollide)-8-yl]-3-oxa-pentoxy}methyl-(4-1,2,3-triazole-1N-yl}} (1-


ethoxyethan-4-yl)thymidine (23). 
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11B {1H BB} NMR (acetone-d6, 25°C, 80.253MHz, BF3·Et2O) spectrum of 3-N-{{5-[3-
cobalt bis(1,2-dicarbollide)-8-yl]-3-oxa-pentoxy}methyl-(4-1,2,3-triazole-1N-yl}} (1-


ethoxyethan-4-yl)thymidine (23).  
 


 
1H NMR {11B BB} (CD3OH, 250.131MHz, 25°C, TMS) spectrum of 3-N-{{5-[3-cobalt 


bis(1,2-dicarbollide)-8-yl]-3-oxa-pentoxy}methyl-(4-1,2,3-triazole-1N-yl}} (1-
ethoxyethan-4-yl)thymidine (23).  
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MS-ESI spectrum of 3-N-{{5-[3-cobalt bis(1,2-dicarbollide)-8-yl]-3-oxa-pentoxy}methyl-
(4-1,2,3-triazole-1N-yl}} (1-ethoxyethan-4-yl)thymidine (23), m/z (%): molecular 


formula: C25H53B18CoN5O9, calculated average mass: 821.25, found 822.0 (90) [M+1H]- 
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UV/Vis (96% EtOH) spectrum of 3-N-{{5-[3-cobalt bis(1,2-dicarbollide)-8-yl]-3-oxa-


pentoxy}propyl-(4-1,2,3-triazole-1N-yl}} (1-ethoxyethan-4-yl)thymidine (24). 
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FT-IR (KBr) spectrum of 3-N-{{5-[3-cobalt bis(1,2-dicarbollide)-8-yl]-3-oxa-
pentoxy}propyl-(4-1,2,3-triazole-1N-yl}} (1-ethoxyethan-4-yl)thymidine (24). 


 
 


 
11B NMR (acetone-d6, 25°C, 80.253MHz, BF3·Et2O) spectrum of 3-N-{{5-[3-cobalt 


bis(1,2-dicarbollide)-8-yl]-3-oxa-pentoxy}propyl-(4-1,2,3-triazole-1N-yl}} (1-
ethoxyethan-4-yl)thymidine (24).  







 49


 
11B {1H BB} NMR (acetone-d6, 25°C, 80.253MHz, BF3·Et2O) spectrum of 3-N-{{5-[3-
cobalt bis(1,2-dicarbollide)-8-yl]-3-oxa-pentoxy}propyl-(4-1,2,3-triazole-1N-yl}} (1-


ethoxyethan-4-yl)thymidine (24).  
 


 
1H NMR {11B BB} (CD3OH, 250.131MHz, 25°C, TMS) spectrum of 3-N-{{5-[3-cobalt 


bis(1,2-dicarbollide)-8-yl]-3-oxa-pentoxy}propyl-(4-1,2,3-triazole-1N-yl}} (1-
ethoxyethan-4-yl)thymidine (24).  
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MS-ESI spectrum of 3-N-{{5-[3-cobalt bis(1,2-dicarbollide)-8-yl]-3-oxa-pentoxy}propyl-
(4-1,2,3-triazole-1N-yl}} (1-ethoxyethan-4-yl)thymidine (24), m/z (%): molecular 


formula: C27H57B18CoN5O9, calculated average mass: 849.30, found 850.0 (100) [M+1H]- 
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Comparison of high resolution experimental spectra with simulated 
spectra within the range of molecular ion m/z. 


 


   
Simulated spectrum  of the molecular ion of 10-(5-azido-3-oxa-pentoxy)-7,8-dikarba-


nido-undekaborane (2), calculated exact mass for C6H19B9N3O2: 264.23 
 


 
Fragment of the MS ESI spectrum of 10-(5-azido-3-oxa-pentoxy)-7,8-dikarba-nido-
undekaborane (2) corresponding to molecular ion range,  m/z (%):  263.26 (100%), 


264.18 (42%), calculated exact mass for C6H19B9N3O2: 264.23 
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Simulated spectrum  of the molecular ion of 8-(5-azido-3-oxa-pentoxy)-3-cobalt bis(1,2-


dicarbollide) (5), calculated exact mass for C8H29B18CoN3O2 : 456.33 
 


 
Fragment of the MS ESI spectrum of 8-(5-azido-3-oxa-pentoxy)-3-cobalt bis(1,2-


dicarbollide) (5) corresponding to molecular ion range, m/z (%): 453.46 (100%), 456.32 
(5%),  calculated exact mass for C8H29B18CoN3O2: 456.33 
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Simulated spectrum  of the molecular ion of 8-(5-azido-3-oxa-pentoxy)-3-iron bis(1,2-


dicarbollide) (6), calculated exact mass for C8H29B18FeN3O2 : 453.33 
 


 
 


Fragment of the MS ESI spectrum of 8-(5-azido-3-oxa-pentoxy)-3-iron bis(1,2-
dicarbollide) (6) corresponding to molecular ion range, m/z (%): 450.44 (100%), 453.28 


(2%),  calculated exact mass for C8H29B18FeN3O2: 453.33 
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Simulated spectrum  of the molecular ion of 10-8-(5-propargyl-3-oxa-pentoxy)-3-cobalt 


bis(1,2-dicarbollide) (7), calculated exact mass for C11H32B18CoO3 : 469.34 
 


 
 


Fragment of the MS ESI spectrum of 10-8-(5-propargyl-3-oxa-pentoxy)-3-cobalt bis(1,2-
dicarbollide) (7) corresponding to molecular ion range, m/z (%): 466.50 (100%), 469.36 


(5%),  calculated exact mass for C11H32B18CoO3: 469.34 
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 Simulated spectrum  of the molecular ion of 8-[5-(4-pentyn-1-yl)-3-oxa-pentoxy]-3-


cobalt bis(1,2-dicarbollide) (8), calculated exact mass for C13H36B18CoO3 : 497.37 
 


 
 


Fragment of the MS ESI spectrum of 8-[5-(4-pentyn-1-yl)-3-oxa-pentoxy]-3-cobalt 
bis(1,2-dicarbollide) (8), corresponding to molecular ion range, m/z (%): 495.48 (100%), 


497.40 (6%),  calculated exact mass for C13H36B18CoO3: 497.37 
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Simulated spectrum  of the molecular ion of 8-[(5-thia-(3-thiolo-propan-1-yl)-3-oxa-


pentoxy)-3-cobalt bis(1,2-dicarbollide) [(8-HS(CH2)3S-(CH2CH2O)2-1,2-C2B9H10)(1’,2’-
C2B9H11-3,3’-Co]Na (9), calculated exact mass for C11H36B18O2S2Co : 521.32 


 


 
 


Fragment of the MS ESI spectrum of 8-[(5-thia-(3-thiolo-propan-1-yl)-3-oxa-pentoxy)-3-
cobalt bis(1,2-dicarbollide) [(8-HS(CH2)3S-(CH2CH2O)2-1,2-C2B9H10)(1’,2’-C2B9H11-
3,3’-Co]Na (9) corresponding to molecular ion range, m/z (%): 519.42 (100%), 521.36 


(10%),  calculated exact mass for C11H36B18O2S2Co: 521.32 
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Simulated spectrum  of the molecular ion of 3N-(4-pentyn-1-yl)thymidine (12), 
calculated exact mass for C15H20N2O5 : 308.14 


 


 
 


Fragment of the MS-APCI spectrum of 3N-(4-pentyn-1-yl)thymidine (12), 
corresponding to molecular ion range, m/z (%):308.96 (100%), 309.92 (15%),  calculated 


exact mass for C15H20N2O5: 308.14 
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Simulated spectrum  of the molecular ion of 3N-[1-para-toluensulphonyl)-3-oxa-
pentoxy)]thymidine (14), calculated exact mass for C21H28N2O9S : 484.15 


 


  
 


Fragment of the MS-APCI spectrum of 3N-[1-para-toluensulphonyl)-3-oxa-
pentoxy)]thymidine (14) corresponding to molecular ion range, m/z (%): 484.94 (100%), 


485.86 (22%), 486.86 (6%),  calculated exact mass for C21H28N2O9S: 484.15 
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Simulated spectrum  of the molecular ion of 3N-[5-azide-3-oxa-pentoxy)]thymidine (15), 
calculated exact mass for C14H21N5O6  : 355.15 


 


 
 


Fragment of the MS-APCI spectrum of 3N-[5-azide-3-oxa-pentoxy)]thymidine (15) 
corresponding to molecular ion range, m/z (%): 355.90 (100%),  calculated exact mass 


for C14H21N5O6  : 355.15 
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Simulated spectrum  of the molecular ion of 2’-O-{[5-(7,8-dikarba-nido-undekaborane-
10-yl)-3-oxa-pentoxy]-1N-1,2,3-triazole-4-yl}methyluridine (17), calculated exact mass 


for C18H31B9N5O8 : 544.30 
 


 
 


Fragment of the MS ESI spectrum of 2’-O-{[5-(7,8-dikarba-nido-undekaborane-10-yl)-
3-oxa-pentoxy]-1N-1,2,3-triazole-4-yl}methyluridine (17), corresponding to molecular 


ion range, m/z (%): 545.42 (100%), 547.34 (5%),  calculated exact mass for 
C18H31B9N5O8: 544.30 
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Simulated spectrum  of the molecular ion of 2’-O-{{5-[3-cobalt bis(1,2-dicarbollide)-8-
yl]-3-oxa-pentoxy}-1N-1,2,3-triazole-4-yl}methyluridine (18), calculated exact mass for 


C20H43B18CoN5O8 : 738.41 


 
 


Fragment of the MS ESI spectrum of 2’-O-{{5-[3-cobalt bis(1,2-dicarbollide)-8-yl]-3-
oxa-pentoxy}-1N-1,2,3-triazole-4-yl}methyluridine (18)corresponding to molecular ion 


range, m/z (%):736.46 (100%), 738.38 (12%),  calculated exact mass for 
C20H43B18CoN5O8: 738.41 
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Simulated spectrum  of the molecular ion of 2’-O-{{5-[3-iron bis(1,2-dicarbollide)-8-yl]-


3-oxa-pentoxy}-1N-1,2,3-triazole-4-yl}methyluridine (19), calculated exact mass for 
C20H43B18FeN5O8 : 735.41 


 
 


Fragment of the MS ESI spectrum of 2’-O-{{5-[3-iron bis(1,2-dicarbollide)-8-yl]-3-oxa-
pentoxy}-1N-1,2,3-triazole-4-yl}methyluridine (19), corresponding to molecular ion 


range, m/z (%):733.44 (100%), 735.40 (12%),  calculated exact mass for 
C20H43B18FeN5O8: 735.41 
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 Simulated spectrum  of the molecular ion of 3-N-{[5-(7,8-dikarba-nido-undekaborane-
10-yl)-3-oxa-pentoxy]-1N-1,2,3-triazole-4-yl}(4-propan-1-yl)thymidine (20), calculated 


exact mass for C21H38B9N5O7 : 571.36 


 
 


Fragment of the MS ESI spectrum of 3-N-{[5-(7,8-dikarba-nido-undekaborane-10-yl)-3-
oxa-pentoxy]-1N-1,2,3-triazole-4-yl}(4-propan-1-yl)thymidine (20) corresponding to 


molecular ion range, m/z [M+2H]-: 571.46 (100%), 573.36 (5%), calculated exact mass 
for C21H38B9N5O7: 571.36 
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Simulated spectrum  of the molecular ion of 3-N-{{5-[3-cobalt bis(1,2-dicarbollide)-8-yl]-


3-oxa-pentoxy}-1N-1,2,3-triazole-4-yl}(4-propan-1-yl)thymidine (21), calculated exact 
mass for C23H49B18CoN5O7 : 764.46 


 
 


Fragment of the MS ESI spectrum of 3-N-{{5-[3-cobalt bis(1,2-dicarbollide)-8-yl]-3-oxa-
pentoxy}-1N-1,2,3-triazole-4-yl}(4-propan-1-yl)thymidine (21), corresponding to 


molecular ion range, m/z (%):761.56 (100%), 764.58 (7%),  calculated exact mass for 
C23H49B18CoN5O7: 764.46 
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Simulated spectrum  of the molecular ion of 3-N-{{5-[3-iron bis(1,2-dicarbollide)-8-yl]-3-


oxa-pentoxy}-1N-1,2,3-triazole-4-yl}(4-propan-1-yl)thymidine (22), calculated exact 
mass for C23H49B18FeN5O7 : 761.47 


 
 


Fragment of the MS ESI spectrum of 3-N-{{5-[3-iron bis(1,2-dicarbollide)-8-yl]-3-oxa-
pentoxy}-1N-1,2,3-triazole-4-yl}(4-propan-1-yl)thymidine (22) corresponding to 


molecular ion range, m/z (%):759.50 (100%), 761.44 (12%), calculated exact mass for 
C23H49B18FeN5O7: 761.47 
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Simulated spectrum  of the molecular ion of 3-N-{{5-[3-cobalt bis(1,2-dicarbollide)-8-yl]-


3-oxa-pentoxy}methyl-(4-1,2,3-triazole-1N-yl}} (1-ethoxyethan-4-yl)thymidine (23),  
calculated exact mass for C25H53B18CoN5O9 : 824.49 


 
 


Fragment of the MS ESI spectrum of 3-N-{{5-[3-cobalt bis(1,2-dicarbollide)-8-yl]-3-oxa-
pentoxy}methyl-(4-1,2,3-triazole-1N-yl}} (1-ethoxyethan-4-yl)thymidine (23),  


corresponding to molecular ion range, m/z (%): 821.52 (100%), 824.38 (10%)  calculated 
exact mass for C25H53B18CoN5O9: 824.49 
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Simulated spectrum  of the molecular ion of 3-N-{{5-[3-cobalt bis(1,2-dicarbollide)-8-yl]-


3-oxa-pentoxy}propyl-(4-1,2,3-triazole-1N-yl}} (1-ethoxyethan-4-yl)thymidine (24), 
calculated exact mass for C27H57B18CoN5O9 : 852.52 


 


 
 


Fragment of the MS ESI spectrum of 3-N-{{5-[3-cobalt bis(1,2-dicarbollide)-8-yl]-3-oxa-
pentoxy}propyl-(4-1,2,3-triazole-1N-yl}} (1-ethoxyethan-4-yl)thymidine (24) 


corresponding to molecular ion range,  m/z (%): 850.48 (100%), 852.38 (12%),  
calculated exact mass for C27H57B18CoN5O9: 852.52 
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22,23-dihydroazadirachtin 5 
 


O


AcO
H


OH
MeO2C


O OH


O


O


O


CO2Me


OH
O


O


 
 
 
Azadirachtin 1 was obtained in pure form following flash column chromatography (Biotage 40 + M, 60 to 
80% ethyl acetate in petrol) of crude Neem Oil, enriched to 42% azadirachtin content purchased from 
Knightel Ltd, UK. A solution of azadirachtin 1 (10 g, 13.87 mmol) in MeOH (175 mL) was added to a 
suspension of Pd/C (4.56 g, 10 wt% Pd) in MeOH (10 mL) under an atmosphere of argon. The reaction 
vessel was placed under an atmosphere of hydrogen and the reaction mixture was stirred vigorously for 
80 min. The hydrogen was vented, then the crude reaction mixture was filtered through a pad of Celite 
and Na2SO4 and concentrated in vacuo. The residue was purified by flash column chromatography (60-
70% ethyl acetate in petrol) to give 22,23-dihydroazadirachtin 5 (51.6 g, 69%) as a white solid. m.p. 157-
160 °C; [a]D


20 = - 27.8 (c = 0.37 in CHCl3); 1H NMR (600 MHz, CDCl3): d = 6.87 (qd, J = 7.0, 1.4 Hz, 
1H; H3’), 5.47 (t, J = 2.7 Hz, 1H; H3), 5.25 (s, 1H; H21), 5.06 (s, 1H; OH), 4.72 (t, J = 2.7 Hz, 1H; H1), 
4.70 (d, J = 2.6 Hz, 1H; H7); 4.64 (d, J = 3.3 Hz, 1H; H15), 4.56 (dd, J = 12.5, 2.6 Hz, 1H; H6), 4.12 (d, J 
= 9.7 Hz, 1H; H1), 4.05 (d, J = 9.0 Hz, 1H; H28), 4.03-3.96 (m, 1H; H23), 3.92-3.86 (m, 1H; H23), 3.77 
(s, 3H; CO2Me), 3.72 (d, J = 9.0 Hz, 1H; H28), 3.66 (s, 3H; CO2Me), 3.60 (d, J = 9.7 Hz, 1H; H19), 3.29 
(s, 1H; OH), 3.25 (d, J = 12.5 Hz, 1H; H5), 3.17 (s, 1H; H9), 2.68 (s, 1H; OH), 2.44 (d, J = 5.2 Hz, 1H; 
H17), 2.29 (dt, J = 16.9, 2.4 Hz, 1H; H2), 2.20 (dt, J = 16.9, 3.1 Hz, 1H; H2), 2.18-2.08 (m, 1H; H22), 
2.04-1.96 (m, 1H; H22), 1.99 (s, 3H; H18), 1.93 (s, 3H; OAc), 1.82 (br s, 3H; 5’Me), 1.76 (d, J = 7.0 Hz, 
1H; 4’Me), 1.72 (s, 3H; 30Me), 1.65 (m, 1H; H16), 1.51 (d, J = 13.0 Hz, 1H; H16); IR (film) ?max/cm-1 
3432, 2954, 2910, 1733, 1703, 1646. 
 


22,23-dihydro-11-benzyloxyazadirachtin 17 
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Freshly prepared Ag2O (104 g, 449 mmol) was added to a solution of 22,23-dihydroazadirachtin 5 (51.5 
g, 71.2 mmol) in DMF (1.5 L). The mixture was heated to 40 °C and benzyl bromide (81 mL, 1.71 mol) 
was added. The reaction was stopped after 20 min by filtering the reaction mixture through a pad of Celite 







(eluting with 2.5 L diethyl ether). The filtrate was concentrated in vacuo, filtered through Celite to afford 
a cloudy viscous yellow oil residue. This oil was filtered again through Celite (eluting with 2.5 L 
chloroform) and concentrated in vacuo and purified by flash column chromatography (ethyl acetate : 
chloroform : petrol (2:2:1)) to give the benzyl ether 17 (36.1 g, 62%) as a white solid. m.p. 153-154 °C; 
[a]D


20 = +0.9 (c = 1.06 in CHCl3); 1H NMR (600 MHz, CDCl3): d = 7.38-7.18 (m, 5H; Ph), 6.84 (qd, J = 
7.1, 1.3 Hz, 1H; H3’), 5.49 (t, J = 2.7 Hz, 1H; H3), 5.15 (s, 1H; H2l), 4.74 (t, J = 3.0 Hz, 1H; H1), 4.73 
(d, J = 11.3 Hz, 1H; CHHPh), 2.58 (dd, J = 12.4, 2.8 Hz, 1H; H6), 4.53 (d, J = 2.8 Hz, 1H; H7), 4.48 (d, J 
= 11.3 Hz, 1H; CHHPh), 4.37 (d, J = 3.4 Hz, 1H; H5), 4.14 (d, J = 9.4 Hz, 1H; H19), 4.06 (d, J = 8.9 Hz, 
1H; H28), 3.98 (td, J = 8.4, 4.5 Hz, 1H; H23), 3.87 (d, J = 8.4 Hz, 1H; H23), 3.78 (s, 3H; OMe), 3.42 (s, 
1H; OH), 3.27 (s, 1H; H9), 3.21 (d, J = 12.4 Hz, 1H; H5), 2.78 (s, 1H; OH), 2.38 (d, J = 5.2 Hz, 1H; 
H17), 2.27 (br, 2H; 2 × H2), 2.17-2.07 (m, 1H; H22), 2.03-1.97 (m, 1H; H22) 1.95 (s, 3H; 18Me), 1.92 (s, 
3H; OAc), 1.83 (br s, 3H; 5’Me), 1.77 (d, J = 7.0 Hz, 3H; 4’Me), 1.75-1.67 (m, 1H; H16), 1.59 (s, 3H; 
30Me), 1.47 (d, J = 12.8 Hz, 1H; H16); 13C NMR (150 MHz, CDCl3): d = 173.3 (s), 169.6 (s), 169.5 (s), 
166.4 (s), 137.5 (s), 137.4 (d), 128.67 (s), 128.1 (2 × d), 127.4 (d), 127.4 (2 × d), 107.6 (d), 107.2 (s), 81.3 
(s), 76.9 (d), 75.2 (d), 73.7 (d), 73.1 (t), 70.3 (d), 69.3 (t), 68.4 (s), 66.9 (d), 66.6 (t), 65.0 (t), 64.6 (s), 
53.0 (q), 52.8 (q), 52.5 (s), 49.6 (d), 49.4 (s), 46.3 (d), 44.7 (s), 41.1 (t), 37.26 (d), 30.0 (t), 24.4 (t), 21.4 
(q), 21.0 (q), 19.1 (q), 14.3 (q), 12.0 (q); IR (film) ?max/cm-1 3452, 2953, 1742, 1436, 1376, 1267, 1219, 
1135, 1043. 
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To a solution of 22,23-dihydro-11-benzyloxyazadirachtin 17 (25 g, 30.8 mmol) in CH2Cl2 (6.3 L) was 
added PCC (75 g) and powdered activated 4?  molecular sieves (75 g). The mixture was heated to 40°C 
for 90 min, then cooled to room temperature and ethyl acetate (6.3 L) was added. After a further 30 min 
of stirring, the mixture was filtered through a pad of Florisil and concentrated in vacuo. Purification by 
chromatography (ethyl acetate : chloroform : petrol (2:2:1)) gave the carbonate 18 (14.0 g, 39%) as a 
colourless solid. m.p. 149-150 °C; [a]D = +30.4 (c = 1.01 in CHCl3); 1H NMR (600 MHz, CDCl3): d = 
7.33-7.26 (m, 5H; Ph), 6.68 (qd, J = 7.1, 1.3 Hz, 1H; H3’), 5.49 (t, J = 2.8 Hz, 1H; H3), 5.19 (d, J = 14.2 
Hz, 1H; H6), 4.82 (t, J = 2.4Hz, 1H; H1), 4.76 (br s, 1H; H15), 4.70 (d, J = 10.8 Hz, 1H; CHHPh), 4.57-
4.50 (m, 1H; H23), 4.48 (d, J = 10.0 Hz, 1H; H19), 4.42 (d, J = 10.8 Hz, 1H; CHHPh), 4.21 (dd, J = 11.5, 
9.5 Hz, 1H; H23), 4.06 (d, J = 9.0 Hz, 1H; H28), 3.80 (d, J = 10.0 Hz, 1H; H19), 3.78 (s, 3H; CO2Me), 
3.75 (d, J = 9.0 Hz, 1H; H28), 3.70 (s, 1H; H9), 3.67 (s, 3H; CO2Me), 2.87 (t, J = 3.6 Hz, 1H; H17), 2.85 
(m, 1H; H22), 2.76 (d, J = 14.2 Hz, 1H; H5), 2.60 (dd, J = 14.4, 8.7 Hz, 1H; H22), 2.30 (dt, J = 16.9, 2.3 
Hz, 1H; H2), 2.19 (dt, J = 16.9, 3.2 Hz, 1H; H2), 1.90 (s, 3H; OAc), 1.80 (br s, 3H; 5’Me), 1.79 (s, 3H; 
18Me), 1.74 (m, 5H; 4’Me, 2 × H16), 1.64 (s, 3H; 30Me); 13C NMR (150 MHz, CDCl3): d = 208.3 (s), 
201.6 (s), 172.3 (s), 169.6 (s), 169.2 (s), 166.2 (s), 152.2 (s), 137.6 (d), 136.4 (s), 128.7 (s), 128.5 (d), 
128.4 (d), 128.3 (d), 128.1 (2 × d), 106.8 (s), 82.3 (d), 75.6 (d), 73.1 (t), 70.2 (d), 70.0 (t), 67.6 (s or t), 
67.5 (s or t), 67.1 (s or t), 66.9 (s or t), 66.3 (d), 54.9 (d), 53.3 (d or q), 53.2 (s), 53.1 (d or q), 52.6 (s), 
48.3 (s), 45.1 (d), 42.3 (t), 30.8 (t), 30.0 (t), 21.1 (q), 20.8 (q), 16.9 (q), 14.2 (q), 12.2 (q); IR (film) 
?max/cm-1 2956, 1743, 1455, 1436, 1394, 1267, 1217, 1043. 
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Sodium methoxide (149 mg, 2.8 mmol) was added to a stirred solution of the carbonate 18 (100 mg, 
0.12 mmol) in MeOH (8 mL). After stirring for 2 h the reaction was quenched by the addition of saturated 
NH4Cl solution (2 mL) and diluted with water (5 mL). The product was extracted with chloroform 
(2 × 10 mL), dried (MgSO4) and the solvent removed in vacuo. Flash column chromatography (75% ethyl 
acetate in chloroform) gave an inseparable 2:1 a:ß mixture of diols 16 and 8-epi-16 (36 mg, 60%) as a 
colourless oil; Data for 16: 1H NMR (400 MHz, CDCl3): d = 7.42-7.25 (m, 5H; Ph), 4.83 (d, J = 11.5 Hz, 
1H; CHHPh), 4.47 (m, 1H; H3), 4.42 (d, J = 11.5 Hz, 1H; CHHPh), 4.10 (d, J = 13.8 Hz, 1H; H6), 4.07 
(d, J = 8.3 Hz, 1H; H28), 4.03 (dt, J = 3.0, 1.2 Hz, 1H; H1), 3.96 (d, J = 8.3 Hz, 1H; H28), 3.81 (s, 3H; 
CO2Me), 3.60 (2 × d, J = 9.6 Hz, 2H; 2 × H19), 3.50 (s, 3H; CO2Me), 3.18 (d, J = 3.3 Hz, 1H; OH), 3.14 
(d, J = 6.4 Hz, 1H; H9), 3.02 (d, J = 13.8 Hz, 1H; H5), 2.96 (d, J = 6.9 Hz, 1H; OH), 2.75 (quintet, J = 
6.6 Hz, 1H; H8), 2.32-2.29 (m, 2H; 2 × H2), 1.25 (d, J = 7.0 Hz, 3H; 30Me). 8-epi-16: 1H NMR (400 
MHz, CDCl3): d = 7.42-7.25 (m, 5H; Ph), 4.74 (d, J = 14.1 Hz, 1H; H6), 4.72 (d, J = 11.5 Hz, 1H; 
CHHPh), 4.56 (d, J = 11.5 Hz, 1H; CHHPh), 4.47 (dt, J = 7.3, 2.8 Hz, 1H; H3), 4.19-4.16 (m, 2H; H1, 
H19), 4.13 (d, J = 8.6 Hz, 1H; H28), 4.03 (d, J = 8.6 Hz, 1H; H28), 3.81 (s, 3H; CO2Me), 3.71 (s, 3H; 
CO2Me), 3.61 (d, J = 9.6 Hz, 1H; H19) 3.33 (d, J = 7.5 Hz, 1H; OH), 3.17-3.13 (m, 1H; H8), 3.09 (d, J = 
6.6 Hz, 1H; OH), 2.92 (d, J = 8.3 Hz, 1H; H9), 2.71 (d, J = 14.3 Hz, 1H; H5), 2.29 (dt, J = 15.6, 2.9 Hz, 
1H; H2), 1.96 (dt, J = 15.6, 2.9 Hz, 1H; H2), 1.30 (d, J = 6.8 Hz, 3H; 30Me). 
 


Bis silyl ether 21 
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iPr2NEt (288 µL, 1.7mmol) and TES-OTf (293 µL, 1.3 mmol) were added to a solution of the diol 16 
(82 mg, 0.17 mmol) in CH2Cl2 at - 60 ?C. After 30 min the reaction was warmed to 0 ?C and stirred for a 
further 2 h. The reaction was diluted with saturated NaHCO3 solution (5 mL) and the product was 
extracted into chloroform (3 × 10 mL). The organic extracts were dried (MgSO4) and the solvent removed 
in vacuo. Flash chromatography (30% ethyl acetate in petrol) afforded 8-epi-21 and 21 (85 mg, 71%) as a 
colourless oil. Data for 21: 1H NMR (400 MHz, CDCl3): d = 7.33-7.21 (m, 5H; Ph), 4.82 (d, J = 11.6 Hz, 
1H; CHHPh), 4.40 (d, J = 11.6 Hz, 1H; CHHPh), 4.32 (s, 1H; H1), 4.13 (d, J = 14.1 Hz, 1H; H6), 3.97 (d, 
J = 8.0 Hz, 1H; H28), 3.92 (s, 1H; H3), 3.90 (d, J = 8.0 Hz, 1H; H28), 3.79 (s, 3H; CO2Me), 3.61 (d, J = 
9.5 Hz, 1H; H19), 3.48 (s, 3H; CO2Me), 3.44 (d, J = 9.5 Hz, 1H; H19), 3.16 (d, J = 14.2 Hz, 1H; H5), 
3.02 (d, J = 6.3 Hz, 1H; H9), 2.67 (m, 1H; H8), 2.29 (app. dt, J = 15.6, 3.4 Hz, 1H; H2), 1.98 (d, J = 15.6 
Hz, 1H; H2), 1.20 (d, J = 6.9 Hz, 3H; 30Me), 0.99 (t, J = 8.0 Hz, 9H; SiCH2CH3), 0.90 (m, 9H; 
SiCH2CH3), 0.66 (m, 6H; SiCH2CH3), 0.56 (m, 6H; SiCH2CH3); 13C NMR (150 MHz, CDCl3): d = 208.3 
(s), 174.8 (s), 169.0 (s), 137.0 (s), 128.5 (2 × d), 127.8 (d), 127.7 (2 × d), 105.6 (s), 76.2 (d), 73.4 (t), 72.9 







(d), 68.8 (t), 66.5 (t), 66.5 (d), 66.1 (t), 56.3 (d), 53.3 (s), 52.5 (q), 51.9 (q), 47.5 (s), 43.3 (d), 41.4 (d), 
37.9 (t), 11.32 (q), 7.0 (3 × q), 6.9 (3 × q), 5.0 (3 × t), 4.7 (3 × t).  
 
 


Allylic enol ether 25  
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Sodium hydride (60 wt% dispersion in mineral oil, 8.3 mg, 0.21 mmol) was washed with petrol (5 × 2 
cm3), dried in vacuo and then suspended in degassed THF (2 mL) under an atmosphere of argon and 
cooled to 0 °C. A solution of ketone 21 (20.0 mg, 0.028 mmol) in THF (1 mL) was added dropwise and 
then the mixture was stirred at 0 °C for 15 min. 15-crown-5 (0.015 mL, 0.075 mmol) was added and the 
mixture was stirred for a further 10 min before a solution of allyl bromide 24 (100 mg, 0.54 mmol) was 
added dropwise. The mixture was stirred at 0 °C for 2 h then quenched by the addition of saturated 
aqueous NH4Cl (2 mL). The mixture was extracted with ethyl acetate (3 × 10 mL), dried (MgSO4) and the 
solvent was removed in vacuo to leave a yellow oil. The crude product was purified by flash column 
chromatography (33% diethyl ether in petrol) to give a 1:1.2 diastereoisomeric mixture of enol ethers 25 
(22 mg, 96%) as a white foam. IR (film) ?max/cm-1 2954, 2935, 2878, 1747, 1724, 1656, 1132, 1126, 
1066; HRMS 847.4241 ([M+Na]+ C45H68O10Si2Na requires 847.4249). Major Isomer: 1H NMR (600 
MHz, CDCl3): d = 7.32-7.28 (m, 5H; Ar), 5.82 (br s, 1H; H14), 4.52-4.46 (m, 4H; H6, 2 × H18, CHHPh), 
4.43-4.41 (m, 1H; H1), 4.15 (d, J = 12.6 Hz, 1H; OCHHPh), 4.23 (d, J = 7.9 Hz, 1H; H28), 3.97 (d, J = 
7.9 Hz, 1H; H28), 3.87-3.85 (m, 1H; H3), 3.79 (s, 3H; CO2Me), 3.57 (s, 3H; CO2Me), 3.59-3.56 (m, 2H; 
2 × H19), 3.26 (m, 1H; H9), 2.92 (br s, 1H; H17), 2.91 (d, J = 11.7 Hz, 1H; H5), 2.77 (br s, 1H; H15), 
2.24 (dt, J = 15.5, 3.0 Hz, 1H; H2), 1.94 (dt, J = 15.5, 1.4 Hz, 1H; H2), 1.73 (s, 3H; 30Me), 1.64-1.54 (m, 
2H; H20, H21), 1.44-1.39 (m, 1H; H16), 1.09-0.95 (m, 3H; H16, H20, H21), 0.98-0.97 (m, 18H; 
SiCH2CH3), 0.67-0.52 (m, 12H; SiCH2CH3); 13C NMR (150 MHz, CDC13): d = 175.3 (s), 169.8 (s), 
153.2 (s), 146.0 (s), 138.4 (s), 130.8 (d), 128.1 (2 × d), 127.3 (d), 127.2 (2 × d), 113.0 (s), 105.8 (s), 73.3 
(t), 70.8 (d), 70.7 (d), 68.2 (t), 68.0 (t), 66.7, (d), 65.4 (t), 58.0 (d), 54.3 (s), 52.4 (q), 52.0 (q), 48.1 (t), 
47.7 (s), 45.7 (d), 42.8 (d) 42.2 (d), 37.5 (t), 26.2 (t), 24.4(t), 15.0 (q), 7.0 (3 × q), 6.9 (3 × q), 4.9 (2 × t), 
4.7 (3 × t). Minor Isomer: 1H NMR (600 MHz, CDCl3): d = 7.32-7.28 (m, 5H; Ar), 5.82 (br s, 1H; H14), 
4.52-4.46 (m, 4H; H6, 2 × H18, OCHHPh), 4.43-4.41 (m, 1H; H1), 4.24 (d, J = 12.8 Hz, 1H; OCHHPh), 
4.23 (d, J = 7.9 Hz, 1H; H28), 3.98 (d, J = 7.9 Hz, 1H; H28), 3.87-3.85 (m, 1H; H3), 3.77 (s, 3H; 
CO2Me), 3.58 (s, 3H; CO2Me), 3.59-3.56 (m, 2H; 2 × H19), 3.26 (m, 1H; H9), 2.91 (d, J = 11.7 Hz, 1H; 
H5), 2.87 (br s, 1H; H17), 2.69 (br s, 1H; H15), 2.24 (dt, J = 15.5, 3.0 Hz, 1H; H2), 1.94 (dt, J = 15.5, 1.4 
Hz, 1H; H2), 1.73 (s, 3H; 30Me), 1.64-1.54 (m, 2H; H20, H21), 1.44-1.39 (m, 1H; H16), 1.09-0.95 (m, 
3H; H16, H20, H21), 0.98-0.97 (m, 18H; SiCH2CH3), 0.67-0.52 (m, 12H; SiCH2CH3); 13C NMR (150 
MHz, CDCl3): d = 175.3 (s), 169.9 (s), 153.4 (s), 146.1 (s), 138.4 (s), 130.9 (s), 128.1 (2 × d), 127.3 (d), 
127.2 (2 × d), 112.6 (s), 105.9 (s), 73.3 (t), 70.8 (d), 70.7 (d), 68.2 (t), 68.0 (t), 66.7 (d), 65.5 (t), 58.0 (d), 
54.3 (s), 52.4 (q), 52.0 (q), 48.1 (t), 48.0 (s), 45.7 (d), 43.0 (d), 42.2 (d), 37.5 (t), 26.1 (t), 24.6 (t), 15.1 
(q), 7.0 (q), 6.9 (q), 4.9 (t), 4.7 (t). 
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All glassware was washed (5 × NaHCO3, 5 × H2O) and oven dried before use. A diastereomeric mixture 
of enol ethers 25 (12.0 mg, 0.015 mmol) was dissolved in 1,2-dichlorobenzene (0.3 mL). The mixture 
was degassed and then heated to 167 °C for 16 h in a sealed tube. The crude product was purified by flash 
column chromatography (petrol to remove the solvent followed by 33% diethyl ether in petrol) to give the 
ketone 26 (2.0 mg, 42%; 83% based on conversion of one diastereomer) as a white foam. 1H NMR (600 
MHz, CDCl3): d = 7.35-7.29 (m, 3H; Ar), 7.21 (d, J = 7.4 Hz, 2H; Ar), 5.05 (s, 1H; H18), 4.90 (d, J = 
11.9 Hz, 1H; CHHPh), 4.44 (s, 1H; H18), 4.42 (d, J = 11.9 Hz, 1H; CHHPh), 4.36-4.34 (m, 1H; H1), 4.07 
(d, J = 14.8 Hz, 1H; H6), 3.95-3.92 (m, 1H; H3), 3.89-3.85 (m, 2H; H28), 3.80 (s, 3H; CO2Me), 3.59 (d, J 
= 14.8 Hz, 1H; H5), 3.57 (d, J = 9.1 Hz, 1H; H19), 3.49 (s, 1H; H9), 3.42 (d, J = 9.1 Hz, 1H; H19), 3.39 
(s, 3H; CO2Me), 2.76 (br s, 1H; H14), 2.62 (br s, 1H; H17), 2.44 (dt, J = 15.6, 4.1 Hz, 1H; H2), 2.35 (br s, 
1H; H15), 2.00 (dt, J = 15.6, 2.8 Hz, 1H; H2), 1.71 (d, J = 10.4 Hz, 1H; H16), 1.60-1.55 (m, 2H; H20, 
H21), 1.27-1.24 (m, 2H; H20, H21), 1.23 (s, 3H; 30Me), 1.07 (t, J = 8.0 Hz, 9H; SiCH2CH3), 1.05 (d, J = 
10.4 Hz, 1H; H16), 0.92 (t, J = 8.1 Hz, 9H; SiCH2CH3), 0.86-0.77 (m, 6H; SiCH2CH3), 0.62-0.50 (m, 6H; 
SiCH2CH3); 13C NMR (150 MHz, CDCl3): d = 206.7 (s), 174.7 (s), 168.8 (s), 153.9 (s), 137.2 (s), 128.4 
(2 × d), 127.6 (d), 127.4 (2 × d), 109.3 (t), 106.0 (s), 75.6 (d), 74.4 (d), 72.9 (t), 71.1 (t), 66.4 (d), 65.5 (t), 
58.0 (d), 55.9 (s), 53.2 (s), 53.0 (q), 52.5 (d), 51.8 (q), 47.6 (s), 46.4 (d), 41.0 (d), 39.6 (d), 39.2 (t), 37.6 
(t), 31.1 (t), 31.0 (t), 18.0 (q), 7.4 (3 × q), 7.0 (3 × q), 5.5 (3 × t), 4.9 (3 × t); IR (film) ?max/cm-1 2955, 
2913, 2878, 1754, 1723, 1128, 1093, 1072; HRMS (ESI) 847.4269 ([M+Na]+ C45H68O10Si2Na requires 
847.4249). 
 


