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Introduction


There is a growing interest in developing new strategies for
the synthesis of highly functionalized polycyclic compounds
in a stereocontroled manner. Transition-metal-catalyzed
processes with unsaturated substrates, such as enynes,
dienes, diynes, allenealkenes, or alkynyl- alkenyl-, and allen-
ylarenes, are able to increase molecular complexity with
high control. Some of these processes often involve the acti-
vation of alkynes that subsequently react with an olefin or
an arene. Some complex transition-metal-based catalysts are
able to mediate in these processes, but also simple salts of
these metals are efficient. We would like to focus our atten-
tion in this paper on the reorganization of enynes by means
of the activation of triple bonds with platinum halides and
on interesting mechanistic aspects derived from this chemis-
try.


Cyclization of Enynes


There are a wide range of cyclization reactions of enynes
catalyzed or mediated by transition-metal complexes.[1]


Mostly the metal forms a complex either with the alkene,
the alkyne, or both to follow a reaction pathway in which a
metallacycle, a p-allyl complex, or a vinyl–metal complex is
formed (Scheme 1).


The use of simple transition-metal halides is attractive as
they are commercially available, stable, and easy to handle.
In the context of platinum salts, the pioneering studies were
by Blum[2] and Murai,[3] who used PtCl4 and PtCl2 respec-
tively to cyclize 1,6-enynes and some 1,7-enynes. Murai ob-
served that skeletal reorganization of enynes gave two types
of products (Scheme 2). The first, I, is the expected product


of a metathesis reaction; the second, II, which is the major
product with unsubstituted substrates, or when electon-with-
drawing groups are present, involved an anomalous carbon–
carbon bond formation. On the other hand, Blum was able
to isolate bicyclic compounds, such as those depicted in
Scheme 2, mostly with moderate yields, from parent allyl
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Abstract: Activation of alkynes with platinum salts
allows their reaction with alkenes, giving rise to a
myriad of interesting processes like cyclizations, forma-
tion of cyclopropanes, or metathesis. Weak nucleophiles
can also participate in the processes leading to alkoxy-
cyclizations. There are intriguing mechanistic aspects of
these processes in which subtle variations of the reac-
tion conditions and/or substrate structures can lead to
completely different products.
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Scheme 1.


Scheme 2.
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propargyl ethers. These early results pointed out to a possi-
ble common initial pathway for both processes, in which a
heteroatom present in the tether could be responsible for
the difference in the final product.


Murai used, soon afterwards, ene-ene-ynes to effect a cy-
cloisomerization that gave complex polycycles, suggesting
the intervention of a carbenoid intermediate in the process.
In these cases he obtained better results with rhodium salts
and ruthenium carbonyls (Scheme 3).[4]


In 1998, and after his mechanistic studies and syntheses of
some prodiginine antibiotics, FKrstner suggested a new reac-
tion pathway involving the formation of a nonclassical car-
bocation as the reactive intermediate; this explained the for-
mation of the different reaction products and even of some
minor byproducts detected when scaling up the reaction to
several grams of starting material (vide infra).[5] Following
this approach he used several 1,6-enynes to observe the in-
fluence of the substitution pattern in the result of the reac-
tion. The results can be explained by a cationic manifold.
The attack of the platinum would render a cation that can
be delocalized and represented by several structures. While
the cyclobutyl structure C evolves to give typical metathesis
compounds, carbenoid structure D would suffer a hydrogen
shift to give a bicyclo[4.1.0]derivative. This latter product is
favored when a heteroatom is present in the enyne, thus
constituting an enamide or vinylether (Scheme 4).[6]


Due to the cationic nature of the intermediate, the pres-
ence of other nucleophiles in the substrate structure or in
the media can give rise to new products. Thus, with appro-
priate ether derivatives, a cascade process takes places
giving a new allyl shift (Scheme 5).


Echavarren used milder nucleophilic agents, such as allyl-
stannanes and allylsilanes, to attack the carbocationic inter-
mediate.[7] In this case no metathesis type products are
formed and the carbocyclic products reach high yields
(Scheme 6). The reaction is proposed to consist of coordina-
tion of the metal to the alkyne, followed by the anti attack
of the allyl moiety, and proceeds generally with anti stereo-


selectivity. Among the salts used, PtCl2 in methanol or ace-
tone usually gives best results.


Other nucleophiles used by this group soon afterwards
were alcohols and water, which are able to trap the transient
carbocation resulting from the attack of the alkene to the
complexed alkyne. In this case the alkene is able to react
with the complexed alkyne fragment, without the detection
of any addition products derived from the reaction of the
alkene with the alcohol. Although the process can be carried
out with other metal salts like those of ruthenium, silver, or
gold, best results are obtained with PtCl2. In a couple of
cases the authors detected an endo cyclization product. The
alkoxycyclization process competes favorably with cyclo-
isomerization unless the triple bond is disubstituted, in
which case a mixture of products is obtained. Formation of
cyclopropanes is only observed when an heteroatom is
placed at the tether (Scheme 7).[8]


Abstract in Spanish: Las sales de platino activan los triples
enlaces dando lugar a varias transformaciones interesantes
como ciclaciones, formaci�n de ciclopropanos o met�tesis.
Ciertos nucle�filos d biles pueden participar en las reaccio-
nes conduciendo a alcoxiciclaciones. Hay aspectos mecan&sti-
cos fascinantes en estas reacciones, en las que peque(os cam-
bios en las condiciones de reacci�n y/o en la estructura del
sustrato, conducen a productos completamente diferentes.


Scheme 3.


Scheme 4.


Scheme 5.


Scheme 6.
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This group has recently addressed the cyclization reac-
tions of enol ethers with alkynes in methanol using PtII, PtIV,
and AuIII chlorides.[9] In this case some 6-endo-dig products
are obtained with certain enynes.


Summarizing the reaction course (Scheme 8), after coordi-
nation of the metal with the triple bond, the alkene effects
an intramolecular attack; this can give, either thorugh an


exo or an endo attack, cyclopropyl carbenes 4 or 5 via inter-
mediates 2 or 3, respectively. The selection of either path-
way depends on the substituents at the alkene and/or the
tether, but the exo pathway is mostly preferred. The carben-
ic intermediate 4, which has been proposed by virtually all
groups involved in this chemistry, undergoes attack of the
nucleophile to give the observed products. When a hetero-
atom is present in the tether, 1,2-hydrogen migration may


take place forming an alkenyl carbene 6, stabilized by the
heteroatom. This complex would give a [2+2] cycloaddition
reaction and, upon reductive elimination from 7, form the
cyclopropanes 8.


Going back to 4, the nucleophile can attack the carbon
atoms a or b, giving rise to intermediates 9 or 10, which in
turn lead to final products 11 or 12, respectively. The less
frequent path via carbene 5 leads, through nucleophilic
attack, to 14.


In the absence of a nucleophile in the medium, the cyclo-
isomerization reaction takes place, although monosubstitut-
ed alkenes give poor results. In this case, as formulated by
Oi,[10] both external bonds of the cyclopropane in 4 may
cleave (paths I or II), giving intermediates 15 or 16. While
15 leads to 17 and/or 18 by means of b-elimination, 16 may
suffer two possible cleavages of its new cyclopropane
(paths A or B). Cleavage following path A leads to typical
metathesis product 21, whereas path B gives the “anoma-
lous” compound 22.


Finally, we note that these kind of skeletal reorganizations
can be effected by using other
metal salts like those of RuII,
AuIII, PdII, or RhI as comment-
ed before. Very recently Murai
has used GaCl3 to effect enyne
reorganizations and announces
mechanistic studies that will
show the differences between
this process and those catalyzed
by late transition-metal salts.[11]


Related Systems


One extension of this chemistry
to dienynes was reported re-
cently.[12] The cascade cycliza-
tion of these systems is control-
led by a hydroxy group situated
at the propargylic position, or
by its protecting group. Thus,
depending on the nature or ab-
sence of this protecting group,
tetracyclic compounds or cyclic
enolesters were obtained. They
also describe the synthesis of
some cyclooctenes fused with a
cyclopropane when elongating
the tether in the staring materi-
al (Scheme 9).


Additionally furans can act
as the alkene part in the reorganization of enynes. Echavar-
ren has used furans with alkynyl or propargyl substituents to
effect reorganization processes.[13] Assuming a related reac-
tion pathway, the furan ring attacks the platinum–alkyne
complex to form a cyclopropyl platinum carbene. The in-
volvement of this carbene is supported by some reactions
carried out in water that give products compatible with this
intermediate. From this carbene, the authors propose an


Scheme 7.


Scheme 8.
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evolution to form a carbonyl compound, which reacts with
the carbene forming an oxepine and finally an arene oxyde
(Scheme 10). The last part of the mechanism is supported by
DFT calculations.


Uemura reported recently a
5-exo-dig cyclization reaction of
ene-yne-ketones to give 2-fur-
furilidene carbenes. This pro-
cess follows path related to
those described above and is
catalyzed by several metal car-
bonyls and by PdII and PtII chlo-
ride. The carbene intermediate is cyclopropanated intermo-
lecularly to give the final product (Scheme 11).[14]


Synthetic applications


Despite how recent this chemistry is, some syntheses of nat-
ural products have used enyne reorganizations catalyzed by
platinum salts as key steps. FKrstner reported a synthesis of
Metacycloprodigiosin and Streptorubin B, in which the


meta-bridged pyrrole core structures of these products are
achieved by an enyne reorganization catalyzed by platinum
chloride (Scheme 12). The metathesis was scaled up to sev-
eral grams which allowed the isolation of several byproducts
that support some of the mechanistic considerations made
by the authors.[5]


Trost achieved an asymmetric synthesis of the tricyclic
core of Roseophilin. The key step was a metathesis type re-
action catalyzed by platinum chloride (Scheme 13).[15]


In summary, the activation of triple bonds by means of
platinum salts leads to several transformations, which, in ad-
dition to set fascinating mechanistic issues, lead to interest-
ing products with potential synthetic applications. Different
structural reorganizations of enynes can take place. They


probably share a carbenic intermediate. In the near future
we can expect an increase in the range of these transforma-
tions, in the understanding of the mechanisms, and we will
see new synthetic applications of this chemistry.
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The Reaction of [FeII(tpa)] with H2O2 in Acetonitrile and Acetone—Distinct
Intermediates and Yet Similar Catalysis


Antoni Mairata i Payeras, Raymond Y. N. Ho, Megumi Fujita, and Lawrence Que, Jr.*[a]


Introduction


Iron–peroxo species are frequently invoked as intermediates
in the catalytic cycles of mononuclear nonheme iron en-
zymes involved in dioxygen metabolism.[1–3] Direct experi-
mental evidence is now available for such intermediates in
the chemistry of superoxide reductase,[4,5] naphthalene diox-
ygenase,[6] and lipoxygenase,[7] as well as for that of the anti-
tumor drug bleomycin.[8] In mechanisms of oxygen-activat-
ing iron enzymes, peroxo intermediates serve as precursors
to higher valent iron–oxo species that effect the oxidative
transformation of substrate.[3] To gain insight into this fasci-
nating chemistry, we have had a long standing effort in the
design and synthesis of functional models for such systems.


We have recently identified a particularly intriguing family
of iron complexes based on [FeII(tpa)(CH3CN)2]


2+ (1, tpa=
tris(2-pyridylmethyl)amine) that act as catalysts for the
H2O2-mediated hydroxylation of alkanes to alcohols and
olefins to epoxides and cis-diols with high stereoselectivity.[9]


The observed cis-dihydroxylation of olefins in fact repre-
sents the first such example catalyzed by an iron complex.
More recently, Feringa and co-workers reported catalytic
oxidation studies with a related complex, [FeII(N3Py-


[a] Dr. A. Mairata i Payeras, Dr. R. Y. N. Ho, Dr. M. Fujita,
Prof. Dr. L. Que, Jr.
Department of Chemistry
and Center for Metals in Biocatalysis
University of Minnesota, 207 Pleasant St. SE
Minneapolis, Minnesota 55455 (USA)
Fax: (+1)612-624-7029
E-mail : que@chem.umn.edu


Abstract: The reaction of [FeII(tpa)-
(OTf)2] (tpa= tris(2-pyridylmethyl)-
amine) and its related 5-Me3-tpa com-
plex with hydrogen peroxide affords
spectroscopically distinct iron(iii)–
peroxo intermediates in CH3CN and
acetone. The reaction in acetonitrile at
�40 8C results in the formation of the
previously reported FeIII–OOH inter-
mediate, the end-on hydroperoxo coor-
dination mode of which is established
in this paper by detailed resonance
Raman isotope-labeling experiments.
On the other hand, the reaction in ace-
tone below �40 8C leads to the obser-
vation of a different peroxo intermedi-
ate identified by resonance Raman
spectroscopy to be an FeIII–OOC
(CH3)2OH species; this represents the


first example of an intermediate de-
rived from the adduct of H2O2 and ace-
tone. The peroxoacetone intermediate
decays more rapidly than the corre-
sponding FeIII–OOH species and con-
verts to an FeIV=O species by O�O
bond homolysis. This decay process is
analogous to that observed for [FeIII-
(tpa)(OOtBu)]2+ and in fact exhibits a
comparable enthalpy of activation of
54(3) kJmol�1. Thus, with respect to
their physical properties at low temper-
ature, the peroxoacetone intermediate


resembles [FeIII(tpa)(OOtBu)]2+ more
than the corresponding FeIII–OOH spe-
cies. At room temperature, however,
the behavior of the Fe(tpa)/H2O2 com-
bination in acetone in catalytic hydro-
carbon oxidations differs significantly
from that of the Fe(tpa)/tBuOOH com-
bination and more closely matches that
of the Fe(tpa)/H2O2 combination in
CH3CN. Like the latter, the Fe(tpa)/
H2O2 combination in acetone catalyzes
the hydroxylation of cis-1,2-dimethylcy-
clohexane to its tertiary alcohol with
high stereoselectivity and carries out
the epoxidation and cis-dihydroxylation
of olefins. These results demonstrate
the subtle complexity of the Fe(tpa)/
H2O2 reaction surface.