Propargyl enol ether 30 
 


TESO


TESO
H


O
MeO2C


O OBn


O


CO2Me


O  
 
Sodium hydride (60% in mineral oil, 27 mg, 0.68 mmol) was washed with pentane (5 × 1 mL) and dried 
in vacuo. THF (degassed, 0.5 mL) was added and the mixture was cooled to 0 °C. A solution of 21 
(49 mg, 0.068 mmol) in THF (degassed, 0.5 mL + 2 × 0.2 mL rinses) was added via cannula. After 
stirring for 15 min at 0 °C, 15-crown-5 (36 ml, 0.18 mmol) was added and the resulting mixture was 
stirred 10 min more at the same temperature. A solution of 29 (30 mg, 0.14 mmol) in THF (degassed, 0.5 
mL + 2 × 0.2 mL rinses) was then transferred via cannula and it was stirred for 2 h at 0 °C. After addition 
of saturated aqueous NH4Cl (1 mL) and dilution with ethyl acetate (10 mL), the organic layer was washed 
with saturated aqueous NH4Cl (10 mL), brine (10 mL) and water (10 mL). Drying (Na2SO4), evaporation 
of the solvent and chromatography (Biotage 12S, 33% diethyl ether in petrol) afforded a diastereomeric 
mixture of enol ethers 25 (37 mg, 66%) as a colourless oil. 1H NMR (600 MHz, CDCl3): d = 7.23-7.33 







(m, 5H; Bn), 4.54-4.59 (m, 2H; CHHPh, H18), 4.47-4.51 (m, 2H; H6, H18), 4.44 (d, J = 15.1 Hz, 1H; 
CHHPh), 4.35 (s, 1H; H1), 4.22-4.27 (m, 1H; H15), 4.10 (d, J = 8.0 Hz, 1H; H28), 3.96 (d, J = 8.0 Hz, 
1H; H28), 3.94-3.98 (m, 1H; H21), 3.87 (s, 1H; H3), 3.80 (s, 3H; CO2Me), 3.54 (s, 3H; CO2Me), 3.45-
3.52 (m, 1H; H21), 3.46 (d, J = 9.5 Hz, 1H; H19), 3.42 (d, J = 9.3 Hz, 1H; H19), 3.26 (s, 1H; H9), 2.90 
(d, J = 11.8, 1H; H5), 2.23-2.26 (m, 1H; H2), 1.95 (d, J = 15.6 Hz, 1H; H2), 1.82-1.86 (m, 1H; H16), 
1.75-1.80 (m, 1H; H16), 1.75 (s, 3H; 30Me), 1.63-1.68 (m, 1H; H16), 1.48-1.59 (m, 3H; 2 × H20, H16), 
0.95 (t, J = 8.1 Hz, 9 H; SiCH2CH3), 0.93 (t, J = 8.1 Hz, 9H; SiCH2CH3), 0.55-0.68 (m, 12H; SiCH2CH3); 
13C NMR (150 MHz, CDCl3): d = 175.18 (s), 169.67 (s), 152.56 (s), 152.47 (s’), 138.44 (s), 138.42 (s’), 
128.23 (d), 128.22 (d), 127.27 (d), 127.17 (d), 127.12 (d), 115.71 (s), 115.59 (s’), 105.65 (s), 105.63 (s’), 
85.07 (s), 85.04 (s’), 81.43 (s), 81.41 (s’), 73.78 (t), 70.79 (d), 70.77 (d’), 70.67 (d), 70.55 (d’), 67.67 (t), 
66.85 (d), 66.63 (d), 66.21 (t), 65.41 (t), 65.37 (t’), 58.57 (t), 58.42 (t’), 58.06 (d), 58.04 (d’), 54.25 (s), 
52.43 (q), 51.96 (q’), 47.64 (s), 46.06 (d), 45.97 (d’), 37.52 (t), 31.78 (t), 31.72 (t’), 25.64 (t), 25.57 (t’), 
21.54 (t), 15.27 (q), 6.97 (3 × q), 6.96 (3 × q), 4.71 (3 × t), 4.94 (3 × t); IR (CH2Cl2) ?max/cm-1 2955, 2876, 
1748, 1722, 1606, 1456, 1382, 1132, 1111, 1081, 1005; HRMS 863.4217 ([M+Na]+ C45H68O11Si2Na 
requires 836.4192). ’ denotes signals in the 13C NMR spectrum which have been resolved for the separate 
diastereoisomers. 
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The reaction vial was washed with saturated aqueous K2CO3 and oven-dried. A degassed solution of 30 
(16 mg, 0.019 mmol) in 1,2-dichlorobenzene (1 ml) was heated with pulsed microwave irradiation (2 × 
15 min, 180 °C; 15 min, 220 °C). The 1,2-dichlorobenzene was removed by filtration through silica 
(petrol for 1,2-dichlorobenzene then diethyl ether). The crude product was purified by flash column 
chromatography (Biotage 12S, 25% diethyl ether in petrol) to give a diastereomeric mixture of allenes 31 
(8.5 mg, 53%). Data reported for a single diastereoisomer: [a]D


30 = - 20.8 (c = 1.00 in CHCl3); 1H NMR 
(600 MHz, CDCl3): d = 7.25-7.35 (m, 5H; Ph), 5.00 (dd, J = 10.0, 2.0 Hz, 1H; 18H), 4.88 (d, J = 10.5 Hz, 
1H; 18H), 4.82 (d, J = 11.5 Hz, 1H; CHHPh), 4.45 (m, 1H; H1), 4.39 (d, J = 11.5 Hz, 1H; CHHPh), 4.12 
(d, J = 15.0 Hz, 1H; H6), 3.98 (s, 1H; H3), 3.79 (s, 3H; CO2Me), 3.76-4.01 (m, 4H; 2 × H28 or 2 × H19, 
H21, H15), 3.55 (d, J = 9.4 Hz, 1H; H19 or H28), 3.51 (d, J = 9.4 Hz, 1H; H19 or H28), 3.47 (s, 1H; H9), 
3.45 (s, 3H; CO2Me), 3.42-3.49 (m, 1H; H5), 3.36 (dd, J = 10.9, 10.9 Hz, 1H; H21), 2.22-2.24 (m, 1H; 
H2), 1.82-1.94 (m, 3H; H2, 2 × H16 or 2 × H17), 1.60 (s, 3H; 30Me), 1.43-1.62 (m, 4H; 2 × H20, 2 × 
H16 or 2 × H17), 1.03 (t, J = 7.9 Hz, 9H; SiCH2CH3), 0.92 (t, J = 7.9 Hz, 9H; SiCH2CH3), 0.79 (q, J = 
7.9 Hz, 6H; SiCH2CH3), 0.55-0.59 (m, 6H; SiCH2CH3); IR (film) ?max/cm-1 2954, 2877, 1754, 1722, 
1456, 1435, 1239, 1077; HRMS 863.4162 ([M+Na]+ C45H68O11Si2Na requires 863.4192). 
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A solution of lactol (3.75 g, 8.25 mmol), anhydrous trimethylorthoformate (25 mL, 228 mmol) and CSA 
(190 mg, 0.83 mmol) in MeOH (abs., 250 mL) was stirred at room temperature for 1 h. The reaction was 
quenched by the addition of solid NaHCO3 (400 mg) and the solvent was removed in vacuo. The residue 
was purified by flash chromatography (25%-50% ethyl acetate in petrol) to yield a diastereomeric mixture 
of methyl acetals 50 as colourless oil (2.40 g, 82%). Repeated column chromatography (25%-50% ethyl 
acetate in petrol) allowed the separation of the diastereomers yielding the pure less-polar a-isomer 23epi-
50 (600 mg, 21%) followed by the more-polar 23ß-isomer 50 (1.44 g, 50%) and the remainder was a 
mixture of 23epimers (194 mg, 7%). 23epi-50: [a]D = +51.7 (c = 2.00 in CHCl3); 1H NMR (600 MHz, 
CDCl3): d = 7.35-7.23 (m, 5H; Ph), 5.40 (s, 1H; H21), 5.03 (dd, J = 5.5, 1.5 Hz, 1H; H23), 4.93 (d, J = 
11.5 Hz, 1H; CHHPh), 4.80 (d, J = 6.8 Hz, 1H; OCHHO), 4.77 (d, J = 6.8 Hz, 1H; OCHHO), 4.61 (d, J = 
11.5 Hz, 1H; CHHPh), 4.35 (dd, J = 11.5, 4.4 Hz 1H; H17), 4.01-4.04 (m, 1H; H15), 3.71 (dd, J = 11.5, 
3.3 Hz, 1H; H14), 3.65 (dd, J = 11.5, 6.0 Hz, 1H; H14), 3.41 (s, 3H; OMe), 3.39 (s, 3H; OMe), 2.31-2.39 
(m, 2H; H22), 2.19 (br s, 1H; OH), 1.96 (m, 1H; H16), 1.85 (m, 1H; H16). 50: [a]D = - 12.9 (c = 2.00 in 
CHCl3); 1H NMR (600 MHz, CDCl3): d = 7.35-7.23 (m, 5H; Ph), 5.45 (s, 1H; H23), 5.00 (dd, J = 6.0, 4.7 
Hz, 1H; H23), 4.93 (d, J = 11.5 Hz, 1H; CHHPh), 4.79 (d, J = 7.2 Hz, 1H; OCHHO), 4.69 (d, J = 6.6 Hz, 
1H; OCHHO), 4.59 (d, J = 12.1, 1H; CHHPh), 4.01 (m, 1H; H15), 3.75 (dd, J = 11.8, 3.0 Hz, 1H; H17), 
3.69 (dd, J = 11.8, 3.0 Hz, 1H; H14), 3.61 (dd, J = 11.8, 5.8 Hz, 1H; H14), 3.43 (s, 6H; 2 × OMe), 2.70 
(dd, J = 13.7, 6.0 Hz, 1H; H22), 2.17 (br s, 1H; OH), 2.10 (dd, J = 13.5, 4.7 Hz, 1H; H22), 2.00 (m, 1H; 
H16), 1.76 (m, 1H; H16). 
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DMSO (1.44 ml, 20.4 mmol) was added dropwise to a solution of oxalyl chloride (710 µL, 8.14 mmol) in 
CH2Cl2 (50 mL) at - 78 °C. After 20 min a solution of alcohol 50 (1.44 g, 4.07 mmol) in CH2Cl2 (15 mL) 
was added and the resulting mixture was stirred at - 78 °C for 3 h. NEt3 (2.27 ml, 16.3 mmol) was added 
and after 10 min stirring was continued at room temperature for further 15 min, then the reaction was 
quenched by the addition of saturated aqueous NH4Cl. After extraction with diethyl ether and drying of 
the combined organic layers (MgSO4), the solvent was removed in vacuo. The resulting crude product 
50a (1.53 g) was used withough further purification. To a solution of dimethyl-(1-diazo-2-oxopropyl)-
phosphonate (1.56 g, 8.14 mmol) in MeOH (abs., 30 mL) was added anhydrous K2CO3 (1.97 g, 14.2 
mmol) and the resulting suspension was stirred for 15 min. Crude aldehyde 50a (ca. 4.07 mmol) in 
MeOH (abs., 10 mL) was added and stirring continued for 16 h. The solvent was removed in vacuo and 
the residue partitioned between saturated aqueous NaHCO3 and diethyl ether. After extraction with 
diethyl ether, drying of the combined organic layers (MgSO4), and removal of the solvent in vacuo, the 
residue was purified by flash chromatography (25-50% ethyl acetate in petrol) to yield the alkyne 51 
(1.1 g, 77% over two steps) as colourless oil. [a]D = - 13.8 (c = 2.00 in CHCl3); 1H NMR (600 MHz, 
CDCl3): d = 7.39-7.23 (m, 5H; Ph), 5.46 (s, 1H; H23), 5.00 (dd, J = 6.0, 4.9 Hz, 1H; H23), 4.92 (d, J = 
11.5 Hz, 1H; CHHPh), 4.79 (d, J = 6.6 Hz, 1H; OCHHO), 4.69 (d, J = 7.1 Hz, 1H; OCHHO), 4.67 (m, 
1H; H15), 4.61 (d, J = 12.1 Hz, 1H; CHHPh), 3.69 (dd, J = 12.1, 3.8 Hz, 1H; H17), 3.44 (s, 3H; OMe), 
3.43 (s, 3H; OMe), 2.65 (dd, J = 13.4, 6.3 Hz, 1H; H22), 2.47 (d, J = 2.2 Hz, 1H; H13), 2.26 (ddd, J = 
12.1, 12.1, 12.1 Hz, 1H; H16), 2.12-2.06 (m, 2H; H16, H22); 13C NMR (150 MHz, CDCl3): d = 139.1 (s), 
128.2 (2 × d), 127.3 (d), 127.0 (2 × d), 102.4 (d), 101.0 (d), 95.7 (t), 81.3 (s), 78.0 (s), 76.9 (d), 73.3 (d), 
69.1 (t), 61.7 (d), 55.9 (q), 55.8 (q), 36.9 (t), 32.5 (t); IR (film) ?max/cm-1 3277, 2933, 1453, 1371, 1316, 







1262, 1213, 1146, 1108, 1040, 981, 954, 739, 698; HRMS 371.1482 ([M+Na]+ C19H24O6Na requires 
371.1465). 
 


Propargyl alcohol 52 
 


O


MOMO


O


OBn


OMe


HO  
 
To a solution of alkyne 51 (1.10 g, 3.14 mmol) in THF (30 mL) was added isopropylmagnesium chloride 
(2 M in THF, 7.85 mL, 15.7 mmol) at room temperature. The reaction mixture was heated to 45 °C and 
after 90 min paraformaldehyde (pre-dried, 753 mg, 25.1 mmol) was added and stirring continued for 
further 2.5 h at 45 °C. Addition of saturated aqueous NH4Cl was followed by extraction with ethyl 
acetate. The combined organic layers were dried (MgSO4) and concentrated in vacuo. The residue was 
purified by flash column chromatography (20-50% ethyl acetate in petrol) to yield the propargyl alcohol 
52 as colourless oil (1.05 g, 89%). [a]D = - 16.2 (c = 2.00 in CHCl3); 1H NMR (600 MHz, CDCl3): d = 
7.39-7.23 (m, 5H; Ph), 5.44 (s, 1H; H21), 4.99 (dd, J = 6.3, 4.7 Hz, 1H; H23), 4.91 (d, J = 12.1 Hz, 1H; 
CHHPh), 4.78 (d, J = 7.1 Hz, 1H; OCHHO), 4.71 (d, J = 13.2 Hz, 1H; H15), 4.69 (d, J = 7.1 Hz, 1H; 
OCHHO), 4.60 (d, J = 11.5 Hz, CHHPh), 4.27 (d, J = 1.6 Hz, 2H; H18), 3.68 (dd, J = 12.1, 3.8 Hz, 1H; 
H17), 3.44 (s, 3H; OMe), 3.43 (s, 3H; OMe), 2.64 (dd, J = 13.5, 6.3 Hz, 1H; H22), 2.24 (ddd, J = 12.2, 
12.2, 11.8 Hz, 1H; H16), 2.09 (dd, J = 13.5, 4.9 Hz, 1H; H22), 2.06 (m, 1H; H16), 1.89 (br s, 1H; OH); 
13C NMR (150 MHz, CDCl3): d = 139.0 (s), 128.2 (2 × d), 127.3 (d), 127.1 (2 × d), 102.4 (d), 101.0 (d), 
95.7 (t), 83.6 (s), 83.2 (s), 78.0 (s), 76.9 (d), 69.1 (t), 61.9 (d), 55.9 (q), 55.8 (q), 51.0 (t), 36.8 (t), 32.4 (t); 
IR (film) ?max/cm-1 2936, 2342, 1371, 1211, 1145, 1107, 1032, 978, 953, 743; HRMS 401.1577 ([M+Na]+ 
C20H26O7Na requires 401.1576). 
 


Mesylate 37 
 


O


MOMO


O


OBn


OMe


MsO
 


 
To a solution of propargyl alcohol 36 (1.05 g, 2.79 mmol) in CH2Cl2 (30 mL) was added iPr2NEt (850 µl, 
4.88 mmol) followed by Ms2O (729 mg, 4.19 mmol) at 0 °C. After 90 min the solvent was removed in 
vacuo and the residue was purified by flash column chromatography (20-50% ethyl acetate in petrol) to 
yield the mesylate 37 as colourless oil (1.15 g, 89%). [a]D = - 9.3 (c = 1.00 in CHCl3); 1H NMR (600 
MHz, CDCl3): d = 7.39-7.23 (m, 5H; Ph), 5.42 (s, 1H; H21), 5.00 (dd, J = 6.3, 4.6 Hz, 1H; H23), 4.91 (d, 
J = 12.1 Hz, 1H; CHHPh), 4.88 (d, J = 1.6 Hz, 2H; H18), 4.79 (d, J = 6.6 Hz, 1H; OCHHO), 4.74 (dd, J = 
10.7, 0.8 Hz, 1H; H15) 4.70 (d, J = 6.6 Hz, 1H; OCHHO), 4.60 (d, J = 11.5 Hz, 1H; CHHPh), 3.69 (dd, J 
= 12.1, 3.8 Hz, 1H; H17), 3.44 (s, 3H; OMe), 3.43 (s, 3H; OMe), 3.10 (s, 3H; SMe), 2.64 (dd, J = 13.4 
Hz, 6.3 Hz, 1H; H22), 2.24 (ddd, J = 12.1, 12.1, 12.1 Hz, 1H; H16), 2.10 (dd, J = 13.4, 4.6 Hz, 1H; H22), 
2.06 (ddd, J = 12.7, 3.8, 2.5 Hz, 1H; H16); 13C NMR (150 MHz, CDCl3): d = 139.0 (s), 128.3 (2 × d), 
127.4 (d), 127.1 (2 × d), 102.5 (d), 101.1 (d), 95.8 (t), 87.4, (s), 78.0 (s), 77.3 (s), 76.9 (d), 69.3 (t), 61.7 
(d), 57.5 (t), 55.9 (q), 55.8 (q), 39.1 (q), 36.8 (t), 32.1 (t); IR (film) ?max/cm-1 2936, 2342, 1359, 1211, 
1175, 1107, 1040, 978, 946; HRMS 479.1344 ([M+Na]+ C21H28O9NaS requires 479.1352). 
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A suspension of sodium hydride (60 wt% in mineral oil, 450 mg, 11.3 mmol) in THF (4 mL) was cooled 
to 0 °C. A precooled (0 °C) solution of the decalin moiety 21 (202 mg, 282 µmol) in THF (3 mL + 1 mL 
rinse) added via cannula. After 20 min 15-crown-5 (168 µl, 844 µmol) was added and stirring continued 
for further 20 min. A precooled (0 °C) solution of propargyl mesylate 37 (642 mg, 1.41 mmol) in THF 
(4 mL + 2 × 0.75 mL rinses) was then transferred via cannula to the reaction mixture and the colour of the 
reaction solution changed from pale yellow to reddish brown. After stirring for 6 h at 0 °C the reaction 
was quenched by the addition of saturated aqueous NH4Cl (5 ml) and water (10 mL). After extraction 
with CH2Cl2, the combined organic layers were dried (MgSO4), concentrated in vacuo and purified by 
flash column chromatography (10-50% diethyl ether in petrol, followed by ether) afforded the propargyl 
enol ether 53 (195 mg, 65%) as colourless oil followed by un-reacted propargyl mesylate 37 (443 mg, 
88%). [a]D = +6.8 (c = 0.40 in CHCl3); 1H NMR (600 MHz, CDCl3): d = 7.39-7.19 (m, 10H; Ph), 5.43 (s, 
1H; H21), 4.96 (dd, J = 6.0, 5.4 Hz, 1H; H23), 4.90 (d, J = 12.1 Hz, 1H; CHHPh), 4.78 (d, J = 6.6 Hz, 
1H; OCHHO), 4.67 (d, J = 7.1 Hz, 1H; OCHHO), 4.60 (d, J = 12.1, 1H; CHHPh), 4.57-4.47 (m, 5H; 
H18, H15, H6, CHHPh), 4.43 (d, J = 15.9 Hz, 1H; CHHPh), 4.33 (s, 1H; H1), 4.10 (d, J = 7.9 Hz, 1H; 
H28), 3.96 (d, J = 7.9 Hz, 1H; H28), 3.86 (s, 1H; H3), 3.79 (s, 3H; CO2Me), 3.61 (dd, J = 12.1, 3.8 Hz, 
1H; H17), 3.53 (s, 3H; CO2Me), 3.46 (d, J = 11.0 Hz, 1H; H19), 3.43 (s, 3H; OMe), 3.43 (d, J = 8.8 Hz, 
1H; H19), 3.41 (s, 3H; OMe), 3.25 (s, 1H; H9), 2.90 (d, J = 11.5 Hz, 1H; H5), 2.63 (dd, J = 13.7, 6.0 Hz, 
1H; H22), 2.30-2.15 (m, 1H; H16, H2), 2.09-2.01 (m, 2H; H22, H16), 1.94 (d, J = 15.4 Hz, 1H; H2), 1.74 
(s, 3H; 30Me), 0.93 (m, 18H; SiCH2CH3), 0.58 (m, 12H; SiCH2CH3); 13C NMR (150 MHz, CDCl3): d = 
175.2 (s), 169.7 (s), 152.4 (s), 139.1 (s), 138.3 (s), 128.3 (d), 128.2 (d), 127.4 (d), 127.2 (d), 127.1 (d), 
127.0 (d), 126.9 (d), 115.7 (s), 105.6 (s), 102.4 (d), 100.8 (d), 95.4 (t), 83.6 (s), 81.4 (s), 77.9 (s), 76.8 (d), 
73.7 (t), 70.7 (d), 70.4 (d), 69.1 (t), 67.6 (t), 66.6 (d), 65.4 (t), 61.9 (d), 58.3 (t), 58.0 (d), 55.9 (q), 55.8 
(q), 54.2 (s), 52.5 (q), 52.0 (q), 47.6 (s), 46.1 (d), 37.5 (t), 36.9 (t), 32.2 (t), 15.3 (q), 7.0 (q), 6.9 (q), 4.9 
(t), 4.7 (t); IR (film) ?max/cm-1 2952, 2877, 1750, 1721, 1497, 1454, 1372, 1315, 1216, 1131, 1107, 1074, 
1035, 1002, 955, 872, 840, 809, 784, 729, 697; HRMS 1101.5052 ([M+Na]+ C57H82O16Si2Na requires 
1101.5034). 
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To a solution of propargyl enol ether 53 (195 mg, 181 µmol) in THF (10 mL) was added TBAF (1 M in 
THF, 540µl, 540 µmol) at 0 °C. The reaction mixture was allowed to reach room temperature over 16 h. 
Following removal of the solvent in vacuo, flash column chromatography (25-75% ethyl acetate in petrol) 
afforded the diol 54 (141 mg, 92%) as colourless oil. [a]D = +1.6 (c = 1.00 in CHCl3); HRMS 873.3334 
([M+Na]+ C45H54O16Na requires 873.3310). 
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All glassware was washed with saturated aqueous Na2CO3 solution (3 ×), water (3 ×), distilled acetone (3 
×) and dried at 200 °C for 16 h before use. The diol 54 (133 mg, 156 µmol) was dissolved in degassed 
nitrobenzene (6 mL) and transferred into two microwave flasks. Each reaction mixture was heated under 
microwave irradiation (3 × 5 min at 185 °C). Direct flash column chromatography of the crude reaction 
mixture (pure petrol to remove nitrobenzene then 10-75% ethyl acetate in petrol) yielded the allene 55 
(133 mg, quantitative) as colourless oil. [a]D = - 11.5 (c = 1.0 in CHCl3); 1H NMR (400 MHz, CDCl3): d 
= 7.39-7.19 (m, 10 H; Ph), 5.38 (s, 1H; H21), 5.01 (dd, J = 6.1, 4.7 Hz, 1H; H23), 4.97 (d, J = 11.5 Hz, 
1H; CHHPh), 4.93 (m, 2H; H18), 4.91 (d, J = 11.5 Hz, 1H; CHHPh), 4.77 (d, J = 6.6 Hz; 1H; OCHHO), 
4.66 (d, J = 6.6 Hz, 1H; OCHHO), 4.57 (d, J = 11.5 Hz, 1H; CHHPh), 4.52 (m, 1H; H15), 4.48 (d, J = 
11.5 Hz, 1H; CHHPh), 4.36 (s, 1H; H1), 4.25 (d, J = 14.3 Hz, 1H; H6), 4.04 (d, J = 7.6, 1H; H28), 3.99 
(m, 1H; H3), 3.92 (d, J = 8.2 Hz, 1H; H28), 3.76 (s, 1H; H9), 3.71 (m, 1H; H17, H19), 3.63 (s, 3H; 
CO2Me), 3.54 (m, 2H; H5, H19), 3.45 (s, 3H; CO2Me), 3.43 (s, 3H; OMe), 3.42 (s, 3H; OMe), 2.67 (dd, J 
= 13.2, 6.1 Hz, 1H; H22), 2.29-2.15 (m, 5H; 2 × H2, H16, 2 × OH), 2.06 (dd, J = 13.4, 4.7 Hz, 1H; H22), 
1.84 (d, J = 12.1 Hz, 1H; H16), 1.56 (s, 3H; 30Me); 13C NMR (150 MHz, CDCl3): d = 207.1 (s), 206.6 
(s), 174.4 (s), 168.9 (s), 139.1 (s), 136.9 (s), 128.5 (d), 128.2 (2 × d), 127.8 (d), 127.3 (d), 127.1 (d), 127.0 
(d), 105.9 (s), 105.7 (s), 102.8 (d), 101.3 (d), 95.5 (t), 80.6 (t), 78.1 (s), 77.8 (d), 75.7 (d), 73.4 (d), 73.0 
(t), 69.3 (t), 69.1 (t), 67.1 (d), 65.9 (t), 57.6 (d), 55.9 (2 × q), 55.2 (s), 53.5 (s), 52.6 (q), 51.9 (q), 48.5 (s), 
38.3 (d), 37.1 (t), 34.8 (t), 32.4 (t), 22.5 (q), 1 × d not observed; IR (film) ?max/cm-1 2951, 1754, 1725, 
1437, 1241, 1093, 1046, 1241; HRMS 873.3325 ([M+Na]+; C45H54O16Na requires 873.3310). 
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To a solution of diol 55 were added benzyl bromide (55 µl, 468 µmol), nBu4NI (0.1 eq.) and finally 
sodium hydride (60 wt% in mineral oil, 19 mg, 468 µmol) at room temperature and the resulting reaction 
mixture was stirrred for 16 h. The reaction was quenched by the addition of saturated aqueous NH4Cl, and 
the reaction mixture was extracted with CH2Cl2. The combined organic layers were dried (MgSO4) and 
concentrated in vacuo to give the crude product which was purified by flash column chromatography (10-
80% ethyl acetate in petrol) to give the product 56 (111 mg, 76%) as colourless oil. [a]D = - 8.0 (c = 1.0 in 
CHCl3); 1H NMR (600 MHz, CDCl3): d = 7.39-7.19 (m, 15H; Ph), 5.34 (s, 1H; H21), 5.03 (m, 1H; H23), 
4.99 (d, J = 11.5 Hz, 1H; CHHPh), 4.87 (d, J = 11.1 Hz, 1H; CHHPh), 4.76 (d, J = 6.8 Hz, 1H; OCHHO), 
4.67 (d, J = 6.8 Hz, 1H; OCHHO), 4.76-4.60 (m, 2H; H18), 4.59 (d, J = 11.1 Hz, 1H; CHHPh), 4.48 (d, J 
= 12.1 Hz, 1H; CHHPh), 4.41 (m, 2H; H1, H15), 4.20 (m, 1H; H3), 4.16 (d, J = 14.3 Hz, 1H; H6), 3.88 
(d, J = 7.1 Hz, 1H; H28), 3.83 (s, 3H; CO2Me), 3.79 (d, J = 7.1 Hz, 1H; H28), 3.78 (m, 1H; H17), 3.62 (d, 
J = 9.3 Hz, 1H; H19), 3.49 (d, J = 9.3 Hz, 1H; H19), 3.45 (s, 3H; CO2Me), 3.43 (d, J = 12.1 Hz, 1H; 
CHHPh), 3.40 (m, 7H; 2 × OMe, H9), 3.35 (d, J = 12.6 Hz, 1H; H5) 3.20 (br s, 1H; OH), 2.61 (dd, J = 
13.4, 6.3 Hz, 1H; H22), 2.36 (m, 1H; H16), 2.08 (m, 2H; H16, H22), 1.87 (m, 1H; H2), 1.58 (m, 1H; H2), 
1.51 (s, 3H; 30Me); 13C NMR (150 MHz, CDCl3): d = 207.1 (s), 206.6 (s), 173.9 (s), 168.8 (s), 139.4 (s), 
137.0 (s), 136.2 (s), 128.8 (d), 128.5 (d), 128.3 (d), 128.1 (d), 127.8 (d), 127.3 (d), 127.1 (d), 127.0 (d), 
109.0 (s), 105.7 (s), 102.9 (d), 101.4 (d), 95.0 (d), 80.2 (t), 78.4 (s), 77.5 (d), 75.6 (d), 74.9 (d), 73.7 (t), 
72.7 (d), 72.6 (t), 68.9 (t), 68.6 (t), 67.4 (d), 65.8 (t), 56.7 (s), 55.9 (q), 55.6 (q), 55.2 (d), 52.9 (s), 52.7 
(q), 60.0 (q), 48.2 (s), 38.8 (d), 37.2 (t), 32.2 (t), 31.7 (t), 22.6 (q), 1 × t not observed; IR (film) ?max/cm-1 
2952, 1754, 1725, 1437, 1242, 1092, 1045, 733, 701; HRMS 963.3782 ([M+Na]+; C52H60O16Na requires 
963.3774). 
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To a solution of alcohol 57 (5 mg, 0.011 mmol) in THF (0.5 mL) at - 78 °C was added carbon disulfide 
(0.002 mL, 0.034 mmol). After stirring for 30 min NaHMDS (2 M in THF, 0.0065 mL, 0.013 mmol) was 
added. After a further 30 min at - 78 °C methyl iodide was added (2 M in tert-butyl methyl ether (0.0275 
mL, 0.055 mmol). The reaction was then stirred at - 78 °C for 1 h before quenching with saturated 
aqueous NH4Cl solution (0.1 mL) and warming to room temperature. The reaction was partitioned 
between ethyl acetate (5 mL) and saturated aqueous NaHCO3 solution (5 mL), the organic layer 
separated, dried (MgSO4) and concentrated in vacuo. Column chromatography (20% ethyl acetate in 
hexanes) afforded the title compound 64 as a yellow oil (5 mg, 85%); [a]D = - 32.4 (c = 0.37 in CHCl3); 







1H NMR (600 MHz, CDCl3): d = 7.43-7.35 (m, 5H; Ph), 6.57 (d, J = 7.4 Hz, 1H; H14), 6.04 (dd, J = 6.6, 
4.1 Hz, 1H; H17), 5.76 (s, 1H; H21), 4.82 (d, J = 13.8 Hz, 1H; CHHPh), 4.68-4.66 (m, 1H; H15), 4.57 (d, 
J = 13.8 Hz, 1H; CHHPh), 2.96 (d, J = 13.9 Hz, 1H; H23), 2.88 (d, J = 13.9 Hz, 1H; H23), 2.64 (s, 3H; 
SMe), 2.28 (app. dt, J = 15.4, 6.6 Hz, 1H; H16), 2.17 (dd, J = 15.4, 4.1 Hz, 1H; H16); 13C NMR (150 
MHz, CDCl3): d = 215.5 (s), 169.2 (s), 137.2 (s), 135.8 (d), 128.6 (2 × d), 128.8 (d), 127.4 (2 × d), 104.0 
(d), 93.7 (s), 78.0 (d), 77.2 (s), 72.0 (d), 69.5 (t), 37.2 (t), 29.0 (t), 19.6 (q); IR (film) νmax/cm-1 2923, 
1795, 1454, 1379, 1166, 1097; HRMS 536.9098 [(M+H)+ C18H19Br2O5 S2 requires 536.9041] ?  = 10.3 
ppm. 
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To a solution of alcohol 57 (10 mg, 0.022 mmol) in CH2Cl2 (0.2 mL) at 0 °C was added carbon 
tetrabromide (34 mg, 0.10 mmol). The reaction was stirred at 0 °C for 5 min before triphenylphosphine 
(26 mg, 0.10 mmol) was added. After stirring at room temperature for 24 h the reaction was partitioned 
between CH2Cl2 (5 mL) and saturated aqueous NaHCO3 solution (5 mL), the organic layer was separated, 
dried (MgSO4) and concentrated in vacuo. Column chromatography (5-25% ethyl acetate in petrol) 
afforded the cyclopropane 66 as a colourless oil (3 mg, 32%), pentabromo derivative 67 as a colourless 
oil (4.5 mg, 31%) and starting alcohol 57 (2.5 mg, 25%). 
Cyclopropane 66: [a]D = - 8.0 (c = 0.13 in CHCl3); 1H NMR (600 MHz, CDCl3): d = 7.43-7.31 (m, 5H; 
Ph), 6.57 (d, J = 7.7 Hz, 1H; H14), 5.99 (s, 1H; H21), 4.70 (d, J = 11.6 Hz, 1H; CHHPh), 4.67 (d, J = 
11.6 Hz, 1H; CHHPh), 4.47 (dd, J = 13.1, 7.1 Hz, 1H; H15), 2.43 (d, J = 9.6 Hz, 1H; H23), 2.18-2.17 (m, 
1H; H17), 2.06 (app. td, J = 15.2, 7.3 Hz, H16), 2.00 (app. dt, J = 15.2, 1.8 Hz, 1H; H16); 13C NMR (150 
MHz, CDCl3): d = 170.1 (s), 137.1 (d), 136.1 (s), 128.8 (2 × d), 128.7 (d), 128.0 (2 × d), 97.7 (d), 92.9 (s), 
70.0 (t), 68.9 (s), 67.7 (d), 29.3 (d), 25.2 (d), 22.8 (t); IR (film) νmax/cm-1 2924, 2328, 1787, 1456, 1277, 
1172, 1115; HRMS 450.9151 [(M+Na)+ C16H14BrO4Na requires 450.9156] ?  = 0.5 ppm. Pentabromo 
derivitive 67: [a]D = - 16.0 (c = 0.25 in CHCl3); 1H NMR (600 MHz, CDCl3): d = 7.43-7.37 (m, 5H; Ph), 
6.49 (d, J = 7.3 Hz, 1H; H14), 6.10 (s, 1H; H21), 4.98 (d, J = 11.1 Hz, 1H; CHHPh), 4.54 (d, J = 11.1 Hz, 
1H; CHHPh), 4.45 (app. q, J = 7.3 Hz, 1H; H15), 2.48 (ddd, J = 7.4, 3.2, 1.6 Hz, 1H; H17), 2.08 (ddd, J = 
15.4, 5.6, 3.2 Hz, 1H; H16), 1.99-1.98 (m, 1H; H16); 13C NMR (150 MHz, CDCl3): d = 168.3 (s), 136.5 
(d), 135.7 (s), 128.8 (3 × d), 128.1 (2 × d), 96.6 (d), 96.3 (s), 72.0 (t), 69.1 (s), 66.9 (d), 34.5 (d), 22.2 (t); 
IR (film) νmax/cm-1 2925, 1795, 1453, 1379, 1166, 1097; HRMS 530.8443 [(M+Na)+ C16H14Br3O4Na 
requires 530.8418] ?  = 4.6 ppm. 
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To a solution of lactone 57 (0.10 g, 0.22 mmol) in CH2Cl2 (6 mL) at - 78 °C was added DIBAL-H (1 M in 
CH2Cl2, 0.55 mL, 0.55 mmol) and the reaction stirred for 2.5 h. TLC analysis indicated that the reaction 
was incomplete and therefore further DIBAL-H was added (0.55 mL, 0.55 mmol) and the reaction stirred 
for 1 h before quenching with MeOH (4 mL). The reaction was then allowed to warm to room 
temperature and saturated aqueous sodum potassium tartrate solution added, after which stirring was 
continued for 14 h. The product was extracted with CH2Cl2 (3 × 30 mL) and the combined organic 
extracts dried (MgSO4) and concentrated in vacuo to afford the corresponding lactol as a colourless oil 
that was used without purification in the subsequent step. To a solution of the lactol (ca. 0.22 mmol) in 
acetonitrile (12 mL) was added 3?  molecular sieves (320 mg), Amberlyst-15 (60 mg) and MeOH (2.8 
mL). The reaction was stirred for 24 h at room temperature, filtered through Celite and then concentrated 
in vacuo. Column chromatography (20% ethyl acetate in petrol) afforded an epimeric mixture of acetals 
(58 mg, 57% over 2 steps) with a significant amount of unknown contaminant aldehyde. IR (film) 
?max/cm-1 3446, 2923, 1455, 1378, 1091; HRMS (ESI) 484.9573 [(M+Na)+ C17H20O5Br2Na requires 
484.9570] ?  = 0.6 ppm. 23a-68: 1H NMR (500 MHz, CDCl3): ? d = 7.37–7.28 (m, 5H; Ph), 6.55 (d, J = 
7.6 Hz, 1H; H14), 5.58 (s, 1H; H21), 5.00 (dd, J = 6.3, 4.0 Hz, 1H; H23), 4.64–4.57 (m, 3H; CH2Ph, 
H15), 3.69 (app. td, J = 9.0, 4.3 Hz, 1H; H17), 3.44 (s, 3H; OMe), 2.57 (dd, J = 14.1, 6.3 Hz, 1H; H22), 
2.46 (d, J = 9.0 Hz, 1H; OH), 2.16 (dd, J = 14.1, 4.0 Hz, 1H; H22), 1.91 (ddd, J = 12.8, 4.2, 2.7 Hz, 1H; 
H16), 1.77-1.75 (m, 1H; H16); 13C NMR (125 MHz, CDCl3): d = ?137.7 (s), 137.6 (d), 128.5 (2 × d), 
127.9 (d), 127.3 (2 × d), 100.5 (d), 98.2 (d), 91.6 (s), 77.9 (s), 71.6 (d), 70.0 (d), 66.2 (t), 55.8 (q), 34.7 
(d), 32.9 (d). 23ß-68: 1H NMR (500 MHz, CDCl3): d = 7.38–7.29 (m, 5H; Ph), 6.66 (d, J = 7.9 Hz, 1H; 
H14), 5.49 (s, 1H; H21), 5.10 (dd, J = 6.4, 1.8 Hz, 1H; H23), 4.62-4.60 (m, 1H; H15), 4.60-4.58 (m, 2H; 
CH2Ph), 4.33 (ddd, J = 9.3, 8.1, 5.9 Hz, 1H; H17), 3.43 (s, 3H; OMe), 2.56 (d, J = 5.9 Hz, 1H; OH), 2.49 
(dd, J = 14.0, 6.4 Hz, 1H; H22), 2.22 (dd, J = 14.0, 1.8 Hz, 1H; H22), 2.02 (app. dt, J = 13.2, 4.0 Hz, 1H; 
H16), 1.79 (app. dt, J = 13.3, 9.9 Hz, 1H; H16); 13C NMR (125 MHz, CDCl3): d = ?137.6 (d), 137.6 (s), 
128.6 (2 × d), 128.0 (d), 127.3 (2 × d), 102.7 (d), 102.1 (d), 92.0 (s), 78.8 (s), 70.8 (d), 68.7 (d) 66.3 (t), 
55.7 (q), 36.0 (t), 32.9 (t). 
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To a solution of alcohol 57 (10 mg, 0.022 mmol) in CH2Cl2 (0.5 mL) was added iPr2NEt (0.021 mL, 0.12 
mmol) followed by TES-OTf (0.018 mL, 0.08 mmol). After stirring at room temperature for 24 h the 
reaction was partitioned between CH2Cl2 (5 mL) and saturated aqueous NaHCO3 solution (5 mL), the 
organic layer separated, dried (MgSO4) and concentrated in vacuo to afford the silyl ether 70 as a 
colourless oil (12 mg, 98%). [a]D = - 84.0 (c = 0.40 in CHCl3); 1H NMR (600 MHz, CDCl3): d = 7.29-
7.26 (m, 5H; Ph), 6.54 (d, J = 7.3 Hz, 1H; H14), 5.67 (s, 1H; H21), 5.06 (d, J = 11.6 Hz, 1H; CHHPh), 