Keywords: homogeneous catalysis ·
hydrogen peroxide · iron ·
O�O bond homolysis · oxidation ·
oxo ligands
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Me)(CH3CN)2]
2+ (N3Py-Me=N-methyl-N-2-pyridylmethyl-


bis(2-pyridyl)methylamine), which showed catalytic behav-
ior in CH3CN similar to that reported for Fe(tpa) complex
in the same solvent.[10] However the oxidation chemistry in
acetone solvent was different; in particular, the dihydroxyla-
tion of cyclooctene afforded the trans-diol instead.
These results led us to compare the Fe(tpa)/H2O2 combi-


nation in the two solvents. Previously, we had trapped a
transient purple intermediate at �40 8C in CH3CN and iden-
tified it as [FeIII(tpa)(OOH)]2+ .[11,12] In this paper, we pro-
vide a more detailed Raman characterization of the purple
intermediate in CH3CN that establishes it unequivocally as
[FeIII(tpa)(h1-OOH)]2+ . Based on 18O-labeling experiments,
this intermediate was proposed to convert to [FeV=O-
(tpa)(OH)]2+ , which is responsible for highly stereoselective
alkane hydroxylation and olefin epoxidation and cis-dihy-
droxylation.[13,14] In acetone, a different peroxo intermediate
is formed; this undergoes O�O bond homolysis to form an
observed iron(iv)–oxo species at �50 8C. Yet the oxidation
catalysis observed at room temperature affords products re-
markably similar to those reported for the same catalyst in
CH3CN. These apparently contradictory observations are ra-
tionalized within a common mechanistic framework.


Results and Discussion


Detailed Raman characterization of [FeIII(tpa)(OOH)]2+ in
CH3CN : Previously, we reported that the addition of excess
hydrogen peroxide to [FeII(tpa)]2+ or [FeIII2(m-O)-
(tpa)2(OH2)2]


4+ in CH3CN at �40 8C gave rise to a low-spin
[FeIII(tpa)(OOH)]2+ intermediate that has been character-
ized by its visible absorption and EPR spectroscopy and
electrospray mass spectrometry.[11,14] The intermediate ex-
hibits a visible absorption maximum at 538 nm (e~
1000 m�1 cm�1) and an EPR spectrum with g values of 2.19,
2.15 and 1.97 (Figure 1). This species decayed upon standing
or upon warming to room temperature to a species with
NMR features at d=2.2, 6.2, 19, and ~32 ppm (br), suggest-
ing that the decay product is mainly [FeIII2(m-O)-
(tpa)2(OH2)2]


4+ . Unlike the closely related low-spin
[FeIII(N4Py)(OOH)]2+ (N4Py=N,N-bis(2-pyridylmethyl)-
bis(2-pyridyl)methylamine), this hydroperoxo intermediate
has proved more difficult to study by resonance Raman
spectroscopy due to 1) bleaching of the chromophore upon
freezing and 2) photodecomposition under the laser beam.
We thus explored different


conditions to obtain better
quality Raman spectra. We first
explored the use of mixed-sol-
vent systems with freezing
points below �45 8C (the freez-
ing point of CH3CN) to in-
crease the stability of the inter-
mediate. We obtained a reso-
nance Raman spectrum of the
intermediate in CD3CN/THF
(4:1),[12] showing vibrational
features at 627 and 789 cm�1


(Table 1, entry 1) similar to those observed for [FeIII(N4-
Py)(OOH)]2+ (Table 1, entries 9 and 10).[15] We eventually
obtained good spectra in liquid CH3CN in a spinning cell
maintained at �44 8C by using low laser power (Table 1,
entry 2). Following a report by Talsi and co-workers that
[FeIII(tpa)(OOH)]2+ could be observed at �60 8C in liquid
CH3CN/CH2Cl2 (1:1),[16] we also found that the [FeIII-
(tpa)(OOH)]2+ intermediate in 1:1 CD3CN/CD2Cl2 could be
frozen without loss of chromophore and gave rise to good
quality Raman spectra (Table 1, entry 3; Figure 2A left
panel). The vibrations observed for [FeIII(tpa)(OOH)]2+


under these various conditions do not differ significantly
(Table 1). At this point it is unclear what makes [FeIII-
(tpa)(OOH)]2+ in pure CH3CN bleach upon freezing.
To unequivocally establish the binding mode of the hydro-


peroxo ligand in [FeIII(tpa)(OOH)]2+ , resonance Raman ex-
periments with H2


18O2 were essential. However, the high
fraction of water in the commercially available 2% H2


18O2


solution resulted in a significantly lower yield of the desired
intermediate, presumably due to competitive formation of
the corresponding (m-oxo)diiron(iii) complex. This problem
was overcome by pre-drying the H2O2 solution in an appro-
priate organic solvent with MgSO4. The combination of a
lower freezing solvent and the dried H2O2 solution afforded


Figure 1. Visible spectra of the [FeIII(tpa)(OOH)]2+ chromophore ob-
tained by the addition of 10 equivalents of H2O2 to a 1mm solution of
[FeII(tpa)(OTf)2] in acetonitrile at �45 8C (black line) and its decay prod-
uct (gray line). Inset: EPR spectrum of [FeIII(tpa)(OOH)]2+ in acetoni-
trile at 2 K.


Table 1. Resonance Raman data for the peroxo species formed upon reaction of H2O2 or tBuOOH with
[Fe(L)]2+ complexes in frozen solution, except where noted.


Entry Ligand/peroxide Solvent n(Fe�OOR) [cm�1] n(O�O) [cm�1]


1[12] tpa/H2O2 CD3CN/THF (4:1, liquid) 626 789
2 tpa/H2O2 CD3CN (liquid) 624 806
3 tpa/H2O2 CD3CN/CD2Cl2 (1:1) 624 803
4 5-Me3-tpa/H2O2 CD3CN 635 800
5 tpa/H2O2 (CH3)2CO 692 –
6 tpa/H2O2 (CD3)2CO 681 793/811
7[17] tpa/tBuOOH CH3CN 696 796
8[17] tpa/[D9]tBuOOH CH3CN 668/700 803
9[12] N4Py/H2O2 (CD3)2CO 632 790
10[15] N4Py/H2O2 CH3OH 632 790
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the spectra shown in Figure 2 left panel. Thus with H2
18O2,


the features observed at 803 and 624 cm�1 in the H2
16O2


spectrum (Figure 2A left panel) shift to 759 and 605 cm�1,
respectively (Figure 2B left panel). The downshift of 44 cm�1


for the 803 cm�1 peak is fully consistent with its assignment
as n(O�O) (Dncalcd=�46 cm�1). Similarly, the downshift of
19 cm�1 for the 624 cm�1 peak approaches the value of
22 cm�1 predicted by HookeLs law for an Fe�OOH vibra-
tion. With 50% 18O-labeled H2O2 (Figure 2C left panel), the
n(O�O) feature splits into three peaks at 759, 781, and
803 cm�1 with an intensity ratio of 1:2:1, while the n(Fe�
OOH) feature becomes two equally intense peaks at 606
and 624 cm�1. Finally, the experiment with D2O2 shows no
effect on n(O�O) and a downshift of 3 cm�1 for n(Fe�
OOH) (Figure 2D left panel). Taken together, the Raman
data support the notion that the [FeIII(tpa)(OOH)]2+ inter-
mediate has an end-on bound hydroperoxide ligand, as
found earlier for [FeIII(N4Py)(OOH)]2+ .[12,15]


Subsequent to this effort, we learned that the use of
[FeII(5-Me3-tpa)(OTf)2] (5-Me3-tpa= tris(5-methylpyridyl-2-
methyl)amine) in place of [FeII(tpa)(OTf)2] as precursor led
to a more stable FeIII–OOH intermediate, presumably due
to the introduction of the electron-donating 5-methyl sub-
stituents. Thus this FeIII–OOH intermediate can be studied
in frozen CH3CN without loss of chromophore (Table 1,
entry 4). Parallel isotope-labeling experiments on [FeIII(5-
Me3-tpa)(OOH)]


2+ confirmed
results reported above for
[FeIII(tpa)(OOH)]2+ in CD3CN/
CD2Cl2 (Figure 2 right panel,
Table 1).


Reaction of [FeII(tpa)(OTf)2]
and H2O2 in acetone : Our ex-
ploration of suitable low-tem-
perature solvents also led us to
study the formation of the


[FeIII(tpa)(OOH)]2+ intermedi-
ate in acetone, and different re-
sults were obtained. The reac-
tion of [FeII(tpa)(OTf)2] and a
small excess of H2O2 in acetone
at �40 8C resulted in the forma-
tion of an intermediate with a
lmax at 523 nm that was less
stable than that in acetonitrile;
the species decayed completely
after approximately two mi-
nutes at this temperature.
When the reaction was per-
formed at �90 8C, the inter-
mediate persisted for at least
three hours. A minimum of
1.5 equivalents of H2O2 to the
iron(ii) precursor was required
to reach maximum absorbance
at 523 nm (Figure 3), consistent
with its expected formulation as
an iron(iii)–peroxo complex


(0.5 equivalents for the initial oxidation of iron(ii) to iron(iii)
) and 1 equivalent to form the peroxo complex). Its EPR
spectrum revealed an S=1/2 center with g values at 2.22,
2.16, and 1.98, similar to those of [FeIII(tpa)(OOH)]2+ or
[FeIII(tpa)(OOtBu)]2+ in CH3CN (Figure 3 inset, Table 2).


Figure 2. Resonance Raman spectra (lex 568.2 nm) of [Fe
III(tpa)(OOH)]2+ in 1:1 CD3CN/CD2Cl2 (left panel)


and [FeIII(5-Me3-tpa)(OOH)]
2+ in CD3CN (right panel). Individual spectra in each panel represent experi-


ments with H2
16O2 (A), H2


18O2 (B), 50%
18O-labeled H2O2 (C), and D2


16O2 (D).


Figure 3. Visible spectrum of the species formed upon addition of
1.5 equiv H2O2 to a solution of [FeII(tpa)(OTf)2] in acetone at �90 8C.
Inset: EPR spectrum at 2 K taken of the solution after maximization of
the chromophore at 523 nm.


Table 2. Spectroscopic data on low-spin [Fe(tpa)OOR] intermediates; R is �H, �C(CH3)2OH, or �C(CH3)3.


Entry Oxidant Solvent lmax (e) EPR g values


1[11] H2O2 CH3CN 538 (1050) 2.19, 2.15, 1.97
2 H2O2 CH3CN/THF (1:1) 540 2.20, 2.14, 198
3 H2O2 CH3CN/CD2Cl2 528 2.20, 2.16, 1.97, 2.18, 2.12, 1.97
4[16] H2O2 CH3CN/CH2Cl2/CH3OH – 2.196, 2.126, 1.972
5 H2O2 (CH3)2CO 523 (1200) 2.22, 2.16, 1.98
6 H2O2 (CH3)2CO/PyO 518 (700) 2.22, 2.16, 1.97
7[18] tBuOOH CH3CN 600 (2200) 2.19, 2.14, 1.98
8 tBuOOH dry CH3CN 590 (2200) 2.15, 2.11, 1.96
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Integration of the low-spin EPR signal against a Cu(SO4)2
standard gave an estimated extinction coefficient of
1200 m�1 cm�1 for the chromophore with lmax at 523 nm.
Based on the systematic EPR studies of Talsi on iron–
peroxo complexes,[16] the lower field position of the gmax
value suggests that the sixth ligand in this complex is likely
to be an oxygen atom.
The resonance Raman spectrum of the 523 nm intermedi-


ate in acetone showed features distinct from those observed
in CH3CN. Only one resonance enhanced peak was clearly
observed in the n(Fe�O) region at 692 cm�1, while the n(O�
O) region was obscured by solvent vibrations. However, the
use of [D6]acetone resulted in the downshift of the 692 cm


�1


peak to 681 cm�1 and the unmasking of features at 793 and
811 cm�1 (Figure 4). This pattern of frequencies is more typi-


cal of a low-spin FeIII–OOR complex (Table 1, entry 7), and
not of a low-spin FeIII–OOH complex (Table 1, entries 1–4,
9 and 10). Moreover, the observation that the use of
[D6]acetone causes the 692 cm


�1 peak to downshift suggests
that acetone is incorporated into the intermediate species.
In support, Raman studies of FeIII–OOtBu complexes
showed that deuteration of the tert-butyl group resulted in
the downshift and splitting of a feature at 696 cm�1 (Table 1,
entry 8).[17] Normal coordinate analysis of the [FeIII-
(tpa)(OOtBu)]2+ intermediate revealed that this vibration
consists of a mixture of Fe�O and C�O stretching modes
and alkoxyl deformations.[19] Thus, the intermediate ob-
served in acetone is formulated as an FeIII(tpa) complex
with a bound �OOC(CH3)2(OH) group derived from perox-
ide addition to acetone. A similar species was suggested to
form by Feringa and co-workers in studies of catalytic hy-
drocarbon oxidation with the Fe(N3Py-Me) complex, but no
direct experimental evidence was provided.[10]


The observation of a bound peroxoacetone moiety raises
the question of how such a species is formed. It is known
from the literature[20] that hydrogen peroxide exists in ace-


tone in equilibrium with the 2-hydroxy-2-hydroperoxypro-
pane (HHPP) adduct [Eq. (1)]:


CH3COCH3 þH2O2 Ð ðCH3Þ2CðOHÞðOOHÞ ð1Þ


At 0 8C, ~75% of the hydrogen peroxide in acetone is
present as HHPP as monitored by NMR spectroscopy.
Given the measured equilibrium constant, we calculate that,
under our reaction conditions (�50 to �90 8C), more than
98% of the peroxide is present as HHPP, which reacts with
the iron(ii) precursor to form the intermediate directly.