4.58 (d, J = 11.6 Hz, 1H; CHHPh), 4.53-4.52 (m, 1H; H15), 3.90 (dd, J = 11.7, 3.6 Hz, H17), 3.03 (d, J = 
16.4 Hz, 1H; H23), 2.81 (d, J = 16.4 Hz, 1H; H23), 2.09 (app. dt, J =12.8 Hz, t not resolved, 1H; H16), 
1.86 (d, J = 12.8 Hz, 1H; H16), 0.96 (t, J = 8.0 Hz, 9H; SiCH2CH3), 0.65 (q, J = 8.0 Hz, 6H; SiCH2CH3); 
13C NMR (150 MHz, CDCl3): d = 169.7 (s), 138.4 (s), 136.5 (d), 128.5 (2 × d), 127.8 (d), 127.2 (2 × d), 
104.5 (d), 73.6 (d), 71.4 (d), 71.0 (t), 38.2 (t), 33.0 (t), 6.8 (3 × q), 5.9 (3 × t); IR (film) νmax/cm-1 2958, 
1793, 1265, 1169, 950; HRMS 583.0117 [(M+Na)+ C22H30O5SiBr2Na requires 583.0121] ?  = 0.8 ppm. 
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To a solution of alcohol 57 (10 mg, 0.022 mmol) in CH2Cl2 (0.25 mL) at 0 °C was added iPr2NEt (0.058 
mL, 0.32 mmol), chloromethyltrimethylsilylethyl ether (0.028 mL, 0.16 mmol) and DMAP (2 crystals). 
The ice bath was then removed and the reaction allowed to stir for 48 h at room temperature. The reaction 
was then partitioned between CH2Cl2 (5 mL) and saturated aqueous NaHCO3 solution (5 mL), the organic 
layer separated, dried (MgSO4) and concentrated in vacuo. Column chromatography (0-10% ethyl acetate 
in petrol) afforded 73 as a colurless oil (10.5 mg, 83%). [a]D = - 25.7 (c = 0.18 in CHCl3); 1H NMR (600 
MHz, CDCl3,): d = 7.34-7.26 (m, 5H; Ph), 6.56 (d, J = 6.6 Hz, 1H; H14), 5.71 (s, 1H; H21), 4.98 (d, J = 
11.7 Hz, 1H; CHHPh), 4.83 (d, J = 7.1 Hz, 1H; OCHHO), 4.77 (d, J = 7.1 Hz, 1H; OCHHO), 4.60 (d, J = 
11.7 Hz, 1H; CHHPh), 4.59-4.58 (m, 1H; H15), 3.83 (dd, J = 11.5, 4.7 Hz, 1H; H17), 3.71-3.64 (m, 2H; 
OCH2CH2SiMe3), 3.04 (d, J = 16.5 Hz, 1H; H23), 2.83 (d, J = 16.5 Hz, 1H; H23), 2.05-2.01 (m, 2H; 2 × 
H16), 0.99-0.96 (m, 2H; OCH2CH2SiMe3), 0.04 (s, 9H; SiMe3); 13C NMR (150 MHz, CDCl3): d = 169.6 
(s), 138.1 (s), 136.3 (d), 128.5 (2 × d), 127.8 (d), 127.1 (2 × d), 104.4 (d), 93.7 (t), 93.0 (s), 77.2 (s), 75.1 
(d), 73.1 (d), 70.2 (t), 66.0 (t), 38.0 (t), 31.9 (t), 14.1 (t), –1.5 (3 × q); IR (film) νmax/cm-1


 2921, 2320, 
1789, 1456, 1277; HRMS 599.0082 [(M+Na)+ C22H30O6SiBr2Na requires 599.0090] ?  = 1.4 ppm. 
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To diol 82 (10 mg, 0.01 mmol) in CH2Cl2 (1 mL) at - 78 °C was added iPr2NEt (0.022 mL, 0.12 mmol) 
followed by TES-OTf (0.018 mL, 0.08 mmol). After stirring at - 78 °C for 30 min, the reaction was 
quenched via addition of saturated aqueous NH4Cl solution (0.1 mL) and then allowed to warm to room 
temperature. The reaction was then partitioned between saturated aqueous NaHCO3 solution (5 mL) and 
CH2Cl2 (5 mL), the organic layer separated, dried (MgSO4) and concentrated in vacuo. Column 
chromatography (25-50% ethyl acetate in hexanes) provided silyl ether 84 as a colourless oil (10.5 mg, 
>98%). [a]D = - 9.4 (c = 0.09 in CHCl3); 1H NMR (600 MHz, CDCl3): d = 7.37-7.19 (m, 12H; Ar), 6.90 
(d, J = 8.5 Hz, 2H; Ar), 5.38 (br s, 1H; H21), 5.00 (m, 2H; OH, H18), 4.90 (d, J = 12.3 Hz, 1H; CHHPh), 
4.82 (d, J = 11.2 Hz, 1H; H18), 4.75 (app.t, J = 5.0 Hz, 1H; H23), 4.70 (d, J = 11.4 Hz, 1H; CHHAr), 







4.60 (d, J = 12.3 Hz, 1H; CHHPh), 4.55-4.40 (m, 3H; H1, CH2Ph), 4.35 (d, J = 11.4 Hz, 1H; CHHAr), 
4.18 (d, J = 14.2 Hz, 1H; H6), 3.95-3.88 (m, 9H; CO2Me, OMe, 2 × H28, H15), 3.62-3.61 (m, 1H; H15), 
3.58 (m, 1H; H17), 3.56-3.54 (m, 2H; H9, H19), 3.45-3.38 (m, 6H; H3, H5, H19, CO2Me), 3.35 (s, 3H; 
OMe), 2.42 (dd, J = 13.5, 6.2 Hz, 1H; H22), 2.20 (d, J = 15.0 Hz, 1H; H2), 2.12 (d, J = 15.6 Hz, 1H; H2), 
2.05-1.90 (m, 3H; H22, 2 × H16), 1.50 (s, 3H; 30Me), 0.96 (t, J = 8.0 Hz, 9H; SiCH2CH3), 0.65 (q, J = 
8.0 Hz, 6H; SiCH2CH3); 13C NMR (150 MHz, CDCl3): d = 206.5 (s), 206.3 (s), 174.0 (s), 168.7 (s), 159.2 
(s), 139.6 (s), 137.1 (s), 130.3 (s), 129.4 (4 × d), 128.5 (2 × d), 128.0 (2 × d), 127.7 (d), 127.6 (2 × d), 
127.0 (d), 113.8 (2 × d), 109.2 (s), 105.9 (s), 103.3 (d), 101.2 (d), 78.5 (d), 77.2 (t), 75.5 (d), 73.1 (d), 
73.0 (t), 70.2 (t), 69.0 (t), 69.0 (s), 68.5 (d), 67.7 (d), 65.8 (t), 55.5 (q), 55.3 (q), 53.1 (s), 52.6 (q), 52.0 
(q), 48.3 (s), 45.2 (d), 38.0 (d), 37.2 (t), 35.5 (t), 32.1 (t), 22.6 (q), (3 × q), 4.5 (3 x t), 1 × s, 1 × t not 
observed; IR (film) νmax/cm-1 3645, 2961, 2923, 2335, 1731, 1260, 1017; HRMS 1063.4488 [(M+Na)+ 
C57H72O16Na requires 1063.4487] ?  = 0.1 ppm. 
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To a stirred solution of PMB ether 84 (15 mg, 0.015 mmol) in CH2Cl2 (0.6 mL) and H2O (0.03 mL) was 
added DDQ (13.5 mg, 0.051 mmol). The reaction was allowed to stir at room temperature for 1.5 h before 
partitioning between saturated aqueous NaHCO3 solution (5 mL) and CH2Cl2 (5 mL). The organic layer 
was then separated, dried (MgSO4) and concentrated in vacuo. Column chromatography (25-100% ethyl 
acetate in hexanes) provided the product as a colourless oil (12 mg, 87%); [a]D = - 8.4 (c = 0.13 in 
CHCl3); 1H NMR (600 MHz, CDCl3): d = 7.38-7.25 (m, 10H; Ph), 5.57 (s, 1H; H21), 5.03 (dd, J = 6.0, 
4.0 Hz, 1H; H23), 5.02 (d, J = 12.0 Hz, 1H; CHHPh), 4.98 (d, J = 11.2 Hz, 1H; H18), 4.80 (d, J = 11.2 
Hz, 1H; H18), 4.63 (d, J = 11.5 Hz, 1H; CHHPh), 4.60 (d, J = 11.5 Hz, 1H; CHHPh), 4.53-4.52 (m, 1H; 
H1), 4.51 (d, J = 11.9 Hz, 1H; CHHPh), 4.49 (br s, 1H; H15), 4.17 (d, J = 14.2 Hz, 1H; H6), 3.90-3.72 
(m, 6H; CO2Me, 2 × H28, H3, H17), 3.60 (d, J = 9.4 Hz, H19), 3.52-3.45 (m, 2H; H19, H9), 3.43 (s, 3H; 
CO2Me), 3.41 (s, 3H; OMe), 3.39 (s, 1H; H9), 2.50 (dd, J = 14.0, 6.2 Hz, 1H; H22), 2.40 (d, J = 10.5 Hz, 
1H; OH), 2.25-2.05 (m, 3H; H22, 2 × H2), 1.82 (q, J = 12.0 Hz, 1H; H16), 1.72-1.70 (m, 1H; H16), 1.57 
(s, 3H; 30Me), 0.96 (t, J = 8.0 Hz, 9H; SiCH2CH3), 0.65 (q, J = 8.0, 6H; SiCH2CH3); 13C NMR (125 
MHz, CDCl3): d = 206.6 (s), 206.3 (s), 174.0 (s), 168.7 (s), 138.1 (s), 137.1 (s), 128.5 (2 × d), 128.4 (2 × 
d), 127.8 (d), 127.7 (3 × d), 127.3 (2 × d), 109.3 (s), 105.8 (s), 101.3 (d), 99.6 (d), 78.6 (s), 76.7 (t), 75.5 
(d), 73.0 (d), 71.1 (d), 68.9 (t), 68.5 (d), 66.5 (d), 66.0 (t), 65.8 (t), 55.5 (q), 53.1 (s), 52.6 (q), 52.0 (q), 
52.0 (s), 48.2 (s), 38.0 (d), 37.3 (d), 35.5 (t), 35.3 (t), 34.0 (t), 22.6 (q), 6.7 (3 × q), 4.5 (3 × t), 1 × t not 
observed; IR (film) νmax/cm-1 2923, 2851, 1728, 1464, 1071; HRMS 943.3894 [(M+Na)+ C49H64O15SiNa 
requires 944.1132] ?  = 1.9 ppm. 
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Supporting Information 
 


Characterization data for known products. 


 


1a:  colorless oil;  1H NMR (300 MHz, CDCl3, 25 ˚C) δ 1.20–1.40 (m, 3 H), 1.48–1.70 (m, 4 


H), 1.79 (ddd, J = 12.3, 8.7, 2.1 Hz, 1 H), 2.26 (s, 3 H), 2.32 (s, 3 H), 2.33–2.39 (m, 2 H), 2.78 


(dd, J = 8.4, 5.7 Hz, 1 H), 6.89 (d, J = 7.5 Hz, 1 H), 7.03 (d, J = 7.5 Hz, 1 H), 7.05 (s, 1 H);  13C 


NMR (75 MHz, CDCl3, 25 ˚C) δ 19.4, 21.2, 29.1, 30.5, 36.3, 36.9, 38.6, 41.4, 43.7, 125.7, 125.9, 


130.2, 133.1, 135.0, 145.4. 


 


 


1b:  colorless oil;  1H NMR (300 MHz, CDCl3, 25 ˚C) δ 1.17–1.40 (m, 3 H), 1.56–1.82 (m, 4 


H), 1.78 (ddd, J = 12.6, 8.7, 2.1 Hz, 1 H), 2.37 (s, 2 H), 2.75 (dd, J = 8.7, 6.0 Hz, 1 H), 7.13–7.31 


(m, 5 H);  13C NMR (75 MHz, CDCl3, 25 ˚C) δ 28.9, 30.6, 36.1, 36.8, 39.1, 42.9, 47.3, 125.3, 


127.0, 128.2, 147.6. 
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1c:  colorless oil;  1H NMR (300 MHz, CDCl3, 25 ˚C) δ 1.19-1.40 (m, 3 H), 1.48-1.69 (m, 4 H), 


1.78 (ddd, J = 12.3, 8.7, 2.1 Hz, 1 H), 2.27 (s, 3 H), 2.28 (s, 3 H), 2.29–2.37 (m, 2 H), 2.77 (dd, J 


= 8.7, 6.0 Hz, 1 H), 6.97 (d, J = 8.1 Hz, 1 H), 6.98 (s, 1 H), 7.13 (d, J = 8.1 Hz, 1 H);  13C NMR 


(75 MHz, CDCl3, 25 ˚C) δ 19.8, 20.6, 29.1, 30.4, 36.2, 36.8, 38.7, 41.6, 43.5, 124.8, 126.3, 131.2, 


134.6, 136.1, 142.6. 


 


 


1d:  colorless oil;  1H NMR (300 MHz, CDCl3, 25 ˚C) δ 1.28–1.38 (m, 3 H), 1.56–1.67 (m, 3 


H), 1.84 (ddd, J = 11.4, 8.7, 2.1 Hz, 1 H), 2.23 (s, 3 H), 2.34 (s, 1 H), 2.40 (s, 6 H), 2.56 (s, 1 H), 


3.00 (t, J = 8.4 Hz, 1 H), 6.81 (s, 2 H);  13C NMR (75 MHz, CDCl3, 25 ˚C) δ 20.4, 22.6, 28.4, 


33.0, 36.4, 38.8, 39.6, 41.1, 45.4, 130.5, 134.4, 136.1, 139.7. 


 


OMe  


o-1e:  colorless oil;  1H NMR (300 MHz, CDCl3, 25 ˚C) δ 1.16–1.2 (m, 1 H), 1.25–1.32 (m, 1 


H), 1.35–1.43 (m, 1 H), 1.41–1.65 (m, 4 H), 1.79 (ddd, J = 12.3, 9.0, 2.4 Hz, 1 H), 2.31 (s, 1 H), 


2.35 (s, 1 H), 2.97 (dd, J = 8.4, 6.0 Hz, 1 H), 3.82 (s, 3 H), 6.84 (dd, J = 8.0, 0.9 Hz, 1 H), 6.90 


(dt, J = 7.5, 0.9 Hz, 1 H), 7.15 (dt, J = 8.0, 1.5 Hz, 1 H), 7.22 (dd, J = 7.5, 1.5 Hz, 1 H);  13C 


NMR (75 MHz, CDCl3, 25 ˚C) δ 29.0, 30.3, 36.2, 36.8, 38.6, 40.4, 41.0, 55.2, 110.2, 120.1, 125.8, 


126.3, 136.0, 157.4. 
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OMe


 


p-1e:  colorless oil;  1H NMR (300 MHz, CDCl3, 25 ˚C) δ 1.13–1.19 (m, 1 H), 1.20–1.29 (m, 1 


H), 1.30–1.37 (m, 1 H), 1.74 (ddd, J = 12.6, 9.0, 2.4 Hz, 1 H), 2.30 (s, 1 H), 2.34 (s, 1 H), 2.69 


(dd, J = 9.0, 5.4 Hz, 1 H), 3.79 (s, 3 H), 6.83 (d, J = 8.2 Hz, 1 H), 7.14 (d, J = 8.2, 1.5 Hz, 1 H);  


13C NMR (75 MHz, CDCl3, 25 ˚C) δ 28.8, 30.4, 35.9, 36.7, 39.1, 43.1, 46.5, 55.2, 113.6, 128.0, 


139.9, 157.6. 


 


Ph


OMe


 


o-3a:  colorless oil;  1H NMR (300 MHz, CDCl3, 25 ˚C) δ 1.59 (d, J = 7.2 Hz, 3 H), 3.79 (s, 3 


H), 4.59 (q, J = 7.2 Hz, 1 H), 6.86 (d, J = 8.4 Hz, 1 H), 6.92 (dt, J = 7.5, 0.9 Hz, 1 H), 7.14–7.31 


(m, 7 H);  13C NMR (75 MHz, CDCl3, 25 ˚C) δ 20.8, 37.3, 55.4, 110.7, 120.6, 125.7, 127.1, 


127.8, 127.9, 128.2, 135.1, 146.5, 157.0. 


 


Ph


OMe  


p-3a:  colorless oil;  1H NMR (300 MHz, CDCl3, 25 ˚C) δ 1.62 (d, J = 7.2 Hz, 3 H), 3.78 (s, 3 


H), 4.11 (q, J = 7.2 Hz, 1 H), 6.83 (d, J = 8.7 Hz, 2 H), 7.14 (d, J = 8.7 Hz, 2 H), 7.15–7.31 (m, 5 


H);  13C NMR (75 MHz, CDCl3, 25 ˚C) δ 21.9, 43.9, 55.2, 113.8, 126.0, 127.6, 128.4, 128.6, 


138.7, 146.9, 158.0. 
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4-ClC6H4


OMe


 


o-3b:  colorless oil;  1H NMR (300 MHz, CDCl3, 25 ˚C) δ 1.55 (d, J = 7.5 Hz, 3 H), 3.76 (s, 3 


H), 4.52 (q, J = 7.5 Hz, 1 H), 6.84 (dd, J = 8.1, 0.9 Hz, 1 H), 6.92 (dt, J = 7.5, 0.9 Hz, 1 H), 7.15 


(d, J = 8.7 Hz, 2 H), 7.12–7.17 (m, 1 H), 7.18–7.22 (m, 1 H), 7.21 (d, J = 8.7 Hz, 2 H);  13C 


NMR (75 MHz, CDCl3, 25 ˚C) δ 20.6, 36.9, 55.3, 110.7, 120.6, 127.4, 127.5, 128.2, 129.1, 131.4, 


134.3, 145.1, 156.9. 


 


4-ClC6H4


OMe  


p-3b:  colorless solid (mp. 54.5–55.5 ˚C);  1H NMR (300 MHz, CDCl3, 25 ˚C) δ 1.59 (d, J = 7.2 


Hz, 3 H), 3.78 (s, 3 H), 4.07 (q, J = 7.2 Hz, 1 H), 6.83 (d, J = 8.4 Hz, 2 H), 7.10 (d, J = 8.7 Hz, 2 


H), 7.13 (d, J = 8.4 Hz, 2 H), 7.24 (d, J = 8.7 Hz, 2 H);  13C NMR (75 MHz, CDCl3, 25 ˚C) δ 


21.8, 43.3, 55.1, 113.9, 128.5, 129.0, 131.7, 138.1, 145.4, 158.1. 


 


4-MeC6H4


OMe


4-MeC6H4


OMe+
 


o- and p-3c: colorless oil;  1H NMR (300 MHz, CDCl3, 25 ˚C) o-3c δ 1.58 (d, J = 7.2 Hz, 3 H), 


2.32 (s, 3 H), 3.80 (s, 3 H), 4.56 (q, J = 7.2 Hz, 1 H), 6.84 (d, J = 8.7 Hz, 2 H), 6.91 (dt, J = 7.5, 


0.9 Hz, 1 H), 7.08 (d, J = 8.4 Hz, 2 H), 7.10–7.21 (m, 3 H), p-3c δ 1.60 (d, J = 7.2 Hz, 3 H), 2.31 


(s, 3 H), 3.78 (s, 3 H), 4.08 (q, J = 7.2 Hz, 1 H), 6.82 (d, J = 8.5 Hz, 2 H), 7.10 (s, 4 H), 7.14 (d, J 


= 8.5 Hz, 2 H);  13C NMR (75 MHz, CDCl3, 25 ˚C) o-3c δ 21.0, 22.1, 36.9, 55.4, 110.6, 120.5, 
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126.9, 127.6, 127.7, 128.8, 135.1, 135.2, 143.4, 156.8, p-3c δ 20.9, 22.1, 43.5, 55.1, 113.7, 127.3, 


128.4, 129.0, 135.3, 138.7, 143.8, 157.8. 


 


Ph


OMe


 


o-3d:  colorless oil;  1H NMR (300 MHz, CDCl3, 25 ˚C) δ 1.67 (s, 6 H), 3.32 (s, 3 H), 6.80 (dd, 


J = 7.8, 0.9 Hz, 1 H), 6.98 (dt, J = 7.8, 1.2 Hz, 1 H), 7.04–7.30 (m, 6 H), 7.46 (dd, J = 7.8, 1.5 Hz, 


1 H). 


 


Ph


OMe  


p-3d:  colorless oil;  1H NMR (300 MHz, CDCl3, 25 ˚C) δ 1.67 (s, 6 H), 3.79 (s, 3 H), 6.81 (d, J 


= 9.0 Hz, 2 H), 7.15 (d, J = 9.0 Hz, 2 H), 7.15–7.30 (m, 5 H);  13C NMR (75 MHz, CDCl3, 25 


˚C) δ 30.9, 42.3, 55.1, 113.3, 125.5, 126.7, 127.8, 127.9, 142.9, 150.9, 157.4. 


 


Ph


OMe


 


o-3e:  colorless oil;  1H NMR (300 MHz, CDCl3, 25 ˚C) δ 0.89 (t, J = 7.2 Hz, 3 H), 2.03 (quint, 


J = 7.2 Hz, 2 H), 3.77 (s, 3 H), 4.28 (t, J = 7.2 Hz, 1 H), 6.83 (d, J = 8.1 Hz, 1 H), 6.92 (dt, J = 


7.5, 0.9 Hz, 1 H), 7.11–7.19 (m, 2 H), 7.21-7.28 (m, 5 H);  13C NMR (75 MHz, CDCl3, 25 ˚C) δ 


12.6, 27.8, 45.0, 55.4, 110.8, 120.6, 125.7, 127.0, 127.7, 128.1, 128.3, 133.8, 145.3, 157.3. 
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Ph


OMe  


p-3e:  colorless oil;  1H NMR (300 MHz, CDCl3, 25 ˚C) δ 0.89 (t, J = 7.2 Hz, 3 H), 2.04 (quint, 


J = 7.2 Hz, 2 H), 3.74 (t, J = 7.2 Hz, 1 H), 3.77 (s, 3 H), 6.82 (d, J = 9.0 Hz, 2 H), 7.15 (d, J = 9.0 


Hz, 2 H), 7.15–7.30 (m, 5 H);  13C NMR (75 MHz, CDCl3, 25 ˚C) δ 12.6, 28.6, 52.3, 55.1, 113.8, 


126.0, 127.9, 128.4, 128.8, 137.4, 145.7, 158.0. 


 


Ph


OMe


Ph


 


p-3f:  colorless solid (mp. 85.0–85.8 ˚C, lit.[1] mp. 83–84 ˚C);  1H NMR (300 MHz, CDCl3, 25 


˚C) δ 2.19 (s, 3 H), 3.81 (s, 3 H), 6.81 (d, J = 9.0 Hz, 2 H), 7.01 (d, J = 9.0 Hz, 2 H), 7.07-7.12 (m, 


4 H), 7.17-7.30 (m, 6 H);  13C NMR (75 MHz, CDCl3, 25 ˚C) δ 30.5, 51.8, 55.1, 113.2, 126.0, 


127.9, 128.8, 129.8, 141.3, 149.5, 157.8. 


 


OMe


 


o-3g:  colorless oil;  1H NMR (300 MHz, CDCl3, 25 ˚C) δ 1.98 (ddd, J = 16.2, 12.6, 7.5 Hz, 1 


H), 2.50-2.61 (m, 1 H), 2.92 (dd, J = 15.9, 7.5 Hz, 1 H), 2.97-3.07 (m, 1 H), 3.87 (s, 3 H), 4.81 (t, 


J = 7.8 Hz, 1 H), 6.86 (t, J = 7.5 Hz, 1 H), 6.92 (d, J = 7.5 Hz, 1 H), 6.90-6.93 (m, 1 H), 7.02 (d, J 


= 6.9 Hz, 1 H), 7.10–7.23 (m, 3 H), 7.29 (d, J = 7.2 Hz, 1 H);  13C NMR (75 MHz, CDCl3, 25 


˚C) δ 31.6, 34.7, 44.0, 55.5, 110.5, 120.7, 124.4, 125.0, 126.3, 126.4, 127.2, 128.2, 133.9, 144.8, 


146.7, 157.5. 
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OMe  


p-3g:  colorless oil;  1H NMR (300 MHz, CDCl3, 25 ˚C) δ 1.98 (ddd, J = 17.7, 12.3, 8.4 Hz, 1 


H), 2.50–2.61 (m, 1 H), 2.92 (d, J = 15.9, 8.1 Hz, 1 H), 3.04 (ddd, J = 15.6, 8.4, 3.3 Hz, 1 H), 


3.80 (s, 3 H), 4.29 (t, J = 8.1 Hz, 1 H), 6.86 (d, J = 8.5 Hz, 2 H), 6.95 (d, J = 7.2 Hz, 1 H), 7.11 (d, 


J = 8.5 Hz, 2 H), 7.10–7.21 (m, 2 H), 7.29 (d, J = 7.2 Hz, 1 H) ;  13C NMR (75 MHz, CDCl3, 25 


˚C) δ 31.7, 36.7, 50.8, 55.2, 113.8, 124.3, 124.8, 126.3, 126.4, 129.0, 137.5, 144.2, 147.1, 158.1. 


 


OMe


 


o-3h:  colorless oil;  1H NMR (300 MHz, CDCl3, 25 ˚C) δ 1.70–1.92 (m, 3 H), 2.01–2.11 (m, 1 


H), 2.76–2.95 (m, 2 H), 3.85 (s, 3 H), 4.58 (t, J = 6.6 Hz, 1 H), 6.73 (dd, J = 7.2, 1.8 Hz, 1 H), 


6.79–6.85 (m, 2 H), 6.90 (d, J = 7.5 Hz, 1 H), 6.99–7.20 (m, 4 H). 


 


OMe  


p-3h:  colorless solid (mp. 64.5–65.5 ˚C, lit.[2] mp 65–67 ˚C );  1H NMR (300 MHz, CDCl3, 25 


˚C) δ 1.70-1.94 (m, 3 H), 2.09-2.19 (m, 1 H), 2.77-2.97 (m, 2 H), 3.79 (s, 3 H), 4.07 (t, J = 6.6 Hz, 


1 H), 6.83 (d, J = 9.0 Hz, 2 H), 6.80-6.86 (m, 1 H), 7.02 (d, J = 9.0 Hz, 2 H), 7.04-7.14 (m, 3 H);  


13C NMR (75 MHz, CDCl3, 25 ˚C) δ 20.8, 29.7, 33.2, 44.7, 55.1, 113.7, 125.7, 125.9, 129.0, 


129.8, 130.2, 137.6, 139.8, 139.9, 158.0. 
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OMe


 


o-Cyclohexylanisole:  colorless oil;  1H NMR (300 MHz, CDCl3, 25 ˚C) δ 1.20–1.50 (m, 5 H), 


1.70–1.86 (m, 5 H), 2.90-3.01 (m, 1 H), 3.82 (s, 3 H), 6.85 (dd, J = 7.5, 1.2 Hz, 1 H), 6.92 (dt, J = 


7.5, 1.2 Hz, 1 H), 7.16 (dt, J = 7.5, 1.8 Hz, 1 H), 7.20 (dd, J = 7.5, 1.8 Hz, 1 H);  13C NMR (75 


MHz, CDCl3, 25 ˚C) δ 26.3, 27.0, 33.1, 36.7, 55.3, 110.4, 120.6, 126.5, 126.6, 136.3, 156.9. 


 


OMe  


p-Cyclohexylanisole:  colorless solid (mp. 55.5–56.5 ˚C, lit.[3] mp 57–59 ˚C);  1H NMR (300 


MHz, CDCl3, 25 ˚C) δ 1.20–1.49 (m, 5 H), 1.71–1.92 (m, 5 H), 2.41–2.52 (m, 1 H), 3.80 (s, 3 H), 


6.86 (d, J = 8.5 Hz, 2 H), 7.15 (dd, J = 8.5 Hz, 2 H);  13C NMR (75 MHz, CDCl3, 25 ˚C) δ 26.1, 


26.9, 34.6, 43.6, 55.2, 113.7, 127.7, 140.5, 157.8. 


 


 


2-Cyclohexyl-1,4-dimethylbenzene:  colorless oil;  1H NMR (300 MHz, CDCl3, 25 ˚C) δ 


1.25–1.51 (m, 5 H), 1.72–1.90 (m, 5 H), 2.29 (s, 3 H), 2.31 (s, 3 H), 2.62–2.73 (m, 1 H), 6.85 (dd, 


J = 7.5, 1.2 Hz, 1 H), 6.90 (d, J = 7.2 Hz, 1 H), 7.02 (s, 1 H), 7.03 (d, J = 7.2 Hz, 1 H);  13C 


NMR (75 MHz, CDCl3, 25 ˚C) δ 18.7, 21.1, 26.3, 27.1, 33.6, 40.0, 126.2, 126.3, 130.2, 132.0, 


135.4, 145.8. 
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OMe  


p-(1-Mehylcyclohexyl)anisole:  colorless solid (mp. 40.0–40.7 ˚C, lit.[4] mp 40–41 ˚C);  1H 


NMR (300 MHz, CDCl3, 25 ˚C) δ 1.16 (s, 3 H), 1.36–1.60 (m, 8 H), 1.92–2.00 (m, 2 H), 3.80 (s, 


3 H), 6.86 (d, J = 9.0 Hz, 2 H), 7.29 (d, J = 9.0 Hz, 2 H);  13C NMR (75 MHz, CDCl3, 25 ˚C) δ 


22.5, 26.3, 30.5, 37.1, 38.0, 55.0, 113.6, 126.9, 142.2, 157.3. 


 


OMe OMe+


 


o-(2-hexyl)anisole (A) and o-(3-hexyl)anisole (B) (ca. 7:3):  colorless oil;  1H NMR (300 MHz, 


CDCl3, 25 ˚C) δ 0.77 (t, J = 7.2 Hz, 0.9 H B), 0.84 (t, J = 7.2 Hz, 0.9 H B), 0.86 (t, J = 7.2 Hz, 


2.1 H A), 1.18 (d, J = 7.2 Hz, 2.1 H A), 1.10–1.34 (m, 3 H A+B), 1.44–1.79 (m, 3 H A+B), 


2.97–3.07 (m, 0.3 H B), 3.18 (sext, J = 7.2 Hz, 0.7 H A), 3.80 (s, 0.9 H B), 3.82 (s, 2.1 H A), 6.85 


(d, J = 8.0 Hz, 1 H A+B), 6.89–6.96 (m, 1 H A+B), 7.10–7.17 (m, 1 H A+B), 7.17 (d, J = 8.0 Hz, 


1 H A+B). 


 


+


OMe OMe


 


p-(2-hexyl)anisole (A) and p-(3-hexyl)anisole (B) (ca. 7:3):  colorless oil;  1H NMR (300 MHz, 


CDCl3, 25 ˚C) δ 0.75 (t, J = 7.2 Hz, 0.9 H B), 0.83 (t, J = 7.2 Hz, 0.9 H B), 0.84 (t, J = 7.2 Hz, 


2.1 H A), 1.20 (d, J = 7.2 Hz, 2.1 H A), 1.11–1.32 (m, 3 H A+B), 1.41–1.71 (m, 3 H A+B), 


2.30–2.41 (m, 0.3 H B), 2.62 (sext, J = 7.2 Hz, 0.7 H A), 3.79 (s, 3 H A+B), 6.83 (d, J = 9.0 Hz, 
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0.6 H B), 6.84 (d, J = 8.7 Hz, 1.4 H A), 7.05 (d, J = 9.0 Hz, 0.6 H B), 7.10 (d, J = 8.7 Hz, 1.4 H 


A). 


 


Ph


 


12a:  colorless oil;  1H NMR (300 MHz, CDCl3, 25 ˚C) δ 2.20 (s, 3 H), 2.29 (s, 3 H), 3.96 (s, 2 


H), 6.94 (s, 1 H), 6.97 (d, J = 7.5 Hz, 1 H), 7.06 (d, J = 7.5 Hz, 1 H), 7.11–7.30 (m, 5 H);  13C 


NMR (75 MHz, CDCl3, 25 ˚C) δ 19.1, 20.9, 39.4, 125.8, 127.1, 128.3, 128.7, 130.2, 130.7, 133.4, 


135.3, 138.6, 140.5. 


 


Ph


MeO  


o-12b:  colorless oil;  1H NMR (300 MHz, CDCl3, 25 ˚C) δ 3.82 (s, 3 H), 3.98 (s, 2 H), 6.87 (d, 


J = 7.2 Hz, 1 H), 6.90 (dd, J = 5.1, 0.9 Hz, 1 H), 7.07 (dd, J = 7.5, 1.8 Hz, 1 H), 7.24 (d, J = 7.5 


Hz, 1 H), 7.14–7.30 (m, 5 H) ;  13C NMR (75 MHz, CDCl3, 25 ˚C) δ 35.7, 55.2, 110.5, 120.5, 


125.8, 127.5, 128.3, 129.0, 129.7, 130.4, 141.1, 157.5. 


 


Ph


OMe  


p-12b:  colorless oil;  1H NMR (300 MHz, CDCl3, 25 ˚C) δ 3.38 (s, 3 H), 3.93 (s, 2 H), 6.83 (d, 


J = 8.5 Hz, 2 H), 7.11 (d, J = 8.5 Hz, 2 H), 7.16–7.31 (m, 5 H) ;  13C NMR (75 MHz, CDCl3, 25 


˚C) δ 40.9, 55.1, 113.9, 126.0, 128.5, 128.9, 129.9, 133.3, 141.7, 158.1. 
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Ph


OMe


Ph


MeO
+


 


o-14a and p-14a (ca. 1:9):  colorless oil;  1H NMR (300 MHz, CDCl3, 25 ˚C) p-14a δ 3.50 (d, J 


= 6.0 Hz, 2 H), 3.80 (s, 3 H), 6.34 (dt, J = 15.9, 6.0 Hz, 1 H), 6.44 (d, J = 15.9 Hz, 1 H), 6.86 (d, 


J = 8.8 Hz, 2 H), 7.16 (d, J = 8.8 Hz, 2 H), 7.19–7.38 (m, 5 H), o-14a δ 3.54 (d, J = 6.0 Hz, 2 H), 


3.85 (s, 3 H), vinylic and aromatic protons were obscure due to the overlap with those of p-14a;  


13C NMR (75 MHz, CDCl3, 25 ˚C) p-14a δ 38.4, 55.3, 113.9, 126.1, 127.0, 128.5, 129.6, 129.7, 


130.7, 132.2, 137.5, 158.1. 


 


Ph


MeO  


o-14b:  colorless oil;  1H NMR (400 MHz, CDCl3, 25 ˚C) δ 1.42 (d, J = 7.2 Hz, 3 H), 3.86 (s, 3 


H), 4.09 (dq, J = 7.2, 4.0 Hz, 1 H), 6.41 (d, J = 16.0 Hz, 1 H), 6.45 (dd, J = 16.0, 4.0 Hz, 1 H), 


6.89 (d, J = 8.0 Hz, 1 H), 6.93 (dt, J = 7.5, 1.0 Hz, 1 H), 7.16–7.37 (m, 7 H) ;  13C NMR (75 


MHz, CDCl3, 25 ˚C) δ 20.0, 35.1, 55.5, 110.6, 120.7, 126.1, 126.8, 127.1, 127.5, 128.2, 128.4, 


134.1, 135.0, 137.9, 156.8. 


 


Ph


OMe  


p-14b:  colorless oil;  1H NMR (400 MHz, CDCl3, 25 ˚C) δ 1.44 (d, J = 7.2 Hz, 3 H), 3.60 (dq, 


J = 7.2, 4.8 Hz, 1 H), 3.80 (s, 3 H), 6.35 (dd, J = 16.0, 4.8 Hz, 1 H), 6.40 (d, J = 16.0 Hz, 1 H), 


6.87 (d, J = 8.8 Hz, 2 H), 7.19 (d, J = 8.8 Hz, 2 H), 7.16–7.37 (m, 5 H) ;  13C NMR (75 MHz, 


CDCl3, 25 ˚C) δ 21.3, 41.7, 55.2, 113.9, 126.1, 127.0, 128.2, 128.3, 128.4, 135.6, 137.6, 137.7, 


158.0. 
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MeO MeO
+


 


o-14d and o-14d’ (ca. 9:1):  colorless oil;  1H NMR (300 MHz, CDCl3, 25 ˚C) o-14d δ 1.67 


(ddd, J = 6.0, 3.0, 1.5 Hz, 3 H), 3.31 (d, J = 6.6 Hz, 2 H), 3.83 (s, 3 H), 5.40–5.54 (m, 1 H), 


5.57-5.68 (m, 1 H), 6.85 (d, J = 7.8 Hz, 1 H), 6.90 (dt, J = 7.8, 0.9 Hz, 1 H), 7.12–7.22 (m, 2 H), 


o-14d’ δ 1.31 (d, J = 6.6 Hz, 3 H), 3.37–3.40 (m, 1 H), 3.84 (s, 3 H), 5.03 (dt, J = 10.5, 1.5 Hz, 1 


H), 5.05 (dt, J = 17.0, 1.5 Hz, 1 H), 6.05 (ddd, J = 17.0, 10.5, 6.0 Hz, 1 H), Aromatic protons are 


obscure due to the extensive overlap with those of o-14d.;  13C NMR (75 MHz, CDCl3, 25 ˚C) 


o-14d  δ 17.9, 32.9, 55.3, 110.3, 120.5, 125.9, 127.1, 129.4, 129.6, 142.9, 157.2. 


 


OMe OMe


+


 


p-14d and p-14d’ (ca. 9:1):  colorless oil;  1H NMR (300 MHz, CDCl3, 25 ˚C) p-14d δ 1.68 (dd, 


J = 6.0, 1.0 Hz, 3 H), 3.26 (d, J = 6.0 Hz, 2 H), 3.79 (s, 3 H), 5.42-5.64 (m, 2 H), 6.84 (d, J = 8.6 


Hz, 2 H), 7.10 (d, J = 8.6 Hz, 2 H) p-14d’ δ 1.34 (d, J = 7.2 Hz, 3 H), 3.30–3.44 (m, 1 H), 3.83 (s, 


3 H), 5.01 (dt, J = 10.5, 1.5 Hz, 1 H), 5.03 (dt, J = 16.8, 1.5 Hz, 1 H), 5.99 (ddd, J = 16.8, 10.5, 


6.6 Hz, 1 H), Aromatic protons are obscure due to the extensive overlap with those of p-14d.;  


13C NMR (75 MHz, CDCl3, 25 ˚C) p-14d δ 17.8, 38.1, 55.2, 113.8, 125.9, 129.3, 130.5, 133.1, 


157.8. 
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MeO
+


MeO  


o-14e + o-14e’ (ca. 8:1):  colorless oil;  1H NMR (300 MHz, CDCl3, 25 ˚C) o-14e δ 1.71 (s, 3 


H), 1.74 (d, J = 0.9 Hz, 3 H), 3.32 (d, J = 7.5 Hz, 2 H), 3.84 (s, 3 H), 5.31 (tquint, J = 7.5, 1.0 Hz, 


1 H), 6.85 (d, J = 8.4 Hz, 1 H), 6.89 (dt, J = 7.5, 0.9 Hz, 1 H), 7.12–7.21 (m, 2 H), o-14e’ δ 1.79 


(s, 3 H), 2.28 (t, J = 7.5 Hz, 2 H), 2.76 (t, J = 7.5 Hz, 2 H), 3.84 (s, 3 H), 4.72 (br s, 2 H), 


Aromatic protons are obscure due to the extensive overlap with those of o-14e.;  13C NMR (75 


MHz, CDCl3, 25 ˚C) o-14e δ 17.7, 25.8, 28.4, 55.3, 110.2, 120.4, 122.5, 126.8, 129.3, 130.1, 


132.4, 157.3. 


 


OMe OMe


+


 


p-14e + p-14e’ (ca. 8:1):  colorless oil;  1H NMR (300 MHz, CDCl3, 25 ˚C) p-14e δ 1.72 (s, 3 


H), 1.74 (d, J = 0.9 Hz, 3 H), 3.28 (d, J = 7.2 Hz, 2 H), 3.79 (s, 3 H), 5.31 (tquint, J = 7.2, 1.0 Hz, 


1 H), 6.83 (d, J = 8.8 Hz, 2 H), 7.10 (d, J = 8.8 Hz, 2 H), p-14e’ δ 1.77 (s, 3 H), 2.29 (t, J = 7.8 


Hz, 2 H), 2.70 (t, J = 7.8 Hz, 2 H), 3.84 (s, 3 H), 4.71 (br s, 1 H), 4.74 (br s, 1 H), Aromatic 


protons are obscure due to the extensive overlap with those of p-14e.;  13C NMR (75 MHz, 


CDCl3, 25 ˚C) p-14e δ 17.7, 25.7, 33.4, 55.2, 113.8, 123.6, 129.1, 132.1, 133.9, 157.7. 


 


Ph


Ph OMe  


p-16a:  colorless oil;  1H NMR (400 MHz, CDCl3, 25 ˚C) δ 3.79 (s, 3 H), 5.17 (s, 2 H), 6.87 (d, 


J = 8.8 Hz, 2 H), 7.21–7.33 (m, 6 H), 7.35 (d, J = 8.8 Hz, 2 H), 7.42–7.49 (m, 4 H);  13C NMR 
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(75 MHz, CDCl3, 25 ˚C) δ 42.9, 55.2, 84.7, 90.5, 114.0, 123.6, 126.8, 127.8, 127.9, 128.2, 128.6, 


128.9, 131.7, 133.9, 142.1, 158.5. 


 


+
O O


Ph


Ph  


17a and 17b:  pale-yellow oil;  1H NMR (300 MHz, CDCl3, 25 ˚C) 17a δ 2.27 (d, J = 0.6 Hz, 3 


H), 3.50 (d, J = 6.6 Hz, 2 H), 5.88 (dq, J = 3.0, 0.6 Hz, 1 H), 5.94 (d, J = 3.0 Hz, 1 H), 6.30 (dt, J 


= 15.9, 6.6 Hz, 1 H), 6.49 (d, J = 15.9 Hz, 1 H), 7.18–7.40 (m, 5 H), 17b δ 2.25 (s, 3 H), 4.68 (d, 


J = 7.0 Hz, 1 H), 5.05 (dt, J = 17.2, 1.5 Hz, 1 H), 5.19 (dt, J = 10.2, 1.5 Hz, 1 H), 5.91 (d, J = 2.7 


Hz, 1 H), 6.20 (ddd, J = 17.2, 10.2, 7.0 Hz, 1 H), other aromatic protons were obscure due to the 


overlap with those of 17a;  13C NMR (75 MHz, CDCl3, 25 ˚C) 17a δ 13.5, 31.8, 106.0, 106.2, 


126.0, 126.2, 127.2, 128.4, 131.7, 137.3, 150.8, 151.9, 17b δ 13.5, 49.2, 105.9, 107.3, 116.2, 


126.6, 128.2, 128.4, 138.4, 141.2, 151.2, 154.2. 


 


O
Ph


Ph  


18:  colorless oil;  1H NMR (300 MHz, CDCl3, 25 ˚C) δ 2.25 (s, 3 H), 5.39 (s, 1 H), 5.75 (d, J = 


3.0 Hz, 1 H), 5.88 (dd, J = 3.0, 0.9 Hz, 1 H), 7.16–7.33 (m, 10 H);  13C NMR (75 MHz, CDCl3, 


25 ˚C) δ 13.5, 50.9, 105.9, 109.0, 126.6, 128.3, 128.7, 142.0, 151.4, 154.8. 
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O
Ph


Ph  


19:  colorless oil;  1H NMR (300 MHz, CDCl3, 25 ˚C) δ 2.25 (s, 3 H), 5.21 (s, 1 H), 5.89 (dd, J 


= 3.0, 0.9 Hz, 1 H), 6.13 (d, J = 3.0 Hz, 1 H), 7.27–7.38 (m, 6 H), 7.46–7.51 (m, 4 H);  13C 


NMR (75 MHz, CDCl3, 25 ˚C) δ 13.6, 37.9, 83.7, 87.8, 106.2, 107.3, 123.3, 127.2, 127.8, 128.0, 


128.2, 128.5, 131.7, 139.2, 151.9. 


 


MeO OMe


 


p,p- and o,p-20a:  colorless solid (mp. 99–100 ˚C, lit.[5] mp. 99–101 ˚C);  1H NMR (300 MHz, 


CDCl3, 25 ˚C) p,p-20a δ 3.79 (s, 6 H), 5.46 (s, 1 H), 6.82 (d, J = 8.7 Hz, 4 H), 7.02 (d, J = 8.7 Hz, 


4 H), 7.07–7.31 (m, 5 H), o,p-20a δ 3.72 (s, 6 H), 5.87 (s, 1 H), Aromatic protons are obscure due 


to the extensive overlap with those of p,p-20a.;  13C NMR (75 MHz, CDCl3, 25 ˚C) p,p-20a δ 


55.2, 113.6, 126.1, 128.2, 129.3, 130.3, 136.4, 144.6, 158.0. 


 


MeO


Cl


OMe


 


p,p- and o,p-20b:  colorless solid (mp. 64–65 ˚C, lit.[5] mp. 69–70 ˚C);  1H NMR (300 MHz, 


CDCl3, 25 ˚C) p,p-20b δ 3.79 (s, 6 H), 5.42 (s, 1 H), 6.82 (d, J = 8.6 Hz, 4 H), 6.99 (d, J = 8.6 Hz, 
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4 H), 7.03 (d, J = 8.2 Hz, 2 H), 7.24 (d, J = 8.2 Hz, 2 H), o,p-20b δ 3.72 (s, 6 H), 5.82 (s, 1 H), 


Aromatic protons are obscure due to the extensive overlap with those of p,p-20b.;  13C NMR (75 


MHz, CDCl3, 25 ˚C) p,p-20b δ 54.6, 55.2, 113.8, 128.4, 130.2, 130.6, 132.0, 135.9, 143.2, 158.1. 


 


MeO


Me


OMe


 


p,p- and o,p-20c:  colorless oil;  1H NMR (300 MHz, CDCl3, 25 ˚C) p,p-20c δ 2.32 (s, 3 H), 


3.78 (s, 6 H), 5.41 (s, 1 H), 6.81 (d, J = 8.7 Hz, 4 H), 6.99 (d, J = 8.1 Hz, 2 H), 7.01 (d, J = 8.7 Hz, 


4 H), 7.09 (d, J = 8.1 Hz, 2 H), o,p-20c δ 2.32 (s, 3 H), 3.72 (s, 6 H), 5.84 (s, 1 H), Aromatic 


protons are obscure due to the extensive overlap with those of p,p-20c.;  13C NMR (75 MHz, 


CDCl3, 25 ˚C) p,p-20c δ 21.0, 55.2, 113.6, 128.9, 129.1, 130.2, 135.6, 136.6, 141.6, 157.9. 
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Figure S1. GC-MS chart of 1a. 
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Figure S2. GC-MS chart of a mixture of [D10]1a and [D9]1a. 
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Supplemental Material for  Π-Bonding in Complexes of Benzannulated Biscarbenes,
 -germylenes and -stannylenes:  an Experimental and Theoretical Study
XYZ-coordinates and  BP86/TZ2P energies of calculated structures
3M-C


46
-11,537499


Mo 0,000000 0,000000 1,656971
C -2,051170 0,000000 1,660787
O -3,211490 0,000000 1,680788
C 0,000000 1,300226 3,177271
O 0,000000 1,978384 4,130776
C 0,000000 -1,300226 3,177271
O 0,000000 -1,978384 4,130776
C 2,051170 0,000000 1,660787
O 3,211490 0,000000 1,680788
C 0,000000 -1,494298 -0,000884
C 0,000000 1,494298 -0,000884
N 0,000000 -1,247025 -1,359474
C 0,000000 -2,423087 -2,112715
C 0,000000 -5,043635 -2,977755
C 0,000000 -2,658383 -3,487290
C 0,000000 -3,470824 -1,181849
C 0,000000 -4,801956 -1,601885
C 0,000000 -3,991874 -3,906170
H 0,000000 -1,847305 -4,213250
H 0,000000 -5,627588 -0,893091
H 0,000000 -4,216078 -4,971271
H 0,000000 -6,071829 -3,335375
C 0,000000 2,423087 -2,112715
C 0,000000 5,043635 -2,977755
C 0,000000 2,658383 -3,487290
C 0,000000 3,470824 -1,181849
C 0,000000 4,801956 -1,601885
C 0,000000 3,991874 -3,906170
H 0,000000 1,847305 -4,213250
H 0,000000 5,627588 -0,893091
H 0,000000 4,216078 -4,971271
H 0,000000 6,071829 -3,335375
N 0,000000 1,247025 -1,359474
N 0,000000 2,871814 0,074377
N 0,000000 -2,871814 0,074377
C 0,000000 0,000000 -2,095426
H -0,888709 0,000000 -2,748456
H 0,888709 0,000000 -2,748456
C 0,000000 -3,642898 1,312179
H 0,890072 -3,415323 1,905473







H -0,890072 -3,415323 1,905473
H 0,000000 -4,705910 1,056887
C 0,000000 3,642898 1,312179
H -0,890072 3,415323 1,905473
H 0,890072 3,415323 1,905473
H 0,000000 4,705910 1,056887
---------
3M-Ge


46
-11,2384808


Mo 0,000000 0,000000 2,180528
C -2,051929 0,000000 2,263868
O -3,203868 0,000000 2,365789
C 0,000000 1,449570 3,560023
O 0,000000 2,301116 4,349981
C 0,000000 -1,449570 3,560023
O 0,000000 -2,301116 4,349981
C 2,051929 0,000000 2,263868
O 3,203868 0,000000 2,365789
Ge 0,000000 -1,561999 0,190115
Ge 0,000000 1,561999 0,190115
N 0,000000 -1,235521 -1,654338
C 0,000000 -2,414731 -2,399564
C 0,000000 -4,922831 -3,647179
C 0,000000 -2,505493 -3,799603
C 0,000000 -3,603334 -1,614039
C 0,000000 -4,851278 -2,254283
C 0,000000 -3,756648 -4,417320
H 0,000000 -1,607357 -4,412833
H 0,000000 -5,770293 -1,672198
H 0,000000 -3,818066 -5,504261
H 0,000000 -5,897569 -4,132410
C 0,000000 2,414731 -2,399564
C 0,000000 4,922831 -3,647179
C 0,000000 2,505493 -3,799603
C 0,000000 3,603334 -1,614039
C 0,000000 4,851278 -2,254283
C 0,000000 3,756648 -4,417320
H 0,000000 1,607357 -4,412833
H 0,000000 5,770293 -1,672198
H 0,000000 3,818066 -5,504261
H 0,000000 5,897569 -4,132410
N 0,000000 1,235521 -1,654338
N 0,000000 3,364356 -0,246897
N 0,000000 -3,364356 -0,246897
C 0,000000 0,000000 -2,421398







H -0,887833 0,000000 -3,078787
H 0,887833 0,000000 -3,078787
C 0,000000 -4,434325 0,751167
H 0,890687 -4,374698 1,388922
H -0,890687 -4,374698 1,388922
H 0,000000 -5,414201 0,266744
C 0,000000 4,434325 0,751167
H -0,890687 4,374698 1,388922
H 0,890687 4,374698 1,388922
H 0,000000 5,414201 0,266744
---------
3M-Sn


46
-11,1460638


Mo 0,000000 0,000000 2,405348
C -2,047695 0,000000 2,508851
O -3,196520 0,000000 2,644500
C 0,000000 1,420451 3,796723
O 0,000000 2,242513 4,617475
C 0,000000 -1,420451 3,796723
O 0,000000 -2,242513 4,617475
C 2,047695 0,000000 2,508851
O 3,196520 0,000000 2,644500
Sn 0,000000 -1,666869 0,239434
Sn 0,000000 1,666869 0,239434
N 0,000000 -1,245622 -1,794674
C 0,000000 -2,406003 -2,570758
C 0,000000 -4,833097 -4,005805
C 0,000000 -2,416593 -3,978616
C 0,000000 -3,658573 -1,870762
C 0,000000 -4,853104 -2,613917
C 0,000000 -3,614851 -4,688949
H 0,000000 -1,481241 -4,531415
H 0,000000 -5,812430 -2,101877
H 0,000000 -3,593016 -5,777406
H 0,000000 -5,772983 -4,555512
C 0,000000 2,406003 -2,570758
C 0,000000 4,833097 -4,005805
C 0,000000 2,416593 -3,978616
C 0,000000 3,658573 -1,870762
C 0,000000 4,853104 -2,613917
C 0,000000 3,614851 -4,688949
H 0,000000 1,481241 -4,531415
H 0,000000 5,812430 -2,101877
H 0,000000 3,593016 -5,777406
H 0,000000 5,772983 -4,555512







H -2,206100 -0,030013 -1,435161


N 0,000000 1,245622 -1,794674
N 0,000000 3,582605 -0,486287
N 0,000000 -3,582605 -0,486287
C 0,000000 0,000000 -2,550752
H -0,887498 0,000000 -3,208803
H 0,887498 0,000000 -3,208803
C 0,000000 -4,766022 0,375580
H 0,890205 -4,783599 1,018045
H -0,890205 -4,783599 1,018045
H 0,000000 -5,688608 -0,210684
C 0,000000 4,766022 0,375580
H -0,890205 4,783599 1,018045
H 0,890205 4,783599 1,018045
H 0,000000 5,688608 -0,210684
---------
Ligand in 3M-C


37
-8,7751821


C -1,055996 2,092966 0,619579
C 0,109195 -1,552157 0,441704
N -0,869879 1,267690 -0,466638
C -0,011302 1,816004 -1,427994
C 1,709661 3,471996 -2,837598
C 0,458453 1,379586 -2,667183
C 0,374940 3,064081 -0,903864
C 1,241749 3,909980 -1,596264
C 1,322311 2,229135 -3,363282
H 0,180416 0,411038 -3,078720
H 1,543585 4,873657 -1,188532
H 1,707325 1,914972 -4,332251
H 2,388847 4,105189 -3,406595
C -0,538065 -2,005441 -1,734892
C 0,206845 -4,033631 -3,477014
C -1,128096 -2,043308 -2,999472
C 0,404616 -2,976422 -1,347523
C 0,793927 -4,001302 -2,209822
C -0,740014 -3,071672 -3,863144
H -1,870543 -1,310405 -3,311466
H 1,524549 -4,750628 -1,908733
H -1,185548 -3,128543 -4,855071
H 0,485508 -4,820947 -4,175615
N -0,671785 -1,163078 -0,623175
N 0,760566 -2,653103 -0,036725
N -0,281207 3,178858 0,323500
C -1,557151 -0,007623 -0,551596







H 5,603736 -0,452177 0,156569


H -2,165233 -0,065564 0,354681
C -0,156738 4,322931 1,210136
H -0,499018 5,240191 0,711974
H -0,780384 4,126990 2,085868
H 0,886705 4,456323 1,526244
C 1,715198 -3,408292 0,758076
H 1,780615 -2,922760 1,734896
H 1,380365 -4,446787 0,884112
H 2,703953 -3,406010 0,279846
---------
Ligand in 3M-Ge


37
-8,5260808


Ge 2,235838 -1,971875 0,169558
Ge -0,882865 0,363245 1,429726
N 1,169406 -0,654915 -0,697351
C 1,765795 0,594459 -0,816019
C 3,258749 2,962873 -0,920168
C 1,215122 1,744703 -1,402630
C 3,076998 0,639520 -0,264555
C 3,816357 1,832800 -0,323376
C 1,965585 2,918847 -1,456810
H 0,202930 1,726121 -1,804241
H 4,820664 1,875717 0,094952
H 1,535447 3,808968 -1,913823
H 3,833752 3,886974 -0,963517
C -2,515624 -0,381687 -0,716331
C -5,272580 -0,278571 -1,228660
C -3,024351 -0,865089 -1,933346
C -3,408386 0,152883 0,257851
C -4,785292 0,201979 -0,011934
C -4,397296 -0,810160 -2,182812
H -2,356938 -1,285797 -2,683834
H -5,472370 0,611963 0,726913
H -4,786274 -1,186462 -3,128077
H -6,341924 -0,239991 -1,432854
N -1,192797 -0,361981 -0,313108
N -2,772481 0,575479 1,408933
N 3,489475 -0,561323 0,286511
C -0,164942 -0,890549 -1,202982
H -0,299209 -1,977004 -1,326491
H -0,269582 -0,435330 -2,202375
C 4,810173 -0,663673 0,889422
H 4,922341 0,038556 1,729455
H 4,958275 -1,680179 1,270955







---------


C -3,550559 1,149666 2,495604
H -4,292327 0,433473 2,881956
H -2,879218 1,422874 3,317876
H -4,085959 2,056620 2,174305
---------
Ligand in 3M-Sn


37
-8,4522137


Sn 1,252789 1,141934 0,193107
Sn -1,231521 -1,131243 0,151483
N 0,182547 1,177912 -1,643937
C -0,280493 2,411961 -2,042742
C -1,231890 5,011568 -2,594752
C -0,903830 2,707072 -3,272876
C -0,097341 3,472705 -1,087587
C -0,593746 4,758022 -1,383550
C -1,380130 3,988274 -3,539795
H -1,008968 1,932039 -4,029281
H -0,468494 5,561575 -0,659907
H -1,861192 4,192668 -4,495384
H -1,603201 6,012744 -2,809525
C 0,333981 -2,407281 -2,057995
C 1,244924 -5,019004 -2,618535
C 0,982382 -2,700089 -3,275658
C 0,104996 -3,475039 -1,120771
C 0,582056 -4,766861 -1,420372
C 1,438338 -3,987788 -3,546758
H 1,122833 -1,917894 -4,018835
H 0,421721 -5,576436 -0,710482
H 1,939310 -4,190806 -4,492331
H 1,600612 -6,025138 -2,836512
N -0,113928 -1,168899 -1,656684
N -0,585721 -3,135699 0,019631
N 0,571634 3,134199 0,066202
C 0,056029 0,006514 -2,498544
H 0,953655 -0,109178 -3,128267
H -0,807687 0,124012 -3,173374
C 0,810327 4,156031 1,074355
H -0,132710 4,557754 1,478637
H 1,376625 3,722904 1,907776
H 1,391924 4,999997 0,669937
C -0,871143 -4,163405 1,009470
H 0,052827 -4,589412 1,432485
H -1,449081 -3,727580 1,833459
H -1,459918 -4,990351 0,580981







H -2,121658 -0,326042 0,483248


Mo(CO)4
9


-2,6392210
Mo -1,749879 -0,137731 2,890535
C -3,256279 -0,027337 1,704110
O -4,176334 0,039217 0,990054
C -1,841374 1,889758 3,141571
O -1,963320 3,030076 3,294029
C -2,996337 -0,341802 4,338032
O -3,759550 -0,465032 5,211535
C -1,749700 -2,168151 2,646450
O -1,820362 -3,315048 2,511989
---------
benzannulated NHGe-NMe3 complex


34
-7,1772501


Ge 1,348822 -0,012811 0,194966
N 0,580092 -1,181265 1,491051
N 1,002624 1,319536 1,514356
C 0,364142 0,854217 2,652999
C 0,126508 -0,552760 2,639977
C 0,463190 -2,621846 1,363486
C 1,365508 2,720655 1,413063
C -0,032613 1,613344 3,762599
C -0,500650 -1,159283 3,737122
C -0,889583 -0,385764 4,838409
C -0,657261 0,990834 4,851035
H 0,149722 2,687274 3,782780
H -0,958247 1,587931 5,711256
H -1,372394 -0,866221 5,688779
H -0,680874 -2,233759 3,737706
N -0,962551 0,393642 -1,118946
C -0,765600 1,595718 -1,929901
C -1,173517 -0,788119 -1,955833
C -2,046344 0,568298 -0,147197
H -0,587980 -2,957817 1,378587
H 0,907545 -2,941611 0,413033
H 0,990828 -3,146222 2,177066
H 2,033421 3,028262 2,234371
H 1,893074 2,893897 0,467174
H 0,482765 3,382687 1,437297
H -2,086849 -0,703883 -2,578840
H -0,310719 -0,930106 -2,620307
H -1,271786 -1,675755 -1,317749
H -3,023899 0,740738 -0,641597







-4,698006


H -1,822675 1,423229 0,502439
H -1,652323 1,832751 -2,551925
H -0,566116 2,452023 -1,272915
H 0,098206 1,456605 -2,593688
---------
benzannulated NHSn-NMe3 complex


34
-7,142512


Sn 1,568389 0,190305 0,099528
N 0,726519 -1,194637 1,434487
N 0,988146 1,434682 1,686143
C 0,318199 0,788262 2,712240
C 0,178801 -0,634351 2,577637
C 0,699391 -2,636832 1,272689
C 1,217800 2,864306 1,783947
C -0,210005 1,419891 3,851059
C -0,476079 -1,354411 3,591126
C -0,993749 -0,702022 4,715447
C -0,861816 0,681055 4,844575
H -0,105631 2,497965 3,964390
H -1,262040 1,192656 5,719049
H -1,497849 -1,281307 5,488085
H -0,579761 -2,434796 3,501337
N -0,868237 0,531692 -1,235206
C -0,603140 1,038191 -2,585143
C -1,503655 -0,790005 -1,279645
C -1,680832 1,479353 -0,461046
H 1,212876 -3,152399 2,101863
H -0,329136 -3,036602 1,223814
H 1,208925 -2,913663 0,341066
H 1,797601 3,126431 2,685104
H 1,786444 3,207921 0,910427
H 0,275641 3,439689 1,820124
H -2,492393 -0,755027 -1,778295
H -0,862601 -1,490518 -1,831541
H -1,633614 -1,164797 -0,257374
H -2,675886 1,635362 -0,922941
H -1,815443 1,102875 0,559918
H -1,165860 2,446537 -0,406264
H -1,536047 1,175057 -3,167022
H -0,088139 2,005679 -2,523453
H 0,045069 0,335846 -3,124993
---------
benzannulated NHGe


21







H 0,082339 3,066866 0,521869


Ge 0,037890 -0,012540 0,300738
N 0,001266 -1,268988 1,719396
N 0,046010 1,257230 1,707956
C 0,023435 0,712990 2,978066
C -0,001784 -0,712753 2,984494
C -0,022809 -2,714887 1,562155
C 0,073307 2,701566 1,537399
C 0,023402 1,414392 4,194810
C -0,026417 -1,402756 4,207479
C -0,026122 -0,688810 5,406423
C -0,001365 0,711669 5,400121
H 0,042609 2,503248 4,198931
H -0,001367 1,259401 6,341749
H -0,045332 -1,227727 6,352930
H -0,045698 -2,491528 4,221332
H 0,855997 -3,185487 2,029462
H -0,926224 -3,153870 2,013023
H -0,017405 -2,965051 0,495181
H -0,814129 3,176531 1,983519
H 0,968088 3,144993 2,000938
H 0,088018 2,941466 0,468161
---------
benzannulated NHSn 


21
-4,660541


Sn 0,043648 -0,014164 0,052860
N 0,006715 -1,327345 1,681739
N 0,043908 1,314785 1,669313
C 0,021354 0,717489 2,912308
C 0,001118 -0,718017 2,919063
C -0,012450 -2,780309 1,602504
C 0,065603 2,766898 1,576413
C 0,017073 1,408259 4,139581
C -0,022386 -1,396883 4,152748
C -0,026086 -0,688656 5,352513
C -0,006412 0,711692 5,345937
H 0,032267 2,496821 4,144684
H -0,009396 1,262950 6,285323
H -0,044379 -1,230787 6,297026
H -0,037733 -2,485351 4,168038
H 0,866672 -3,226561 2,094291
H -0,914701 -3,201945 2,073717
H -0,004566 -3,090555 0,550829
H -0,824473 3,218172 2,043279
H 0,956889 3,192808 2,064352







-226,030134


---------
NMe3


13
-2,476735


N 0,000000 0,000000 0,050949
C -0,695223 1,204161 0,491987
C 1,390446 0,000000 0,491987
C -0,695223 -1,204161 0,491987
H 1,903805 -0,889633 0,102885
H 1,903805 0,889633 0,102885
H 1,493876 0,000000 1,601433
H -0,181458 -2,093560 0,102885
H -0,746938 -1,293734 1,601433
H -1,722347 -1,203927 0,102885
H -1,722347 1,203927 0,102885
H -0,746938 1,293734 1,601433
H -0,181458 2,093560 0,102885
---------
XYZ-coordinates and RI-BP86/def-SVP energies of calculated structures
Model complex (CO)5Mo-CN2C2H2


20
-860,812946


Mo 0,000000 0,000000 -1,454890
 C 0,000000 2,055515 -1,404857
 C 2,046005 0,000000 -1,477453
 C 0,000000 -2,055515 -1,404857
 C 0,000000 0,000000 -3,488451
 C 0,000000 0,000000 0,781419
 C -2,046005 0,000000 -1,477453
 O 0,000000 3,217306 -1,362867
 O 0,000000 0,000000 -4,653058
 O 0,000000 -3,217306 -1,362867
 O 3,211788 0,000000 -1,499259
 O -3,211788 0,000000 -1,499259
 N -1,065580 0,000000 1,641721
 N 1,065580 0,000000 1,641721
 C -0,685870 0,000000 2,978079
 C 0,685870 0,000000 2,978079
 H -1,403379 0,000000 3,803302
 H 1,403379 0,000000 3,803302
 H -2,029069 0,000000 1,304790
 H 2,029069 0,000000 1,304790
---------
NHC fragment


9







H  -2,230354 0,000000 0,722067


C  0,000000 0,000000 1,467159
N  1,065580 0,000000 0,606857
N  -1,065580 0,000000 0,606857
C  0,685870 0,000000 -0,729501
C  -0,685870 0,000000 -0,729501
H  1,403378 0,000000 -1,554724
H  -1,403378 0,000000 -1,554724
H  2,029069 0,000000 0,943787
H  -2,029069 0,000000 0,943787
---------
Model complex (CO)5Mo-SiN2C2H2


20
-1112,225683


Mo 0,000000 0,000000 1,697851
 C 0,000000 2,057762 1,707311
 C -2,050612 0,000000 1,645105
 C 0,000000 -2,057762 1,707311
 C 0,000000 0,000000 3,726520
Si 0,000000 0,000000 -0,799372
 C 2,050612 0,000000 1,645105
 O 0,000000 3,218386 1,732738
 O 0,000000 -3,218386 1,732738
 O -3,212102 0,000000 1,594457
 O 3,212102 0,000000 1,594457
 O 0,000000 0,000000 4,888623
 N 1,216183 0,000000 -2,072679
 N -1,216183 0,000000 -2,072679
 C 0,685220 0,000000 -3,361360
 C -0,685220 0,000000 -3,361360
 H 1,334583 0,000000 -4,244891
 H -1,334583 0,000000 -4,244891
 H 2,230484 0,000000 -1,951584
 H -2,230484 0,000000 -1,951584
---------
NHSi fragment


9
-477,459936


Si 0,000000 0,000000 1,874055
N  1,216100 0,000000 0,600655
N  -1,216100 0,000000 0,600655
C  0,685180 0,000000 -0,688074
C  -0,685180 0,000000 -0,688074
H  1,334606 0,000000 -1,571675
H  -1,334606 0,000000 -1,571675
H  2,230354 0,000000 0,722067







 C 0,000000 -2,058809 -2,030168
 C 0,000000 0,000000 -4,014212


---------
Model complex (CO)5Mo-GeN2C2H2


20
-2899,809761


Mo 0,000000 0,000000 -1,844004
 C 0,000000 2,058335 -1,856027
 C 2,054049 0,000000 -1,824417
 C 0,000000 -2,058335 -1,856027
 C 0,000000 0,000000 -3,856526
Ge 0,000000 0,000000 0,732322
 C -2,054049 0,000000 -1,824417
 O 0,000000 3,218414 -1,886118
 O 0,000000 0,000000 -5,019764
 O 0,000000 -3,218414 -1,886118
 O 3,215957 0,000000 -1,815910
 O -3,215957 0,000000 -1,815910
 N -1,245851 0,000000 2,114732
 N 1,245851 0,000000 2,114732
 C -0,687131 0,000000 3,382014
 C 0,687131 0,000000 3,382014
 H -1,319807 0,000000 4,278762
 H 1,319807 0,000000 4,278762
 H -2,262749 0,000000 2,016018
 H 2,262749 0,000000 2,016018
---------
NHGe fragment


9
-2265,059139


Ge 0,000000 0,000000 1,969396
N  1,245828 0,000000 0,586973
N  -1,245828 0,000000 0,586973
C  0,687148 0,000000 -0,680344
C  -0,687148 0,000000 -0,680344
H  1,320025 0,000000 -1,576936
H  -1,320025 0,000000 -1,576936
H  2,262769 0,000000 0,685611
H  -2,262769 0,000000 0,685611
---------
Model complex (CO)5Mo-SnN2C2H2


20
-826,178363


Mo 0,000000 0,000000 -2,016766
 C 0,000000 2,058809 -2,030168
 C 2,054602 0,000000 -2,024333







 O -2,272692 0,000000 2,367728
 O 2,272692 0,000000 2,367728


Sn 0,000000 0,000000 0,760745
 C -2,054602 0,000000 -2,024333
 O 0,000000 3,218581 -2,069097
 O 0,000000 0,000000 -5,178088
 O 0,000000 -3,218581 -2,069097
 O 3,215730 0,000000 -2,052794
 O -3,215730 0,000000 -2,052794
 N -1,307623 0,000000 2,386179
 N 1,307623 0,000000 2,386179
 C -0,689762 0,000000 3,619240
 C 0,689762 0,000000 3,619240
 H -1,290177 0,000000 4,540154
 H 1,290177 0,000000 4,540154
 H -2,329736 0,000000 2,367825
 H 2,329736 0,000000 2,367825
---------
NHSn


9
-191,437979


Sn 0,000000 0,000000 -2,193454
N  -1,307658 0,000000 -0,567995
N  1,307658 0,000000 -0,567995
C  -0,689775 0,000000 0,665059
C  0,689775 0,000000 0,665059
H  -1,290184 0,000000 1,585984
H  1,290184 0,000000 1,585984
H  -2,329780 0,000000 -0,586323
H  2,329780 0,000000 -0,586323
---------
Mo(CO)6


13
-747,995760


Mo 0,000000 0,000000 0,083798
 C 0,000000 2,064751 0,089156
 C 1,462511 0,000000 -1,374896
 C 0,000000 -2,064751 0,089156
 C -1,462511 0,000000 -1,374896
 C 1,457871 0,000000 1,545680
 C -1,457871 0,000000 1,545680
 O 0,000000 3,222039 0,097453
 O -2,283041 0,000000 -2,191219
 O 0,000000 -3,222039 0,097453
 O 2,283041 0,000000 -2,191219
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Construction of Giant Porphyrin Macrorings Suporting Infomation 


S1/S42 


Scheme S1.  Synthesis of thiophenylene-porphyrin 6a  and 6b .  
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Scheme S2.  Synthesis of thiophenylene-porphyrin 8a  and 8b .  
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Construction of Giant Porphyrin Macrorings Suporting Infomation 


S2/S42 


 (a) 


 


 (b) 


 


Figure S1 .   (a) Recycling GPC chromatogram of C-(1b)mi x ,  inset:  enlargement from 


258 to 290 min, where fractions 1-4 were collected,  column: Tosoh TSK-GEL 


G3000HH R  (polystyrene, exclusion limit = 60,000 Da), eluent: pyridine, (b) 


analytical GPC chromatograms of fractions 1-4, conditions: same as Figure 3.  The 


fractions 1-4 were assigned as 7-10 mers (C-(1b)7 - 1 0) by mass spectra in Figure 4.  







Construction of Giant Porphyrin Macrorings Suporting Infomation 


S3/S42 


300


250


200


150


100


50


0
10 8 6 4 2 0 -2


ppm


383 K


373 K


363 K


353 K


343 K


333 K


323 K


313 K


289 K


300


250


200


150


100


50


0


ab
so


rb
an


ce


7.607.557.50


0


0


0


0


0


0


0


ab
so


rb
an


ce


10.42 10.40 10.38


 


Figure S2 .   Variable- temperature 1H NMR spectra of 6b in (CDCl2)2.   From Eyring 


plot for 6b ,  the activation parameters,  ΔH‡  = 11.6 kJ mol - 1  and  ΔS‡  = -0.19 kJ mol -


1K - 1 ,  were obtained from the slope and the intercept (y = 1.03-1400x; ΔG‡  = ΔH‡-


TΔS‡).  







Construction of Giant Porphyrin Macrorings Suporting Infomation 


S4/S42 


(a) (b) 


 


Figure S3.   Local minimized structures of (a) 1a and (b) 1b .   They were prepared 


by semiempirical MO method (AM1) on WinMOPAC Ver. 3.9 (Fujitsu Co. Ltd.).   


Allyloxy propyl groups at the meso-positions were replaced by hydrogen atoms for 


simplicity.  


 


       


Figure S4.  Definitions of dipole moments m1 - 8 ,  m1 x - 8 x  and m1 y - 8 y ,  distances R1 - 4  


and angle θ  in 8 mer. 
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Construction of Giant Porphyrin Macrorings Suporting Infomation 


S5/S42 


Table S1-1.   Init ial  parameters used for the deconvolution analyses of the 


recycling GPC chart  for N-(1b)mi x  obtained parameters.  


 In i t ia l  parameters  for  f i t t ing  Resu l t  (R2  [ d ]  =  1 .00)  


 Funct ion  HBW  [ b ]  /  min     


N-(1b)n
 [ a ]    Range Area (%)  HBW  [ b ]  /  min  RT  [ c ]  /  min  


n  =  7  Gauss ian   1 .0   -  2 .0   27   1 .5   64 .1   


n  =  8  Gauss ian   1 .0   -  2 .0   36   1 .2   62 .9   


n  =  9  Gauss ian   1 .0   -  2 .0   18   1 .2   61 .7   


n  =  10  Gauss ian   1 .0   -  2 .0   11   1 .7   60 .5   


n  =  11  Gauss ian   1 .0   -  2 .0   7   2 .0   58 .8   


[ a ]  De te rmined  f rom the  ca l ib ra t ion  p lo t s  in  F igure  5 ,  [b ]  Ha l f -band  wid th ,  [ c ]  Re ten t ion  T ime ,  [d ]  


Coef f ic ien t  o f  de te rmina t ion .  


 


Table S1-2.   Init ial  parameters used for the deconvolution analyses of the 


recycling GPC chart  for N-(1a)mi x  obtained parameters.  


 In i t ia l  parameters  for  f i t t ing  Resu l t  (R2  [ d ]  =0.98)  


 Funct ion  HBW  [ b ]  /  min      


N-(1a) n
 [ a ]    Range  Area (%) HBW  [ b ]  /  min  RT  [ c ]  /  min  


n  =  7  Gauss ian   1 .0  -  3 .5    12 .6   3 .5   147 .9   


n  =  8    Gauss ian   1 .0  -  3 .0    11 .9   2 .5   144 .9   


n  =  9    Gauss ian   1 .0  -  3 .0    13 .3   2 .3   142 .5   


n  =  10  Gauss ian   1 .0  -  3 .0    12 .5   2 .2   140 .3   


n  =  11  Gauss ian   1 .0  -  3 .0    11 .4   2 .2   138 .3   


n  =  12  Gauss ian   1 .0  -  3 .0    10 .3   2 .1   136 .4   


n  =  13  Gauss ian   1 .0  -  3 .0    9 .0   2 .1   134 .7   


n  =  14  Gauss ian   1 .0  -  3 .0    8 .6   2 .1   133 .0   


n  =  15  Gauss ian   1 .0  -  3 .0    8 .0   2 .0   131 .3   


n  =  16  Gauss ian   1 .0  -  3 .0    2 .4   1 .7   129 .8   


[ a ]  De te rmined  f rom the  ca l ib ra t ion  p lo t s  in  F igure  5 ,  [b ]  Ha l f -band  wid th ,  [ c ]  Re ten t ion  T ime ,  [d ]  


Coef f ic ien t  o f  de te rmina t ion .  
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Calculation for entropy and enthalpy values of cyclic N  mer.  The thermodynamic 


parameters were calculated  by referring to the procedure described in the 


li terature[ 5 7 ,  5 8  i n  t h e  ma i n  t e x t ] .  


Emo l e c  = = 4.6 Å (For chloroform) 


=
⋅


=
⋅


= 3


A


27


3
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27


N5.12
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[x] = 12.5 mol /  L 


Vf r e e
333 Å  0.1)6.41.5(8)(8 =−=−= molecEISD  


V f r e e  = [x]·NA·Vf r e e  = 7.52 × 102 4Å3  = 0.0075 L  
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ISD: Intermolecular distance, [x]: Concentration of molecules, NA:  Avogadro number, 


Emo l e c:  Edge length of a molecule (for chloroform), Vf r e e  :  Volume of cube defines 


motion of center of mass of a single molecule, Vf r e e :  Volume of cubes define motions 


of centers of masses of one mole of molecules, SN
t r a n s :  transition entropy of N  mer,  


SN
r o t :  rotation entropy of N  mer, [A]: the experimental concentration of analyte, M:  


Molecular weight,  T  :  320 K, h  :  plank constant, R:  gas constant,  I:  moment of 


inertia/[molecular weight of unit porphyrin (1015.83)] = 1.2 × 10 - 4 2  kgm2, trans
NS :  


translation entropy of N  mer,  rot
NS :  rotation entropy of N  mer,  HfN :  Heat of formation.


3 97


5.1 Å 
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Table S2.   Entropy and enthalpy value estimated form equation (S1-S4) 


equat ion MW of N mer SN
t r a n s


 /  
J  [ a ]  


SN
r o t


 /  
J  [ b ]  


Hf  /  
kJ [ c ]


ΔΗ /   
kJ [ d ]  


ΔS  /  
kJ·K - 1  [ e ]  


a 8 mer 7 mer  7110.81 153  410 20348 185.0   0 .53 


 8 mer 8126.64 155  413 23229    0 .0   0 .00 


b  8 mer 9 mer
 9142.47 157  416 26123 -74.6  -0.54  


c  8 mer 11 mer  11174.13 159  421 31921 -147.9  -1.61  


[a] Estimated from equation (S1),  [b] Est imated from equation (S2),  [c] Est imated from equation (S3),  
[d] Heat  of formation obtained by geometry optimization using the semiempirical MO calculat ion 
(AM130 method in WinMOPAC Ver.  3.9 (Fuji tsu Co. Ltd.)) ,  [e] Estimated from equation (S4).  
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Table S3.  Orientation factors calculated from equation (2) and the 


excitonic coupling energy in 7 mer estimated from equation (1). 


7 mer θ [a] cosθ κ mx,nx
[b] 1/R mx,nx


3


m, n Å × 106


1,2 64 0.43 0.44 R1 17 220 0.00 mo
[e] 0.78 mo 0.00 mo


2 0 mo
2


1,3 39 0.78 -0.83 R2 30 38 0.00 mo 0.97 mo 0.00 mo
2 0 mo


2


1,4 13 0.97 -1.85 R3 37 19 0.00 mo 0.43 mo 0.00 mo
2 0 mo


2


1,5 13 0.97 -1.85 R4 37 19 0.00 mo 0.43 mo 0.00 mo
2 0 mo


2


1,6 39 0.78 -0.83 R5 30 38 0.00 mo 0.97 mo 0.00 mo
2 0 mo


2


1,7 64 0.43 0.44 R6 17 220 0.00 mo 0.78 mo 0.00 mo
2 0 mo


2


2,3 13 0.97 -1.85 R1 17 220 0.78 mo 0.97 mo 0.76 mo
2 -622 mo


2


2,4 13 0.97 -1.85 R2 30 38 0.78 mo 0.43 mo 0.34 mo
2 -47 mo


2


2,5 39 0.78 -0.83 R3 37 19 0.78 mo 0.43 mo 0.34 mo
2 -11 mo


2


2,6 64 0.43 0.44 R4 37 19 0.78 mo 0.97 mo 0.76 mo
2 13 mo


2


2,7 90 0.00 1.00 R5 30 38 0.78 mo 0.78 mo 0.61 mo
2 46 mo


2


3,4 39 0.78 -0.83 R1 17 220 0.97 mo 0.43 mo 0.42 mo
2 -155 mo


2


3,5 64 0.43 0.44 R2 30 38 0.97 mo 0.43 mo 0.42 mo
2 14 mo


2


3,6 90 0.00 1.00 R3 37 19 0.97 mo 0.97 mo 0.95 mo
2 37 mo


2


3,7 64 0.43 0.44 R4 37 19 0.97 mo 0.78 mo 0.76 mo
2 13 mo


2


4,5 90 0.00 1.00 R1 17 220 0.43 mo 0.43 mo 0.19 mo
2 83 mo


2


4,6 64 0.43 0.44 R2 30 38 0.43 mo 0.97 mo 0.42 mo
2 14 mo


2


4,7 39 0.78 -0.83 R3 37 19 0.43 mo 0.78 mo 0.34 mo
2 -11 mo


2


5,6 39 0.78 -0.83 R1 17 220 0.43 mo 0.97 mo 0.42 mo
2 -155 mo


2


5,7 13 0.97 -1.85 R2 30 38 0.43 mo 0.78 mo 0.34 mo
2 -47 mo


2


6.7 13 0.97 -1.85 R1 17 220 0.97 mo 0.78 mo 0.76 mo
2 -622 mo


2


Total -1451 mo
2


R mx,nx
[c] dipole moment [d] E 


m mx m nx m mx × m nx × 106


 
 [a] Angle between center of dipole moment mmx and mnx, [b] Οrientation factor of mmx and mnx, [c]


Center-to-center distance between mmx and mnx,  [d] X-components of the transition dipole moments of 
m-th and n-th complementary dimer units, [e] |mm |.  
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Table S4.  Orientation factors calculated from equation (2) and the 


excitonic coupling energy in 8 mer estimated from equation (1). 