In contrast, the reaction of H2O2 and [FeII(N4-
Py)(CH3CN)]


2+ in acetone did not give rise to the HHPP in-
termediate, but instead afforded [FeIII(N4Py)(OOH)]2+ .[15, 21]


The resonance Raman spectra of the intermediate in
CH3OH and acetone are essentially identical (Table 1) and
very similar to that associated with [FeIII(tpa)(OOH)]2+ .
Since pentadentate N4Py and tetradentate tpa only differ in
having an additional pyridine ligand for the former, this ob-
servation suggests that the formation of the HHPP complex
may be enhanced by the presence of a coordination site on
the Fe(tpa) center for the 2-hydroxy group of HHPP to
form a five-membered chelate ring.
While the FeIII–OOC(CH3)2OH intermediate was stable


at �90 8C, warming to room temperature resulted in its
decay to a species that has a multifeatured UV-visible spec-
trum characteristic of [Fe2(m-O)(O2CCH3)(tpa)2]


3+


(Figure 5, gray line).[22] Based on its well-established extinc-


tion coefficients, the (m-oxo)diiron(iii) complex appeared to
be quantitatively formed from the iron(ii) complex. Since no
carboxylate was present at the start of the reaction, it must
be produced in the course of peroxo decay. Electrospray
mass spectrometric analysis confirmed the formation of
[FeIII2O(O2CCH3)(tpa)2]


3+ . When the reaction was carried
out in [D6]acetone, the expected increase of three units in


Figure 4. Resonance Raman spectra of the Fe(tpa)/H2O2 chromophore in
acetone (bottom) and [D6]acetone (top). lex 514.5 nm.


Figure 5. UV-visible spectral changes observed in the conversion of
[FeIII(tpa)(OOC(CH3)2OH)]


2+ to [FeIV(O)tpa]2+ in acetone from �90 to
�50 8C (black lines) and its room temperature decay product [FeIII2(m-
O)(O2CCH3)(tpa)2]


3+ (gray line).
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the mass of the molecular ion of the product was observed
(Figure 6), demonstrating that the acetone solvent was
indeed the source of the acetate bridge. Thus the peroxo in-


termediate must decay by a pathway that results in C�C
bond cleavage of an acetone molecule, presumably the one
incorporated into the HHPP intermediate.
Warming the acetone solution of the FeIII–OOC(CH3)2OH


intermediate from �90 to �50 8C showed the formation of a
new species with lmax at 742 nm with an apparent isosbestic
point at abbout 650 nm (Figure 5). This new species can be
assigned to an [FeIV(O)(tpa)]2+ species on the basis of its
characteristic near IR absorption band. [FeIV(O)(tpa)]2+ was
previously observed to form from the stoichiometric reac-
tion of [FeII(tpa)(CH3CN)2]


2+ and peracetic acid in CH3CN
(lmax=724 nm);


[23] in acetone the corresponding reaction af-
forded an intermediate with a lmax at 738 nm. The red shift
observed is likely due to the substitution of CH3CN as the
sixth ligand with acetone. While the 1:1 stoichiometry of the
peracid reaction strongly suggests that [FeIV(O)(tpa)]2+


forms by O�O bond heterolysis; its formation from the
FeIII–HHPP intermediate must be a result of O�O bond ho-
molysis, as recently reported for the decay of [FeIII-
(tpa)(OOtBu)]2+ in CH3CN.


[24] Like the latter, the conver-
sion of [FeIII(tpa)(OOC(CH3)2OH)]


2+ to [FeIV(O)(tpa)]2+


was significantly accelerated by the addition of pyridine N-
oxide, when it was added after maximal formation of the
HHPP intermediate in acetone at �90 8C (Figure 7). Inter-
estingly, upon the addition of pyridine N-oxide, there was an
immediate blue shift in the absorption maximum of the
HHPP intermediate from 523 to 518 nm followed by its fast
decay to [FeIV(O)(tpa)]2+ (Figure 7); this blue shift probably
reflects the coordination of pyridine N-oxide to the metal
center of the HHPP intermediate prior to its decay.
Analysis of the temperature dependence of the observed


rates for the decay of [FeIII(tpa)(OOC(CH3)2OH)]
2+ and the


formation of [FeIV(O)(tpa)]2+ in acetone afforded activation
enthalpies that are identical within experimental error for
both processes, DH�=54(3) kJmol�1, and DS� values of
�35(13) and �42(12) Jmol�1K�1 at 213 K, respectively
(Figure 8). This observation strongly suggests that the same


rate-determining step connects these two species. The ob-
served DH� value is comparable to that for the decay of
[Fe(tpa)(OOtBu)]2+ in CH3CN (52 kJmol�1).[24]


Taken together, the accumulated information allows us to
postulate a mechanism for the reaction of [FeII(tpa)(OTf)2]
with H2O2 in acetone (Scheme 1). Initially, hydrogen perox-


Figure 6. Electrospray mass spectra of the decay product in the reaction
of [FeII(tpa)(OTf)2] with H2O2 in acetone (solid line) and acetone[D6]
(dashed line). The molecular ion corresponds to the {[Fe2(O)(O2CCH3)-
(tpa)2](OTf)2}


+ ion.


Figure 7. UV-visible spectral changes upon addition of 12 equivalents of
pyridine N-oxide to [FeIII(tpa)(OOC(CH3)2OH)]


2+ in acetone at �90 8C.
Inset: Kinetic trace of the formation of [FeIII(tpa)(OOC(CH3)2OH)]


2+ in
acetone at �90 8C by reacting 1mm [FeII(tpa)(OTf)2] with 3 equivalents
of H2O2 monitored at 523 nm (black lines) and the effect of adding
12 equivalents of pyridine N-oxide after maximal formation of the inter-
mediate (gray line).


Figure 8. Arrhenius plot for the decay of the [FeIII(tpa)(OOC-
(CH3)2OH)]


2+ chromophore in acetone (solid line) and the formation of
[FeIV(O)tpa]2+ (dashed line).
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ide reacts with acetone to form HHPP, which, after oxida-
tion of FeII to FeIII, binds to the iron. The complex formed is
a metastable [FeIII(tpa)(k2-OOC(CH3)2OH)]


2+ species,
which then decays to [FeIV(O)tpa]2+ through homolytic
cleavage with concomitant C�C bond cleavage to form
acetic acid and a methyl radical. Finally, the metastable
high-valent species, [FeIV(O)tpa]2+ , decays to form [FeIII2(m-
O)(O2CCH3)(tpa)2]


3+ with incorporation of acetate derived
from acetone.


Catalysis at room temperature : The observation of distinct
peroxo intermediates documented above at low temperature
in CH3CN and acetone raises the question of what impact
these differences may have on the oxidation catalysis by the
Fe(tpa)/H2O2 combination at room temperature. In particu-
lar, the demonstrated formation of a peroxoacetone inter-
mediate at low temperature and its subsequent homolysis to
form an [FeIV(O)(tpa)] species resembles more the chemis-
try of the Fe(tpa)/tBuOOH combination in CH3CN


[24] than
that associated with the Fe(tpa)/H2O2 combination in
CH3CN, from which a [FeV(O)OH(tpa)] oxidant is proposed
to form during catalysis.[13,14]


Table 3 compares the catalytic activity of the Fe(tpa)/
H2O2 combination in CH3CN and acetone with cyclohexane,
cis-1,2-dimethylcyclohexane, and cyclooctene as probe sub-
strates, together with corresponding Fe(tpa)/tBuOOH re-
sults in CH3CN. It is clear that the conversion efficiency of
H2O2 into products in acetone is about half of that in
CH3CN. This lower catalytic efficiency can be attributed to
the formation of [FeIII2O(O2CCH3)(tpa)2]


3+ as a byproduct
in the acetone reaction, as observed at low temperature
(Figure 5). The formation of the catalytically inactive
[FeIII2O(O2CCH3)(tpa)2]


3+ is clearly evidenced by the ap-
pearance of its characteristic visible spectrum[22] at the end
of the catalytic run.
Interestingly, the product distribution observed for the


Fe(tpa)/H2O2 combination in acetone is quite similar to that
in CH3CN and distinct from that by the Fe(tpa)/tBuOOH
combination in CH3CN. Both the alkane and alkene oxida-
tion products observed for Fe(tpa)/H2O2 in acetone strongly
suggest the dominant participation of a metal-based oxidant,
as in the case of the Fe(tpa)/H2O2 combination, rather than
that of an alkoxy radical that derives from O�O bond ho-
molysis, as in the case of the Fe(tpa)/tBuOOH combina-
tion.[25,26]


As shown in Table 3, the hy-
droxylation of cyclohexane in
acetone afforded an alcohol/
ketone (A/K) ratio of 3.5, and
the hydroxylation of the terti-
ary C�H group on cis-1,2-dime-
thylcyclohexane occurred with
93% retention of configuration,
values approaching those of
Fe(tpa)/H2O2 in CH3CN. In
contrast, the corresponding re-
actions with the Fe(tpa)/


tBuOOH combination resulted respectively in an A/K ratio
close to 1 and significant loss of configuration of the tertiary
alcohol product, consistent with the formation of a long-
lived alkyl radical. This long-lived radical is trapped by O2


to afford the radical chain autoxidation products observed
in air. Thus as in CH3CN, alkane hydroxylation by Fe(tpa)/
H2O2 in acetone still appears to be carried out by a high-
valent metal–oxo oxidant that generates a short-lived alkyl
radical, which is quickly trapped in a rebound step. Similar
observations have been made by Feringa and co-workers in
their comparison of the catalytic behavior of the isomeric
Fe(N3Py-Me) complex in the two solvents with respect to
alkane hydroxylation.[10]


The cyclooctene oxidation results in acetone also argue
against the involvement of free alkoxyl radicals in the oxida-
tion mechanism. The Fe(tpa)/H2O2 combination in acetone
gave rise to cyclooctene oxide and cis-cyclooctane-1,2-diol
as the major products in a ~1:1 ratio, just as in CH3CN.


Scheme 1.


Table 3. Comparison of the reactivity of FeII(tpa)/ROOH combinations
in CH3CN and acetone.[a]


Fe(tpa)/
H2O2


Fe(tpa)/
H2O2


Fe(tpa)/
tBuOOH


CH3CN
[b] acetone CH3CN


[c]


cyclohexane
alcohol (A) TON 2.7 1.4 1.9 (4.0)[d]


ketone (K) TON 0.5 0.4 2.2 (n.d.)[d]


A/K 5 3.5 0.8[d]


cis-1,2-dimethylcyclohexane
38-ol TON[e] 3.8 0.9 1.6 (1.9)
%RC >99% 93% 25% (39%)
cyclooctene
epoxide TON 3.4 1.8 4.6 (0.4)[f]


%RC >99% >92% 98% (>90%)
cis-1,2-diol TON 4.0 1.7[g] n.d.
%RC >99% 63%
epoxide/diol 1:1.2 1.1:1
cyclooct-2-en-1-ol
TON


n.d. n.d. n.d.(4.1)


[a] Catalytic oxidations are generally carried out by the introduction of
10 or 20 equivalents oxidant by syringe pump over 21–25 min to a solu-
tion of 0.7mm catalyst in CH3CN or acetone. Results are reported as the
number of turnovers (TON) per 10 equivalents oxidant for comparison
purposes. n.d.=not detected. [b] Results from references [13] and [14].
[c] Values in parentheses obtained from experiments under argon. [d] Re-
sults from reference [25] [e] Secondary alcohols and ketones observed
but not quantified. [f] Several other minor oxidation products were de-
tected. [g] Diols obtained exclusively as the acetonides.
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While epoxidation was highly stereoselective (>92%RC),
there is some loss of stereoselectivity in cis-dihydroxylation
(63%RC). In contrast, cyclooctene oxidation by Fe(tpa)/
tBuOOH in CH3CN gave 4.6 equivalents of epoxide and a
mixture of other minor oxidation products, indicated by the
many small peaks observed in the GC trace. Under argon,
the epoxide yield decreased significantly, and the principal
product observed was the allylic alcohol. The absence of cis-
diol product and the appearance of the allylic hydroxylation
product reflect the involvement of a distinct oxidant for the
Fe(tpa)/tBuOOH combination that gives rise mainly to the
cyclooctenyl radical. (Interestingly, in the case of the
Fe(N3Py-Me) species, cyclooctene oxidation in acetone af-
forded the expected cis-epoxide and the unexpected trans-
diol![10] This surprising switch in stereoselectivity in dihy-
droxylation has not been rationalized and deserves further
examination.).
The observation that the Fe(tpa)/H2O2 combination af-


fords similar oxidation products in acetonitrile and acetone
at room temperature yet exhibits different peroxo inter-
mediates at low temperature suggests that the observed low-
temperature intermediates may not relate to the room-tem-
perature oxidation chemistry. This point has also been
raised by Talsi and co-workers in their unsuccessful efforts
to observe a substrate concentration dependence on the ki-
netics of decay of the [FeIII(tpa)(OOH)]2+ intermediate at
low temperature.[16] However a rate-determining O�O bond
cleavage step could mask the dependence on substrate con-
centration.
Scheme 2 compares the proposed intermediates derived


from O�O bond cleavage for the three Fe(tpa) cases. As
with the FeIII(tpa)–OOtBu intermediate, O�O bond homoly-
sis of the FeIII(tpa)–OOC(CH3)2OH intermediate should
produce the FeIV=O species and an alkoxyl radical. But
unlike the readily diffusible tert-butoxyl radical, the alkoxyl
radical derived from HHPP has a hydroxo group that could
allow this alkoxyl species to remain coordinated to the iron
center during catalysis (intermediate B in Scheme 2). Inter-
mediate B could then effectively be considered as formally
FeV, equivalent to intermediate A. The bound alkoxyl radi-


cal in B could act to abstract a hydrogen atom from cyclo-
hexane to generate an alkyl radical that then readily com-
bines with the nearby iron(iv)–oxo unit to form the alcohol
product with little loss of stereochemistry. Alternatively, B
may lose acetone and convert to intermediate A during
room temperature catalysis. At low temperature, the alkoxyl
radical could decompose by loss of methyl radical to yield
the acetate that eventually bridges the (m-oxo)diiron(iii) unit
obtained in the decay of the oxoiron(iv) species. The possi-
bility for coordinating the 2-hydroxy-2-propoxyl radical
highlights the importance of the available sixth site on the
Fe(tpa) center. When this site is not available as in the case
of the closely related Fe(N4Py)/H2O2 system,[27] the ob-
served products resemble those derived from Fe(tpa)/
tBuOOH and are attributed to the action of HO· and
[FeIV(O)(N4Py)]2+ formed by homolysis of [FeIII(N4-
Py)(OOH)]2+ .