8 mer θ [a] cosθ κ mx,nx
[b] 1/R mx,nx


3


m, n Å × 106


1,2 68 0.38 0.56 R1 17 204 0.00 mo
[e] 0.00 mo 0.00 mo


2 0 mo
2


1,3 45 0.71 -0.50 R2 31 32 0.00 mo 0.71 mo 0.00 mo
2 0 mo


2


1,4 23 0.92 -1.56 R3 41 15 0.00 mo 1.00 mo 0.00 mo
2 0 mo


2


1,5 90 0.00 1.00 R4 44 11 0.00 mo 0.71 mo 0.00 mo
2 0 mo


2


1,6 23 0.92 -1.56 R3 41 15 0.00 mo 0.00 mo 0.00 mo
2 0 mo


2


1,7 45 0.71 -0.50 R2 31 32 0.00 mo 0.71 mo 0.00 mo
2 0 mo


2


1,8 68 0.38 0.56 R1 17 204 0.00 mo 1.00 mo 0.00 mo
2 0 mo


2


2,3 23 0.92 -1.56 R1 17 204 0.71 mo 1.00 mo 0.71 mo
2 -451 mo


2


2,4 0 1.00 -2.00 R2 31 32 0.71 mo 0.71 mo 0.50 mo
2 -65 mo


2


2,5 23 0.92 -1.56 R3 41 15 0.71 mo 0.00 mo 0.00 mo
2 0 mo


2


2,6 45 0.71 -0.50 R4 44 11 0.71 mo 0.71 mo 0.50 mo
2 -6 mo


2


2,7 68 0.38 0.56 R3 41 15 0.71 mo 1.00 mo 0.71 mo
2 12 mo


2


2,8 90 0.00 1.00 R2 31 32 0.71 mo 0.71 mo 0.50 mo
2 32 mo


2


3,4 23 0.92 -1.56 R1 17 204 1.00 mo 0.71 mo 0.71 mo
2 -451 mo


2


3,5 45 0.71 -0.50 R2 31 32 1.00 mo 0.00 mo 0.00 mo
2 0


3,6 68 0.38 0.56 R3 41 15 1.00 mo 0.71 mo 0.71 mo
2 12 mo


2


3,7 90 0.00 1.00 R4 44 11 1.00 mo 1.00 mo 1.00 mo
2 23 mo


2


3,8 68 0.38 0.56 R3 41 15 1.00 mo 0.71 mo 0.71 mo
2 12 mo


2


4,5 68 0.38 0.56 R1 17 204 0.71 mo 0.00 mo 0.00 mo
2 0 mo


2


4,6 90 0.00 1.00 R2 31 32 0.71 mo 0.71 mo 0.50 mo
2 32 mo


2


4,7 68 0.38 0.56 R3 41 15 0.71 mo 1.00 mo 0.71 mo
2 12 mo


2


4,8 45 0.71 -0.50 R4 44 11 0.71 mo 0.71 mo 0.50 mo
2 -6 mo


2


5,6 68 0.38 0.56 R1 17 204 0.00 mo 0.00 mo 0.00 mo
2 0 mo


2


5,7 45 0.71 -0.50 R2 31 32 0.00 mo 0.71 mo 0.00 mo
2 0 mo


2


5,8 23 0.92 -1.56 R3 41 15 0.00 mo 1.00 mo 0.00 mo
2 0 mo


2


6,7 23 0.92 -1.56 R1 17 204 0.71 mo 1.00 mo 0.71 mo
2 -451 mo


2


6,8 0 1.00 -2.00 R2 31 32 0.71 mo 0.71 mo 0.50 mo
2 -65 mo


2


7,8 23 0.92 -1.56 R1 17 204 1.00 mo 0.71 mo 0.71 mo
2 -451 mo


2


Total -1810 mo
2


R mx,nx
[c] dipole moment [d] E 


m mx m nx m mx × m nx × 106


 
[a] Angle between center of dipole moment mmx and mnx, [b] Οrientation factor of mmx and mnx, [c]
Center-to-center distance between mmx and mnx,  [d] X-components of the transition dipole moments of 
m-th and n-th complementary dimer units, [e] |mm |.  
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Table S5.  Orientation factors calculated from equation (2) and the 


excitonic coupling energy in 9 mer estimated from equation (1). 


9 mer θ [a] cosθ κ mx,nx
[b] 1/R mx,nx


3


m, n Å × 106


1,2 70 0.34 0.65 R1 17 194 0.00 mo
[e] 0.64 mo 0.00 mo


2 0 mo
2


1,3 50 0.64 -0.24 R2 32 29 0.00 mo 0.98 mo 0.00 mo
2 0 mo


2


1,4 30 0.87 -1.25 R3 44 12 0.00 mo 0.87 mo 0.00 mo
2 0 mo


2


1,5 10 0.98 -1.91 R4 50 8 0.00 mo 0.34 mo 0.00 mo
2 0 mo


2


1,6 10 0.98 -1.91 R4 50 8 0.00 mo 0.34 mo 0.00 mo
2 0 mo


2


1,7 30 0.87 -1.25 R3 44 12 0.00 mo 0.87 mo 0.00 mo
2 0 mo


2


1,8 50 0.64 -0.24 R2 32 29 0.00 mo 0.98 mo 0.00 mo
2 0 mo


2


1,9 70 0.34 0.65 R1 17 194 0.00 mo 0.64 mo 0.00 mo
2 0 mo


2


2,3 30 0.87 -1.25 R1 17 194 0.64 mo 0.98 mo 0.63 mo
2 -307 mo


2


2,4 10 0.98 -1.91 R2 32 29 0.64 mo 0.87 mo 0.56 mo
2 -62 mo


2


2,5 10 0.98 -1.91 R3 44 12 0.64 mo 0.34 mo 0.22 mo
2 -10 mo


2


2,6 30 0.87 -1.25 R4 50 8 0.64 mo 0.34 mo 0.22 mo
2 -4 mo


2


2,7 50 0.64 -0.24 R4 50 8 0.64 mo 0.87 mo 0.56 mo
2 -2 mo


2


2,8 70 0.34 0.65 R3 44 12 0.64 mo 0.98 mo 0.63 mo
2 10 mo


2


2,9 90 0.00 1.00 R2 32 29 0.64 mo 0.64 mo 0.41 mo
2 24 mo


2


3,4 10 0.98 -1.91 R1 17 194 0.98 mo 0.87 mo 0.85 mo
2 -632 mo


2


3,5 30 0.87 -1.25 R2 32 29 0.98 mo 0.34 mo 0.34 mo
2 -25 mo


2


3,6 50 0.64 -0.24 R3 44 12 0.98 mo 0.34 mo 0.34 mo
2 -2 mo


2


3,7 70 0.34 0.65 R4 50 8 0.98 mo 0.87 mo 0.85 mo
2 9 mo


2


3,8 90 0.00 1.00 R4 50 8 0.98 mo 0.98 mo 0.97 mo
2 16 mo


2


3,9 70 0.34 0.65 R3 44 12 0.98 mo 0.64 mo 0.63 mo
2 10 mo


2


4,5 50 0.64 -0.24 R1 17 194 0.87 mo 0.34 mo 0.30 mo
2 -28 mo


2


4,6 70 0.34 0.65 R2 32 29 0.87 mo 0.34 mo 0.30 mo
2 11 mo


2


4,7 90 0.00 1.00 R3 44 12 0.87 mo 0.87 mo 0.75 mo
2 18 mo


2


4,8 70 0.34 0.65 R4 50 8 0.87 mo 0.98 mo 0.85 mo
2 9 mo


2


4,9 50 0.64 -0.24 R4 50 8 0.87 mo 0.64 mo 0.56 mo
2 -2 mo


2


5,6 90 0.00 1.00 R1 17 194 0.34 mo 0.34 mo 0.12 mo
2 45 mo


2


5,7 70 0.34 0.65 R2 32 29 0.34 mo 0.87 mo 0.30 mo
2 11 mo


2


5,8 50 0.64 -0.24 R3 44 12 0.34 mo 0.98 mo 0.34 mo
2 -2 mo


2


5,9 30 0.87 -1.25 R4 50 8 0.34 mo 0.64 mo 0.22 mo
2 -4 mo


2


6,7 50 0.64 -0.24 R1 17 194 0.34 mo 0.87 mo 0.30 mo
2 -28 mo


2


6,8 30 0.87 -1.25 R2 32 29 0.34 mo 0.98 mo 0.34 mo
2 -25 mo


2


6,9 10 0.98 -1.91 R3 44 12 0.34 mo 0.64 mo 0.22 mo
2 -10 mo


2


7,8 10 0.98 -1.91 R1 17 194 0.87 mo 0.98 mo 0.85 mo
2 -632 mo


2


7,9 10 0.98 -1.91 R2 32 29 0.87 mo 0.64 mo 0.56 mo
2 -62 mo


2


8,9 30 0.87 -1.25 R1 17 194 0.98 mo 0.64 mo 0.63 mo
2 -307 mo


2


Total -1981 mo
2


R mx,nx
[c] dipole moment [d] E 


m mx m nx m mx × m nx × 106


 
[a] Angle between center of dipole moment mmx and mnx, [b] Οrientation factor of mmx and 
mnx, [c] Center-to-center distance between mmx and mnx,  [d] X-components of the transition 
dipole moments of m-th and n-th complementary dimer units, [e] |mm |.  
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Table S6-1.  Orientation factors calculated from equation (2) and the 


excitonic coupling energy in 10 mer estimated from equation (1). 


10 mer θ [a] cosθ κ mx,nx
[b] 1/R mx,nx


3


m, n Å × 106


1,2 72 0.31 0.71 R1 17 187 0.00 mo
[e] 0.59 mo 0.00 mo


2 0 mo
2


1,3 54 0.59 -0.04 R2 33 27 0.00 mo 0.95 mo 0.00 mo
2 0 mo


2


1,4 36 0.81 -0.96 R3 46 10 0.00 mo 0.95 mo 0.00 mo
2 0 mo


2


1,5 18 0.95 -1.71 R4 54 6 0.00 mo 0.59 mo 0.00 mo
2 0 mo


2


1,6 0 1.00 -2.00 R5 57 6 0.00 mo 0.00 mo 0.00 mo
2 0 mo


2


1,7 18 0.95 -1.71 R4 54 6 0.00 mo 0.59 mo 0.00 mo
2 0 mo


2


1,8 36 0.81 -0.96 R3 46 10 0.00 mo 0.95 mo 0.00 mo
2 0 mo


2


1,9 54 0.59 -0.04 R2 33 27 0.00 mo 0.95 mo 0.00 mo
2 0 mo


2


1,10 72 0.31 0.71 R1 17 187 0.00 mo 0.59 mo 0.00 mo
2 0 mo


2


2,3 36 0.81 -0.96 R1 17 187 0.59 mo 0.95 mo 0.56 mo
2 -202 mo


2


2,4 18 0.95 -1.71 R2 33 27 0.59 mo 0.95 mo 0.56 mo
2 -52 mo


2


2,5 0 1.00 -2.00 R3 46 10 0.59 mo 0.59 mo 0.35 mo
2 -14 mo


2


2,6 18 0.95 -1.71 R4 54 6 0.59 mo 0.00 mo 0.00 mo
2 0 mo


2


2,7 36 0.81 -0.96 R5 57 6 0.59 mo 0.59 mo 0.35 mo
2 -4 mo


2


2,8 54 0.59 -0.04 R4 54 6 0.59 mo 0.95 mo 0.56 mo
2 0 mo


2


2,9 72 0.31 0.71 R3 46 10 0.59 mo 0.95 mo 0.56 mo
2 8 mo


2


2,10 90 0.00 1.00 R2 33 27 0.59 mo 0.59 mo 0.35 mo
2 19 mo


2


3,4 0 1.00 -2.00 R1 17 187 0.95 mo 0.95 mo 0.90 mo
2 -677 mo


2


3,5 18 0.95 -1.71 R2 33 27 0.95 mo 0.59 mo 0.56 mo
2 -52 mo


2


3,6 36 0.81 -0.96 R3 46 10 0.95 mo 0.00 mo 0.00 mo
2 0 mo


2


3,7 54 0.59 -0.04 R4 54 6 0.95 mo 0.59 mo 0.56 mo
2 0 mo


2


3,8 72 0.31 0.71 R5 57 6 0.95 mo 0.95 mo 0.90 mo
2 7 mo


2


3,9 90 0.00 1.00 R4 54 6 0.95 mo 0.95 mo 0.90 mo
2 12 mo


2


3,10 72 0.31 0.71 R3 46 10 0.95 mo 0.59 mo 0.56 mo
2 8 mo


2


R mx,nx
[c] dipole moment [d] E 


m mx m nx m mx × m nx × 106
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Table S6-2 (continued).  Orientation factors calculated from equation (2) and 


the excitonic coupling energy in 10 mer estimated from equation (1). 


10 mer θ [a] cosθ κ mx,nx
[b] 1/R mx,nx


3


m, n Å × 106


4,5 36 0.81 -0.96 R1 17 187 0.95 mo
[e] 0.59 mo 0.56 mo


2 -202 mo
2


4,6 54 0.59 -0.04 R2 33 27 0.95 mo 0.00 mo 0.00 mo
1 0 mo


1


4,7 72 0.31 0.71 R3 46 10 0.95 mo 0.59 mo 0.56 mo
2 8 mo


2


4,8 90 0.00 1.00 R4 54 6 0.95 mo 0.95 mo 0.90 mo
2 12 mo


2


4,9 72 0.31 0.71 R5 57 6 0.95 mo 0.95 mo 0.90 mo
2 7 mo


2


4,10 54 0.59 -0.04 R4 54 6 0.95 mo 0.59 mo 0.56 mo
2 0 mo


2


5,6 72 0.31 0.71 R1 17 187 0.59 mo 0.00 mo 0.00 mo
1 0 mo


1


5,7 90 0.00 1.00 R2 33 27 0.59 mo 0.59 mo 0.35 mo
2 19 mo


2


5,8 72 0.31 0.71 R3 46 10 0.59 mo 0.95 mo 0.56 mo
2 8 mo


2


5,9 54 0.59 -0.04 R4 54 6 0.59 mo 0.95 mo 0.56 mo
2 0 mo


2


5,10 36 0.81 -0.96 R5 57 6 0.59 mo 0.59 mo 0.35 mo
2 -4 mo


2


6,7 72 0.31 0.71 R1 17 187 0.00 mo 0.59 mo 0.00 mo
2 0 mo


2


6,8 54 0.59 -0.04 R2 33 27 0.00 mo 0.95 mo 0.00 mo
2 0 mo


2


6,9 36 0.81 -0.96 R3 46 10 0.00 mo 0.95 mo 0.00 mo
2 0 mo


2


6,10 18 0.95 -1.71 R4 54 6 0.00 mo 0.59 mo 0.00 mo
2 0 mo


2


7,8 36 0.81 -0.96 R1 17 187 0.59 mo 0.95 mo 0.56 mo
2 -202 mo


2


7,9 18 0.95 -1.71 R2 33 27 0.59 mo 0.95 mo 0.56 mo
2 -52 mo


2


7,10 0 1.00 -2.00 R3 46 10 0.59 mo 0.59 mo 0.35 mo
2 -14 mo


2


8,9 0 1.00 -2.00 R1 17 187 0.95 mo 0.95 mo 0.90 mo
2 -677 mo


2


8,10 18 0.95 -1.71 R2 33 27 0.95 mo 0.59 mo 0.56 mo
2 -52 mo


2


9,10 36 0.81 -0.96 R1 17 187 0.95 mo 0.59 mo 0.56 mo
2 -202 mo


2


Total -2299 mo
2


R mx,nx
[c] dipole moment [d] E 


m mx m nx m mx × m nx × 106


 
[a] Angle between center of dipole moment mmx and mnx, [b] Οrientation factor of mmx and mnx, [c] Center-
to-center distance between mmx and mnx,  [d] X-components of the transition dipole moments of m-th and n-th 
complementary dimer units, [e] |mm |.







Construction of Giant Porphyrin Macrorings Suporting Infomation 


S13/S42 


Table S7-1.  Orientation factors calculated from equation (2) and the 


excitonic coupling energy in 11 mer estimated from equation (1). 


11 mer θ [a] cosθ κ mx,nx
[b] 1/R mx,nx


3


m, n Å × 106


1,2 74 0.28 0.76 R1 18 182 0.00 mo
[e] 0.54 mo 0.00 mo


2 0 mo
2


1,3 57 0.54 0.12 R2 34 26 0.00 mo 0.91 mo 0.00 mo
2 0 mo


2


1,4 41 0.76 -0.71 R3 47 9 0.00 mo 0.99 mo 0.00 mo
2 0 mo


2


1,5 25 0.91 -1.48 R4 57 5 0.00 mo 0.76 mo 0.00 mo
2 0 mo


2


1,6 8 0.99 -1.94 R5 62 4 0.00 mo 0.28 mo 0.00 mo
2 0 mo


2


1,7 8 0.99 -1.94 R5 62 4 0.00 mo 0.28 mo 0.00 mo
2 0 mo


2


1,8 25 0.91 -1.48 R4 57 5 0.00 mo 0.76 mo 0.00 mo
2 0 mo


2


1,9 41 0.76 -0.71 R3 47 9 0.00 mo 0.99 mo 0.00 mo
2 0 mo


2


1,10 57 0.54 0.12 R2 34 26 0.00 mo 0.91 mo 0.00 mo
2 0 mo


2


1,11 74 0.28 0.76 R1 18 182 0.00 mo 0.54 mo 0.00 mo
2 0 mo


2


2,3 41 0.76 -0.71 R1 18 182 0.54 mo 0.91 mo 0.49 mo
2 -128 mo


2


2,4 25 0.91 -1.48 R2 34 26 0.54 mo 0.99 mo 0.54 mo
2 -41 mo


2


2,5 8 0.99 -1.94 R3 47 9 0.54 mo 0.76 mo 0.41 mo
2 -15 mo


2


2,6 8 0.99 -1.94 R4 57 5 0.54 mo 0.28 mo 0.15 mo
2 -3 mo


2


2,7 25 0.91 -1.48 R5 62 4 0.54 mo 0.28 mo 0.15 mo
2 -2 mo


2


2,8 41 0.76 -0.71 R5 62 4 0.54 mo 0.76 mo 0.41 mo
2 -2 mo


2


2,9 57 0.54 0.12 R4 57 5 0.54 mo 0.99 mo 0.54 mo
2 1 mo


2


2,10 74 0.28 0.76 R3 47 9 0.54 mo 0.91 mo 0.49 mo
2 7 mo


2


2,11 90 0.00 1.00 R2 34 26 0.54 mo 0.54 mo 0.29 mo
2 15 mo


2


3,4 8 0.99 -1.94 R1 18 182 0.91 mo 0.99 mo 0.90 mo
2 -637 mo


2


3,5 8 0.99 -1.94 R2 34 26 0.91 mo 0.76 mo 0.69 mo
2 -69 mo


2


3,6 25 0.91 -1.48 R3 47 9 0.91 mo 0.28 mo 0.26 mo
2 -7 mo


2


3,7 41 0.76 -0.71 R4 57 5 0.91 mo 0.28 mo 0.26 mo
2 -2 mo


2


3,8 57 0.54 0.12 R5 62 4 0.91 mo 0.76 mo 0.69 mo
2 1 mo


2


3,9 74 0.28 0.76 R5 62 4 0.91 mo 0.99 mo 0.90 mo
2 6 mo


2


3,10 90 0.00 1.00 R4 57 5 0.91 mo 0.91 mo 0.83 mo
2 9 mo


2


3,11 74 0.28 0.76 R3 47 9 0.91 mo 0.54 mo 0.49 mo
2 7 mo


2


R mx,nx
[c] dipole moment [d] E 


m mx m nx m mx × m nx × 106
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Table S7-2 (continued).   Orientation factors calculated from 


equation (2) and the excitonic coupling energy in 11 mer estimated 


from equation (1). 


 


11 mer θ [a] cosθ κ mx,nx
[b] 1/R mx,nx


3


m, n Å × 106


4,5 25 0.91 -1.48 R1 18 182 0.99 mo
[e] 0.76 mo 0.75 mo


2 -404 mo
2


4,6 41 0.76 -0.71 R2 34 26 0.99 mo 0.28 mo 0.28 mo
2 -10 mo


2


4,7 57 0.54 0.12 R3 47 9 0.99 mo 0.28 mo 0.28 mo
2 1 mo


2


4,8 74 0.28 0.76 R4 57 5 0.99 mo 0.76 mo 0.75 mo
2 6 mo


2


4,9 90 0.00 1.00 R5 62 4 0.99 mo 0.99 mo 0.98 mo
2 8 mo


2


4,10 74 0.28 0.76 R5 62 4 0.99 mo 0.91 mo 0.90 mo
2 6 mo


2


4,11 57 0.54 0.12 R4 57 5 0.99 mo 0.54 mo 0.54 mo
2 1 mo


2


5,6 57 0.54 0.12 R1 18 182 0.76 mo 0.28 mo 0.21 mo
2 10 mo


2


5,7 74 0.28 0.76 R2 34 26 0.76 mo 0.28 mo 0.21 mo
2 8 mo


2


5,8 90 0.00 1.00 R3 47 9 0.76 mo 0.76 mo 0.57 mo
2 11 mo


2


5,9 74 0.28 0.76 R4 57 5 0.76 mo 0.99 mo 0.75 mo
2 6 mo


2


5,10 57 0.54 0.12 R5 62 4 0.76 mo 0.91 mo 0.69 mo
2 1 mo


2


5,11 41 0.76 -0.71 R5 62 4 0.76 mo 0.54 mo 0.41 mo
2 -2 mo


2


6,7 90 0.00 1.00 R1 18 182 0.28 mo 0.28 mo 0.08 mo
2 29 mo


2


6,8 74 0.28 0.76 R2 34 26 0.28 mo 0.76 mo 0.21 mo
2 8 mo


2


6,9 57 0.54 0.12 R3 47 9 0.28 mo 0.99 mo 0.28 mo
2 1 mo


2


6,10 41 0.76 -0.71 R4 57 5 0.28 mo 0.91 mo 0.26 mo
2 -2 mo


2


6,11 25 0.91 -1.48 R5 62 4 0.28 mo 0.54 mo 0.15 mo
2 -2 mo


2


7,8 57 0.54 0.12 R1 18 182 0.28 mo 0.76 mo 0.21 mo
2 10 mo


2


7,9 41 0.76 -0.71 R2 34 26 0.28 mo 0.99 mo 0.28 mo
2 -10 mo


2


7,10 25 0.91 -1.48 R3 47 9 0.28 mo 0.91 mo 0.26 mo
2 -7 mo


2


7,11 8 0.99 -1.94 R4 57 5 0.28 mo 0.54 mo 0.15 mo
2 -3 mo


2


8,9 25 0.91 -1.48 R1 18 182 0.76 mo 0.99 mo 0.75 mo
2 -404 mo


2


8,10 8 0.99 -1.94 R2 34 26 0.76 mo 0.91 mo 0.69 mo
2 -69 mo


2


8,11 8 0.99 -1.94 R3 47 9 0.76 mo 0.54 mo 0.41 mo
2 -15 mo


2


9,10 8 0.99 -1.94 R1 18 182 0.99 mo 0.91 mo 0.90 mo
2 -637 mo


2


9,11 25 0.91 -1.48 R2 34 26 0.99 mo 0.54 mo 0.54 mo
2 -41 mo


2


10,11 41 0.76 -0.71 R1 18 182 0.91 mo 0.54 mo 0.49 mo
2 -128 mo


2


Total -2491 mo
2


R mx,nx
[c] dipole moment [d] E 


m mx m nx m mx × m nx × 106


 
[a] Angle between center of dipole moment mmx and mnx, [b] Οrientation factor of mmx and mnx, 
[c] Center-to-center distance between mmx and mnx,  [d] X-components of the transition dipole 
moments of m-th and n-th complementary dimer units, [e] |mm |.  
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Table S8-1.  Orientation factors calculated from equation (2) 


and the excitonic coupling energy in 12 mer estimated from 


equation (1). 


12 mer θ [a] cosθ κ mx,nx
[b] 1/R mx,nx


3


m, n Å × 106


1,2 75 0.26 0.80 R1 18 179 0.00 mo
[e] 0.50 mo 0.00 mo


2 0 mo
2


1,3 60 0.50 0.25 R2 34 25 0.00 mo 0.87 mo 0.00 mo
2 0 mo


2


1,4 45 0.71 -0.50 R3 49 9 0.00 mo 1.00 mo 0.00 mo
2 0 mo


2


1,5 30 0.87 -1.25 R4 59 5 0.00 mo 0.87 mo 0.00 mo
2 0 mo


2


1,6 15 0.97 -1.80 R5 66 3 0.00 mo 0.50 mo 0.00 mo
2 0 mo


2


1,7 0 1.00 -2.00 R6 69 3 0.00 mo 0.00 mo 0.00 mo
2 0 mo


2


1,8 15 0.97 -1.80 R5 66 3 0.00 mo 0.50 mo 0.00 mo
2 0 mo


2


1,9 30 0.87 -1.25 R4 59 5 0.00 mo 0.87 mo 0.00 mo
2 0 mo


2


1,10 45 0.71 -0.50 R3 49 9 0.00 mo 1.00 mo 0.00 mo
2 0 mo


2


1,11 60 0.50 0.25 R2 34 25 0.00 mo 0.87 mo 0.00 mo
2 0 mo


2


1,12 75 0.26 0.80 R1 18 179 0.00 mo 0.50 mo 0.00 mo
2 0 mo


2


2,3 45 0.71 -0.50 R1 18 179 0.50 mo 0.87 mo 0.43 mo
2 -77 mo


2


2,4 30 0.87 -1.25 R2 34 25 0.50 mo 1.00 mo 0.50 mo
2 -31 mo


2


2,5 15 0.97 -1.80 R3 49 9 0.50 mo 0.87 mo 0.43 mo
2 -14 mo


2


2,6 0 1.00 -2.00 R4 59 5 0.50 mo 0.50 mo 0.25 mo
2 -5 mo


2


2,7 15 0.97 -1.80 R5 66 3 0.00 mo 0.00 mo 0.00 mo
2 0 mo


2


2,8 30 0.87 -1.25 R6 69 3 0.50 mo 0.50 mo 0.25 mo
2 -2 mo


2


2,9 45 0.71 -0.50 R5 66 3 0.50 mo 0.87 mo 0.43 mo
2 -1 mo


2


2,10 60 0.50 0.25 R4 59 5 0.50 mo 1.00 mo 0.50 mo
2 1 mo


2


2,11 75 0.26 0.80 R3 49 9 0.50 mo 0.87 mo 0.43 mo
2 6 mo


2


2,12 90 0.00 1.00 R2 34 25 0.50 mo 0.50 mo 0.25 mo
2 12 mo


2


3,4 15 0.97 -1.80 R1 18 179 0.87 mo 1.00 mo 0.87 mo
2 -557 mo


2


3,5 0 1.00 -2.00 R2 34 25 0.87 mo 0.87 mo 0.75 mo
2 -74 mo


2


3,6 15 0.97 -1.80 R3 49 9 0.87 mo 0.50 mo 0.43 mo
2 -14 mo


2


3,7 30 0.87 -1.25 R4 59 5 0.87 mo 0.00 mo 0.00 mo
2 0 mo


2


3,8 45 0.71 -0.50 R5 66 3 0.87 mo 0.50 mo 0.43 mo
2 -1 mo


2


3,9 60 0.50 0.25 R6 69 3 0.87 mo 0.87 mo 0.75 mo
2 1 mo


2


3,10 75 0.26 0.80 R5 66 3 0.87 mo 1.00 mo 0.87 mo
2 5 mo


2


3,11 90 0.00 1.00 R4 59 5 0.87 mo 0.87 mo 0.75 mo
2 7 mo


2


3,12 75 0.26 0.80 R3 49 9 0.87 mo 0.50 mo 0.43 mo
2 6 mo


2


4,5 15 0.97 -1.80 R1 18 179 1.00 mo 0.87 mo 0.87 mo
2 -557 mo


2


4,6 30 0.87 -1.25 R2 34 25 1.00 mo 0.50 mo 0.50 mo
2 -31 mo


2


4,7 45 0.71 -0.50 R3 49 9 1.00 mo 0.00 mo 0.00 mo
2 0 mo


2


4,8 60 0.50 0.25 R4 59 5 1.00 mo 0.50 mo 0.50 mo
2 1 mo


2


4,9 75 0.26 0.80 R5 66 3 1.00 mo 0.87 mo 0.87 mo
2 5 mo


2


4,10 90 0.00 1.00 R6 69 3 1.00 mo 1.00 mo 1.00 mo
2 6 mo


2


4,11 75 0.26 0.80 R5 66 3 1.00 mo 0.87 mo 0.87 mo
2 5 mo


2


4,12 60 0.50 0.25 R4 59 5 1.00 mo 0.50 mo 0.50 mo
2 1 mo


2


R mx,nx
[c] dipole moment [d] E 


m mx m nx m mx × m nx × 106
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Table S8-2 (continued).   Orientation factors calculated from 


equation (2) and the excitonic coupling energy in 12 mer estimated 


from equation (1). 


12 mer θ [a] cosθ κ mx,nx
[b] 1/R mx,nx


3


m, n Å × 106


5,6 45 0.71 -0.50 R1 18 179 0.87 mo
[e] 0.50 mo 0.43 mo


2 -77 mo
2


5,7 60 0.50 0.25 R2 34 25 0.87 mo 0.00 mo 0.00 mo
2 0 mo


2


5,8 75 0.26 0.80 R3 49 9 0.87 mo 0.50 mo 0.43 mo
2 6 mo


2


5,9 90 0.00 1.00 R4 59 5 0.87 mo 0.87 mo 0.75 mo
2 7 mo


2


5,10 75 0.26 0.80 R5 66 3 0.87 mo 1.00 mo 0.87 mo
2 5 mo


2


5,11 60 0.50 0.25 R6 69 3 0.87 mo 0.87 mo 0.75 mo
2 1 mo


2


5,12 45 0.71 -0.50 R5 66 3 0.87 mo 0.50 mo 0.43 mo
2 -1 mo


2


6,7 75 0.26 0.80 R1 18 179 0.50 mo 0.00 mo 0.00 mo
2 0 mo


2


6,8 90 0.00 1.00 R2 34 25 0.50 mo 0.50 mo 0.25 mo
2 12 mo


2


6,9 75 0.26 0.80 R3 49 9 0.50 mo 0.87 mo 0.43 mo
2 6 mo


2


6,10 60 0.50 0.25 R4 59 5 0.50 mo 1.00 mo 0.50 mo
2 1 mo


2


6,11 45 0.71 -0.50 R5 66 3 0.50 mo 0.87 mo 0.43 mo
2 -1 mo


2


6,12 30 0.87 -1.25 R6 69 3 0.50 mo 0.50 mo 0.25 mo
2 -2 mo


2


7,8 75 0.26 0.80 R1 18 179 0.00 mo 0.50 mo 0.00 mo
2 0 mo


2


7,9 60 0.50 0.25 R2 34 25 0.00 mo 0.87 mo 0.00 mo
2 0 mo


2


7,10 45 0.71 -0.50 R3 49 9 0.00 mo 1.00 mo 0.00 mo
2 0 mo


2


7,11 30 0.87 -1.25 R4 59 5 0.00 mo 0.87 mo 0.00 mo
2 0 mo


2


7,12 15 0.97 -1.80 R5 66 3 0.00 mo 0.50 mo 0.00 mo
2 0 mo


2


8,9 45 0.71 -0.50 R1 18 179 0.50 mo 0.87 mo 0.43 mo
2 -77 mo


2


8,10 30 0.87 -1.25 R2 34 25 0.50 mo 1.00 mo 0.50 mo
2 -31 mo


2


8,11 15 0.97 -1.80 R3 49 9 0.50 mo 0.87 mo 0.43 mo
2 -14 mo


2


8,12 0 1.00 -2.00 R4 59 5 0.50 mo 0.50 mo 0.25 mo
2 -5 mo


2


9,10 15 0.97 -1.80 R1 18 179 0.87 mo 1.00 mo 0.87 mo
2 -557 mo


2


9,11 0 1.00 -2.00 R2 34 25 0.87 mo 0.87 mo 0.75 mo
2 -74 mo


2


9,12 15 0.97 -1.80 R3 49 9 0.87 mo 0.50 mo 0.43 mo
2 -14 mo


2


10,11 15 0.97 -1.80 R1 18 179 1.00 mo 0.87 mo 0.87 mo
2 -557 mo


2


10,12 30 0.87 -1.25 R2 34 25 1.00 mo 0.50 mo 0.50 mo
2 -31 mo


2


11,12 45 0.71 -0.50 R1 18 179 0.87 mo 0.50 mo 0.43 mo
2 -77 mo


2


Total -2788 mo
2


R mx,nx
[c] dipole moment [d] E 


m mx m nx m mx × m nx × 106


 


 
[a] Angle between center of dipole moment mmx and mnx, [b] Οrientation factor of mmx and mnx, 
[c] Center-to-center distance between mmx and mnx,  [d] X-components of the transition dipole 
moments of m-th and n-th complementary dimer units, [e] |mm |. 
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Experimental  


General.   


All solvents and reagents were of reagent quality, purchased commercially, and 


used without further purification, except as noted otherwise.  Chloroform contains 


0.5% ethanol as a stabilizer.  Tetrahydrofuran (THF) and diethyl ether was distilled 


from purple sodium benzophenone ketyl before use.  Benzylidene-


bis(tricyclohexylphosphine)dichlororuthenium (Grubbs Catalyst, 1st generation) and 


[1,3-bis(diphenylphosphino)propane]dichloronickel(II) (NiCl2(PPh3)2) were obtained 


commercially from Aldrich and WAKO, respectively.  1H and 1 3C NMR spectra were 


recorded on a JEOL ECP-600 (600 MHz) spectrometer.  The chemical shifts are 


reported in parts per million (ppm) using tetramethylsilane (TMS) or the residual 


proton in the NMR solvent as an internal reference.  UV-vis and steady-state 


fluorescence spectra were recorded on a Shimadzu UV-3100PC spectrophotometer 


and on a HITACHI F-4500 fluorescence spectrophotometer, respectively.   


Fluorescence quantum yields were estimated by comparison of integrated emission 


spectra with that of ZnTPP (Φ  = 0.033 in chloroform and 0.038 in pyridine) as a 


standard.[ 3 4  i n  t h e  ma i n  t e x t ]  


 


The local minimized structures. 


The molecular models in Figure S3 were obtained by geometry optimization 


using the semiempirical MO calculation (AM130 method in WinMOPAC Ver. 3.9 


(Fujitsu Co. Ltd.) [ 1 ]) .   As the initial parameter for the calculation, the torsional 


angle between the porphyrin and the thiophenylene planes were set by 0º.  The 


substituents at meso-positions of porphyrins were replaced by hydrogen atoms for 


simplicity. 
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3,4-Dioctylthiophene (S1). [ 2 ]   


To a suspension of magnesium turning (3.0 g,  123.4 mmol) in  dry ether (40 mL) 


under Ar,  1,2-dibromoethane (0.5 mL) was added for activation of the magnesium.  


The mixture was stirred for 10 min.  Then, 1-bromooctane (3.9 mL) was added to the 


mixture in two portions.  After confirming heat evolution, additional 1-bromooctane 


(15.5 mL, total 113.0 mmol) was added.  The mixture was stirred for 120 min.  The 


prepared Grignard reagent (18 mL, ca 2.8 M) was added dropwise to a solution of 


Ni(dppp)Cl2 (344.4 mg, 0.62 mmol) and 3,4-dibromothiophene (3.5 g, 14.47 mmol) 


in dry ether (6.0 mL) over a period of 30 min at 0ºC.  The mixture was stirred at rt  


for 15 h.  The reaction was quenched with a saturated NH4Cl aqueous solution (30 


mL).  The organic layer was extracted with diethyl ether, dried over anhydrous 


Na2SO4 and concentrated under reduced pressure.  The residue was purified by silica 


gel column chromatography (n-hexane/diethyl ether (9/1)) to give a mixture of 3-


octylthiophene and the title compound S1 .   The mixture was purified by fractional 


distillation (200-250ºC, 200 Pa) to afford 1.9 g (40.1%) of the tit le compound.   


1H NMR (CDCl3, 600 MHz) δ =  6.90 (2H, d, J  = 3.6 Hz, thiophene-Ha ,  b),  2.50 (4H, t,  


J  = 7.8 Hz, -H1), 1.62-1.61 (4H, m, -H2), 1.40-1.26 (20H, m, -H3 - 7),  0.88 (6H, t ,  J  = 


7.0 Hz, -H8)  1 3C NMR (CDCl3, 150 MHz) δ  =  142.1 (C or CH, Thiophene), 119.9 (C 


or CH, Thiophene),  31.9 (CH2, -C1 - 7) ,  29.7 (CH2, -C1 - 7) ,  29.6 (CH2, -C1 - 7) ,  29.5 


(CH2, -C1 - 7),  29.3 (CH2, -C1 - 7),  28.8 (CH2, -C1 - 7),  22.7 (CH2, -C1 - 7),  14.1 (2C, -C8).  


 


3,4-Dioctyl-thiophene-1-carbaldehyde (S2).  


A solution of 3,4-dioctylthiophene (S1) (1.0 g, 3.24 mmol) in THF (15.4 mL) 


was added to a mixture of N,N,N’,N’- tetramethyl ethylene diamine (TMEDA,  


0.26 mL, 3.24 mmol) and n-BuLi (1.58 M, n-hexane solution, 4.5 mL, 7.13 mmol) at   


-65ºC under Ar.  The mixture was stirred for 30 min at -65ºC and then stirred for 2 h 


at -30ºC.  DMF (2.0 mL, 25.9 mmol) was added to the mixture and the mixture was 
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allowed to warm to -10ºC over 30 min.  The mixture was stirred for 2 h at -10ºC.  A 


solution of 3M-HCl (3 mL) was added to the mixture.  The organic layer was 


extracted with diethyl ether and washed with brine.  The organic layer was dried 


over anhydrous Na2SO4 and concentrated under reduced pressure.  The residue was 


purified by silica gel column chromatography (n-hexane/petroleum ether/diethyl 


ether (50/10/1)),  to obtain the title compound S2  (855.1 mg, 78.4%).  1H NMR 


(CDCl3, 600 MHz) δ  =  9.97 (1H, d, J  = 1.1 Hz, -CHO), 7.30 (1H, s, thiophene-Hd), 


2.85 (2H, td, J  = 8.0, 1.1 Hz, -H1), 2.50 (2H, td, J  = 8.0, 1.1 Hz, -H9), 1.59 (1H, td, 


J  = 15.9,  7.8 Hz, -H2), 1.53 (1H, td, J  = 15.9, 7.8 Hz, -H1 0), 1.38-1.23 (20H, m, -H3 -


7 ,  11 - 1 5),  0.86 (3H, t ,  J  = 3.5 Hz, -H8  o r  1 6),  0.84 (3H, t ,  J  = 3.5 Hz, -H8  o r  1 6)  1 3C 


NMR (CDCl3, 150 MHz) δ  =  182.5 (CH, CHO), 151.4 (C, Thiophene-Ca), 144.3 (C, 


Thiophene-Cb), 138.1 (C, Thiophene-Cc), 130.1 (CH, Thiophene-Cd), 31.8 (CH2, -C2  


o r  1 0),  31.8 (CH2, -C2  o r  1 0),  29.7 (CH2), 29.6 (CH2), 29.4 (CH2), 29.3 (CH2), 29.3 


(CH2), 29.2 (CH2), 29.1 (CH2), 28.2 (CH2, -C1), 26.9 (CH2, -C9), 22.6 (CH3, -C8), 


14.0 (CH3, -C1 6).  


 


5-(5,5-Dimethyl-[1,3]dioxan-2-yl)-3,4-dioctyl-thiophene (S3). 


To 200 mL of a three-necked flask attached with a Dean-Stark trap condenser, 3,4-


dioctyl-thiophene-1-carbaldehyde S2 (761 mg, 2.26 mmol), p-TsOH (7.6 mg, 0.13 mmol), 


neopentylglycohol (708.9 mg, 6.78 mmol), and benzene (90 mL) were added under N2.  


The mixture was refluxed by stirring for 3 h.  The mixture was neutralized with saturated 


NaHCO3 aqueous solution.  The organic layer was extracted with benzene, dried over 


anhydrous Na2SO4, and evaporated to dryness.  The residue was purified by Al2O3 


(activity 2) column chromatography (n-hexane/diethyl ether (50/1)) to afford the title 


compound S3 (443.1 mg, 51.0%).  1H NMR (CDCl3, 600 MHz) δ = 6.86 (1H, s, 


thiophene-Hd), 5.62 (1H, s, acetal-CH), 3.75 (2H, d, J = 10.8 Hz, acetal-CH2), 3.62 (2H, 


d, J = 10.8 Hz, acetal-CH2), 2.54 (4H, t, J = 8.0 Hz, -H1), 2.45 (4H, t, J = 7.5 Hz, -H9), 
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1.59 (2H, t, J = 6.7 Hz, -H2 or 10), 1.47 (2H, t, J = 6.7 Hz, -H2 or 10), 1.37 (3H, s, acetal-


CH3), 1.37-1.28 (20H, m, -H3-7, 11-15), 0.90-0.86 (6H, m, -H8, 16), 0.78 (3H, s, acetal-CH3)  


13C NMR (CDCl3, 150 MHz) δ = 142.1 (C, Thiophene-Ca), 139.6 (C, Thiophene-Cb or c), 


134.8 (C, Thiophene-Cb or c), 119.8 (C, Thiophene-Cd), 97.7 (CH, acetal), 77.7 (CH2, 


acetal), 31.8 (CH2, -H2, 9), 31.9 (CH3 or CH2), 30.7 (CH3 or CH2), 30.1 (CH3 or CH2), 


29.8 (CH3 or CH2), 29.5 (CH3 or CH2), 29.5 (CH3 or CH2), 29.3 (CH3 or CH2), 29.3 (CH3 


or CH2), 29.2 (CH3 or CH2), 28.7 (CH3 or CH2), 27.1 (CH3 or CH2), 23.0 (CH3 or CH2), 


22.7 (CH3 or CH2), 22.7 (CH3 or CH2), 21.8 (CH3 or CH2), 14.1 (CH3 or CH2). 


 


5-(5’,5’-Dimethyl-[1,3]dioxan-2’-yl)-thiophene-2-carbaldehyde  (3a).    


5-(5,5-Dimethyl-1,3-dioxan-2-yl)- thiophene-2-carbaldehyde 3a was synthesized 


from 2-(5,5-dimethyl-1,3-dioxan-2-yl)- thiophene by referring to the procedure 


described in the literature[ 3 ] .   A solution of 5,5-dimethyl-2- thiophen-2-yl-


[1,3]dioxane (3.88 g, 29.7 mmol) in THF (139 mL) was added to a mixture of 


TMEDA (4.5 mL, 29.7 mmol) and n-BuLi (27.8 mL, 44.5 mmol) at -78ºC under N2.   


The mixture was stirred for 2 h.  DMF (9.3 mL) was added to the mixture.  The 


mixture was warmed to rt  over 4 h and stirred for 4 h at rt .   Water (158 mL) was 


added to the mixture.  The organic layer was extracted with ethyl acetate, washed 


with brine (160 mL × 3), dried over anhydrous Na2SO4 and evaporated to dryness.  


The residue was purified by silica gel column chromatography (n-hexane/ethyl 


acetate (8/2)) to afford the t itle compound 3a  (3.88 g, 58%).  1H NMR (CDCl3,  


270 MHz) δ  =  9.90 (1H, s, CHO), 7.67 (1H, d, J = 3.8 Hz, thiophene-H2), 7.22 (1H, 


d, J = 3.8 Hz, thiophene-H3), 5.63 (1H, s,  acetal-CH), 3.75 (2H, d, J = 10.7 Hz,  


acetal-CH2), 3.64 (2H, d, J = 10.7 Hz, acetal-CH2), 1.22 (3H, s,  acetal-CH3),  0.81 


(3H, s,  acetal-CH3)  1 3C NMR (CDCl3, 150 MHz) δ  =  192.7 (CHO), 151.34 (C, 


Thiophene-Cd), 143.40 (C, Thiophene-Ca),  135.72 (C, Thiophene-Cb), 125.83 (C, 
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Thiophene-Cc), 97.44 (CH, acetal),  77.40 (CH2, acetal),  30.17 (C, acetal),  22.81 


(CH3, acetal),  21.68 (CH3, acetal).  


 


5-(5,5-Dimethyl-[1,3]dioxan-2-yl)-3,4-dioctyl-thiophene-2-carbaldehyde (3b).    


5-(5,5-Dimethyl-[1,3]dioxan-2-yl)-3,4-dioctyl- thiophene  S3  (650 mg,  


1.54 mmol) was dissolved in THF (15 mL).  TMEDA (120 μL, 1.54 mmol) and n-


BuLi (2.9 mL, 4.61 mmol) was added to the mixture at -30ºC under Ar.  The mixture 


was stirred for 30 min at -30ºC and stirred for 2 h at -20ºC.  DMF (1.3 mL, 16.9 


mmol) was added to the mixture.  The mixture was warmed to -5ºC over 30 min.  


After stirring the mixture, water (10 mL) was added to the mixture.   The organic 


layer was extracted with ethyl acetate and washed with brine (30 mL × 3).   The 


organic layer was dried over anhydrous Na2SO4 and evaporated to dryness.  The 


residue was purified by silica gel column chromatography (n-hexane/ethyl 


acetate/Et3N (95/5/3)) to afford the tit le compound 3b  (559.3 mg, 80.6%).  1H NMR 


(CDCl3, 600 MHz) δ  =  9.97 (1H, s,  CHO), 5.60 (1H, s,  acetal-CH), 3.74 (2H, dd, J  = 


10.2, 1.1 Hz, acetal-CH2), 3.61 (2H, dd, J  = 10.2, 1.1 Hz, acetal-CH2),  2.81 (2H, td,  


J  = 8.1 Hz, -H1), 2.54 (2H, t,  J  = 8.1 Hz, -H9), 1.53-1.52 (2H, m, -H2), 1.47-1.46 


(2H, m, -H1 0),  1.28-1.25 (20H, m, -H3 - 7 ,  11 - 1 5),  1.26 (3H, s,  acetal-CH3), 0.87 (3H, t ,  


J  = 10.5 Hz, -H8  o r  1 6),  0.85 (3H, t ,  J  = 10.5 Hz, -H8  o r  1 6),  0.78 (3H, s,  acetal-CH3)  


1 3C NMR (CDCl3, 150 MHz)  δ  =  182.8(CH, CHO), 151.6 (CH, Thiophene-Ca),  145.3 


(C, Thiophene-Cb), 141.6 (C, Thiophene-Cc), 137.0 (C, Thiophene-Cd), 97.0 (CH, 


acetal-CH), 77.7 (CH2, acetal-CH2), 32.2 (CH2, -C2), 30.2 (CH2, -C1 0), 31.8 (CH2),  


31.8 (CH2), 30.7 (CH2), 29.8 (CH2),  29.7 (CH2), 29.3 (CH2), 29.3 (CH2), 29.2 (CH2),  


27.0 (CH2), 26.7 (CH2), 22.9 (CH2), 22.7 (CH2), 22.6 (CH3, acetal-CH3), 21.7 (CH3, 


acetal-CH3), 14.1 (CH3, -C8  o r  1 6),  14.1 (CH3, -C8  o r  1 6).  
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5,15-Bis-(3’-allyloxypropyl)-10-[5’’-(5’’’,5’’’-dimethyl-[1,3]dioxan-2’’’-yl)-


thiophen-2’’-yl]-20-(1’’’’-methylimidazol-2’’’’-yl)-porphyrin  (5a).  


meso-(3-Allyloxypropyl)dipyrromethane 2  (488.7 mg, 2.0 mmol),  5-(5’,5’-


dimethyl-[1,3]dioxan-2’-yl)- thiophen-2-carbaldehyde 3a  (339.5 mg, 1.5 mmol), and 


1-methyl-2- imidazolecarbaldehyde 4  (110.1 mg, 1.0 mmol) were dissolved in 


chloroform (400 mL, dried over molecular sieve 3A).  After bubbling with an N2 


stream for 5 min, trifluoroacetic acid (0.19 mL, 2.5 mmol) was added slowly over  


30 sec.  The mixture was stirred for 4 h at rt  under darkness.  A solution of p-


chloranil (737.6 mg, 3.0 mmol) in chloroform (100 mL) was added to the mixture,  


followed by addition of triethylamine (0.35 mL, 2.5 mmol).   After stirring for 5 h, 


the mixture was concentrated under reduced pressure.  The residue was suspended in 


toluene by sonication.  The precipitates were filtrated and the filtrate was 


evaporated.  The residue was purified by silica gel column chromatography 


(chloroform/ethyl acetate (6/4 to 0/1)) to give a mixture of 5a  and dyad 12 .   The 


fractions were combined and purified again by silica gel column chromatography 


(chloroform/acetone (6/4 to 0/1)).   Further purification by GPC under atmospheric 


pressure (Biobeads SX-3) afforded 5a  (172.7 mg, 5.5%).  1H NMR (CDCl3,   


600 MHz) δ  =  9.48 (4H, d, J  = 4.6 Hz, pyrrole-Hβ),  9.46 (4H, d, J  = 4.6 Hz, pyrrole-


Hβ),  9.14 (2H, d, J  = 4.6 Hz, pyrrole-Hβ),  8.76 (2H, d, J  = 4.6 Hz, pyrrole-Hβ),  7.79 


(4H, d, J  = 3.3 Hz, thiophene-H3), 7.68 (4H, s,  imidazole-H2), 7.53 (1H, d, J  = 3.3 


Hz, thiophene-H2), 7.43 (1H, s,  imidazole-H1), 6.11-6.03 (2H, m, Allyl-CH=), 5.96 


(1H, s,  acetal-CH),  5.41 (2H, d, J  = 17.3 Hz, Allyl-=CHt r a n s),  5.25 (2H, d, J  = 10.4 


Hz, Allyl-=CHc i s),  5.04 (4H, t ,  J  = 7.4 Hz, Allyl-CH2CH2CH2-),  4.05 (4H, d, J  = 4.8 


Hz, OCH2),  3.91 (3H, d,  J  = 10.9 Hz, acetal-CH2),  3.79 (3H, d,  J  = 10.9 Hz, acetal-


CH2),  3.61 (4H, t ,  J  = 5.4 Hz, Allyl-CH2CH2CH2-),  3.33 (3H, s,  imidazole-N-CH3),  


2.75 (4H, t ,  J  = 5.4 Hz, Allyl-CH2CH2CH2-),  1.41 (3H, s,  acetal-CH3),  0.88 (3H, s,  


acetal-CH3),  -2.71 (2H, s,  inner-NH)  (Figure S5)  1 3C NMR (CDCl3,  150 MHz) δ  =  
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148.6 (C, imidazole-C3), 144.6 (br. C, pyrrole-Cα),  143.5 (C, Thiophene-Cd), 143.5 


(C, Thiophene-Ca),  134.8 (CH, Allyl),  131.6 (br, CH, pyrrole-Cβ),  130.0 (br,  CH, 


pyrrole-Cβ),  128.0 (br, CH, pyrrole-Cβ),  128.0 (br, CH, pyrrole-Cβ),  128.8 (C, 


Thiophene-Cb or Cc),  128.0 (C, Thiophene-Cb or Cc),  125.0 (CH, imidazole-C1), 


123.8 (CH, imidazole-C2), 121.1 (C, meso-C1 5), 119.5 (C, meso-C1 0 ,  2 0),  116.6 (CH, 


acetal),  111.0 (C, meso-C5),  104.9 (CH2, Allyl),  77.1 (CH2, acetal),  71.7 (OCH2, 


Allyl),  68.9 (CH2, Allyl),  37.5 (CH2, Allyl),  34.3 (CH3, imidazole-CH3), 31.1 (CH2, 


Allyl),  30.1 (C, acetal),  22.9 (CH3, acetal),  21.7 (CH3, acetal) (Figure S6)  MS 


(MALDI-TOF, dithranol): Found m/z  782.0 [M+H]+, calculated for C4 6H5 0N6O4S; 


782.36. 


 


5,15-Bis-(3’-allyloxy-propyl)-10-[5’’-formylthiophen-2’’-yl]-20-(1’’’-


methylimidazol-2-yl)-porphyrin (6a) 


Protected porphyrin 5a  (162.5 mg, 0.21 mmol) was dissolved in a mixture of 


trifluoroacetic acid (8.1 mL), acetic acid (62 mL) and a 5% H2SO4  aqueous solution 


(4.0 mL).  The mixture was stirred at rt  for 6 h under darkness.  The mixture was 


neutralized with saturated NaHCO3 aqueous solution and the organic layer was 


extracted with chloroform.  The organic layer was dried over anhydrous Na2SO4 and 


evaporated to dryness.  The residue was purified by reprecipitation from chloroform 


and n-hexane to afford 6a  (122.2 mg, 84.3%).  1H NMR (CDCl3, 600 MHz) δ  =  


10.23 (1H, s,  CHO), 9.49 (4H, d, J  = 4.7 Hz, pyrrole-Hβ 4  o r  1) ,  9.01 (2H, d, J  =  


4.7 Hz, pyrrole-Hβ 4  o r  1) ,  8.79 (2H, d,  J = 4.7 Hz, pyrrole-Hβ 3),  8.11 (1H, d, J  =  


3.6 Hz, Thiophene-H2), 7.95 (1H, d, J  = 3.6 Hz, Thiophene-H1), 7.70 (1H, d, J  =  


1.4 Hz, imidazole-H2), 7.46 (1H, d, J  = 1.4 Hz, imidazole-H1), 6.08-6.05 (2H, m, 


Allyl-CH=), 5.41 (2H, dd, J  = 17.3, 1.7 Hz, Allyl-=CHt r a n s),  5.26 (2H, dd, J  =  


10.4, 1.4 Hz, Allyl-=CHc i s),  5.03 (4H, t ,  J  = 7.4 Hz, Allyl-CH2CH2CH2-),  4.05 (4H, t ,  


J  = 5.8 Hz, Allyl-OCH2),  3.61 (4H, t ,  J  = 5.8 Hz, Allyl-CH2CH2CH2-),  3.37 (3H, s,  
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imidazole-N-CH3),  2.74 (4H, tt ,  J = 7.4, 5.8 Hz, Allyl-CH2CH2CH2-) ,  -2.77 (2H, s,  


inner-NH) (Figure S7)  1 3C NMR (CDCl3, 150 MHz) δ  =  183.6 (CHO), 153.8 (C, 


imidazole-C3), 148.5 (C, Thiophene-Cd), 145.3 (CH, Thiophene-Ca), 135.0 (CH, 


Allyl-CH2=), 134.9 (C, Thiophene-Cc), 134.7 (CH, Thiophene-Cb), 131.0 (br. CH, 


pyrrole-Cβ 2),  130.9 (br. CH, pyrrole-Cβ 3),  129.1 (br. CH, pyrrole-Cβ 1),  128.3 (br.  CH, 


pyrrole-Cβ 4),  128.4 (CH, imidazole-C2), 121.5(CH, imidazole-C1), 119.9 (C, meso-


C1 0 ,  2 0) 116.8 (CH2, Allyl-=CH), 109.0 (C, meso-C5  o r  1 5),  105.9 (C, meso-C5  o r  1 5) ,  


71.9 (OCH2, Allyl-OCH2), 69.4 (CH2, Allyl-CH2CH2CH2-),  37.8 (CH2, Allyl-


CH2CH2CH2-),  34.4 (CH3, imidazole-CH3), 31.2 (CH2, Allyl-CH2CH2CH2-) (Figure 


S8, H-H COSY; Figure S9, HMQC; Figure S10) MS (MALDI-TOF): Found m/z = 


696.9 [M+H]+, calculated for C4 1H4 0N6O3S; 696.3.  


 


5,15-Bis-(3’-allyloxypropyl)-10-[3’’,4’’-dioctyl-5’’-formylthiophen-2’’-yl]-20-


(1’’’-methylimidazol-2’’’-yl)-porphyrin (6b).  


meso-(3-Allyoxypropyl)dipyrromethane 2  (391 mg, 1.6 mmol),  monoprotected 


thiophene-2-carbaldehyde 3b  (360 mg, 0.8 mmol), 1-methyl-2- imidazole-


carbaldehyde 4  (88 mg, 0.8 mmol) were dissolved in chloroform (80 mL, dried over 


molecular sieve 3A).  After bubbling with an N2 stream for 5 min, trifluoroacetic 


acid (123 μL, 1.6 mmol) was added slowly over 30 sec.  The mixture was stirred at 


rt  for 5 h under darkness.   A solution of p-chloranil (591 mg, 2.4 mmol) in 


chloroform (80 mL) was added to the mixture, followed by addition of triethylamine 


(223 μL, 1.6 mmol).  After stirring for 4 h, the mixture was concentrated under 


reduced pressure.  The residue was purified by silica gel column chromatography 


(chloroform/ethyl acetate (1/0 to 6/4)) to give a mixture of 5b ,  6b ,  and 12 .   Further 


purification of the mixture was carried out  with GPC under atmospheric pressure 


(Biobeads SX-3) to give a mixture of  5b  and 6b  (37.1 mg, 5.1%).  Protected 


porphyrin 5b  and deprotected porphyrin 6b  (30.5 mg, 30.3 μmol)  were dissolved in a 
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mixture of 10% trifluoroacetic acid in THF (8.1 mL), 5% H2SO4  (70 mL) aqueous 


solution and THF (35 mL).  The mixture was stirred at 0ºC for 6 h under darkness.   


The mixture was neutralized with saturated NaHCO3 aqueous solution.  The organic 


layer was extracted with chloroform.  The organic layer was dried over anhydrous 


Na2SO4 and evaporated to dryness.  The residue was purified by silica gel column 


chromatography (chloroform/ethyl acetate/Et3N (10/0/0.3 to 6/4/0.3)) to afford the 


title compound 6b (24.2 mg, 79%).  1H NMR (CDCl3, 600 MHz) δ  =  10.40 (0.5 H, s,  


CHO), 10.39 (0.5 H, s,  CHO), 9.54 (2H, dd, J  = 4.7, 2.4 Hz, pyrrole-Hβ 1  o r  4) ,  9.51 


(2H, dd, J  =4.7, 2.4 Hz, pyrrole-Hβ 1  o r  4) ,  8.90 (2H, dd, J  = 4.7, 2.4 Hz, pyrrole-Hβ 2  


o r  3) ,  8.81 (2H, dd, J  = 4.7, 2.2 Hz, pyrrole-Hβ 2  o r  3) ,  7.69 (0.5H, d, J  = 1.4 Hz, 


imidazole-H2), 7.68 (0.5H, d, J  = 1.4 Hz, imidazole-H2), 7.48 (0.5H, d,  J  = 1.4 Hz,  


imidazole-H1), 7.48 (0.5H, d, J  = 1.4 Hz, imidazole-H1), 6.12-6.05 (2H, m, Allyl-


CH=), 5.42 (1H, dt,  J  = 17.3, 1.5 Hz, Allyl-=CHt r a n s),  5.27 (2H, dd, J  = 10.4, 0.5 Hz, 


Allyl-=CHc i s),  5.10 (4H, dd, J  = 12.1,  7.7 Hz, Allyl-CH2CH2CH2-),  4.12-4.05 (4H, m, 


Allyl-OCH2),  3.66 (4H, td, J  = 10.4,  5.5 Hz, Allyl-CH2CH2CH2-) ,  3.40 (1.5H, s ,  


imidazole-N-CH3),  3.38(1.5H, s,  imidazole-N-CH3),  3.27-3.24 (2H, m, octyl-H1  a n t i ) ,  


2.80-2.77 (4H, m, Allyl-CH2CH2CH2-),  2.52-0.46 (1H, m, octyl-H1  s yn),  2.41 (1H, t ,  


J  = 8.0 Hz, octyl-H9  s yn),  1.99 (2H, tt ,  J  = 15.0, 7.4 Hz, octyl-H2  a n t i) ,  1.66 (2H, td, J  


= 15.0, 7.4 Hz, octyl-H3  a n t i ) ,  1.52 (2H, td, J  = 15.4, 7.4 Hz, octyl-H4  a n t i ) ,1.43-1.39 


(6H, m, octyl-H5 ,  6 ,  7  a n t i ) ,  1.21-1.20 (1H, m, octyl-H2  s yn),  1.14-1.10 (1H, m, octyl-


H1 0  s yn),  0.95 (3H, td, J  = 7.0, 3.0 Hz, octyl-H8  a n t i ) ,  0.77 (2H, td, J  = 13.7,  7.0 Hz,  


octyl-H7 ,  1 5  s yn) ,  0.70-0.57 (8H, m, octyl-H3 ,  4 ,  5 ,  6 ,  11 ,  1 2 ,  1 3 ,  1 4  s yn),  0.47 (3H, td, J  = 


7.0, 3.0 Hz, octyl-H8 , 1 6  s yn),  -2.68 (1H, s,  inner-NH),  -2.69 (1H, s,  inner-NH) (Figure 


S11)  1 3C NMR (CDCl3, 150 MHz) δ  =  182.9 (CH, CHO), 151.0 (C, imidazole-C1), 


150.8 (C, Thiophene-Ca), 148.7 (C, Thiophene-Cb), 148.6 (C, Thiophene-Cb), 147.6 


(C, Thiophene-Cc), 149.0-144.0 (br. C, pyrrole-Cα),  138.3 (C, Thiophene-Cd), 135.0 


(CH, Allyl-CH=), 131.2 (br. CH, pyrrole-Cβ 2  o r  3 ) ,  130.9 (br. CH, pyrrole-Cβ 2  o r  3) ,  
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129.1 (br.  CH, pyrrole-Cβ 1  o r  4) ,  128.6 (br. CH, pyrrole-Cβ 1  o r  4 ) ,  128.4 (CH, 


imidazole-C2), 121.5 (CH, imidazole-C1), 119.9 (C, meso-C1 0 ,  2 0),  116.9 (C, Allyl-


=CH), 109.0 (C, meso-C1 5), 109.0 (C, meso-C1 5), 105.8 (C, meso-C5), 105.7 (C, 


meso-C5),  72.0 (CH2, Allyl-OCH2), 69.1 (CH2, Allyl-CH2CH2CH2-),  69.0 (CH2, 


Allyl-CH2CH2CH2-) ,  37.8 (CH2, Allyl-CH2CH2CH2-),  37.8 (CH2, Allyl-CH2CH2CH2-


),  34.5 (CH3, imidazole-N-CH3), 34.5 (CH3, imidazole-N-CH3),  33.0 (CH2, octyl-C2  


a n t i ) ,  32.9 (CH2, octyl-C2  a n t i) ,  31.9 (CH2, octyl-C7  a n t i ) ,  31.3 (CH2, octyl-C7 ,  1 5  s yn) ,  


31.3 (CH2, Allyl-CH2CH2CH2-),  30.2 (CH2, octyl-C2  o r  1 0  s yn),  30.2 (CH2, octyl-C2  o r  


1 0  s yn),  30.0 (CH2, octyl-C3  a n t i) ,  29.5 (CH2, octyl-C4  a n t i ) ,  29.3 (CH2, octyl-C5  a n t i ) ,  


29.2 (CH2, octyl-C3  o r  11  s yn),  29.2 (CH2, octyl-C3  o r  11  s yn),  28.7 (CH2 × 2, octyl-C4  o r  


5  o r  1 2  o r  1 3  s yn),  28.6 (CH2 × 2, octyl-C4  o r  5  o r  1 2  o r  1 3  syn), 27.9 (CH2, octyl-C1 an t i),  27.7 


(CH2, octyl-C1  o r  9  s yn),  27.6 (CH2, octyl-C1  o r  9  s yn),  22.7 (CH2, octyl-C6  o r  1 4  a n t i ) ,  


22.2 (CH2, octyl-C6  o r  1 4  s yn),  14.2 (CH2, octyl-C8  a n t i ) ,  13.7 (CH2, octyl-C8 ,  1 6  s yn)  


(Figure S12, H-H COSY ; Figure S13, HMQC ; Figure S14)  MS (MALDI-TOF, 


dithranol): Found m /z  921.1 [M+H]+, calculated for C4 6H5 0N6O4S; 920.54. 


 


2,5-Bis(15-N-methylimidazolylporphynyl)-3,4-dioctyl-thiophene (8b).  


Porphyrin-aldehyde 6b (20.0 mg, 21.7 μmol) and meso-(3-


allyoxypropyl)dipyrromethane 2  (37.1 mg, 151.9 μmol) were dissolved in 


chloroform (6.2 mL).  After bubbling with an N2 stream for 5 min, a 10 v/v% 


trifluoroacetic acid solution in chloroform (70.2 μL, 91.1 μmol) was added.  The 


mixture was stirred for 3 h at rt  under darkness.  A solution of 1-methyl-2-  


imidazolcarbaldehyde 4 (11.9 mg, 108.5 μmol) in chloroform (5.6 mL) and 10 v/v% 


trifluoroacetic acid in chloroform (83.5 μL, 108.5 μmol) were added to the mixture.  


The mixture was stirred for 3.5 h.   A solution of  p-chloranil (56.0 mg, 277.9 μmol) 


in chloroform (6.2 mL) was added, followed by addition of 10 v/v% triethylamine in 


chloroform (278.6 μL, 199.9 μmol).  After stirring for 2 h,  the mixture was 
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evaporated to dryness.  The residue was purified by GPC (Biobeads SX-3), silica gel  


column chromatography (chloroform/acetone (10/3 to 3/10)), and GPC (Biobeads 


SX-3) to afford the tit le compound 8b  (2.1 mg, 6.5%).  1H NMR (CDCl3, 600 MHz) 


δ  =  9.73 (2H × 2, t ,  J  = 4.9 Hz, pyrrole-Hβ),  9.59-9.57 (2H × 4, m, ,  pyrrole-Hβ),  


8.85-8.83 (2H × 2, m, pyrrole-Hβ),  7.71 (2H, t ,  J  = 1.6 Hz, imidazole-H1), 7.51-7.50 


(2H, m, imidazole-H2), 6.19-6.11 (4H, m, Allyl-CH=), 5.48 (4H, dq, J  = 16.8, 1.8 Hz, 


Allyl-=CHt r a n s),  5.33 (4H, dq, J  = 10.2, 1.9 Hz, Allyl-=CHc i s),  5.21 (8H, dd, J  = 12.5,  


4.5 Hz, Allyl-CH2CH2CH2-) ,  4.19-4.11 (8H, m, Allyl-OCH2),  3.76-3.73 (8H, m, 


Allyl-CH2CH2CH2-) ,  3.43 (3H, s,  imidazole-N-CH3),  3.42 (1.5H, s,  imidazole-N-


CH3),  3.42 (1.5H, s,  imidazole-N-CH3),  2.91-2.78 (12H, m, Allyl-CH2CH2CH2- ,  


octhyl-H1), 1.25 (4H, d, J  = 7.4 Hz, octhyl-H2), 0.97-0.80 (20H, m, octhyl-H3 , 4 , 5 , 6 , 7) ,  


0.58-0.54 (6H, m, octhyl-H8), -2.51 (2H, s,  inner-NH) ,  -2.52 (2H, s,  inner-NH) 


(Figure S15)  MS (MALDI-TOF, dithranol): Found m/z  1477.4 [M+H]+, calculated 


for C9 2H1 0 8N1 2O4S; 1477.8 (av.).   


 


2,5-Bis(15-N-methylimidazolylporphynyl)-thiophene (8a).  


According to the similar procedure for 8b ,  8a  was obtained (5.5 mg, 10.0%).   


1H NMR (CDCl3, 600 MHz) δ  =  9.75 (2H, d,  J  = 4.7 Hz, pyrrole-Hβ),  9.70 (2H, d, J  


= 4.7 Hz, pyrrole-Hβ),  9.59 (4H, d, J  = 4.7 Hz, pyrrole-Hβ),  8.84 (4H, d, J  = 4.7 Hz, 


pyrrole-Hβ),  8.33 (2H, s thiophene-H), 7.72 (2H, d, J  = 1.4 Hz, imidazole-H1), 7.51 


(2H, d, J  = 1.4 Hz, imidazole-H2), 6.14 (4H, ddt, J  = 17.0, 10.3, 5.6 Hz, Allyl-CH=), 


5.48 (4H, dd, J  = 17.0, 1.6 Hz, Allyl-=CHt r a n s),  5.32 (4H, dd, J  = 10.3,  1.6 Hz, 


Allyl-=CHc i s),  5.20 (7H, t ,  J  = 7.6 Hz, Allyl-CH2CH2CH2-) ,  4.14 (8H, t ,  J  = 5.6 Hz, 


Allyl-OCH2),  3.73 (8H, t ,  J  = 5.6 Hz, Allyl-CH2CH2CH2-),  3.44 (6H, s,  imidazole-N-


CH3),  2.88 (8H, tt ,  J  = 7.6, 5.6 Hz, Allyl-CH2CH2CH2-),  -2.54 (4H, s,  inner-NH)  


(Figure S16, H-H COSY; Figure S17)   MS (MALDI-TOF, dithranol): Found m/z  


1252.18 [M+H]+, calculated for C7 6H7 6N1 2O4S; 1252.58.  UV-vis (λ (abs)/nm,  
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in chloroform): 416.5 (0.80),  432 (1.00), 519 (0.08), 558.5 (0.06),  594 (0.03),  654 


(0.04). 
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I. Planktonic Growth Curves 
All growth curves were performed in triplicate. 
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II. Representative 1H and 13C Spectra 
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General Comments: NMR spectra were recorded on JNM-EX270 (20 MHz) spectrometer, JEOL JNM-AL400 
(400 MHz) spectrometer, JNM-EX400 (400 MHz) spectrometer and JNM-EX600 (600 MHz) pectrometer in 
CDCl3, C6D6, D2O and CD2Cl2.  13C-NMR spectra were recorded using broad band proton decoupling.  Residual 
CHCl3 signal or tetramethylsilane was used as an internal standard for 1H- and 13C-NMR in CDCl3.  The C6D6 itself 
was used as an internal standard for 13C-NMR in C6D6. The residual non-deuterated H2O signal was used as 
internal standard for 1H-NMR and acetonitrile was used as an internal standard in 13C-NMR in D2O.  CD2Cl2 was 
used in NMR studies and kinetic studies with 1H-NMR spectrum.  In NMR studies, the residual non-deuterated 
CH2Cl2 was used as an internal standard in chemical shift.  In kinetic studies, CH2ClCH2Cl was used as internal 
standard in chemical shift and concentration.  Chemical shifts are expressed in δ (ppm) values, and coupling 
constants are expressed in hertz (Hz). The following abbreviations are used: s = singlet, d = doublet, m = multiplet, 
br s = broad singlet, br d = broad doublet, dd = double-doublet and ddd = double-double-doublet. Mass spectra 
were recorded on JEOL JMN-DX303 or JEOL JMA-DA5000 spectrometer. IR spectra were measured with Perkin-
Elmer 1725 X series FT-IR spectrometer.  CH2Cl2 was bubbled with Ar well before use in ring-closing enyne 
metathesis.  LDA = lithium diisopropylamide, LAH = lithium alminum hydride, PCC = pyridiniume 
chlorochromate, DIBAH = diisobutylalminum hydride 
 
 
 
Synthesis of enyne substrates with an allylic or other hydroxy group 
 
 
 
 
 
 
 
 
 
 
tert-Butyl but-3-enylprop-2-ynylcarbamate (1a): To a solution of propargylamine (3.0 mmol) in CH3CN (12 
mL) was added K2CO3 (3.0 mmol) at rt and the mixture was stirred for 1 hour.  Then 4-bromo-1-butene (3.0 mmol) 
was added to the mixture and the mixture was warmed to 90 °C.  After stirring for 11 hours at 90 °C, the mixture 
was concentrated in vacuo and the residue was diluted with CH2Cl2.  The mixture was washed with saturated 
aqueous solution of NaHCO3 and the organic layer was dried over K2CO3.  The solvent was evaporated in vacuo 
and the residue was dissolved in THF (11 mL).  Triethylamine (7.5 mmol) and Boc2O (3.6 mmol) were added to 
the solution at rt and the mixture was stirred overnight.  The solvent of the reaction mixture was evaporated in 
vacuo and the residue was diluted with Et2O.  The mixture was washed with 1N HCl and the organic layer was 
dried over Na2SO4.  The solvent was evaporated in vacuo and the residue was purified by silica gel column 
chlomatography to obtain 313 mg of 1a (50% yield for 2 steps).  
1a: 1H-NMR (400 MHz, CDCl3): δ = 1.47 (s, 9H), 2.21 (t, J = 2.4 Hz, 1H), 2.30-2.35 (m, 2H), 3.38 (t, J = 7.2, 2H), 
4.07 (br s, 2H), 5.01-5.11 (m, 2H), 5.72-5.83 ppm (m, 1H); 13C-NMR (100 MHz, CDCl3): δ = 28.3, 32.6, 36.0, 45.9, 
71.4, 80.1, 85.1, 116.6, 135.3, 146.7 ppm; IR (neat): ν˜ = 1697 cm-1; EI-Ms: m/z: 209 (M+); HRMS: m/z: Calcd for 
C12H19NO2: 209.1416, Found: 209.1410. 
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tert-Butyl 2-(benzyloxy)but-3-enylprop-2-ynylcarbamate (1c): To a solution of 1b (1.2 mmol) in THF (3.0 mL) 
was added NaH (2.3 mmol) at 0 °C and the mixture was stirred for 1 hour.  Then benzyl bromide (3.5 mmol) and n-
Bu3NI (20 mg) was added to the mixture at 0 °C.  After stirring for 2 hours at 0 °C, the mixture was diluted with 
Et2O and washed with saturated aqueous solution of NH4Cl, H2O and brine.  The organic layer was dried over 
Na2SO4.  The solvent was evaporated in vacuo and the residue was purified by silica gel column chlomatography to 
obtain 280 mg of 1c (76% yield).  
1c: 1H-NMR (400 MHz, CDCl3): δ = 1.43 (d, J = 24.6 Hz, 9H), 2.17 (s, 1H), 3.30-3.55 (m, 1H), 4.02-4.26 (m, 3H), 
4.35 (d, J = 11.6 Hz, 1H), 4.60 (d, J = 12.1 Hz, 2H), 5.27-5.35 (m, 2H), 5.69-5.78 (m, 1H), 7.23-7.34 ppm (m, 5H); 
13C-NMR (100 MHz, CDCl3): δ = 28.3, 30.9, 37.2, 38.2, 50.4, 70.4, 70.9, 71. 4, 79.5, 80.2, 118.4, 118.7, 127.5, 
128.3, 136.1, 136.3, 154.9 ppm; IR (neat): ν˜ = 1698 cm-1; EI-Ms: m/z: 315 (M+); HRMS: m/z: Calcd for 
C12H25NO3: 315.1834, Found: 315.1823. 
 
 
 
 
 
 
 
 
 
 
 
tert-Butyl 2-(tert-butyldiphenylsilyloxy)but-3-enylprop-2-ynylcarbamate (1d): To a solution of 1b (0.43 mmol) 
in CH2Cl2 (2.0 mL) was added imidazole (0.65 mmol), DMAP (0.0086 mmol) and TBDPSCl (0.47 mmol) at rt and 
the mixture was stirred for 4 hours.  Then the reaction mixture was filtered with a pad of celite.  The filtrate was 
washed with brine and dried over Na2SO4.  The solvent was evaporated in vacuo and the residue was purified by 
silica gel column chlomatography to obtain 280 mg of 1d (86% yield).  
1d: 1H-NMR (400 MHz, CDCl3): δ = 1.09 (s, 9H), 1.40 (d, J = 29.5 Hz, 9H), 2.10 (s, 1H), 3.33-3.38 (m, 2H), 3.78-
4.03 (m, 2H), 4.34-4.40 (m, 1H), 4.92-5.01 (m, 2H), 5.71-5.80 (m, 1H), 7.25-7.44 (m, 6H), 7.62-7.70 ppm (m, 4H); 
13C-NMR (100 MHz, CDCl3): δ = 19.2, 27.0, 28.3, 37.0, 37.7, 52.0, 70.9, 71.4, 73.6, 79.7, 80.2, 116.0, 116.2, 127.4, 
127.6, 129.6, 129.7, 133.7, 133.8, 135.9, 136.0, 138.2, 138.4, 154.9 ppm; IR (neat): ν˜ = 1700 cm-1; EI-Ms: m/z: 
463(M+), 464 (M++H); HRMS: m/z: Calcd for C28H37NO3Si: 463.2543, Found: 463.2532. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1-(Prop-2-ynyloxy)but-3-en-2-ol (1e): To a solution of n-Bu2SnO (10 mmol) in MeOH (50 mL) was added 3,4-
dihydroxy-1-butene (10 mmol) at rt and the mixture was warmed to 60 °C.  After stirring overnight, the mixture 
was heated under reflux for 2 hours.  The mixture was concentrated in vacuo and the residue was dissolved in 
CH2Cl2 (25 mL).  Propargyl bromide (10 mmol) was added to the solution at rt and the mixture was heated under 
reflux for 28 hours.  The reaction mixture was diluted with CH2Cl2 and washed with water.  The organic layer was 
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dried over Na2SO4.  The solvent was evaporated in vacuo and the residue was purified by silica gel column 
chlomatography to obtain a mixture of 1e and regio-isomer (>27% yield, 1e :  regio-isomer = ca. 1:0.2-0.3 from 1H-
NMR).  The mixture of regio-isomers was dissolved in CH2Cl2 (8 mL) and pyridine (2 mL).  Then pivaloyl 
chloride (1.4 mmol) was added to the solution at 0°C.  After stirring overnight, the reaction mixture was diluted 
with CH2Cl2 and washed with saturated aqueous solution of NaHCO3 and saturated aqueous solution of NH4Cl.  
The organic layer was dried over Na2SO4.  Then the solvent was evaporated in vacuo and the residue was purified 
by silica gel column chlomatography to obtain 1e (53% yield).   
1e: 1H-NMR (400 MHz, CDCl3): δ = 2.30 (d, J = 3.4 Hz, 1H), 2.46 (t, J = 2.4 Hz, 1H), 3.43 (dd, J = 9.7 Hz, 8.2 Hz, 
1H), 3.64 (dd, J = 9.7, 3.4 Hz, 1H), 4.22 (dd, J = 3.4, 2.4 Hz, 2H), 4.36 (m, 1H), 5.23 (dt, J = 9.2 Hz, 1.5 Hz, 1H), 
5.39 (dt, J = 15.9 Hz, 1.5 Hz, 1H), 5.81-5.90 ppm (m, 1H); 13C-NMR (100 MHz, CDCl3): δ = 58.5, 71.3, 73.7, 74.9, 
79.3, 116.6, 136.3 ppm; IR (neat): ν˜ = 3424, 2116, 1647 cm-1; EI-Ms: m/z: 125 (M+-H); HRMS: m/z: Calcd for 
C7H10O2: 125.0603, Found: 125.0592. 
 