Conclusions


The [FeIII(tpa)(OOH)]2+ intermediate in CH3CN is only the
second iron(iii) hydroperoxide complex to be fully verified
by resonance Raman isotope-labeling experiments to have
an end-on hydroperoxide ligand and corroborates the results
reported for [FeIII(N4Py)(h1-OOH)]2+ .[15] Together these
two complexes establish the Raman spectroscopic signature
for this growing class of complexes relevant to oxygen acti-
vation mechanisms of iron enzymes.[2,3]


However, unlike [FeIII(N4Py)(h1-OOH)]2+ , which is
formed from the reaction of an FeII(N4Py) complex and
H2O2 in either CH3CN or acetone, a distinct species is ob-
tained for the reaction of the FeII(tpa)-type complex and
H2O2 in acetone that is stable only at �90 8C. Spectroscopic
evidence is presented for the first example of an FeIII–{k2-
OOC(CH3)2OH}-type complex. The different outcome is
proposed to arise mainly from the availability of a coordina-
tion site on the tetradentate tpa complex that stabilizes the
proposed peroxoacetone adduct through the formation of a
five-membered chelate ring. These findings serve as a cau-
tionary note for interpreting data for H2O2 intermediates
generated in acetone as a solvent.
At �50 8C, the peroxoacetone intermediate converts to an


FeIV=O species, resembling the species obtained from the
stoichiometric reaction of FeII(tpa) and peracids and from
the decay of the corresponding FeIII–OOtBu intermediate.
Like the latter, the FeIV=O species is formed through the
homolytic cleavage of the [FeIII(tpa){k2-OOC(CH3)2OH}]


2+


intermediate, which is accelerated by pyridine N-oxide.
Indeed the enthalpy of activation obtained for either the
decay of [FeIII(tpa){k2-OOC(CH3)2OH}]


2+ or the formation
of [FeIV(O)(tpa)]2+ , DH�=54(3) kJmol�1, agrees well with
that previously determined for [FeIII(tpa)(OOtBu)]2+ decay
in CH3CN.


[24] Thus this once elusive species turns out to be
easily prepared under the appropriate conditions.
The observed decay of [FeIII(tpa){k2-OOC(CH3)2OH}]


2+


by O�O bond homolysis at low temperature to form
[FeIV(O)(tpa)]2+ and, presumably, the 2-hydroxy-2-propoxyl
radical initially suggests that oxidation catalysis by FeII(tpa)/Scheme 2.
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H2O2 in acetone should resemble FeII(tpa)/tBuOOH in
giving products derived mainly from alkoxyl-radical-initiated
reactions. Instead the products resemble those of FeII(tpa)/
H2O2 in CH3CN, and high stereoselectivity is observed for
the products of cis-1,2-dimethylcyclohexane hydroxylation
and cyclooctene cis-dihydroxylation. These results suggest
that the [FeIV(O)(tpa)]2+/alkoxyl radical combination (inter-
mediate B in Scheme 2) behaves effectively like the
[FeV(O)(OH)(tpa)]2+ species (intermediate A in Scheme 2),
which is proposed to be the oxidant in FeII(tpa)/H2O2 oxida-
tion catalysis in CH3CN. The contrast in catalytic behavior
between FeII(tpa)/H2O2 and Fe


II(N4Py)/H2O2 in either ace-
tonitrile or acetone serves to emphasize how important the
available sixth site is for catalysis. Our observations in ace-
tone thus reveal subtleties and complexities of the FeII(tpa)/
H2O2 reaction landscape that merits further exploration.


Experimental Section


Materials and synthesis : All reagents were purchased from commercial
sources and used as received, unless noted otherwise. CH3CN and
CH2Cl2 were distilled from CaH2 and acetone from MgSO4.


Syntheses of [FeII(tpa)(OTf)2] and [Fe
II(5-Me3-tpa)(OTf)2]: The com-


plexes were synthesized under argon by overnight stirring of equimolar
amounts of [FeII(OTf)2]·2CH3CN


[28] and tpa or 5-Me3-tpa
[29] in CH2Cl2, as


previously described for the tpa complex.[23] Big greenish yellow crystals
were obtained by room temperature vapor diffusion of diethyl ether into
the solutions (ca. 70–80% yield). Elemental analysis calcd (%) for
[FeII(5-Me3-tpa)(OTf)2], C23H24F6FeN4O6S2: C 40.24, H 3.52, N 8.16, S
9.34, F 16.61; found: C 40.31, H 3.70, N 8.18, S 9.40, F 16.51.


Generation of [FeIII(tpa)(h1-OOH)]2+ : Treatment of [FeII(tpa)(OTf)2] in
CD3CN, CH3CN/CD2Cl2 (1:1), or CD3CN/THF (4:1) at �40 8C or lower
with 10 equiv H2O2 (typically 2% by volume in dry solvent) resulted in
the formation of [FeIII(tpa)(OOH)]2+ , which was then fully characterized
by resonance Raman spectroscopy.


Generation of [FeIII(tpa)(k2-OOC(CH3)2OH)]
2+ : Treatment of [FeII-


(tpa)(OTf)2] in acetone at �90 8C with 1.5–3 equiv H2O2 (typically 2%
by volume in dry solvent) resulted in the formation of [FeIII(tpa){OOC-
(CH3)2OH}]


2+ , which was characterized by UV/Vis, EPR, and resonance
Raman spectroscopy.


Physical methods : Electronic absorption spectra were recorded on a
Hewlett–Packard 8453 diode array spectrophotometer (190–1100 nm scan
range) in quartz cuvettes cooled to the desired temperature with an Uni-
soku USP-203 cryostat. Resonance Raman spectra were collected on an
Acton AM-506 spectrometer (2400-groove grating) by using Kaiser Opti-
cal holographic super-notch filters with a Princeton Instruments liquid
N2-cooled (LN-1100PB) CCD detector with 4 cm�1 or 2 cm�1 spectral res-
olution. Spectra were obtained by a back-scattering geometry on liquid
N2 frozen samples using 514.5 nm laser excitation from a Spectra Physics
2030–15 argon ion laser or 568.2 nm using the same argon laser in combi-
nation with a 375B CW dye (Rhodamine 6G). Raman frequencies were
referenced to indene. EPR spectra were recorded on a Bruker EPP 300
spectrometer equipped with an Oxford ESR 910 liquid helium cryostat
and an Oxford temperature controller. Electrospray mass spectra were
taken using a Bruker BioTOF II instrument.


Oxidation catalysis experiments : A solution of either H2O2 or tBuOOH
(70mm, 0.30 mL, 10 equiv/Fe) was added at the rate of 14 mLmin�1 via sy-
ringe pump to a stirred solution of a substrate (1.05 mmol) and [FeII-
(tpa)(OTf)2] (2.1 mmol Fe) in solvent (2.6 mL) at room temperature. For
anaerobic experiments, reactions were performed under argon after de-
gassing all solutions. The dilute H2O2 solutions in CH3CN or acetone
were prepared from 35 wt% aqueous H2O2. The H2O2/acetone solution
was dried over MgSO4 and filtered before use in order to control the
water content. The concentration of the peroxide was not affected by this
drying process, as confirmed by iodometric titration. The dilute tBuOOH


solution in CH3CN was prepared from 70 wt% aqueous tBuOOH. Each
organic substrate (cyclohexane, cis-1,2-dimethylcyclohexane, or cyclooc-
tene) was passed through a short column of basic alumina-I before use.


The reaction solutions were stirred for an additional 5 min after syringe
pumping was complete. For the alkane oxidation reactions, the solutions
were then passed through a short silica column to remove the catalyst.
The column was then washed with 3–4 mL of ethyl acetate. Internal stan-
dard (naphthalene, 13.7mm in CH3CN, 0.50 mL) was added before GC
analysis. At the end of the cyclooctene oxidation reactions, the solutions
were treated with acetic anhydride (0.5–1.0 mL) and 1-methylimidazole
(0.1 mL) to acetylate the diol products for facile analysis, and an internal
standard (naphthalene, 13.7 mm in CH3CN, 0.50 mL) was added. After
15 min of stirring, chloroform and ice were added to the reaction solu-
tion. The organic layer was then washed consecutively with 1N H2SO4,
sat. NaHCO3, and water, dried over MgSO4, and subjected to GC analy-
sis.
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Nanoscopic Fibrous Assemblies Made of Metallophthalocyanine-Terminated
Amphiphilic Polymers


Mutsumi Kimura,*[a, d] Hiroyuki Ueki,[b] Kazuchika Ohta,[b] Kenji Hanabusa,[b]


Hirofusa Shirai,*[b] and Nagao Kobayashi[c]


Introduction


Self-assembly and self-organization of functional molecules
into well-defined structures with nanometer dimensions are
a highly active area of research in chemistry and material
science.[1] These programmed assemblies of molecular units
have great potential for fabricating nanoscale optoelectronic
devices, such as light-emitting diodes (LEDs), sensors, pho-
tovoltaic cells, and field-effect transistors.[2] Many ap-
proaches have been explored for controlling the organiza-


tion of functional molecules into well-defined large-scale ob-
jects.[3] Block copolymers can be organized into nanostruc-
tures that are highly regular in size and shape.[4] Incompati-
bility between different blocks within the polymer is used to
achieve self-organization on the nanometer scale. Stupp
et al. reported the spontaneous generation of mushroom-
shaped nanostructures of triblockcopolymers that consisted
of a diblock coil of oligostyrene and oligoisoprene or oligo-
butadiene covalently attached to a rigid rod-like segment.[5]


Incorporating the functional units into a one-block copoly-
mer could lead to unique functional nanostructures.[6] The
creation of nanostructures complies with the requirement
for performance enhancement of optoelectronic devices.


p-Conjugated disk-like molecules such as triphenylenes,
hexa-peri-hexabenzocorones, porphyrins, and phthalocya-
nines have attracted special interest for use in organic elec-
tronic devices.[7] These disklike molecules can be assembled
into long one-dimensional columnar aggregates through
their strong intermolecular p–p stacking. The columnar ag-
gregates show highly efficient hole mobilities approaching
1 cm2V�1 s�1.[7a] Controlling the self-organization of disklike
molecules would enable the construction of supramolecular
wires or cables capable of transporting electrons or holes
parallel to a columnar axis. In this paper we describe the
synthesis and self-organizing properties of metallophthalo-
cyanine-terminated polymers. The introduction of a polymer
chain might affect the organization of disklike phthalocya-
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Abstract: Atom-transfer radical poly-
merization (ATRP) of acrylates from
the initiator-modified zinc phthalocya-
nine yielded amphiphilic, phthalocya-
nine-terminated polymers with a
narrow molecular-weight distribution.
The disklike phthalocyanine moiety
was incorporated into one end of the
polymer chain. We investigated the ag-
gregation behavior of phthalocyanine-
terminated polymers in solution and in
the solid state by using UV-visible, FT-
IR, differential scanning calorimetry


(DSC), and temperature-controlled
powder X-ray diffraction (XRD) mea-
surements. Amphiphilic phthalocay-
nine-terminated polymers that possess
a poly[tri(ethylene glycol)methyl ether
acrylate] chain aggregate in methanol
to form a physical gel. Images from


atomic force microscopy (AFM) and
transmission electron microscopy
(TEM) indicate that the physical gel
contains a dense fibrous network struc-
ture, in which the zinc phthalocyanine
groups were stacked into one-dimen-
sional columnar aggregates through in-
termolecular p–p interactions between
the p-conjugated phthalocyanines and
through van der Waals interaction of
alkyl chains.


Keywords: living polymerization ·
nanostructures · phthalocyanines ·
self-assembly · supramolecular
chemistry
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nine molecules. Phthalocyanines and their metal complexes
have been incorporated into macromolecular structures as a
side group, in the main chain, and in a polymeric network.[8]


However, there have been few reported examples of the
polymers containing a terminal phthalocyanine group.[9]


McKeown and co-workers reported on the liquid crystalline
properties of asymmetric phthalocyanines with one poly-
(ethylene glycol) chain.[9a] Controlled living-radical polymer-
ization from a terminal phthalocyanine has not been applied
to phthalocaynine-containing polymers. Within the living
polymerization methods, atom-transfer radical polymeriza-
tion (ATRP) developed by Matyjaszewski and co-workers is
a versatile method for preparing well-defined polymers with
a narrow molecular-weight distribution (1.0<Mw/Mn<


1.5).[10] ATRP has been recently used for synthesizing func-
tional polymers with functional initiators.[11] We synthesized
the amphiphilic polymers by using a phthalocyanine initiator
through ATPR. The p–p stacking among the terminal
phthalocyanine groups provides a driving force for self-or-
ganization of polymers. We report on the formation of nano-
fibers through self-organization of the phthalocyanine-termi-
nated polymers.


Results and Discussion


Syntheses of phthalocyanine-terminated polymers : Unsym-
metrical zinc phthalocyanine (ZnPc) 3 was prepared by
using a mixed tetracyclization of 1,2-dicyano-4,5-didodecyl-
oxybenzene and 1[12] in a 3:1 molecular ratio in the presence
of ZnCl2 as shown in Scheme 1. After cleavage of the tetra-


hydorpyran (THP) group by p-toluenesulfonic acid (TsOH),
the required unsymmetrical ZnPc 2 was separated by
column chromatography as a second fraction. Reaction of 2-
bromoisobutyryl bromide with the hydroxy group in 2 gave
the bromo ester (3), which acted as an initiator for the
ATRP. ZnPcs 2 and 3 were characterized by MALDI-TOF
MS, and FT-IR and 1H NMR spectroscopy. The copper-
mediated ATRP of butyl acrylate (BA) or tri(ethylene gly-
col)methyl ether acrylate (TEGA) was carried out with 3 by
using the method reported by Matyjaszewski and
co-workers.[13] In this study, we used N,N,N’,N’,N’’-
pentamethyldiethylenetriamine (PMDETA) as a ligand for
the ATRP polymerization, starting from the initiator-modi-
fied ZnPc 3. Purification of the reaction mixture by gel per-
meation chromatography (GPC; Bio-Beads SX-1, 200–
400 mesh, eluting with THF) to remove the catalyst and the
low molecular-weight products resulted in ZnPc-terminated
polymers 4 and 5. The number-averaged molecular-weights
(Mn) of 4 and 5 were estimated by GPC, 1H NMR, and UV-
visible analyses. GPC analyses for 4 and 5 yielded values of
Mn of 9000 and 6200, respectively. The polydispersity indices
(PDI) of 4 and 5 were 1.20 and 1.14, respectively, which is
consistent with a controlled/living polymerization of acryl-
ates from the initiator-modified terminal ZnPc group.[13] The
GPC profile detected by the RI detector was in agreement
with that detected by the UV-visible detector monitored at
370 nm, indicating that polymers 4 and 5 did not contain
free polymers that lacked the terminal ZnPc group. Figure 1


shows the 1H NMR spectrum of 5 in CDCl3. The weight
fractions were obtained from NMR spectroscopic data by
comparing the resonance signals in the aromatic part of the
terminal ZnPc group (d=8.8 ppm) with those of the methyl
protons of TEGA (d=3.3 ppm). The molecular weights of 4
and 5 determined by the 1H NMR analysis were 9200 and
6900, respectively. The number-average degree of polymeri-
zaiton of TEGA units in 5 was estimated to be about 20 by
the 1H NMR analysis. The absorption spectra of 4 and 5 ex-Scheme 1.


Figure 1. 1H NMR spectrum of the zinc phthalocyanine-terminated poly-
mer 5 in CDCl3.
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hibited a sharp Q-band at 678 nm in CH2Cl2. The molecular
weights, estimated from the absorbance of the Q-band using
a molecular absorption coefficient of 3 (loge=
5.38m�1 cm�1), were 9300 and 7200, respectively. The esti-
mated molecular weights of 4 and 5 from the 1H NMR and
UV-visible analyses were in relatively good agreement with
those determined by the GPC analysis. The ATRP of acryl-
ates from the initiator-modified ZnPc 3 allowed the con-
struction of disk–coil block copolymers composed of a zinc
phthalocyanine (disk) and a flexible poly(acrylate) (coil)
block.


Thermal properties : The comparative thermal properties of
2, 4, and 5 were investigated by using differential scanning
calorimetry (DSC) and temperature-controlled X-ray dif-
fraction (XRD) measurements. Phthalocyanines and their
metal complexes substituted with flexible alkyl chains form
a major class of discotic liquid crystalline materials.[14] The
DSC trace of 2 exhibited one transition peak at 123 8C,
which corresponded to the transition from a crystalline to a
liquid crystalline mesophase (Figure 2), in the second heat-


ing run. Since the sample did not form an isotropic liquid, it
was impossible to characterize the mesophase structure by
using temperature-controlled polarizing optical microscopy.
The solid structures of 2 at room temperature and at 150 8C
were established from the temperature-controlled XRD
measurements. The XRD diagram of 2 at room temperature
displayed many deflections in the small angle region, which
indicated a crystallization of alkyl chains (Figure 3a). Above
the transition point observed in DSC, an intense reflection
peak appeared at 2.76 nm, which could be attributed to the
(100) reflection of a hexagonal columnar mesophase (Fig-
ure 3b). Two small diffractions signals at 1.59, and 1.39 nm
were related to the (110) and (200) reflections, respectively.
The lattice constant of the hexagonal columnar mesophase
was estimated as 3.19 nm from these reflection values. Fur-
thermore, the broad and diffuse halo at around 0.43 nm was
ascribed to the liquidlike disorder in the alkyl chains. A
peak was also observed at around 0.34 nm due to the aver-
age stacking distance among the phthalocyanine rings within
the columnar aggregates. These results suggested that the
asymmetric zinc phthalocyanine 2 could assemble into one-
dimensional columnar aggregates driven by intermolecular
p–p interactions.


The DSC trace of the disk–coil polymer 4 exhibited only
a glass transition temperature (Tg) at �52 8C over the range
�100 to 250 8C, suggesting that 4 was amorphous. In addi-
tion to Tg at �60 8C of the poly(TEGA) block, polmer 5
shows two other transition points at 38 and 164 8C
(Figure 2). The XRD pattern of 5 at room temperature
showed many reflection peaks in positions similar to those
found for 2 (Figure 3a). These peaks disappeared above
38 8C, indicating the melting of alkyl side chains in the ter-
minal phthalocaynine group. The FT-IR spectra of the thin
film of 5 at various temperatures were measured with a tem-
perature-controlled infrared microscope. The CH2 antisym-
metric nas(CH2) and symmetric ns(CH2) stretching vibration
frequencies reflect the conformation of the alkyl chains,[15]


absorb around 2920 and 2850 cm�1, respectively. Figure 4
shows the temperature dependence of nas(CH2) and ns(CH2)
stretching vibration frequencies. Two bands showed a shift
to higher frequencies above the transition point, also indi-
cating the conformational change of alkyl chains. From
these results, the transition point at 38 8C could be ascribed
to the transition from a crystalline phase to a mesophase.
The transition point was 85 8C lower than that for the parent
molecule 2. Furthermore, small-angle X-ray scattering


Figure 2. DSC traces for the second heating of 2 and 5 at 10 8Cmin�1.


Figure 3. XRD patterns of 2 and 5 at a) room temperature and b) 150 8C.
The inset in b) shows the SAXS curve of 5 at 150 8C.


Figure 4. Temperature dependence of the nas(CH2) and ns(CH2) band
peak position for 5.


F 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 4954 – 49594956


FULL PAPER M. Kimura, H. Shirai, et al.



www.chemeurj.org





(SAXS) reflections indicated a d-spacing of 3.40 nm at
150 8C. The observed SAXS reflection was related to the or-
dering of the columnar aggregates. Polymer 5 appeared as a
viscous solid up to 160 8C under the temperature controlled
optical microscope, which also suggested that the solid in-
cluded columnar aggregates. The viscosity was lost above
160 8C due to the dissociation of columnar aggregates. The
terminal phthalocyanine groups were phase-segregated
within 5, which has a poly(TEGA) coil, and formed colum-
nar aggregates by non-covalent stacking. The poly(BA)
chain in 4, however, inhibited the assembly of terminal
phthalocyanine groups.


Aggregation behavior of phthalocyanine-terminated poly-
mers : The aggregation behavior of the phthalocyanine-ter-
minated polymer 5 in solution was studied by using UV-visi-
ble spectroscopy. Figure 5a shows the UV-visible spectra of


a diluted solution of 5 in CH2Cl2 (0.1 mgmL
�1), and a mix-


ture of CH2Cl2 and methanol. The UV-visible spectrum in
CH2Cl2 had a strong sharp peak at 678 nm that is character-
istic of nonaggregated zinc phthalocyanines. When methanol
was admixed, the Q-band was broadened, and the maximum
was blue-shifted. This spectral change indicated that the ag-
gregates were formed in polar solutions by stacking among
terminal zinc–phthalocyanine groups.
Stacking interactions in 5 could result in the formation of


large aggregates. To investigate the formation of these ag-
gregates, we prepared several samples of different concen-
trations in methanol. When 5 was dissolved above a concen-
tration of 10 mgmL�1 in hot methanol (55 8C) and was then
allowed to cool at 25 8C, a firm gel was formed. The gelation
was found to be thermoreversible. The melting point of the
methanol gel of 5 was 48 8C. This melting point almost
agrees with the transition temperature, which corresponded
to the melting of alkyl side chains of terminal ZnPc group
as observed in the DSC analysis of 5 in the solid state. Fig-
ure 5b shows the absorption spectra of the methanol gel of 5
recorded at 25 and 50 8C. The gel of 5 at 25 8C showed a
broad Q-band at 610 nm with a shoulder peak around
750 nm. When the gel was melted above 50 8C, this shoulder


peak disappeared. The absorption spectrum provided infor-
mation about the type of aggregated structure, such as cofa-
cial (face-to-face), edge-to-edge, and herringbone conforma-
tions.[16] Compared with the diluted solution spectrum in
CH2Cl2, the Q-band of the methanol gel was broad and
shifted to a shorter wavelength, indicating that the phthalo-
cyanines form columnar aggregates. Furthermore, the con-
formations of the phthalocyanine stacks were different be-
tween 25 and 50 8C. The presence of shoulder peak in the
gel state suggested that the phthalocyanines were stacked in
an eclipsed conformation, as illustrated in Figure 7. The
melting of the alkyl side chain resulted in a change from the
eclipsed conformation to the cofacial conformation.


Figure 6a shows the AFM image of the methanol gel,
which was transferred onto a mica substrates.[17] At a con-
centration of 10 mgmL�1, polymer 5 showed dense fibrous
network structures with a length of several micrometers and
a height of about 10 nm. Formation of these fibrous struc-
tures was not observed in samples with low concentration.
Judging from the molecular dimensions of 5, as estimated
from the computer-generated molecular model, fibrous
structures observed by AFM would be composed of bundles
of numerous columnar aggregates. The morphology of the
aggregates was also examined by transmission electron mi-
croscopy (TEM). The sample prepared from the methanol
gel of 5 displayed a fibrous structure built up of many rod-
like structures with a width of approximately 5 nm (Fig-
ure 6b). These rods were orientated almost to the fiber axis.
By contrast, spreading a solution of 5 in CH2Cl2
(10 mgmL�1) onto a mica substrate resulted in the forma-
tion of a rough surface (Figure 6c). The mean height of pro-
trusions from the lowest surface was about 15 nm. Further-


Figure 5. a) Absorption spectra of 5 in CH2Cl2, CH2Cl2/methanol (6:4 v/v
and 3:7 v/v), and methanol. The inset shows the absorbance change of Q
bands of 5. b) Absorption spectra of 5 in methanol at 25 8C (solid line)
and 50 8C (dashed line).


Figure 6. a) AFM image and b) TEM image of a methanol gel of 5
(10 mgmL�1). AFM images of c) 5 and d) 4 prepared from a homoge-
neous solution in CH2Cl2 (10 mgmL


�1).
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more, polymer 4 gave an AFM image of spherical and ill-de-
fined aggregates (Figure 6d).
Recently it has been shown that many organic compounds


can form physical gels through self-assembly processes by
using intermolecular hydrogen bonds, p–p interactions,
donor–acceptor interactions, and electrostatic interactions.[18]


These molecules are assembled into flexible fibers and par-
tial cross-linking of these fibers results in a physical gelation.
Furhop and co-workers succeeded in constructing micellar
fibers by spontaneous organization of amphiphilic unsym-
metrical porphyrins with chiral carbohydrate groups in
aqueous media.[19] Nolte et al. reported the physical gelation
phenomena of phthalocyanine derivatives that possess one
central phthalocyanine core, four crown ether rings, and
eight hydrocarbon chains.[20] The rigid porphyrin or phthalo-
cyanine moieties acted as a skeleton for fiber formation.[21]


From the AFM and TEM images, we might conclude that
the amphiphilic phthalocyanine-terminated polymer 5 self-
assembled into fibrous aggregates, which included the co-
lumnar stacks of terminal ZnPc groups.


Conclusion


New ZnPc-terminated amphiphilic polymers have been suc-
cessfully synthesized through atom-transfer radical living
polymerization from initiator-modified ZnPc. Living poly-
merization produced disk–coil block copolymers with
narrow molecular-weight distributions. We also demonstrat-


ed that amphiphilic ZnPc-terminated polymer 5 could form
fibrous aggregates in methanol through spontaneous self-as-
sembly processes. The p–p and van der Waals interactions
have been shown to be the main driving forces for the or-
ganization of amphiphilic polymer, which contained one-di-
mensional columnar aggregates of terminal ZnPc groups.
The mechanistic pathways of the self-organization processes
are as postulated in Figure 7. We believe that these nano-
scopic fibers, which possess potential energy- and electron-
conducting assemblies, will open new possibilities for con-
structing new molecular devices.


Experimental Section


General : NMR spectra were recorded on a Bruker AVANCE 400 FT-
NMR spectrometer operating at 399.65 MHz for 1H and 13C, respectively,
in CDCl3. Chemical shifts are reported relative to internal TMS. IR spec-
tra were obtained on a JASCO FS-420 spectrometer as KBr pellets. UV-
visible and fluorescence spectra were measured on a JASCO V-570 and a
JACSO FP-750. MALDI-TOF MS spectra were obtained on a PerSeptive
Biosystems Voyager DE-Pro spectrometer with dithranol as matrix. GPC
analyses were carried out with a JASCO HPLC system (pump 1580, UV
detector 1575, and refractive index detector 930) and a Showa Denko
GPC KF-804 L column (8.0L300 L2 mm, polystyrene standard M=900–
400000 gmol�1) in THF as an eluent at 35 8C (1.0 mLmin�1). X-ray dif-
fraction (XRD) patterns were measured with CuKa radiation on a Rigaku
Geigerflex diffractometer.