 
 
 
 
 
 
 
 
 
Oct-1-en-7-yn-3-ol (1f): To a solution of PCC (26.7 mmol) and NaOAc (2.7 mmol) in CH2Cl2 (25 mL) was added 
5-hexyn-1-ol (17.7 mmol) at 0 °C and the mixture was stirred at the temperature.  After stirring for 2 hours, the 
reaction mixture was filtered with a pad of silica gel.  The filtrate was concentrated in vacuo.  Then the residue was 
dissolved in THF (60 mL) under Ar atmosphere.  Vinylmagnesium chloride (1.44 M THF solution, 17.7 mmol) 
was added to the solution at -78 °C and the mixture was stirred at the temperature.  After stirring for 2 hours, 
further 0.5 equivalent of vinylmagnesium chloride was added to the mixture to complete reaction.  Then the 
reaction was quenched with aqueous solution of NH4Cl and the reaction mixture was diluted with CH2Cl2.  The 
mixture was washed with water and the organic layer was dried over Na2SO4.  The solvent was evaporated in vacuo 
and the residue was purified by silica gel column chlomatography to obtain 1f (>16% yield for 2 steps).   
1f: 1H-NMR (400 MHz, CDCl3): δ = 1.47-1.70 (m, 4H), 1.96 (t, J = 2.4 Hz, 1H), 2.24 (m, 2H), 4.14 (m, 1H), 5.13 
(d, J = 10.2 Hz, 1H), 5.24 (d, J = 17.1 Hz, 1H), 5.84-5.92 ppm (m, 1H); 13C-NMR (100 MHz, CDCl3): δ = 18.3, 
24.3, 35.8, 68.5, 72.7, 84.2, 114.9, 140.9 ppm; IR (neat): ν˜ = 3302, 2116, 1645, 1431 cm-1; EI-Ms: m/z: 123 (M+-
H); HRMS: m/z: Calcd for C8H12O: 123.0810, Found: 123.0798. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4,4-Dimethyloct-1-en-7-yn-3-ol (1g):  To a solution of LDA (5.2 mmol) in THF (7 mL) was added ethyl 
isobutylate (5.0 mmol) at -78 °C and the mixture was stirred at 0 °C.  After stirring for 10 minutes, 4-bromo butyne 
was added to the solution at -78 °C.  The mixture was allowed to warm to ambient temperature and stirred for 3 
hours.  Then the reaction was quenched with aqueous solution of NH4Cl and the reaction mixture was diluted with 
CH2Cl2.  The mixture was washed with water and the organic layer was dried over Na2SO4.  The solvent was 
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evaporated in vacuo and the residue was purified by silica gel column chlomatography to obtain ethyl 2,2-
dimethylhex-5-ynoate (31% yield).  To a solution of LAH (1.0 M Et2O solution, 1.53 mmol) in Et2O (5 mL) under 
Ar atmosphere was added a solution of ethyl 2,2-dimethylhex-5-ynoate (1.53 mmol) in Et2O (2 mL) at 0 °C and the 
mixture was stirred for 20 minutes at the temperature.  Then 10% aqueous solution of KOH was added dropwise to 
the mixture at 0 °C.  The mixture was allowed to warm to rt and stirred.  After stirring for 1 hour, the reaction 
mixture was filtered with a pad of celite and the filtrate was concentrated in vacuo.  The residue was purified by 
silica gel column chlomatography to obtain 2,2-dimethylhex-5-yn-1-ol (71% yield).  To a solution of 2,2-
dimethylhex-5-yn-1-ol (0.94 mmol) and celite (900 mg) in CH2Cl2 (5.5 mL) was added PCC (2.8 mmol) at rt and 
the mixture was stirred for 6.5 hours.  Then the reaction mixture was filtered with a pad of silica gel and the filtrate 
was concentrated in vacuo.  The residue was dissolved in THF (3.3 mL) under Ar atmosphere.  Vinylmagnesium 
chloride (1.44 M THF solution, 0.95 mmol) was added to the solution at -78 °C and the mixture was stirred at the 
temperature.  After stirring for 1 hour, the reaction was quenched with aqueous solution of NH4Cl and the reaction 
mixture was diluted with CH2Cl2.  The mixture was washed with water and the organic layer was dried over 
Na2SO4.  The solvent was evaporated in vacuo and the residue was purified by silica gel column chlomatography to 
obtain 1g (40% yield for 2 steps).   
1g: 1H-NMR (400 MHz, CDCl3): δ = 0.88 (s, 3H), 0.89 (s, 3H), 1.46-1.58 (m, 2H), 1.65-1.73 (m, 1H), 1.94 (t, J = 
2.4 Hz, 1H), 2.18-2.24 (m, 2H), 3.83 (t, J = 5.4 Hz, 1H), 5.20 (d, J = 10.2 Hz, 1H), 5.25 (d, J = 17.1 Hz, 1H), 5.93 
ppm (ddd, J = 17.1, 10.2, 6.8 Hz, 1H); 13C-NMR (100 MHz, CDCl3): δ = 13.4, 22.5, 22.7, 37.2, 37.6, 67.9, 79.6, 
85.4, 116.8, 137.6 ppm; IR (neat): ν˜ = 3445, 2117, 1642 cm-1; EI-Ms: m/z: 152 (M+); HRMS: m/z: Calcd for 
C10H16O: 152.1201, Found: 152.1177. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Di-tert-butyl 2-(2-hydroxybut-3-enyl)-2-(prop-2-ynyl)malonate (1h): To a solution of NaH (41.3 mmol) in THF 
(50 mL) was added di-tert-butyl malonate (20.2 mmol) at 0 °C and the mixture was stirred at rt.  After stirring for 1 
hour, 2-bromo-1,1-dimethoxyethane (19.7 mmol) was added to the mixture at rt.  Then the mixture was allowed to 
warm to ambient temperature and stirred for 3 hours.  The reaction was quenched with aqueous solution of NH4Cl 
and the reaction mixture was diluted with CH2Cl2.  The mixture was washed with water and the organic layer was 
dried over Na2SO4.  The solvent was evaporated in vacuo and the residue was purified by silica gel column 
chlomatography to obtain di-tert-butyl 2-(2,2-dimethoxyethyl)malonate (12.3% yield).  To a solution of NaH (6.1 
mmol) in THF (10 mL) was added di-tert-butyl 2-(2,2-dimethoxyethyl)malonate (5.1 mmol) in THF (2.5 mL) at 0 
°C and the mixture was stirred at rt.  After stirring for 30 min, propargyl bromide (7.6 mmol) was added to the 
mixture at 0 °C.  Then the mixture was allowed to warm to ambient temperature and stirred for 3 hours.  The 
reaction was quenched with aqueous solution of NH4Cl and the reaction mixture was diluted with CH2Cl2.  The 
mixture was washed with water and the organic layer was dried over Na2SO4.  The solvent was evaporated in vacuo 
and the residue was dissolved in acetone (20 mL) and H2O (0.25 mL).  p-Toluene sulfonic acid monohydrate (0.25 
mmol) was added to the solution at rt and the mixture was stirred overnight.  The reaction mixture was evaporated 
in vacuo and the residue was purified by silica gel column chlomatography to obtain di-tert-butyl 2-
(formylmethyl)-2-(prop-2-ynyl)malonate (>40% yield for 2 steps).  To a solution of di-tert-butyl 2-(formylmethyl)-
2-(prop-2-ynyl)malonate (2.0 mmol) in THF (6 mL) was added vinylmagnesium chloride (1.48 M THF solution, 
2.0 mmol) at -78 °C and the mixture was stirred at the temperature.  After stirring for 1 hour, the reaction was 
quenched with aqueous solution of NH4Cl and the reaction mixture was diluted with CH2Cl2.  The mixture was 
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washed with water and the organic layer was dried over Na2SO4.  The solvent was evaporated in vacuo and the 
residue was purified by silica gel column chlomatography to obtain 1h (>15% yield). 
1h: 1H-NMR (400 MHz, CDCl3): δ = 1.44 (d, , J = 1.5 Hz, 18H), 2.00 (t, J = 2.4 Hz, 1H), 2.18-2.20 (m, 3H), 2.78 
(dd, J = 14.5, 2.4 Hz, 1H), 2.58 (dd, J =14.5, 2.4 Hz, 1H), 4.24 (m, 1H), 5.08 (d, J = 10.1 Hz, 1H), 5.24 (d, J = 17.4 
Hz, 1H), 5.88 (ddd, J = 17.4, 10.1, 5.3 Hz, 1H), 5.93 ppm (ddd, J = 17.1, 10.2, 6.8 Hz, 1H); 13C-NMR (100 MHz, 
CDCl3): δ = 23.4, 27.7, 39.0, 56.6, 69.4, 71.3, 79.5, 82.0, 114.3, 141.1, 169.5, 160.7 ppm; IR (neat): ν˜ = 3543, 
2122, 1732, 1715, 1645 cm-1; EI-Ms: m/z: 325 (M++H); HRMS: m/z: Calcd for C18H29O5: 325.2015, Found: 
325.2018. 
 
 
 
 
 
 
 
 
 
 
Hept-1-en-6-yn-3-ol (1i): To a solution of 4-pentyn-1-ol (36.3 mmol) in CH2Cl2 (220 mL) was added celite (36g) 
and PCC (109.1 mmol) at rt and the mixture was stirred at the temperature.  After stirring for 3 hours, the reaction 
mixture was filtered with a pad of silica gel.  The filtrate was concentrated in vacuo.  Then the residue was 
dissolved in THF (130 mL) under Ar atmosphere.  Vinylmagnesium chloride (1.48 M THF solution, 37.0 mmol) 
was added to the solution at -78 °C and the mixture was stirred at the temperature.  After stirring for 10 minutes, the 
reaction was quenched with aqueous solution of NH4Cl and the reaction mixture was diluted with CH2Cl2.  The 
mixture was washed with water and the organic layer was dried over Na2SO4.  The solvent was evaporated in vacuo 
and the residue was purified by silica gel column chlomatography to obtain 1i (>24% yield for 2 steps).   
1i: 1H-NMR (400 MHz, CDCl3): δ = 1.70-1.77 (m, 3H), 1.98 (t, J = 2.4 Hz, 1H), 2.24-2.40 (m, 2H), 4.28 (m, 1H), 
5.15 (dd, J = 10.6, 1.4 Hz, 1H), 5.28 (dd, J = 16.9, 1.4 Hz, 1H), 5.87 ppm (ddd, J = 16.9, 10.6, 6.3 Hz, 1H); 13C-
NMR (100 MHz, CDCl3): δ = 14.6, 35.3, 68.8, 71.8, 83.9, 115.2, 140.3 ppm; IR (neat): ν˜ = 3366, 2117, 1645, 
1431 cm-1; EI-Ms: m/z: 110 (M+); HRMS: m/z: Calcd for C7H10O: 110.0732, Found: 110.0734. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4,4-Dimethylhept-1-en-7-yn-3-ol (1j):  To a solution of LDA (10.4 mmol) in THF (14 mL) was added ethyl 
isobutylate (10.0 mmol) at -78 °C and the mixture was stirred at 0 °C.  After stirring for 10 minutes, propargyl 
bromide was added to the solution at -78 °C.  The mixture was allowed to warm to ambient temperature and stirred 
for 1 hour.  Then the reaction was quenched with aqueous solution of NH4Cl and the reaction mixture was diluted 
with CH2Cl2.  The mixture was washed with water and the organic layer was dried over Na2SO4.  The solvent was 
evaporated in vacuo and the residue was purified by silica gel column chlomatography to obtain ethyl 2,2-
dimethylpent-4-ynoate (84% yield).  To a solution of LAH (1.0 M Et2O solution, 9.2 mmol) in Et2O (30 mL) under 
Ar atmosphere was added a solution of ethyl 2,2-dimethylpent-4-ynoate (8.4 mmol) in Et2O (10 mL) at 0 °C and 
the mixture was stirred for 20 minutes at the temperature.  Then 10% aqueous solution of KOH was added 
dropwise to the mixture at 0 °C.  The mixture was allowed to warm to rt and stirred for 1 hour.  The reaction 
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mixture was filtered with a pad of celite and the filtrate was concentrated in vacuo.  The residue was purified by 
silica gel column chlomatography to obtain 2,2-dimethylpent-4-yn-1-ol (76% yield).  To a solution of 2,2-
dimethylpent-4-yn-1-ol (6.4 mmol) and celite (6.2 g) in CH2Cl2 (38 mL) was added PCC (4.2 mmol) at rt and the 
mixture was stirred overnight.  Then the reaction mixture was filtered with a pad of silica gel and the filtrate was 
concentrated in vacuo.  The residue was dissolved in THF (23 mL) under Ar atmosphere.  Vinylmagnesium 
chloride (1.44 M THF solution, 6.5 mmol) was added to the solution at -78 °C and the mixture was stirred at the 
temperature.  After stirring for 10 minutes, the reaction was quenched with aqueous solution of NH4Cl and the 
reaction mixture was diluted with CH2Cl2.  The mixture was washed with water and the organic layer was dried 
over Na2SO4.  The solvent was evaporated in vacuo and the residue was purified by silica gel column 
chlomatography to obtain 1j (>13% yield for 2 steps).   
1j: 1H-NMR (400 MHz, CDCl3): δ = 0.98 (s, 3H), 0.99 (s, 3H), 1.64 (d, J = 4.3 Hz, 1H), 2.01 (t, J = 2.4 Hz, 1H), 
2.13 (dd, J = 16.4, 2.4 Hz, 1H), 2.30 (dd, J = 16.4, 2.4 Hz, 1H), 4.00 (br t, J = 5.8 Hz, 1H), 5.22 (d, J = 10.6 Hz, 
1H), 5.28 (dt, , J = 16.9, 1.4 Hz, 1H), 5.93 ppm (ddd, , J = 16.9, 10.6, 6.8 Hz, 1H); 13C-NMR (100 MHz, CDCl3): 
δ = 22.1, 23.2, 28.7, 37.5, 70.3, 78.8, 82.3, 117.0, 137.4 ppm; IR (neat): ν˜ = 3422, 2116, 1642 cm-1; EI-Ms: m/z: 
138 (M+); HRMS: m/z: Calcd for C9H14O: 138.1045, Found: 138.1044. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1-(2-(Prop-2-ynyl)phenyl)prop-2-en-1-ol (1k):  To a solution of 3-isochromanone (3.3 mmol) in CH2Cl2 (10 mL) 
was added DIBAH (3.7 mmol) at -78 °C under Ar atmosphere and the mixture was stirred at the temperature.  After 
stirring for 2 hours, the reaction was quenched with 1N HCl and the reaction mixture was diluted with CH2Cl2.  
The mixture was washed with water and the organic layer was dried over Na2SO4.  Then the solvent was 
evaporated in vacuo to obtain crude 3,4-dihydro-1H-isochromen-3-ol.  To a solution of LDA (7.6 mmol) in THF 
(10 mL) was added tetramethyl diazomethane (3.8 mmol) at -78 °C under Ar atmosphere and the mixture was 
stirred for 30 minutes at the temperature.  Then a solution of crude 3,4-dihydro-1H-isochromen-3-ol in THF (2 mL) 
was added dropwise to the solution at -78 °C and the mixture was stirred for 30 minutes at the temperature.  The 
mixture was allowed to warm to ambient temperature gradually.  The reaction was quenched with aqueous solution 
of NH4Cl and the reaction mixture was diluted with Et2O.  The mixture was washed with water and brine, and the 
organic layer was dried over Na2SO4.  The solvent was evaporated in vacuo and the residue was purified by silica 
gel column chlomatography to obtain (2-(prop-2-ynyl)phenyl)methanol (88% yield for 2 steps).  To a solution of 
(2-(prop-2-ynyl)phenyl)methanol (2.9 mmol) and celite (2.8 g) in CH2Cl2 (16 mL) was added PCC (8.7 mmol) at rt 
and the mixture was stirred 1 hour.  Then the reaction mixture was filtered with a pad of silica gel and the filtrate 
was concentrated in vacuo.  The residue was dissolved in THF (10 mL) under Ar atmosphere.  Vinylmagnesium 
chloride (1.44 M THF solution, 2.9 mmol) was added to the solution at -78 °C and the mixture was stirred at the 
temperature.  After stirring for 1.5 hours, the reaction was quenched with aqueous solution of NH4Cl and the 
reaction mixture was diluted with CH2Cl2.  The mixture was washed with water and the organic layer was dried 
over Na2SO4.  The solvent was evaporated in vacuo and the residue was purified by silica gel column 
chlomatography to obtain 1k (>76% yield for 2 steps).   
1k: 1H-NMR (400 MHz, CDCl3): δ = 2.05 (br s, 1H), 2.26 (t, J = 2.4 Hz, 1H), 3.74 (t, J = 2.4 Hz, 1H), 5.30 (dd, J = 
10.6, 1.4 Hz, 1H), 5.42 (dd, J = 17.4, 1.4 Hz, 1H), 5.55 (br d, J = 4.8 Hz, 1H), 6.12 (ddd, J = 17.4, 10.6, 1.4 Hz, 
1H), 7.33-7.37 (m, 2H), 7.50-7.55 ppm (m, 2H); 13C-NMR (100 MHz, CDCl3): δ = 22.2, 71.0, 71.7, 82.0, 115.5, 
126.8, 127.5, 128.2, 129.2, 133.7, 139.0, 139.8 ppm; IR (neat): ν˜ = 3296, 2119, 1641 cm-1; EI-Ms: m/z: 172 (M+); 
HRMS: m/z: Calcd for C12H12O: 172.0888, Found: 172.0894. 
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Oct-1-en-7-yn-4-ol (1q): To a solution of 4-pentyn-1-ol (19.3 mmol) in CH2Cl2 (120 mL) was added celite (19.4g) 
and PCC (58.2 mmol) at rt and the mixture was stirred at the temperature.  After stirring overnight, the reaction 
mixture was filtered with a pad of silica gel.  The filtrate was concentrated in vacuo.  Then the residue was 
dissolved in THF (70 mL) under Ar atmosphere.  Allylmagnesium bromide (1.0 M Et2O solution, 20.0 mmol) was 
added to the solution at -78 °C and the mixture was stirred at the temperature.  After stirring for 1 hour, the reaction 
was quenched with aqueous solution of NH4Cl and the reaction mixture was diluted with CH2Cl2.  The mixture was 
washed with water and the organic layer was dried over Na2SO4.  The solvent was evaporated in vacuo and the 
residue was purified by silica gel column chlomatography to obtain 1i (>17% yield for 2 steps).   
1q: 1H-NMR (400 MHz, CDCl3): δ = 1.57-1.78 (m, 3H), 1.97 (t, J = 2.4 Hz, 1H), 2.15-2.22 (m, 1H), 2.28-2.37 (m, 
3H), 3.77-3.85 (m, 1H), 5.15 (d, J = 12.6 Hz, 2H), 5.78-5.88 ppm (m, 1H); 13C-NMR (100 MHz, CDCl3): δ = 15.0, 
35.1, 41.9, 68.7, 69.4, 84.1, 118.4, 134.4 ppm; IR (neat): ν˜ = 3304, 2117, 1642, 1435 cm-1; EI-Ms: m/z: 110 (M+); 
HRMS: m/z: Calcd for C8H12O: 124.0888, Found: 124.0840. 
 
 
 
 
 
 
 
 
 
Hept-6-en-1-yn-3-ol (1r): To a solution of 4-penten-1-ol (19.3 mmol) in CH2Cl2 (120 mL) was added celite 
(19.4g) and PCC (58.2 mmol) at rt and the mixture was stirred at the temperature.  After stirring 1 hour, the 
reaction mixture was filtered with a pad of silica gel.  The filtrate was concentrated in vacuo.  Then the residue was 
dissolved in THF (70 mL) under Ar atmosphere.  Ethynylmagnesium bromide (0.5 M THF solution, 20.0 mmol) 
was added to the solution at -78 °C and the mixture was stirred at the temperature.  After stirring for 10.5 hours, the 
reaction was quenched with aqueous solution of NH4Cl and the reaction mixture was diluted with CH2Cl2.  The 
mixture was washed with water and the organic layer was dried over Na2SO4.  The solvent was evaporated in vacuo 
and the residue was purified by silica gel column chlomatography to obtain 1i (>10% yield for 2 steps).   
1q: 1H-NMR (400 MHz, CDCl3): δ = 1.79-1.86 (m, 3H), 2.22-2.28 (m, 2H), 2.48 (d, , J = 1.9, 1H), 2.28-2.37 (m, 
1H), 5.01 (dt, J = 8.7, 1.4 Hz, 1H), 5.08 (m, 1H), 5.78-5.89 ppm (m, 1H); 13C-NMR (100 MHz, CDCl3): δ = 29.2, 
36.6, 61.8, 73.2, 84.6, 115.4, 137.5 ppm; IR (neat): ν˜ = 3305, 2115, 1642 cm-1; EI-Ms: m/z: 109 (M+-H); HRMS: 
m/z: Calcd for C7H9O: 109.0653, Found: 109.0495. 
 
 
 
Procedure for kinetic studies to confirm the change of rate-determining step 
    Grubbs’ 1st generation catalyst was dried in vacuo for 30 min and appropriate amount of CD2Cl2 was 
added under Ar atmosphere to prepare 0.002 M solution of Grubbs’ 1st generation catalyst in CD2Cl2.  
1,2-Dichloroethane was added to the solution as an internal standard (ca. 0.03378 M).  Then 0.6 mL of 
this solution was transferred to a dried NMR tube.  Just before measurement of 1H-NMR, a corresponding 
amount of N-tert-Butoxycarbonyl-3-vinyl-3-piperidene (1a) or 4-dimethylhept-1-en-6-yn-3-ol (1j) was 
added to the NMR tube and the tube was shaken intensively.  Then 1H-NMR was measured continuously.  
The concentration of the desired product (2a or 2j) was estimated from the integration of 1,2-
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Dichloroethane as an internal standard.  Initial reaction rates were estimated from the approximated 
curves (first order) of first 5 minutes on each conditions. 
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initial conc. of 1a (mM) 27.9 53.4 75.7 


rate constant (mMmin-1) 3.2911 6.8235 8.9069 


log [initial conc. of 1a (M)] -1.554822518 -1.272815922 -1.121166383 
log [rate constant (mMmin-


1)] 0.517341078 0.834007195 0.949726576 
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time (min) 0 2.2 3.0 3.7 4.5 


conc. of 1j (mM) 0 3.64 4.95 5.91 8.03 
 


 


y = 1.7431x
y = 1.8537x


y = 1.6984x


0


2


4


6


8


10


12


0 1 2 3 4 5


time (min)


62.7 (mM)
76.0 (mM)
85.6 (mM)


 
 
 
 
 
initial conc. of 1j (mM) 62.7 76 85.6 


rate constant (mMmin-1) 1.7431 1.8537 1.6984 


log [initial conc. of 1j (M)] -1.202677639 
-


1.119340427 
-


1.067423255 


log [rate constant (mMmin-1)] 0.241322302 0.268039449 0.230039981 
 


(initial conc. of 1a) 







 12


y = -0.0455x + 0.195
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TABLES 


Viscosity / mPa.s Dielectric constant 


Solvent composition 20 ºC 40 ºC 20 ºC 40 ºC 


No cosolvent 1 0.66 79 73.1 


17 % methanol  1.25 0.8 75 69.3 


33 % methanol  1.5 1 65 60 


50 % methanol  1.6 1.1 58 53.6 


17 % ethanol 1.45 1 71 65 


33 % ethanol 2 1.5 60.7 56 


50 % ethanol 2.3 1.8 52 48 


17 % isopropanol 1.5 1 69.8 64 


33 % isopropanol 2.1 1.6 59.4 55 


50 % isopropanol 2.6 1.9 50 47 


17 % ethylene glycol 1.6 1 76 66 


33 % ethylene glycol 2.4 1.6 70 60 


50 % ethylene glycol 3.4 2.4 65 54 


17 % glycerol 1.8 1.1 74.4 67.5 


33 % glycerol 3.4 2 67.7 62.7 


50 % glycerol 8 4 62 57.3 


17 % sucrose 1.8 1.1 76.5 68.5 


30 % sucrose 3.4 1.9 72.6 65.6 


17 % tetrahydrofuran 1 0.7 66.7 60 


33 % tetrahydrofuran 1.2 0.85 54.1 47 


50 % tetrahydrofuran 1.4 1 40 37 


Table S1. Viscosity and dielectric constant of the solvent mixtures used in this study. Values were obtained from various literature sources.1-9 







 
20 ºC 40 ºC 


Solvent composition kcat / s-1 KIE (kcat) kH / s-1 KIE (kH) kH / s-1 KIE (kH) 


No cosolvent 
0.075 
± 0.002 


2.80 
 ± 0.01 


0.122 
± 0.003 


4.52 
± 0.20 


0.488 
± 0.010 


4.21 
± 0.27 


17 % methanol  
0.074 
± 0.003 


2.22 
± 0.09 


0.116 
± 0.002 


4.48 
± 0.20 


0.450 
± 0.006 


3.45 
± 0.06 


33 % methanol  
0.042 
± 0.002 


1.73 
± 0.10 


0.086 
± 0.003 


5.02 
± 0.04 


0.402 
± 0.006 


3.76 
± 0.04 


50 % methanol  
0.011 
± 0.002 


1.31 
± 0.44 


0.060 
± 0.008 5.26 ± 0.16 


0.196 
± 0.009 


3.76 
± 0.06 


17 % ethanol 
0.060 
± 0.002 


2.14 
± 0.11 


0.101 
± 0.001 4.61 ± 0.08 


0.434 
± 0.003 


4.27 
± 0.06 


33 % ethanol 
0.037 
± 0.005 


2.09 
± 0.16 


0.76 
± 0.001 4.39 ± 0.06 


0.272 
± 0.004 


3.43 
± 0.08 


50 % ethanol 
0.028 
± 0.004 


1.96 
± 0.16 


0.046 
± 0.001 4.48 ± 0.06 


0.156 
± 0.038 


3.65 
± 0.16 


17 % isopropanol 
0.053 
± 0.002 


2.28 
± 0.11 


0.077 
± 0.001 


2.68 
± 0.05 


0.402 
± 0.002 


4.25 
± 0.03 


33 % isopropanol 
0.028 
± 0.002 


1.96 
± 0.12 


0.071 
± 0.007 


4.08 
± 0.10 


0.259 
± 0.003 


4.78 
± 0.04 


50 % isopropanol 
0.015 
± 0.001 


1.91 
± 0.15 


0.051 
± 0.007 


4.03 
± 0.17 


0.130 
± 0.006 


4.89 
± 0.06 


17 % ethylene glycol 
0.065 
± 0.002 


2.57 
± 0.09 


0.119 
± 0.001 


4.79 
± 0.05 


0.490 
± 0.007 


4.62 
± 0.09 


33 % ethylene glycol 
0.038 
± 0.002 


2.29 
± 0.10 


0.106 
± 0.002 


5.35 
± 0.08 


0.437 
± 0.002 


5.09 
± 0.02 


50 % ethylene glycol 
0.014 
± 0.002 


1.83 
± 0.35 


0.078 
± 0.011 


4.30 
± 0.14 


0.292 
± 0.022 


4.76 
± 0.14 


17 % glycerol 
0.061 
± 0.001 


2.32 
± 0.19 


0.154 
± 0.005 


3.63 
± 0.13 


0.580 
± 0.027 


3.05 
± 0.10 


33 % glycerol 
0.053 
± 0.006 


2.04 
± 0.28 


0.207 
± 0.015 


2.96 
± 0.12 


0.779 
± 0.028 


2.62 
± 0.18 


50 % glycerol 
0.019 
± 0.001 


1.19 
± 0.10 


0.301 
± 0.036 


2.42 
± 0.14 


1.112 
± 0.057 


2.28 
± 0.16 


17 % sucrose 
0.074 
± 0.003 


2.64 
± 0.05 


0.155 
± 0.007 


3.48 
± 0.16 


0.624 
± 0.015 


3.52 
± 0.04 


30 % sucrose 
0.074 
± 0.001 


2.32 
± 0.07 


0.139 
± 0.003 


3.34 
± 0.15 


0.501 
± 0.003 


3.15 
± 0.04 


17 % tetrahydrofuran 
0.025 
± 0.002 


3.36 
± 0.18 


0.031 
± 0.001 


4.09 
± 0.02 


0.113 
± 0.028 


4.32 
± 0.25 


33 % tetrahydrofuran 
0.0092 
± 0.0010 


2.89 
± 0.16 


0.012 
± 0.001 


3.14 
± 0.23 


0.014 
± 0.001 


2.12 
± 0.07 


50 % tetrahydrofuran 
0.0024 
± 0.0003 


2.97 
± 0.28 


0.0029 
± 0.0010 


2.92 
± 0.47 


0.0086 
± 0.0014 


3.34 
± 0.21 


Table S2. Kinetic parameters for the reaction of NADPH and H2F catalysed by TmDHFR in the presence of cosolvents. 







 
kH / s-1 kD / s-1 


T / ºC 0 %1 17 % 33 % 50 % 0 %1 17 % 33 % 50 % 


7 


0.044 


± 
0.0012 


0.044 
± 
0.001 


0.020 
± 
0.003 


0.018 
± 
0.001 


0.0066 
± 
0.00022 


0.0077 
± 
0.0005 


0.0051 
± 
0.0008 


0.005 
± 
0.001 


10 


0.06 
± 
0.0032 


0.053 
± 
0.002 


0.042 
± 
0.004 


0.021 
± 
0.001 


0.0097 
± 
0.0012 


0.0092 
± 
0.0009 


0.0084 
± 
0.0013 


0.005 
± 
0.001 


15 


0.087 
± 
0.0022 


0.078 
± 
0.002 


0.065 
± 
0.003 


0.047 
± 
0.004 


0.016 
± 
0.0012 


0.015 
± 
0.0003 


0.012 
± 
0.002 


0.010 
± 
0.001 


20 


0.122 
± 
0.003 


0.116 
± 
0.002 


0.086 
± 
0.003 


0.060 
± 
0.008 


0.027 
± 
0.001 


0.024 
± 
0.005 


0.017 
± 
0.001 


0.011 
± 
0.001 


25 


0.169 
± 
0.002 


0.165 
± 
0.003 


0.140 
± 
0.006 


0.100 
± 
0.003 


0.042 
± 
0.003 


0.043 
± 
0.002 


0.037 
± 
0.002 


0.024 
± 
0.005 


30 


0.242 
± 
0.005 


0.238 
± 
0.008 


0.206 
± 
0.004 


0.119 
± 
0.006 


0.06 
± 
0.002 


0.066 
± 
0.001 


0.055 
± 
0.001 


0.029 
± 
0.004 


35 


0.341 
± 
0.006 


0.329 
± 
0.009 


0.289 
± 
0.005 


0.158 
± 
0.004 


0.082 
± 
0.005 


0.093 
± 
0.009 


0.081 
± 
0.002 


0.041 
± 
0.002 


40 


0.488 
± 
0.010 


0.450 
± 
0.006 


0.402 
± 
0.006 


0.196 
± 
0.009 


0.116 
± 
0.007 


0.130 
± 
0.007 


0.107 
± 
0.004 


0.052 
± 
0.002 


45 


0.668 
± 
0.015 


0.652 
± 
0.057 


0.579 
± 
0.029 


0.233 
± 
0.019 


0.161 
± 
0.003 


0.166 
± 
0.007 


0.143 
± 
0.012 


0.064 
± 
0.010 


50 


0.932 
± 
0.036 


0.844 
± 
0.073 


0.780 
± 
0.018 


0.372 
± 
0.026 


0.245 
± 
0.011 


0.245 
± 
0.005 


0.208 
± 
0.015 


0.095 
± 
0.011 


55 


1.253 
± 
0.057 


   0.336 
± 
0.015 


   


60 


1.654 
± 
0.093 


   0.444 
± 
0.019 


   


65 


2.12 
± 
0.159 


   0.575 
± 
0.013 


   


1 Data from Maglia and Allemann (2003)10   2 Data measured at 6 ºC, 11 ºC and 16ºC. 


Table S3. Temperature dependence of the pre-steady-state kinetic parameters for the reaction of NADPH and H2F catalysed by TmDHFR in the 
presence of varying concentrations of methanol.  







 


kH / s-1 kD / s-1 


T / ºC 0 %1 17 % 33 % 50 % 0 %1 17 % 33 % 50 % 


6 


0.044 


± 
0.001 


0.058 
± 
0.006 


0.076 
± 
0.007 


0.103 
± 
0.004 


0.0066 
± 
0.0002 


0.012 
± 
0.001 


0.017 
± 
0.003 


0.028 
± 
0.002 


8 nd 


0.061 
± 
0.001 


0.096 
± 
0.001 


0.125 
± 
0.007 nd 


0.012 
± 
0.001 


0.023 
± 
0.002 


0.036 
± 
0.001 


10 


0.06 
± 
0.0032 


0.072 
± 
0.005 


0.107 
± 
0.007 


0.138 
± 
0.009 


0.0097 
± 
0.0012 


0.015 
± 
0.001 


0.030 
± 
0.003 


0.048 
± 
0.010 


12.5 nd 


0.089 
± 
0.001 


0.132 
± 
0.006 


0.173 
± 
0.005 nd 


0.021 
± 
0.001 


0.038 
± 
0.002 


0.069 
± 
0.002 


15 


0.087 
± 
0.0022 


0.103 
± 
0.010 


0.147 
± 
0.009 


0.200 
± 
0.018 


0.016 
± 
0.0012 


0.028 
± 
0.004 


0.050 
± 
0.004 


0.081 
± 
0.005 


17.5 nd 


0.126 
± 
0.003 nd nd nd 


0.035 
± 
0.004 nd nd 


20 


0.122 
± 
0.003 


0.154 
± 
0.005 


0.207 
± 
0.015 


0.301 
± 
0.036 


0.027 
± 
0.001 


0.047 
± 
0.003 


0.070 
± 
0.007 


0.124 
± 
0.011 


25 


0.169 
± 
0.002 


0.208 
± 
0.021 


0.302 
± 
0.009 


0.414 
± 
0.068 


0.042 
± 
0.003 


0.066 
± 
0.006 


0.112 
± 
0.007 


0.182 
± 
0.02 


30 


0.242 
± 
0.005 


0.291 
± 
0.033 


0.424 
± 
0.013 


0.607 
± 
0.020 


0.06 
± 
0.002 


0.094 
± 
0.011 


0.152 
± 
0.014 


0.287 
± 
0.027 


35 


0.341 
± 
0.006 


0.408 
± 
0.035 


0.556 
± 
0.026 


0.791 
± 
0.054 


0.082 
± 
0.005 


0.130 
± 
0.013 


0.209 
± 
0.037 


0.362 
± 
0.029 


40 


0.488 
± 
0.010 


0.580 
± 
0.027 


0.779 
± 
0.028 


1.112 
± 
0.057 


0.116 
± 
0.007 


0.190 
± 
0.017 


0.298 
± 
0.052 


0.487 
± 
0.073 


45 


0.668 
± 
0.015 


0.788 
± 
0.025 


1.100 
± 
0.089 


1.510 
± 
0.091 


0.161 
± 
0.003 


0.252 
± 
0.028 


0.394 
± 
0.059 


0.744 
± 
0.060 


50 


0.932 
± 
0.036 


1.061 
± 
0.019 


1.571 
± 
0.189 


2.180 
± 
0.128 


0.245 
± 
0.011 


0.362 
± 
0.045 


0.597 
± 
0.065 


0.970 
± 
0.127 


1 Data from Maglia and Allemann (2003)10  2 Data measured at 11 ºC and 16ºC. 


Table S4. Temperature dependence of the pre-steady-state kinetic parameters for the reaction of NADPH and H2F catalysed by TmDHFR in the 
presence of varying concentrations of glycerol.  







 
kH / s-1 kD / s-1 


T / ºC 0 %1 17 % 30 % 0 %1 17 % 30 % 


6 


0.044 


± 
0.001 


0.071 
± 
0.005 


0.066 
± 
0.009 


0.0066 
± 
0.0002 


0.019 
± 
0.001 


0.019 
± 
0.001 


10 


0.06 
± 
0.0032 


0.082 
± 
0.001 


0.084 
± 
0.006 


0.0097 
± 
0.0012 


0.021 
± 
0.002 


0.025 
± 
0.001 


15 


0.087 
± 
0.0022 


0.109 
± 
0.001 


0.106 
± 
0.003 


0.016 
± 
0.0012 


0.030 
± 
0.004 


0.032 
± 
0.002 


20 


0.122 
± 
0.003 


0.155 
± 
0.002 


0.139 
± 
0.002 


0.027 
± 
0.001 


0.045 
± 
0.007 


0.042 
± 
0.006 


25 


0.169 
± 
0.002 


0.230 
± 
0.001 


0.206 
± 
0.006 


0.042 
± 
0.003 


0.070 
± 
0.013 


0.060 
± 
0.005 


30 


0.242 
± 
0.005 


0.326 
± 
0.003 


0.285 
± 
0.010 


0.06 
± 
0.002 


0.094 
± 
0.016 


0.092 
± 
0.009 


35 


0.341 
± 
0.006 


0.459 
± 
0.014 


0.391 
± 
0.008 


0.082 
± 
0.005 


0.130 
± 
0.002 


0.126 
± 
0.006 


40 


0.488 
± 
0.010 


0.624 
± 
0.015 


0.501 
± 
0.003 


0.116 
± 
0.007 


0.178 
± 
0.007 


0.159 
± 
0.006 


45 


0.668 
± 
0.015 


0.838 
± 
0.008 


0.764 
± 
0.026 


0.161 
± 
0.003 


0.223 
± 
0.012 


0.222 
± 
0.004 


50 


0.932 
± 
0.036 


1.096 
± 
0.005 


0.948 
± 
0.044 


0.245 
± 
0.011 


0.348 
± 
0.042 


0.293 
± 
0.007 


55 


1.253 
± 
0.057 


  0.336 
± 
0.015 


  


60 


1.654 
± 
0.093 


  0.444 
± 
0.019 


  


65 


2.12 
± 
0.159 


  0.575 
± 
0.013 


  


1 Data from Maglia and Allemann (2003)10  2 Data measured at 11 ºC and 16ºC. 


Table S5. Temperature dependence of the pre-steady-state kinetic parameters for the reaction of NADPH and H2F catalysed by TmDHFR in the 
presence of varying concentrations of sucrose. 







 
KIE 


Methanol Glycerol Sucrose 


T / ºC 


0 %1 


17 % 33 % 50 % 17 % 33 % 50 % 17 % 30 % 


6 
6.67 
± 0.252 


5.74 
± 0.072 


3.95 
± 0.202 


3.73 
± 0.212 


4.93 
± 0.14 


4.43 
± 0.20 


3.64 
± 0.10 


3.79 
± 0.11 


3.55 
± 0.14 


8 nd nd nd nd 
4.89 
± 0.12 


4.15 
± 0.07 


3.49 
± 0.07 nd nd 


10 
6.19 
± 0.712 


5.75 
± 0.10 


4.98 
± 0.19 


3.93 
± 0.03 


4.71 
± 0.10 


3.59 
± 0.12 


2.87 
± 0.23 


3.93 
± 0.10 


3.42 
± 0.09 


12.5 nd nd nd nd 
4.21 
± 0.06 


3.42 
± 0.07 


2.51 
± 0.04 nd nd 


15 
5.44 
± 0.362 


5.27 
± 0.03 


5.37 
± 0.18 


4.90 
± 0.15 


3.63 
± 0.17 


2.96 
± 0.11 


2.46 
± 0.11 


3.60 
± 0.12 


3.28 
± 0.06 


17.5 nd nd nd nd 
3.63 
± 0.13 nd nd nd nd 


20 
4.52 
± 0.2 


4.88 
± 0.20 


5.02 
± 0.04 


5.26 
± 0.16 


3.29 
± 0.08 


2.96 
± 0.12 


2.42 
± 0.15 


3.48 
± 0.16 


3.34 
± 0.15 


25 
4.02 
± 0.29 


3.87 
± 0.05 


3.80 
± 0.06 


4.20 
± 0.20 


3.17 
± 0.14 


2.71 
± 0.07 


2.27 
± 0.20 


3.29 
± 0.18 


3.45 
± 0.09 


30 
4.03 
± 0.16 


3.58 
± 0.03 


3.76 
± 0.03 


4.12 
± 0.15 


3.10 
± 0.16 


2.79 
± 0.10 


2.12 
± 0.10 


3.48 
± 0.17 


3.11 
± 0.10 


35 
4.16 
± 0.26 


3.53 
± 0.11 


3.55 
± 0.04 


3.86 
± 0.05 


3.13 
± 0.13 


2.66 
± 0.18 


2.18 
± 0.11 


3.52 
± 0.04 


3.10 
± 0.05 


40 
4.21 
± 0.27 


3.47 
± 0.06 


3.76 
± 0.04 


3.76 
± 0.06 


3.05 
± 0.10 


2.62 
± 0.18 


2.28 
± 0.16 


3.52 
± 0.04 


3.16 
± 0.04 


45 
4.15 
± 0.12 


3.92 
± 0.10 


4.05 
± 0.10 


3.62 
± 0.17 


3.13 
± 0.12 


2.79 
± 0.17 


2.03 
± 0.10 


3.76 
± 0.06 


3.43 
± 0.04 


50 
3.80 
± 0.23 


3.44 
± 0.09 


3.75 
± 0.07 


3.90 
± 0.14 


2.93 
± 0.12 


2.63 
± 0.16 


2.25 
± 0.14 


3.1  
± 0.12 


3.24 
± 0.05 


55 
3.73 
± 0.24 


   
  


   


60 
3.73 
± 0.26 


   
  


   


65 
3.69 
±  0.29 


   
  


   


1 Data from Maglia and Allemann (2003)10 2 Data measured at 6 ºC, 11 ºC and 16 ºC. 


Table S6. Temperature dependence of the kinetic isotope effects for the reaction of NADPH and H2F catalysed by TmDHFR in the presence of 
varying concentrations of methanol. 