Atomic force microscopy images were acquired in noncontact mode by a
Thermomicroscope Explorer AFM system. The samples for AFM were
obtained by spin-coating films on a freshly cleaved mica substrate from
solutions of 4 and 5 in CH2Cl2 (10 mgmL


�1). The sample for the gel was
prepared by the gel-transfer method. The mica substrate was pressed
against the gel surface for 10 min. The substrate was detached from the
gel surface and observed by AFM. The specimens for TEM were pre-
pared by freeze-drying a methanol gel of 5 onto amorphous carbon-
coated copper grids (400 mesh). The grids were observed in a JEOL
JEM-2010 electron microscope at an acceleration voltage of 200 kV with-
out any staining.


Materials : All chemicals were purchased from commercial suppliers and
used without purification. All solvents were distilled before each proce-
dure. Adsorption column chromatography was performed using silica gel
(Wakogel C-200, 200 mesh). Analytical thin-layer chromatography was
performed on commercial Merck plates coated with silca gel 60 F254 or
aluminum oxide 60 F254.


Compound 2 : A mixture of 1 (0.2 g, 0.67 mmol), 1,2-dicyano-4,5-di(dode-
cyloxy)benzene (1.0 g, 2.0 mmol), and ZnCl2 (0.18 g, 1.3 mmol) in 2-(di-
methylamino)ethanol (10 mL) was stirred and slowly heated. The mix-
ture was refluxed under a nitrogen atmosphere for 72 h. After the mix-
ture was cooled, methanol (50 mL) was added, and the resulting precipi-
tate was filtered off. The residue was treated with p-toluenesulfonic acid
monohydrate (0.3 g) in mixed solution of methanol and CH2Cl2 (10 mL,
1:2 v/v) to remove tetrahydro-2H-pyran. The solvent was removed under
reduced pressure, and the residue was washed off with methanol. Com-
pound 2 was purified by column chromatography (silica gel, CHCl3/meth-
anol 9:1 v/v). TLC: Rf=0.45 (CHCl3/methanol 9:1 v/v); yield 12%;
1H NMR (400.1 MHz): d=8.19 (br s, 8H; ArH), 5.74 (br s, 1H; OH), 4.58
(m, 14H; ArOCH2), 3.98 (t, 2H; CH2OH), 3.45 (s, 3H; ArOCH3), 2.18
(br t, 12H; OCH2CH2), 1.2–1.7 (m, 108H; CH2), 0.90 ppm (t, 18H; CH3);
MALDI-TOF MS (dithranol): m/z (%): 1772 (10) [M++H].


Compound 3 : 2-Bromo-2-methylpropionyl bromide (0.1 mL, 0.81 mmol)
was added drop by drop to a solution of 1 (30 mg, 17.0 mmol) and tri-
ethylamine (1.0 mL) in CH2Cl2 (20 mL) at 0 8C under an argon atmos-
phere. The solution was stirred for 2 h at 0 8C and then at room tempera-
ture for one night. The completion of the reaction was checked by TLC
(silica gel; Rf=1 (CHCl3)). Triethylamine hydrobromide was filtered off,
and the solution was evaporated. The crude product was purified by


Figure 7. Schematic illustration of the formation of nanoscopic fibrous as-
semblies of zinc–phthalocyanine-terminated polymer 5 in methanol.
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column chromatography (silica gel, CHCl3). Yield 82%; 1H NMR
(400.1 MHz): d=8.76 (br s, 8H; ArH), 4.52–4.65 (m, 14H; ArOCH2),
4.12 (br t, 2H; -CH2OC(O)-), 3.46 (s, 3H; ArOCH3), 2.17 (br t, 12H;
OCH2CH2-), 1.89 (s, 6H; CH3), 1.2–1.8 (m, 108H; CH2), 0.89 ppm (t,
18H; CH3); FT-IR (KBr): ñ1740 cm�1 (C=O); MALDI-TOF MS (dithra-
nol): m/z (%): 1919 (100) [M++H].


Polymerization : A solution of 2 (20 mg, 10.4 mmol), PMDETA (22 L,
10.4 mmol), and acrylate (BA or TEGA 1.25 mmol) in degassed toluene
(3.0 mL) was added to a dry glass tube charged with CuBr (1.5 mg,
10.4 mmol). Three freeze-pump-thaw cycles were performed, and the tube
was sealed under vacuum and placed in an oil bath under thermostat
control at 70 8C for 4 h. After 4 h, the polymerization was stopped by
cooling the tube into ice-water. The tube was opened and the contents
dissolved in THF. The resulting polymers were purified by gel perme-
ation chromatography (Biorad Biobeads SX-1, THF).


Compound 4 : Conversion 38%; Mn=9000, PDI=1.20 (determined by
GPC analysis); UV/Vis (CH2Cl2): lmax=678, 331 nm; 1H NMR
(400.1 MHz): d=8.7 (ArH), 4.2–4.6 (-OCH2, -CH2OC(O)-), 3.7 (-OCH3),
2.2 (-OCH2CH2-, -CH2-), 12–1.7 (CH2), 0.9 ppm (CH3).


Compound 5 : Conversion 30%; Mn=6200, PDI=1.14 (determined by
GPC analysis); UV/Vis (CH2Cl2): lmax=678, 332 nm; 1H NMR
(400.1 MHz): d=8.8 (ArH), 4.3–4.6 (-OCH2), 4.2 (-CH2OC(O)-), 3.7
(-OCH2CH2-), 3.5 (-OCH2CH2-), 3.3 (-OCH3), 2.2 (-OCH2CH2-, -CH2-),
12–1.7 (CH2), 0.9 ppm (CH3).
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The Mechanism of Formation of Amide-Based Interlocked Compounds:
Prediction of a New Rotaxane-Forming Motif


David A. Leigh,*[a] Alessandro Venturini,*[b] Andrew J. Wilson,[a]


Jenny K. Y. Wong,[a] and Francesco Zerbetto*[c]


Introduction


In 1992 Hunter reported[1] the chance discovery of the first
of what would prove to be a remarkably structurally diverse
family of amide-based interlocked molecular species.
Amide-based catenanes,[2–23] for example, cat(1),[11] are
formed during the multicomponent condensations of aro-
matic (usually 1,3-) diacid chlorides and hindered bianilines
or benzylic diamines in nonpolar solvents (Scheme 1). Also
formed in the reactions are the corresponding un-inter-
locked macrocycles (of various sizes), linear oligomers, and,
at least in some cases,[21,24–26] topologically nontrivial knots.


Several features of the reactions are particularly worthy
of note:


1) Catenanes are only formed in relatively nonpolar sol-
vents (e.g., CHCl3, CH2Cl2, chlorobenzene). The use of
more polar solvents (e.g., acetone, DMF) gives rise only
to macrocycles and linear oligomers.


2) Although the reaction is remarkably structurally toler-
ant, some acid chlorides (e.g. 2,4,5,6-tetrafluorobenzene
1,3-diacid chloride[12]) do not form catenanes, yielding
only macrocycles and linear oligomers. The amount of
catenane and macrocycle formed, and also their ratio,
varies depending on the structures of the particular acid
chlorides and amines used.


3) Except in special cases,[21] the only macrocycles formed
in appreciable quantities during the reactions are those
resulting from 2+2 (major) and 4+4 (minor) condensa-
tions of the bis-acid chloride and bis-amine. The 3+3
macrocycle is only formed in trace amounts.


4) In the presence of suitable stoppered threads (e.g., 1,3-
diamides,[27] peptides,[28–31] fumaramides,[32–34] bis-nitro-
nes,[35] etc.) the catenane-forming reactions also yield ro-
taxanes. In such cases, considerably more of the 2+2
macrocycle is produced in total (in the combined forms
of “free” 2+2 macrocycle, rotaxane, and catenane) in
these reactions than is formed in the absence of the
thread.[27]


5) Other acyl leaving groups (activated esters, anhydrides,
isocyanates, etc.) also work in the reaction, but acid
chlorides give the highest yields of catenanes.
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Abstract: Molecular modeling of four
different reagent systems shows that
the (free) energies of supramolecular
interactions in the gas phase and in so-
lution can explain the different reac-
tion products (i.e., various sized macro-
cycles, catenanes, and linear oligomers)
that are formed in classic amide-cate-
nane-forming reactions. Self-assembly


of the catenanes requires the formation
of ordered intertwined chains and is
driven by bifurcated hydrogen bonds,
with p stacking only playing a lesser


role. The understanding gained from
the computational study was used to
predict the possibility of a new rotax-
ane-forming system that does not
permit catenane formation. The predic-
tions were confirmed by the successful
synthesis and characterization (includ-
ing X-ray crystallography) of two novel
rotaxanes.


Keywords: catenanes · molecular
modeling · reaction mechanisms ·
rotaxanes · self-assembly
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6) Bifurcated hydrogen bonds and quadruple p stacks of
aromatic rings are seen extensively throughout the crys-
tal structures of the mechanically-interlocked prod-
ucts.[4,11,13, 28–32,36–40]


Despite the many examples that have been reported over
the past decade, mechanistic explanations of the reaction
have proved unsatisfactory. Particular stereochemical out-
comes have been “explained” by invoking what are at best
unlikely chemical arguments, including the preferential ori-
entation of a simple guest in a virtually symmetrical macro-
cycle binding site,[3] or the binding of functional groups,[5] for
example, acid chlorides, which are known to be poor hydro-
gen bond acceptors[41] (and have since been shown not to
bind strongly to these types of amide-based macrocycles as
an isolated functional group type[28,42]). Here we describe a
computational study that provides a clear basis for the gen-
eral reaction mechanism and explains the observations
listed above. The proposed mechanism can be used to ra-
tionalize experimentally observed departures from the
“standard” product distribution and to predict new strat-
egies for hydrogen-bond-directed synthesis. In particular, a
new hydrogen-bond motif for rotaxane formation—indeed,
one that does not permit catenane formation!—is predicted
and successfully demonstrated.


Nomenclature : In its simplest
form, the amide-based cate-
nane-forming reaction involves
an aromatic 1,3-diacid chloride,
for example, isophthaloyl di-
chloride, and a diamine, for ex-
ample, xylylene diamine. To
simplify the discussion, the fol-
lowing notation is used: The
two basic units are labelled A
for diamino fragments and B
for the diacyl units. Open
oligomers are indicated by a
string of letters such as ABAB.
Terminal A and B residues
possess amine and acid chlo-
ride end groups, respectively.
Adjacent A and B units are
connected by an amide bond.
A hyphen is used to denote a
supramolecular adduct of two
species, for example, ABAB-
AB. The 2+2 macrocycles are
abbreviated to macro, 3+3
macrocycles to 3+3mac, 4+4
macrocycles to 4+4mac, and
the catenanes to cat. The inter-
mediates and products arising
from a particular reaction pair-
ing are indicated by parenthe-
sized suffices 1 to 4. For exam-
ple, ABAB-AB(1) is the supra-
molecular complex of the open
chain tetramer and the AB


fragment of 1; analogously ABAB-AB indicates the same
system for all four species. The nomenclature system used is
bifrontal (unlike peptide or nucleic acid sequences), that is,
BABA=ABAB.


Method : A combination of reversible (the formation of indi-
vidual weakly bonding interactions, p stacks, and hydrogen
bonds, various conformational and co-conformational
changes) and irreversible (covalent amide bond formation)
steps controls 1) the build up of linear fragments (A+B!
AB; AB+AB!ABAB; AB+B!BAB etc), 2) the first
ring closure to form the 2+2 macrocycle (ABAB!macro)
and, where possible, the subsequent interlocking to form the
catenane (ABAB-macro!cat).


Four different pairs of reactants were selected for study
because they lead to different product distributions
(Scheme 1): reactant pair 1: 1,4-xylylenediamine, benzene-
1,3-diacid chloride; reactant pair 2 : 1,4-xylylenediamine, 5-
bromobenzene-1,3-diacid chloride; reactant pair 3 : 1,4-xyl-
ylenediamine, 2,4,5,6-tetrafluorobenzene-1,3-diacid chloride;
reactant pair 4 : 1,3-xylylenediamine; benzene-1,4-diacid
chloride.


The product distributions for three (1–3) of the reagent
pair systems have previously been reported.[11,12] The fourth
reagent system (4), reversing the regiochemistry of the


Scheme 1.
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amines and acid chlorides on the aromatic rings, yields mac-
rocycle but no catenane and has not previously been de-
scribed.


The observation[27] that in the presence of a suitable
thread, considerably more macrocycle is produced than in
the simple catenane-forming reaction, suggests that the first
macrocyclization (ABAB!macro) benefits from the activity
of a template (i.e., ABAB-X!macro-X). X could potential-
ly be a reactant, such as the initial diamine (A) or acid chlo-
ride (B), a reaction by-product such as chloride ion, a reac-
tion intermediate made up of an open chain sequence of A
and B units, or a combination of these things. Since the
second cyclization step, interlocking, proceeds in much
higher yields than could be accounted for by nonassisted
statistical threading,[43,44] it clearly proceeds via a supra-
molecular macro-ABAB precursor. Both the ABAB-X type
and the macro-ABAB adducts owe their stability to supra-
molecular interactions, which must provide a driving force
able to overcome processes that compete with the two ring
closures. These include the uncoiling of reaction intermedi-
ate chains, the unthreading of the ABAB fragment from the
macrocycle, and the formation of longer chains (oligomer
and polymer formation).


Computational background : We examined all of the 29 sets
of bimolecular adducts that could feature during the course
of each reaction and the seven sets of molecular fragments
that make up the supramolecular adducts. Together these
span all the possible variations (open chains and rings) that
might arise along the catenane-forming pathway from the
individual reactants to the macrocycle–tetramer supramolec-
ular complex, which is the immediate precursor of catenane
formation. Two adducts containing pentamers were also
considered to assess the potential for the polymerization of
the reactions.


The co-conformation of each pair and the conformation
of its components was “simulated annealed” to locate the
most stable structure within the MM3* molecular mechanics
procedure implemented in the Macromodel program.[45]


MM3* is similar to the MM3 procedure[46] that has found
wide application[35,40, 47] to treat the properties of this class of
molecules. The two force fields differ in some technical de-
tails:


1) The electrostatic equation—MM3* uses partial charges
and CoulombAs law, while MM3 uses bond dipoles and
JeanAs equation.


2) The out-of-plane bending equation—MM3* uses an im-
proper torsion, while MM3 uses a pyramidalization dis-
tance.


3) The p-electron conjugation—MM3* parameterizes the
bond orders, while MM3 calculates them by a self consis-
tent field, SCF, procedure. Bypassing the SCF procedure
results in a considerable reduction in computer time and
is, in fact, the only practical way of carrying out the re-
quired simulated annealing study.


4) The way amides are parameterized was modified. De-
fault parameterization was used so that in the amide
group, the C=O and NH fragments were considered sep-


arately. We have previously found that this approach is
important in order to accurately reproduce experimental
data for the structure and dynamics of benzylic amide
macrocycle-containing catenanes and rotaxanes.


All the calculations were performed both with and with-
out an implicit solvent model,[48–50] which was used to simu-
late the presence of CHCl3. Both the energy and the free
energy, DG298, were calculated [Eq. (1)]:


DG298 ¼ EðMMþÞ�RT lnQ ð1Þ


In Equation (1) Q is the nuclear motion, that is, the vibra-
tional, partition function. Occasionally, the vibrational con-
tribution modified the order of stability of the most stable
isomers. Whenever possible the lowest DG values were
used. Importantly, adduct formation introduces some very
low frequency vibrations that are supra- or intermolecular
vibrations. While the net effect must be calculated, it may
be expected that the potential energy profiles will be affect-
ed upon going from DE to DG298.


Results and Discussion


The experimental yields of macrocycle and catenane forma-
tion in reactant systems 1–3 have previously been report-
ed.[11, 12] The isophthaloyl chloride, p-xylylenediamine system
1 produces both the 2+2 macrocycle and catenane in ~45 %
and 20 % yields, respectively. A slightly lower yield of the
2+2 macrocycle is observed with the 5-bromoisophthaloyl
chloride system (2). The perfluorinated isophthaloyl unit (3)
results in no catenane formation, but the 2+2 macrocycle is
still formed. The fourth reactant system (1,3-xylylenedi-
amine; benzene 1,4-diacid chloride; 4) yields no catenane
and 40 % of the 2+2 macrocycle.


Clearly, variations in the strength of the supramolecular
binding motifs (normal versus bifurcated hydrogen bonding,
pairing versus multiple p stacking, van der Waals, dipole–
dipole interactions, etc.) selects ring closure over either the
further growth of a linear chain or precipitation from solu-
tion. However, the calculations cannot be compared directly
with reaction yields, since the (free) energy of formation of
the amide bonds is not included in a directly comparable
way by the force field model.[51] However, one can quantita-
tively compare the interaction energies of all the different
species calculated as the difference between the energies of
each adduct and the energy of its components at infinite
separation. We have therefore used the calculations in this
way to understand qualitative differences—for example, sig-
nificant amounts of catenane or no catenane formed, wheth-
er 2+2 macrocycle or higher oligomerization is favored,
whether 3+3 or 4+4 macrocycle formation is preferred, and
so forth—in the behavior of the different reactant pairs.


Importantly, it must be kept in mind that the self-assem-
bly is driven by the irreversible formation of the C�N bond.
The investigation of the relative stabilities of the 29 pairs
provides information on the product distribution only under
the reasonable assumption that the energy of the transition
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state for C�N bond formation of a more stable pair is lower
than that of a less stable pair. Such energy is the sum of the
intrinsic activation energy for C�N formation, which should
be similar in all the steps of the self-assembly, plus the non-
bonding interactions that occur in the activated complex,
which we assume are similar to those of the product. When
the interaction energy of the two components of the pair is
large the product is lower in energy and the preceding tran-
sition state is concomitantly lower in energy. As usual in re-
activity, the picture is that of a steep downhill slope (to the
products) after a hill (the transition state). Here, however,
the deeper is the energy minimum, the lower the previous
hill was to surmount, because similar stabilizing interactions
are present in the transition state and in the product.


The energy profiles allow catenane formation only for 1 and
2 : The first issue to address is whether the calculations re-
produce the different distribution of the reaction products
of the four sets of reagent pairs. Figure 1 shows the free en-


ergies at 298 K (DG298) in chloroform; the results shown are
those directly related to the experimental data and they will
be discussed here in detail, while the data of the energies
and free energies in gas phase are shown and discussed
briefly in the Supporting Information.


The energy profile of 1 and 2 converge to the minima of
the corresponding catenanes. For 3, the global minimum is
the macro–macro dimer(3) (�17.2 kcal mol�1) indicating the
greater difficulty of forming catenanes using reactant sys-
tems 3, that is, it provides an explanation for why it is not


observed. A similar situation occurs in the energy profile of
4, although some of the intermediates are now highly unsta-
ble. The cat(4) (�9.7 kcal mol�1) is 5.0 kcal mol�1 less stable
than the macrocycle dimer(4) (�14.7 kcal mol�1), showing
no driving force for catenane formation. Extension of a
chain to form a pentamer produces an increase in energy
with respect to the catenane for 1 with BABAB-ABAB(1)
(�10.1 kcal mol�1) less stable than ABABA-ABAB(1)
(�10.6 kcal mol�1), whereas for system 2, BABAB-ABAB(2)
(�18.2 kcal mol�1) is more stable than ABABA-ABAB(2)
(�15.3 kcal mol�1). In 3, the un-interlocked dimer remains
the minimum and is not superseded by ABABA-ABAB(3)
(�16.6 kcal mol�1). The un-interlocked dimer of 4 remains
the global minimum, since BABAB-ABAB(4) (3.2 kcal -
mol�1) and ABABA-ABAB(4) (0.7 kcal mol�1) are much
above it. Comparison of the seven amide systems energies
of the four species finds only the open-chain pairs of 3
lower in energy than the corresponding macro-ABAB
adduct and, therefore, suggests that polymerization can
occur for 3 via ABABA-ABAB(3).


The (free) energy profile of Figure 1, agrees with the ex-
perimental findings that 1 and 2 form both the 2+2 macro-
cycle and the catenane, while for 3 and 4 only the 2+2 mac-
rocycle is observed. Reagent system 3 may be thermody-
namically predisposed to oligomerize beyond the key
ABAB tetrameric precursor to 2+2 macrocycle (and cate-
nane). A key outcome of the calculations is that the self-
templating ability of reagent system 4 is consistently lower
than in systems 1 and 2. If 4 were to be provided with a
better template, it seems possible that interlocking could
occur.


Some geometrical considerations : While it is not possible to
extract details of the reaction pathway from the calculations,
inspection of the structures in chloroform provides addition-
al information about the ring closures. Specifically: 1) at
which point the self-assembly routes followed by 1 and 2 di-
verge from those followed by 3 and 4, 2) the conformation
of the acyclic ABAB precursor to 2+2 macrocycle forma-
tion, 3) the template-catalyzed ring closure to form the 2+2
macrocycle, 4) why the 4+4 macrocycle is often produced in
the reactions but not the 3+3 analogue, and 5) the driving
force for [2]catenane formation.


Figure 2 shows the shortest distances between the reacting
C and N terminals of the ABAB-X systems. From the pro-
files of the four species, it can be seen that the ABAB chain
ends of ABAB-X are similar for 1 and 2. The largest differ-
ences in distances (2.3 T) are found for X=BAB and for
the two complexes with the pentamers. Initially, 3 has a
trend similar to that of 1 and 2, but divergence occurs when
X is a trimer (it is already very marked for X=ABA). Spe-
cies 4 follows a different profile for the incipient C�N bond
distance of ABAB from 1, 2, and 3. Importantly, however,
the C�N distance of macro-ABAB is similar for the four
species. Formation or lack of formation of the catenane is
apparently, therefore, not due to the spatial arrangement of
the ABAB tetramer threaded through the macrocycle, since
in all cases the chain ends would be sufficiently close togeth-
er to react.


Figure 1. Free energies at 298 K (DG298) in chloroform. The lines between
the points are only provided to assist the eye and do not imply the actual
pathway of the reaction.
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2+2 Macrocycle formation : In order to ascertain how the
ABAB systems benefit from the templating effect of anoth-
er chain to form the 2+2 macrocycle, we examined the most
stable structures of ABAB(1)–(4) in solution (Figure 3). De-
spite the rather different profiles in Figures 1 and 2, all the
ABAB fragments possess rather similar minimum energy
structures, all with a syn–anti relationship for the amides of
the internal B residue. This makes the ABAB fragment es-
sentially linear, holding the reactive end groups far apart,
making it long lived in solution. In the presence of a suitable
template X, however, the most stable co-conformations


have a syn–syn structure for the internal isophthalamide res-
idue. This introduces a pronounced bend into the molecule,
bringing the reactive end groups close together so that rapid
cyclization occurs.


ABAB-X systems in which the incipient C�N bond length
is large require a substantial torsional and spatial rearrange-
ment of the two molecules to bring the chain ends closer.
Implicitly, this makes the relation between stability of prod-
uct pair and transition state energy no longer valid. On the
assumption that the associated energy penalty excludes
them as candidates for the ring closure to the 2+2 macrocy-
cle, one can 1) set a C�N distance threshold (for instance,
4.2 T) for the closure to the 2+2 macrocycle and 2) further
select the ABAB-X systems on the basis of the energy dif-
ference with respect to the corresponding macro-X product.


For 1, the types of X that promote a short incipient C�N
distance are B, BAB, and ABA. The free energy differences
between macro-X and ABAB-X are �1.8, +0.2, �0.7 kcal
mol�1, respectively. The moieties B and ABA (and to a
lesser extent BAB) are therefore likely to catalyze 2+2 mac-
rocycle formation.


For 2, X=A (+2.5 kcal mol�1), B (+2.5 kcal mol�1), and
ABA (+5.9 kcal mol�1) give a short incipient C�N distance
(in brackets, the free energy difference between macro-X
and ABAB-X). Notice that macro(2) is formed together
with the catenane through the energy gained by the amide
CN condensation.


For 3, X=A (+4.3 kcal mol�1) and ABAB (�1.2 kcal
mol�1) gives a short incipient C�N distance. The ABAB-
ABAB arrangement is therefore likely to cyclize one ring,
but it is not followed by a second closure to form a cate-
nane.


For 4, X=B (+0.5 kcal mol�1), BAB (+2.5 kcal mol�1),
and ABAB (�1.9 kcal mol�1) produce a short incipient C�N
distance. The ABAB fragment is therefore likely to catalyze
the first ring formation, but not the second.


Larger macrocycles—3+3 versus 4+4 : Table 1 shows the
shortest distances between the reactive C and N terminals
found by the calculations in various adducts required to
form 3+3 and 4+4 macrocycles. The separation of the react-
ing C and N terminals for ABA-BAB and ABAB-AB are,
on average, larger than those of ABAB-ABAB. Although
longer distances may be compatible with ring closure, as
seen with the 2+2 ring formation, large distances are often
associated with substantial energy barriers that could pre-
vent ring closure. Setting the same 4.2 T threshold 1, 2, and
3 should only close to form the 4+4 macrocycle. Neither the
3+3mac nor 4+4mac of 4 should be produced in large
amounts, a finding in agreement with experiment.


Figure 2. Distances in chloroform for the reacting carbon and nitrogen
atoms in ABAB-X systems.


Figure 3. Most stable structures of ABAB in chloroform.


Table 1. Calculated distances, T, between the reacting C and N terminals
required to form 3+3 and 4+4 macrocycles in CHCl3.


1 2 3 4
3+3 4+4 3+3 4+4 3+3 4+4 3+3 4+4


5.1 8.8 5.6 8.4 6.7 13.7 7.4 8.4
ABA-BAB 6.3 12.6 5 11.7 8.5 8.7 6.6 18.2
ABAB-AB 5 6.4 5.1 6.3 5.6 6.9 6.1 6.9
ABAB-ABAB 4.2 5.5 4.2 5.3 3.3 3.9 7.5 10.1
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The driving force for[2]-catenane formation : The structures
of the ABAB-X adducts can help us understand the growing
number of interactions formed during the [2]catenane as-
sembly process. Figure 4–7 give a pictorial representation of
the growing sequence for the four species, which are
ABAB-AB, ABAB-ABA, ABAB-BAB, ABAB-ABAB, and
ABAB-macro. A more detailed presentation is given in
Table 2, in which five principal noncovalent binding motifs
are identified. Three of them are connected with p stacking,
namely a four-layered stack, a three-layered sandwich, and
the p complex; the remaining two are regular two center hy-
drogen bonds and bifurcated hydrogen bonds.


For both 1 and 2, the p motif evolves from a simple stack
to a final four-layered stack or quadruple-decker. The initial
two regular hydrogen bonds tend to be replaced by bifurcat-
ed ones along the sequence, so that in the largest structures
there is only one standard hydrogen bond, while there are
two or three bifurcated hydrogen bonds.


For 3, the p motif also evolves from a simple stack to a
four-layered stack. The number of hydrogen bonds is largest
(i.e., three) for ABAB-ABAB (which the results described
earlier suggested as the likely intermediate for macrocycle
formation), while only macro-ABAB shows two bifurcated
hydrogen bonds.


Figure 4. ABAB-X supramolecular adducts for 1.


Figure 5. ABAB-X supramolecular adducts for 2.


Figure 6. ABAB-X supramolecular adducts for 3.


Figure 7. ABAB-X supramolecular adducts for 4.
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For 4, the p motif ultimately becomes a quadruple-decker
stack. The number of hydrogen bonds soon reaches a maxi-
mum of three, while few bifurcated hydrogen bonds are
present.