 


Cosolvent Ea
H / kJ.mol-1 Ea


D / kJ.mol-1 ΔEa / kJ.mol-1 AH / s-1 AD / s-1 AH/AD KIE 


None 53.5 ± 0.4 56.0 ± 0.8 2.5 ± 1.0 (4.11 ± 0.68) x 108 (2.67 ± 0.86) x 108 1.56 ± 0.47 3.9 ± 0.2 
17 % glycerol 52.5 ± 0.4 54.3 ± 0.9 1.8 ± 1.0 (3.31 ± 0.55) x 108 (2.14 ± 0.71) x 108 1.55 ± 0.58 3.1 ± 0.1 
33 % glycerol 52.1 ± 1.1 54.2 ± 1.3 2.1 ± 1.7 (3.97 ± 1.68) x 108 (3.26 ± 1.70) x 108 1.22 ± 0.82 2.7 ± 0.1 
50 % glycerol 51.7 ± 0.8 54.4 ± 1.3 2.7 ± 1.5 (4.69 ± 1.39) x 108 (6.10 ± 3.03) x 108 0.77 ± 0.45 2.2 ± 0.1 
17 % sucrose 48.9 ± 1.1 50.8 ± 1.2 1.9 ± 1.7 (8.89 ± 4.00) x 107 (5.31 ± 2.60) x 107 1.68 ± 1.12 3.6 ± 0.2 
30 % sucrose 46.5 ± 1.2 47.7 ± 1.1 1.2 ± 1.6 (2.94 ± 1.46) x 107 (1.46 ± 0.62) x 107 2.02 ± 1.32 3.3 ± 0.2 


 


Table S7. Activation energies and Arrhenius prefactors for the region of TmDHFR catalysis showing temperature-independent KIEs, in the 
presence of varying concentrations of glycerol and sucrose. 


 


Cosolvent Ea
H / kJ.mol-1 Ea


D / kJ.mol-1 ΔEa / kJ.mol-1 AH / s-1 AD / s-1 AH/AD 


None 49.9 ± 1.7 69.2 ± 3.7 18.5 ± 6.7 (7.66 ± 0.50) x 107 (3.18 ± 0.34) x 1010 (2.41 ± 0.30) x 10-3 
17 % glycerol 48.7 ± 2.1 70.1 ± 3.4 21.4 ± 4.0 (7.14 ± 0.35) x 107 (1.42 ± 0.80) x 1011 (5.03 ± 0.37) x 10-4 


33 % glycerol 48.4 ± 4.4 78.0 ± 3.8 29.6 ± 5.8 (9.05 ± 0.92) x 107 (7.09 ± 0.39) x 1012 (1.28 ± 0.15) x 10-5 


50 % glycerol 51.2 ± 3.9 91.7 ± 3.1 40.4 ± 5.0 (4.04 ± 0.34) x 108 (3.98 ± 0.15) x 1015 (1.01 ± 0.09) x 10-7 


Table S8. Activation energies and Arrhenius prefactors for the region of TmDHFR catalysis showing temperature-dependent KIEs, in the 
presence of varying concentrations of glycerol. 







FIGURES 


 


 


Figure S1. CD spectra of TmDHFR (10 µM) at 20 °C in the presence of 50% of organic cosolvents. Dark green = no cosolvent, light green = 
tetrahydrofuran, yellow = sucrose, orange = glycerol, red = ethylene glycol, maroon = isopropanol, dark blue = ethanol, and light blue = 
methanol. 


 
 


 


Figure S2. Temperature dependence of the CD signal at 222 nm of TmDHFR in the presence of 50% methanol (light blue), glycerol (orange), 
sucrose (yellow), or no cosolvent (dark green). Conditions as described for Figure S1. 
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Compound 3. 9-anthracene carboxylic acid 1 (2.75 g, 12.37 mmol) and 3-amino-2,2-
bis(aminomethyl)propan-1-ol trihydrochloride 2 (1.00 g, 4.1 mmol) were dissolved in a 
mixture of dry CH2Cl2 (120 mL), dry DMF (40 mL), and diisopropylethylamine (7.75 g, 
60 mmol). The reaction mixture was cooled to 0°C before PyBop (6.76 g, 13 mmol) was 
added. The cooling bath was removed and the mixture was stirred overnight at room 
temperature. The solution was diluted with CH2Cl2 (300 mL), washed twice with 1 M 
HCl, and once with brine. The combined organic phases were dried over MgSO4 and then 
the solvent was removed under reduced pressure. The crude product was purified by 
column chromatography on silica gel (1:1 hexane/EtOAc) affording 1.51 g (49%) of the 
product as a yellowish solid. Rf = 0.46 (1:1 hexane/EtOAc); m.p. 248 °C; 1H NMR (300 
MHz, CDCl3): δ = 3.61 (d, 6 H, 3JH, H = 6.00 Hz, CHNH), 3.79 (d, 2 H, 3JH, H = 6.6 Hz, 
CHOH), 5.05 (t, 1 H, 3JH, H = 7.05 Hz, CHOH), 7.48 (t, 6 H, 3JH, H = 7.5 Hz, ArH), 7.57 
(t, 6 H, 3JH, H = 7.5 Hz, ArH), 7.97 (d, 6 H, 3JH, H = 8.4 Hz, ArH), 8.04 (d, 6 H, 3JH, H = 8.7 
Hz, ArH), 8.07 (br, 3 H, CHNH), 8.41 (s, 1 H, ArH) ppm; 13C NMR (75 MHz, CDCl3): 
δ = 40.08, 46.96, 61.09, 124.61, 125.41, 126.95, 128.08, 128.79, 128.87, 130.67, 131.02, 
171.76 ppm; MS (MALDI-FT, 3-HPA): m/z  =  745.2911 [M + H]+, calcd monoisotopic 
peak (12C50


1H39
14N3


16O4) 745.2941; elemental analysis calcd (%) for C50H39N3O4 
(745.86): C 80.52, H 5.27, N 5.63; found C 80.67, H 5.29, N 5.66. 
 
Compound 6a. 4 (2.3 g, 5.18 mmol) and acid 5 (934 mg, 5.18 mmol) were dissolved in a 
mixture of dry CH2Cl2 (20 ml), dry DMF (10 ml), and diisopropylethylamine (DIEA, 3.8 
ml, 21.8 mmol). The reaction mixture was cooled to 0°C before PyBop (2.84 g, 5.45 
mmol) was added. The cooling bath was removed and the mixture was stirred overnight. 
The solution was diluted with CH2Cl2, washed twice with 1 M HCl, and once with brine. 
The combined organic phases were dried over MgSO4, filtered and concentrated to 
dryness. The crude product was purified by column chromatography (10:1 hexane/EtOAc 
then 3:1 hexane/EtOAc) and afforded 732 mg (52%) of product as colorless oil. Rf  = 0.44 
(3:1 hexane/EtOAc); 1H NMR (300 MHz, CDCl3): δ = 3.97 (s, 3 H, CH3), 3.99 (s, 6H, 
CCH2), 4.55 (s, 6H, OCH2Ph), 6.57 (s, 1H, NH), 7.26 – 7.35 (m, 15H, ArH), 7.75 (d, 2 H, 
3JH, H = 8.4 Hz, ArH), 8.04 (d, 2H, ArH) ppm; 13C NMR (75 MHz, CDCl3): 
δ = δ = 52.35, 60.39, 69.01, 73.45, 126.97, 127.6, 127.66, 128.38, 129.75, 132.48, 
138.19, 139.39, 166.37, 166.49 ppm; MS (MALDI-FT, 3-HPA): m/z  =  576.2351 [M + 
Na]+, calcd monoisotopic peak (12C34


1H35
14N16O6Na) 576.2356; EA calcd (%) C: 73.76, 


H: 6.37, N: 2.53, found C: 73.88 H: 6.46 N: 2.57. 
 
Compound 6b. Ester 6a (530 mg, 0.957 mmol) was dissolved in a mixture of THF/ 
MeOH/ KOH (aqueous solution, 1M) (10 ml: 10 ml: 10 ml). Additionally, solid KOH 
(336 mg, 6 mmol) was added. The mixture was refluxed at 100°C for 12 h. The solvent 
was removed under reduced pressure. The residue was dissolved in water. Precipitation 
was achieved by adding concentrated HCl (37 %). The solid was separated and dissolved 
in acetone. The solution was dried over MgSO4 and the solvent removed in vacuo. 494 
mg (96 %) of 6b as colourless solid were obtained. Rf  = 0.27 (1:20 MeOH/DCM); mp 
187 °C; 1H NMR (300 MHz, CDCl3): δ = 3.35 (br, 1H, COOH), 3.88 (s, 6H, CCH2), 4.38 
(s, 6H, OCH2Ph), 6.74 (s, 1H, NH), 7.14 (br, 15H, ArH), 7.43 (d, 2H, 3JH, H = 8.1 Hz 
ArH), 7.74 (d, 2H, 3JH, H = 8.1 Hz ArH) ppm; 13C NMR (75 MHz, CDCl3): 
δ = 60.46, 68.89 , 73.25, 126.54, 127.51, 128.27, 129.12, 136.54, 138.17, 140.45, 167.97, 
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172.74 ppm; MS (MALDI-FT, 3-HPA): m/z  =  576.2198 [M + Na]+, calcd monoisotopic 
peak (12C33


1H33
14N16O6Na) 562.2200; EA calcd (%) C: 70.45, H: 5.91, N: 2.49, found C: 


70.57 H: 6.01 N: 2.57. 
 
Compound 8. In a thoroughly dried flask, NaH (190 mg, 60% dispersion in mineral oil, 
8 mmol) was mixed with THF (15 mL) in an inert atmosphere, and degassed in three 
freeze-pump-thaw cycles. 2,5,8,11,15,18,21,24-Octaoxapentacosan-13-ol (0.77 g, 2 
mmol) was added, forming a slight yellow suspension, and the mixture was let stirred for 
15 min before 4-(bromomethyl)benzoic acid (0.48 g, 2.2 mmol) was added. The whole 
mixture was let stirring overnight. The reaction was worked up by concentrating and 
filtered through a short plug of silica gel by washing with MeOH/DCM (1:10). The 
combined filtrate was further purified by column chromatography (silica gel, 1:30 
MeOH/DCM to 1:10 MeOH/DCM). 0.77 g (74%) of pure product was obtained as a 
colorless liquid.1H NMR (300 MHz, MeOD): δ = 3.35 (s, 6H, OCH3), 3.53 (m, 4H, 
(CH2)2CH), 3.67-3.61 (m, 24H, CH2), 3.78 (m, 1H, CH), 4.79 (s, 2H, CH2Ph), 7.52 (m, 
2H, ArH), 8.02 (m, 2H, ArH) ppm, 13C NMR (75 MHz, MeOD): δ = 60.0, 72.1, 72.3, 
72.6, 73.1, 73.2, 73.7, 79.7, 129.3, 131.6, 132.1, 146.4, 170.7 ppm, MS (EI): m/z = 
518.2727 [M]+ calcd for C25H42O11: 518.2723, elemental analysis calcd (%) for 
C25H42O11 (518.59): C 57.90, H 8.16; found C 58.01, H 8.28. 
 
 
 
Compound 9b. Ester 9a (700 mg, 1.124 mmol) was dissolved in a mixture of THF (8 
mL), MeOH (8 mL), and 1M aqueous KOH (8 mL). Then solid KOH (756 mg, 13.5 
mmol) was added. The mixture was refluxed at 100°C for 12 hrs. The solvent was 
removed under reduced pressure and the solid residue was dissolved in 40 mL of water. 
Addition of 5 mL of concentrated HCl to the solution caused precipitation of yellowish 
solid. The solid was filtered and then dissolved in acetone. The solution was dried over 
MgSO4 and the solvent removed under reduced pressure affording 664 mg (97 %) of 9b 
as yellowish oil. 1H NMR (300 MHz, CDCl3): δ = 3.33 (s, 9 H, OCH3), 3.58 – 3.85 (m, 
30 H, OCH2), 4.14 – 4.23 (m, 6 H, OCH2), 7.29 (s, 2 H, ArH) ppm; 13C NMR (75 MHz, 
CDCl3): δ = 59.00, 68.90, 69.70, 70.30, 70.50, 70.70, 70.80, 71.90, 126.54, 127.51, 
128.27, 109.60, 124.20, 143.21, 152.32, 170.43 ppm; MS (MALDI-FT, 3-HPA): m/z = 
631.2944 [M + Na]+, calcd monoisotopic peak (12C28


1H48
16O14Na) 631.2942, elemental 


analysis calcd (%) for C28H48O14 (608.67): C 55.25, H 7.95; found C 55.43, H 8.04. 
 
Compound 10. The preparation of the compound was carried out according to the 
general procedure for esterification. 3 (250 mg, 0.335 mmol), DPTS (116.7 mg, 0.4025 
mmol), acid 7 (59.7 mg, 0.335 mmol), dry CH2Cl2 (15 mL), dry DMF (5 mL), EDC 
(77.16 mg, 0.4025 mmol) were used in the reaction. The crude product was purified by 
column chromatography on silica gel (1:1 hexane/EtOAc then 1:1 hexane/EtOAc then 
EtOAc) affording yellow solid. Yield 89.5 mg (29%); Rf = 0.3 (CH2Cl2/MeOH 100:1);  
m.p. 194 – 196 °C; 1H NMR (300 MHz, CDCl3): δ = 3.07 (s, 3 H, CH3), 3.26 (m, 3 H), 
3.38 (m, 6 H), 3.54 (m, 3 H), 3.95 (d, 6 H, 3JH, H = 6.3 Hz, CH2NH), 4.24 (s, 2 H, 
COOCH2O), 4.51 (s, 2 H, CCH2O), 7.45 – 7.61 (m, 12 H, ArH), 7.99 (d, 6 H, 3JH, H = 8.4 
Hz, ArH), 8.11 (d, 6 H, 3JH, H = 8.7 Hz, ArH), 8.15 (br, 3 H, NH) ppm; 13C NMR (75 
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MHz, CDCl3): δ = 24.93, 25.62, 58.59, 63.88, 68.9, 70.05, 70.58, 70.87, 71.60, 124.65, 
125.49, 127.0, 128.13, 128.75, 131.02, 131.13, 170.9, 171.34 ppm; MS (MALDI-FT, 3-
HPA): m/z = 906.3766 [M + H]+, elemental analysis calcd (%) for C57H51N3O8 (906.03): 
C 75.56, H 5.67, N 4.64; found C 75.68, H 5.75, N 4.66. 
 
Compound 11. The preparation of the compound was carried out according to the 
general procedure for esterification. 3 (150 mg, 0.2 mmol), DPTS (59.1 mg, 0.2 mmol), 
acid 8 (69 mg, 0.134 mmol), dry CH2Cl2 (4 mL), dry DMF (1 mL), EDC (38.2 mg, 0.2 
mmol) were used in the reaction. The crude product was subjected to preparative GPC 
yielding 89 mg (53%) of 11 as colourless oil. 1H NMR (300 MHz, CDCl3): δ = 3.97 (s, 6 
H, CH2NH), 4.01 (s, 6 H, CH2O), 4.53 (s, 6 H, OCH2Ph), 4.75 (s, 2 H, CCH2), 6.23 (s, 1 
H, NH), 7.25 - 7.31 (m, 15 H, ArH), 7.47 - 7.6 (m, 12 H, ArH), 7.69 (d, 2 H, 3JH, H = 8.4 
Hz, ArH), 8.01 (br, 3 H, CONH), 8.04 (d, 6 H, 3JH, H = 8.1 Hz, ArH), 8.15 (d, 6 H, 3JH, H = 
6.9 Hz, ArH), 8.25 (d, 2 H, 3JH, H = 8.1 Hz, ArH), 8.52 (s, 3 H, ArH) ppm; 13C NMR (75 
MHz, CDCl3): δ = 29.70, 39.73, 58.95, 59.03, 70.46, 70.54, 70.59, 70.90, 71.32, 71.58, 
71.87, 71.94, 78.39, 78.74, 96.12, 124.58, 125.47, 127.01, 127.39, 127.74, 128.17, 
128.78, 128.84, 130.00, 130.26, 130.76, 171.26 ppm; MS (MALDI-FT, 3-HPA): m/z = 
1246.567 [M + H]+, calcd monoisotopic peak (12C75


1H80
14N3


16O14) 1246.564, elemental 
analysis calcd (%) for C75H79N3O14 (1246.44): C 72.27, H 6.39, N 3.37; found C 72.41, H 
6.44, N 3.40. 
 
 
Compound 12. The preparation of the compound was carried out according to the 
general procedure for esterification. 3 (150 mg, 0.2 mmol), DPTS (59.1 mg, 0.2 mmol), 
acid 9b (81.6 mg, 0.134 mmol), dry CH2Cl2 (4 mL), dry DMF (1 mL), EDC (38.2 mg, 
0.2 mmol) were used in the reaction. The crude product was subjected to preparative 
GPC yielding 78.7 mg (44%) of 12 as colourless oil. 1H NMR (300 MHz, CDCl3): 
δ = 3.3 (s, 9 H, OCH3), 3.36 (s, 6 H, CH2NH), 3.81 – 3.36 (m, 24 H, OCH2) 3.94 (d, 6 H, 
3JH, H = 4.3 Hz, PhOCH2CH2), 4.23 (t, 6 H, 3JH, H = 4.3 Hz, PhOCH2), 4.65 (s, 2 H, 
CCH2), 7.47 - 7.6 (m, 18 H, ArH), 7.62 (s, 2 H, ArH), 8.04 (d, 6 H, 3JH, H = 8.1 Hz, ArH, 
3 H, NH), 8.15 (d, 2H, 3JH, H = 8.7 Hz, ArH), 8.52 (s, 3 H, ArH) ppm; 13C NMR (75 
MHz, CDCl3): δ = 39.57, 45.94, 58.98, 62.46, 68.84, 69.52, 70.39, 70.54, 70.68, 71.83, 
71.92, 72.4, 109.4, 123.67, 124.61, 125.5, 127.0, 128.16, 128.8, 131.18, 143.11, 152.53, 
167.28, 171.12 ppm; MS (MALDI-TOF, DCTB Mix 1:10): m/z = 1358.27 [M + Na]+, 
calcd monoisotopic peak (12C78


1H85
14N3


16O17Na) 1358.58, elemental analysis calcd (%) 
for C78H85N3O17 (1336.52): C 70.10, H 6.41, N 3.14; found C 70.24, H 6.48, N 3.20. 
 
Compound 13a. 3 (609 mg, 0.817 mmol) and DPTS (240 mg, 0.817 mmol) were added 
to a solution of acid 6b (300 mg, 0.56 mmol) in a mixture of dry CH2Cl2 (25 mL) and dry 
DMF (5 mL) at room temperature. After 15 min EDC (157 mg, 0.817 mmol) was added 
and the mixture was stirred at room temperature overnight. The reaction mixture was 
diluted with CH2Cl2 and washed twice with brine. The organic layer was separated and 
dried over MgSO4. The solvent was removed under reduced pressure. 227 mg (23%) of 
13a as yellowish solid were collected after the preparative GPC separation. M.p. 148 °C, 
1H NMR (300 MHz, CDCl3): δ = 3.97 (s, 6 H, CH2NH), 4.01 (s, 6 H, CH2O), 4.53 (s, 6 
H, OCH2Ph), 4.75 (s, 2 H, CCH2), 6.23 (s, 1 H, NH), 7.25 - 7.31 (m, 15 H, ArH), 7.47 - 
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7.6 (m, 12 H, ArH), 7.69 (d, 2H, 3JH, H = 8.4 Hz, ArH), 8.01 (br, 3 H, CONH), 8.04 (d, 6 
H, 3JH, H = 8.1 Hz, ArH), 8.15 (d, 6 H, 3JH, H = 6.9 Hz, ArH), 8.25 (d, 2 H, 3JH, H = 8.1 Hz, 
ArH), 8.52 (s, 3 H, ArH) ppm; 13C NMR (75 MHz, CDCl3): δ = 39.84, 45.81, 60.43, 
63.60, 69.94, 73.43, 122.21, 123.77, 124.65, 125.50, 127.07, 127.21, 127.59, 128.18, 
128.39, 128.83, 128.94, 130.35, 130.86, 131.17, 131.33, 137.55, 138.15, 166.32, 171.31 
ppm; MS (MALDI-FT, 3-HPA): m/z = 1289.502 [M+Na]+, calcd monoisotopic peak 
(12C83


1H70
14N4


16O9Na) 1289.504, elemental analysis calcd (%) for C83H70N4O9 (1267.47): 
C 78.65, H 5.57, N 4.42; found C 78.73, H 5.61, N 4.45. 
 
Compound 13b. The protected alcohol 13a (43.5 mg, 0.034 mmol) was dissolved in 
EtOH (5 mL) and EtOAc (3 mL) and Pd/C (40 mg, 10% Pd loading) was added. The 
mixture was placed in a Parr tube and stirred at room temperature under a hydrogen 
pressure of 3 bar overnight. The solution was filtered through celite and the solvent was 
removed under reduced pressure. The crude reaction mixture was subjected to the 
preparative GPC yielding 9.6 mg (28 %) of 13b as colourless oil. M.p. 148 °C, 1H NMR 
(300 MHz, CDCl3): δ = 3.97 (s, 6 H, CH2NH), 4.00 (s, 6 H, CH2O), 4.75 (s, 2 H, CCH2), 
6.23 (s, 1 H, NH), 7.47 - 7.6 (m, 12 H, ArH), 7.69 (d, 2H, 3JH, H = 8.4 Hz, ArH), 8.01 (br, 
3 H, CONH), 8.04 (d, 6 H, 3JH, H = 8.1 Hz, ArH), 8.15 (d, 6 H, 3JH, H = 6.9 Hz, ArH), 8.25 
(d, 2 H, 3JH, H = 8.1 Hz, ArH), 8.52 (s, 3 H, ArH) ppm; 13C NMR (75 MHz, CDCl3): δ = 
39.84, 45.81, 60.43, 63.60, 69.94, 122.21, 123.77, 124.65, 125.50, 127.07, 127.21, 
128.18, 128.39, 128.94, 130.35, 130.86, 131.17, 131.33, 138.15, 166.32, 171.31 ppm; 
MS (MALDI-FT, 3-HPA): m/z = 1019.3638 [M+Na]+, calcd monoisotopic peak 
(12C62


1H52
14N4


16O9Na) 1019.3632. 
 
Compound 15a. To a solution of 14a (530 mg, 0.42 mmol) in dry MeOH (20 mL) 
anthracene-9-carbaldehyde (354 mg, 1.72 mmol) was added. The mixture was stirred at 
room temperature for 3 days. Then the solvent was removed in vacuo. Chromatographic 
purification (10:1 hexane/EtOAc/ 5% triethylamine then 1: 10 hexane/EtOAc/ 5% 
triethylamine) afforded 772 mg (92%) of 15a as yellow oil. Rf = 0.35 (CHCl3/acetone 
1:1); 1H NMR (300 MHz, CDCl3): δ = 3.39 (s, 12 H, CH3), 3.53 (d, 4 H, 3JH, H = 13.8 Hz, 
ArCH2Ar), 3.57 (t, 8H, 3JH, H = 2.55 Hz, CH2), 3.67 – 3. 79 (m, 24H, OCH2CH2), 4.07 (t, 
8 H, 3JH, H = 4.95 Hz, CH2), 3.37 (t, 8 H, 3JH, H = 5.1 Hz, CH2), 4.79 (d, 4 H, 3JH, H = 13.2 
Hz, ArCH2Ar), 7.06 – 7.2 (m, 18 H, ArH), 7.69 (d, 8 H, 3JH, H = 8.1 Hz, ArH), 8.05 (s, 4 
H, ArH), 8.44 (d, 8 H, 3JH, H = 8.7 Hz, ArH), 9.36 (s, 4 H, CHNAr) ppm;13C NMR (75 
MHz, CDCl3): 31.55, 59.04, 70.57, 70.69, 71.95, 73.45, 76.62, 120.97, 124.53, 124.76, 
125.68, 125.86, 128.49, 130.02, 130.40, 130.67, 135.83, 148.07, 155.19, 158.60 ppm; 
MS (MALDI-FT, 3-HPA): m/z  = 1997.957  [M + H]+, calcd monoisotopic peak 
(12C124


1H132
14N4


16O20) 1997.951, elemental analysis calcd (%) for C124H132N4O20 
(1998.39): C 74.53, H 6.66, N 2.80; found C 74.73, H 6.75, N 2.88. 
 
Compound 15b. Anthracene-9-carbaldehyde (3.52 g, 17.05 mmol) was added to a 
solution of 14b (3.5 g, 4.27 mmol) in dry MeOH (350 mL). The mixture was stirred at 
reflux overnight. Size exclusion column chromatography afforded 6.05 g (90 %) of 15b 
as orange solid. M.p. 277 °C; 1H NMR (300 MHz, CDCl3): δ = 1.03 (t, 12 H, 3JH, H = 6.6 
Hz, CH3), 1.47 – 1.57 (m, 24 H, CH2), 2.1 – 2.13 (m, 8 H, OCH2), 3.49 (d, 4 H, 3JH, H = 
12.9 Hz, ArCH2Ar), 4.12 (t, 8 H, 3JH, H = 7.4 Hz, OCH2), 4.74 (d, 4 H, 3JH, H = 12.9 Hz, 
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ArCH2Ar), 7.05 – 7.2 (m, 16 H, ArH), 7.7 (d, 8 H, 3JH, H = 8.1 Hz, ArH), 8.06 (s, 4 H, 
ArH), 8.7 (d, 8 H, 3JH, H = 8.7 Hz, ArH), 9.38 (s, 4 H, CHN) ppm; 13C NMR (75 MHz, 
CDCl3):14.17, 22.96, 26.13, 30.43, 31.63, 32.30, 75.72, 120.93, 124.60, 124.74, 125.84, 
126.79, 130.39, 130.69, 135.90, 147.74, 155.53, 158.41 ppm; MS (MALDI-FT, 3-HPA) 
m/z = 1573.841 [M + Na]+, calcd monoisotopic peak (12C112


1H109
14N4


16O4Na) 1573.845, 
elemental analysis calcd (%) for C112H110N4O4 (1576.10): C 89.35, H 7.03, N 3.55; found 
C 89.46, H 7.12, N 3.61. 
 
Compound 16a. Sodium borohydride (9.3 mg, 0.25 mmol) was added to a solution of 
15a (120 mg, 0.06 mmol) in MeOH (20 mL). The mixture was stirred at room 
temperature overnight. The excess of sodium borohydride was quenched by the slow 
addition of hydrochloric acid. The pH of the mixture was adjusted to 12 by addition of 
1M NaOH and then extracted times with DCM (3 x 15 mL). The combined organic layers 
were washed with water, brine, and then dried over MgSO4. The solvent was removed 
under reduced pressure. No further purification of 16a was necessary. Yellow oil; yield  
118 mg (98 %); Rf = 0.21 (CHCl3/acetone 1:1); 1H (300 MHz, CDCl3): δ = 3.18 (d, 3JH, H 
= 10.2 Hz, 4 H, ArCH2Ar), 3.39 (s, 12 H, CH3) 3.59 – 3.56 (m, 40H, OCH2), 3.68 – 3.76 
(m, 8H, OCH2CH2), 4.02 (br, 8 H, OCH2), 4.21 (br, 8 H, OCH2), 4.6 (d, 4 H, 3JH, H = 14.2 
Hz, ArCH2Ar), 4.76 (br, 8 H, ArCH2NH), 6.48 (s, 8 H, ArH) , 6.92 (t, 8 H, 3JH, H = 7.6 
Hz, ArH), 7.13 (t, 8 H, 3JH, H = 7.5 Hz, ArH), 7. 67 (d, 8 H, 3JH, H = 8.7 Hz, ArH), 7.8 (d, 
8 H, 3JH, H = 8.7 Hz, ArH), 8.06 (s, 4 H, ArH); 13C (75 MHz, CDCl3): δ = 31.6, 41.07, 
59.04, 70.57, 70.69, 71.97, 73.16, 112.65, 113.20, 120.54, 120.94, 
123.58, 124.56, 125.73, 126.66, 127.35, 128.67, 129.06, 129.31, 129.87, 130.33, 130.90, 
131.36, 135.82, 143.45, 148.94 ppm; MS (MALDI-FT, DCTB mix): m/z  = 2028.002 [M 
+ Na]+, calcd monoisotopic peak (12C124


1H140
14N4


16O20Na) 2027.9959, calcd 
monoisotopic peak (12C112


1H109
14N4


16O4Na) 1573.845, elemental analysis calcd (%) for 
C124H140N4O20 (2006.45): C 74.36, H 7.03, N 2.79; found C 74.36, H 7.11, N 2.87. 
 
Compound 16b. LiAlH4 (9.3 mg, 0.25 mmol) was added to a solution of 15b (120 mg, 
0.06 mmol) in THF (20 mL). The mixture was stirred at room temperature overnight. The 
excess of LiAlH4 was quenched by the slow addition of water. Then 1M H2SO4 was 
added until the solution became homogeneous and the solution was extracted with 
dichloromethane (3 x 20 mL). The combined organic layers were washed with water and 
brine and then dried over MgSO4. The solvent was removed under reduced pressure. 
Purification of 16b was carried out by means of preparative HPLC GPC. Yellow oil; 
yield 128 mg (79 %); 1H NMR (300 MHz, CDCl3): δ = 1.01 (br, 12 H, CH3), 1.48 (br, 24 
H, CH2), 2.05 (br, 8 H, OCH2), 3.23 (d, 4 H, 3JH, H = 14.2 Hz, ArCH2Ar), 3.98 (t, 8 H, 3JH, 


H = 7.4 Hz, OCH2), 4.6 (d, 4 H, 3JH, H = 14.2 Hz, ArCH2Ar), 4.76 (br, 8 H, ArCH2NH), 
6.51 (s, 8 H, ArH) , 6.92 (t, 8 H, 3JH, H = 7.6 Hz, ArH), 7.13 (t, 8 H, 3JH, H = 7.5 Hz, ArH), 
7. 67 (d, 8 H, 3JH, H = 8.7 Hz, ArH), 7.81 (d, 8 H, 3JH, H = 8.7 Hz, ArH), 8.06 (s, 4 H, ArH) 
ppm; 13C NMR (75 MHz, CDCl3): δ = 14.17, 22.96, 26.13, 30.43, 31.63, 32.30, 41.13, 
75.72, 112.04, 120.93, 124.60, 124.74, 125.84, 126.79, 130.69, 135.90, 147.74, 155.53 
ppm; MS (MALDI-FT, 3-HPA): m/z = 1389.80 [M - C15H12+H]+, calcd monoisotopic 
peak (12C97


1H106
14N4


16O4) 1389.8136, elemental analysis calcd (%) for C112H116N4O4 
(1582.14): C 85.02, H 7.39, N 3.54; found C 85.08, H 7.42, N 3.56. 
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Compound 17. 3 (100 mg, 0.13 mmol) and anthracene (358 mg, 2.01 mmol) were 
dissolved in DCM (12.07 mL). After three freeze-thaw cycles the solution was irradiated 
with UV light for 12 hours. Afterwards the solvent of the turbid mixture was removed in 
vacuo. The crude mixture was purified by column chromatography (3:1 hexane/EtOAc 
then 1:1 hexane/EtOAc) and yielded 78.3 mg (45 %) of 17 as colourless solid. Rf = 0.32 
(hexane/EtOAc 3:1); m.p. 178 – 179 °C; 1H NMR (300 MHz, CDCl3): δ = 3.61 (d, 6 H, 
3JH, H = 6.3 Hz, CHNH), 3.54 (br, 2 H, CHOH), 4.45 (d, 3 H, 3JH, H =  10.81 Hz, CHbridge), 
4.45 (br, 1 H, 3JH, H =  10.81 Hz, OH), 4.67 (d, 3 H, 3JH, H =  10.81 Hz, CHbridge), 5.58 (s, 3 
H, CHbridge), 6.72 – 6.84 (m, 40 H, ArH), 6.9 – 6.96 (m, 14 H, ArH, NH), 7.03 – 7.0 (m, 6 
H, ArH) ppm; 13C NMR (75 MHz, CDCl3): δ = 41.43, 46.86, 53.44, 53.99, 54.22, 62.28, 
66.24, 125.37, 125.45, 127.57, 126.38, 126.77, 126.94, 127.07, 127.65, 127.91, 175.76 
ppm; MS (MALDI-FT, 3-HPA): m/z = 1280.5347 [M + H]+, calcd monoisotopic peak 
(12C92


1H70
14N3


16O4) 1280.5361, elemental analysis calcd (%) for C92H69N3O4 (1280.55): 
C 86.29, H 5.43, N 3.28; found C 86.42, H 5.63, N 3.31. 
 
Compound dim-18. 18 (221 mg, 1 mmol) was dissolved in DCM (1 mL) and applied to 
the general dimerization protocol. 296 mg (67%) of the dim 18 was obtained as 
yellowish solid. M.p. 216 °C; 1H NMR (300 MHz, CDCl3): δ = 2.64 (s, 6 H, CH3), 3.75 
(br, 2 H, CHbridge), 3.78 (br, 4 H, CHNH), 6.86 – 6.92 (m, 8H), 7.07 (d, 4 H, 3JH, H = 4.5 
Hz, ArH) ppm; 13C NMR (75 MHz, CDCl3): δ = 36.91, 56.54, 56.69, 61.9, 125.41, 
125.58, 127.53, 142.68, 143.43 (ArH) ppm; MS (EI): m/z = 221.1198 [M]+ calcd for 
C16H15N: 221.1204, elemental analysis calcd (%) for C32H30N2 (442.59): C 86.84, H 6.83, 
N 6.33; found C 86.91, H 6.88, N 6.35. 
 
Compound dim-19. The general dimerization protocol was applied to a solution of 19 
(247 mg, 1 mmol) in dichloromethane (1 mL). 116 mg (47%) of dim 19 was obtained as 
yellowish solid.  M.p. 246 °C; 1H NMR (300 MHz, CDCl3): δ = 2.64 (s, 6 H, CH3), 3.75 
(br, 2 H, CHbridge), 3.78 (br, 4 H, CHNH), 6.82 - 6.91 (m, 8 H, ArH), 7.07 (d, 4 H, 3JH, H = 
4.5 Hz, ArH) ppm; 13C (CDCl3): δ = 45. 98, 51.47, 124.58, 125.45, 126.70, 127.05, 
127.48, 132.45, 139.14, 144.66 ppm; MS (EI): m/z = 245.9995 [M]+, calcd for C14H8Cl2 
246.0003, elemental analysis calcd (%) for C28H16Cl4 (494.24): C 68.04, H 3.26, Cl, 
28.69; found C 68.09, H 3.28, N 28.63. Single crystal X-ray analysis of the sample 
recrystallized from CDCl3. The molecular structure is shown in Figure S1.  
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Figure S1. X-ray molecular structure of dim-19. 
 
 
 
 
 
 
 
 
 
 


 
 
Figure S2. Surface pressure area isotherm of compound 16a beyond the 
collapse pressure. 
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Figure S3. Detailed XPS spectra of C1s, O1s, N1s, and Si2p of non-
polymerized monolayer of 16a transferred on an oxidized silicon wafer. 
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Color version of Figures 


 
Figure 4. CLSM images of hydrogel 1 (0.10 wt%) stained by octadecylrhodamine B 


chloride at ambient temperature (see experimental section for details) in the presence of 
(a) 0.1-µm plain beads (0 s and 0.4 s) and (b) 0.5-µm plain beads (0 s and 30 s) ((a): 
fluorescence mode; (b): DIC mode) and TEM images (no staining) of hydrogel 1 (0.10 


wt%) in the presence of (c) 0.1- and (d) 0.5-µm plain beads.  







 


Figure 5. (a) CLSM images of of hydrogel 1 (0.10 wt%) stained by HANBD at ambient 
temperature (see experimental section for details) in the absence (A) and the presence of 


0.1-µm plain beads (B), (b) fluorescence intensity (integration of pixel intensity of 
images at each z-axis height) plots versus z-axis height of the gels in the panel (a), and 
(c) fiber dispersion efficiency depending on types of beads, which is evaluated by the 


normalized difference between maximum and minimum fluorescence intensities ((Imax – 
Imin)/ Imax).  The mean and standard deviations of the values were estimated on the basis 
of at least three individual data. 
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Figure S1. Magnetization curve versus magnetic field for 6 at 300K. Solid line 


represents the theoretical value according to the Brillouin’s function. 
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Table S1. Compatibility table of the involved MOs. 


 Porphyrin Corrole 
 D4h C4v C2v Cs 
HOMO a2u a1 b1 a' 
HOMO-1 a1u a2 a2 a'' 
Fe-dz2 a1g a1 a1 a' 


 


Table S2. Calculated exchange coupling constants and corresponding orbital overlaps employed the B3LYP density 


functional at the BP86 geometries for the range of complexes studied in this work. 


 J (cm-1) UCO overlap 


[Fe(TPP)Cl]+ -217  0.41 


[Fe(TTP)Cl]+ -8  1 


Fe(TPFC)F -565 0.52 


Fe(TPFC)Cl -602 0.58 


Fe(TPFC)Br -652 0.59 


Fe(TPFC)I -729 0.66 


Fe(TDCC)Cl -619 0.57 


Fe(TDCC)Br -655 0.59 


Fe(TDCC)I -740 0.66 
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Orbital Energies. 
Initially two neutral model complexes for these two systems, Zn(II)porphoryrinate and Ga(III)corrolate, were chosen to 


investigate the relative energy of the high lying occupied p orbitals in corrole and porphyrin systems. It turned out that the 


relevant p-orbital of the corrole is situated at a slightly higher energy (~0.3 eV) than the analogous porphyrin orbital. This 


can be seen in the plots below that show the percentage fragment character as a function of orbital energy (a kind of 


density of “states” plot, similar to what the physicist’s often do).  


 
 
For the two iron complexes we cannot seriously compare the absolute orbital energies since they differ by one unit in their 


total charge. There is another key factor to understanding the electronic structure differences in these systems: in the 


porphyrin, the iron is high-spin (S = 5/2) while in the corrole the iron is intermediate spin (S = 3/2). As already mentioned 


in the main body of the paper, the reason for this is the much stronger s -interaction in the corrole that makes the dx2-y2 


orbital energetically unavailable. As a result of the high-spin configuration, the occupied spin-up orbitals in the 


iron-porphyrin are much more stabilized by spin polarization than the corresponding corrole orbitals: the energy 


difference of the metal d and the macrocyclic p orbitals is ~3 eV in the corrole complex and ~7 eV in the porphyrin 


complex. Hence, the interaction of the iron d-orbitals with the ring orbitals is much stronger in the spin-up as well as the 


spin-down manifold in the corrole system. Note that the unoccupied a-LUMO is the spin-up counterpart of the occupied 


ß-HOMO. This corroborates our suggested electronic structures for the two complexes in the manuscript.  
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