It can be concluded that while all the species share similar
p-stacking structures, the major difference between 1 and 2
on one side, and 3 and 4 on the other, is the presence of bi-
furcated hydrogen bonds in the self-assembled adducts as
they increase in size. The possibility of forming bifurcated
hydrogen bonding—found ubiquitously in both their X-ray
crystal structures and those of the related family of rotax-
anes—therefore appears to be the hallmark for catenane
formation.


More on p stacking—when is it effective?: All the reaction
systems 1 to 4 build up, ultimately, to a quadruple p-stacking
motif in the final products. The question arises if p stacking
influences the pathway of the self-assembly or if it is an ad-
ditional motif brought about by the presence of hydrogen
bonds and flexible chains.


The energetics of the p stacks of benzene rings and tetra-
fluorinated benzene rings (as in 3) can shed light on this
issue. It is known that benzene forms a dimer p stack with a
stabilization energy of 2–3 kcal mol�1. The present model
was actually parameterized to reproduce it and gives
2.4 kcal mol�1. Fluorine substitution, as in 3, in one of the
two benzenes increases the stabilization energy to
�6.3 kcal mol�1. Analogously, the energy of interaction of a
benzene quadruple-decker is �7.4 kcal mol�1 and substitu-
tion of every other benzene with a fluorinated molecule fur-
ther lowers it to �19.0 kcal mol�1. In CHCl3, all the values
are strongly affected and increased, that is, made less nega-
tive. The benzene dimer is now unstable by 0.5 kcal mol�1;
the dimer with one fluorinated and one normal benzene is
stable by only �2.3 kcal mol�1. A benzene quadruple stack
goes up to 1.4 kcal mol�1. Notice that the system is still in a
minimum, but is thermally unstable. The mixed stack of two
normal and two fluorinated benzene rings is instead binding
at �7.0 kcal mol�1. While the addition of substituents to the
benzene rings, such as the amide groups, probably deepens
the minima, it is concluded that during the self-assembly in
chloroform, p stacks are not the driving force and the hy-
drogen-bond pattern largely determines the products
formed.


Testing the mechanism—prediction of a new rotaxane-form-
ing motif : The reason that reagent system 4 does not form
[2]catenanes appears to be its low tendency to self-complex,


which is reflected in the “higher” position the relevant pro-
files have in Figures 1 and 2. Indeed, the 2+2 macrocycle
formed with reagent system 4 would be isomeric (and have
the same ring size in terms of atoms) with the 2+2 macrocy-
cle formed with 1. The key hydrogen-bond donor groups
can even adopt similar positions to those in 2+2mac(1), but
transposing the amide carbonyl groups with the benzylic
methylene groups alters the shape of the ring (changes con-
jugation patterns, the regions in which it is flexible or rigid,
etc.) to such an extent that it does not “thread” correctly. In
practice, the absence of an internal isophthalamide group
destabilizes the pair structures and the transition state that
leads to the adduct is concomitantly higher. The calculations
show that upon folding in the complex the hydrogen-bond-
donating groups of ABAB(4) and ABAB(1) are in similar
places, so the ABAB(4) fragment should cyclize in roughly
the same way as the analogous isophthalamide and 5-bro-
moisophthalamide systems. Since it is impossible to make
cat(4), we decided to use this system to check if directed
hydrogen bonding was strong enough to overcome this
problem in the presence of a suitable template. The idea
was to try assembling a macrocycle about peptide and
fumaramide threads that are extremely effective templates
for cyclization of the ABAB(1) fragment, as evidenced by
the high yields of the corresponding rotaxanes. Since
ABAB(4) seems to retain many of the structural features of
ABAB(1)—perhaps surprisingly given the changes that
varying the regiochemistry of the amides might be expected
to bring—it seemed possible that the directed hydrogen
bonding in these systems might be strong enough to act as
good templates and overcome the self-complexing deficien-
cy of 4.


This hypothesis turned out to be correct. Treatment of ap-
propriate glycylglycine (glygly) and fumaramide threads
with reagent system 4 led to the formation of glygly rot(4)
and fumaramide rot(4) in 20 and 30 % yields, respectively
(Scheme 2). Crystals suitable for investigation by X-ray crys-
tallography were obtained for both rotaxanes from the slow
evaporation of solutions in ethanol (glygly rot(4)) or a
chloroform/methanol mixture (fumaramide rot(4)). A com-
parison of these crystal structures with those of the known
reagent pair 1 analogues, glygly rot(1) and fumaramide
rot(1), is shown in Figure 8. It reveals that the A (bisamine)
and B (bisacyl) units simply switch places in 1 and 4 for
both types of thread. This necessarily distorts the geometry
of the macrocycle in 4 (Figure 8a and b compared to c and
d), in particular breaking the conjugation of the amide
groups with the aromatic ring in the terephthalamide macro-


Table 2. Number of various noncovalent bonding motifs in the ABAB-X adducts in systems 1–4.


Quadruple Triple Single Two center Bifurcated
p stack p stack p stack hydrogen bond hydrogen bond


1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4


ABAB-AB 0 0 0 0 1 1 1 0 1 1 1 1 2 2 1 0 1 1 0 1
ABAB-BAB 1 1 0 0 0 0 1 1 0 0 2 0 2 2 1 3 1 1 0 0
ABAB-ABA 0 0 0 0 1 1 1 1 0 0 0 0 1 1 2 2 1 1 0 0
ABAB-ABAB 1 1 1 0 0 0 0 1 1 1 0 0 1 1 3 3 2 2 0 0
macro-ABAB 1 1 1 1 0 0 0 0 0 0 0 0 1 1 2 3 3 3 2 0
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cycle. It is fascinating that the peptide and fumaramide tem-
plates are sufficiently strong binding sites to do this in the
ABAB-X precursor to rotaxane formation so that it com-
petes with the rapid ABAB!macro cyclization process. The
corresponding ABAB-macro complex, of course, does not.
It would require twice as many high energy distortions of
the terephthalamide units in the catenane precusor to do
this, not only two in the ABAB fragment but also two in the
macro part as well. The peptide and fumaramide threads, of
course, do not require any high energy distortions to make
an effective template.


Conclusions


The synthesis of benzylic amide-based macrocycles and cate-
nanes is a highly versatile and structurally tolerant process.
However, what might appear to be slight variations in the
reactants can actually result in major changes in the forma-
tion of specific ring sizes and the occurrence or absence of
interlocked structures. The calculated (free) energy profiles,
and in particular the free energies of supramolecular inter-
actions in chloroform, can rationalize these experimental
findings. Reagent systems 1 and 2 both form catenanes, as
well as 2+2 and, probably, 4+4 macrocycles. The supra-
molecular energy of interaction suffices to introduce enough
weakly bonding interactions to give ring closures to both
macrocycle and catenane. The simple reason why 3 does not


form the catenane is that the
un-interlocked dimer of the
macrocycle is more stable than
the interlocked system; and
the reaction has a clear ten-
dency to oligomerize beyond
the necessary tetrameric spe-
cies. In 4 the same experimen-
tal lack of catenane formation
is caused by poor self-templat-
ing ability. In all cases the cal-
culations show that formation,
or lack of formation, of the
catenane is not due to the spa-
tial arrangement of the precur-
sor, that is, macro–ABAB,
which are all characterized by
similar distances between the
atoms of the incipient amide
C�N bond, but to the relative
(free) energy of the macro-
ABAB pseudo rotaxane. The
calculations also show that p


stacking is not the major force
for the self-assembly and that
the difference between 1 and 2
on the one side, and 3 and 4 on
the other, is the presence of bi-
furcated hydrogen bonds in the
self-assembled pairs as they
grow in size. The possibility of


Scheme 2.


Figure 8. X-ray crystal structures of a) glygly rot(4), b) fumaramide rot(4), c) glygly rot(1) and d) fumaramide
rot(1). For clarity carbon atoms of the macrocycle are shown in blue and the carbon atoms of the thread in
yellow; oxygen atoms are depicted in red, nitrogen atoms dark blue, and selected hydrogen atoms white. Intra-
molecular hydrogen bond lengths [T] and angles [8]: a) O38�N2 3.29, 152.0; O38�N11 2.91, 158.7; O41�N28
2.82, 150.7; O44�N20 3.03, 162.6; b) O40�N2/O40A�N2A 2.98, 151.4; O40�N11/O40A�N11A 3.11, 145.9;
c) O40�N11 2.87, 165.3; O41�N20 3.19, 170.1; O41�N29 3.01, 174.0; d) O40�N2/O40A�N2A 3.20, 173.7;
O40�N11/O40A�N11A 2.95, 169.3; N39�O1S/N39A�O1SA 2.85, 169.7.
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forming bifurcated hydrogen bonding is the hallmark for
amide catenane formation.


Finally, the insight gained from such a computational
study can be used to make predictions about product distri-
butions and to design new reaction strategies for the nonco-
valent-directed synthesis of interlocked architectures. The
understanding of the non-catenane-forming pathway for 4
was used to predict and then demonstrate that rotaxanes
could still be produced from a suitable amide-ring-forming
reagent system that does not form catenanes, the first time
that this has been demonstrated in supramolecular-directed
synthesis.


Experimental Section


Glygly rot(4): Solutions of meta-xylylene diamine (1.08 g, 7.91 mmol) in
anhydrous chloroform (50 mL) and terephthaloyl dichloride (1.61 g,
7.91 mmol) in anhydrous chloroform (50 mL) were added, simultaneously
over a period of four hours by means of motor-driven syringe pumps, to
a stirred solution of the glycylglycine thread (0.50 g, 0.99 mmol) and tri-
ethylamine (2.2 mL, 15.80 mmol) in anhydrous chloroform (150 mL).
When addition was completed the reaction mixture was allowed to stir
for a further eighteen hours, after which time the reaction mixture was
filtered and the filtrate was washed with hydrochloric acid (0.2m,
100 mL) and saturated sodium bicarbonate solution (100 mL). The organ-
ic layer was then dried over magnesium sulphate and filtered, and the
solvent removed under reduced pressure. The rotaxane glygly rot(4) was
isolated by column chromatography (silica gel, 10 % EtOAc/CH2Cl2).
Yield: 0.28 g (20 %); m.p. 154.5–156.3 8C; 1H NMR (400 MHz, CDCl3):
d=2.04 (d, J=4.5 Hz, 2 H; NHCH2CO), 2.49 (d, J=5.0 Hz, 2H;
NHCH2CO), 3.19 (t, J=8.0 Hz, 1H; CHCH2), 4.41 (dd, J=14.0, 5.0 Hz,
6H; CH2NHCOmacrocyclic and CHCH2 from COSY), 4.47 (s, 1 H; CHCO),
4.58 (dd, J=14.0, 5.5 Hz, 4H; CH2NHCOmacrocyclic), 5.44 (t, J=4.5 Hz,
1H; NH), 6.04 (t, J=5.0 Hz, 1 H; NH), 6.98 (t, J=5.0 Hz, 4H; NH),
7.15–7.22 (m, 16 H; ArCH), 7.23–7.37 ppm (m, 20H; ArCH); 13C NMR
(100 MHz, [D6]DMSO): d=40.52 (CH2), 41.69 (CH2), 43. 77 (CH2), 49.29
(CH), 56.31 (CH), 67.13 (CH2), 127.07 (ArCH), 127.26 (ArCH), 128.04
(ArCH), 128.13 (ArCH), 128.27 (ArCH), 128.53 (ArCH), 128.74
(ArCH), 128.81 (ArCH), 128.92 (ArCH), 128.94 (ArCH), 137.49 (q,
ArC), 139.07 (q, ArC), 140.28 (q, ArC) 141.64 (q, ArC), 166.22 (CO)
167.00 (CO), 168.15 (CO) 173.03 ppm (CO); FAB-MS (mBNA matrix):
m/z : 1039 [M+H]+ ; elemental analysis calcd (%) for C64H58N6O8 (1038):
C 73.97, H 5.63, N 8.09; found: C 73.78, H 5.83, N 7.99.


Fumaramide rot(4): Solutions of meta-xylylene diamine (1.08 g,
7.91 mmol) in anhydrous chloroform (50 mL) and terephthaloyl dichlor-
ide (2.61 g, 7.91 mmol) in anhydrous chloroform (50 mL) were added, si-
multaneously over a period of four hours by means of syringe pumps, to
a stirred solution of the fumaramide thread (0.50 g, 0.99 mmol) and tri-
ethylamine (1.60 g, 2.20 mL, 15.80 mmol) in anhydrous chloroform
(150 mL). When addition had been completed, the reaction mixture was
allowed to stir for a further eighteen hours, after which time the reaction
mixture was filtered and the filtrate washed with hydrochloric acid (0.2m,
100 mL) and saturated sodium bicarbonate solution (100 mL). The organ-
ic layer was then dried over magnesium sulfate and the solvent removed
under reduced pressure. The rotaxane fumaramide rot(4) was isolated by
column chromatography (silica gel, 2 % methanol/CH2Cl2); Yield: 0.32 g,
30%; m.p. 329.9–331.9 8C; 1H NMR (400 MHz, [D6]DMSO): d=3.77 (t,
J=6.5 Hz, 4H; CHCH2) 4.21 (t, J=6.5 Hz, 2 H; CHCH2), 4.58 (d, J=
5.5 Hz, 8H; CH2NHCO), 4.85 (s, 2H; COCHCHCO), 6.80 (s, 8 H;
ArCHF), 7.19 (t, J=7.5 Hz, 4H; ArCH), 7.31 (m, 22H; ArCH), 7.74 (s,
2H; ArCHC), 8.00 (t, J=5.5 Hz, 4 H; CH2NHCOmacrocycle), 8.35 ppm (t,
J=6.5 Hz, 2H; NHCOCH); 13C NMR (100 MHz, [D6]DMSO): d=43.37
(CH2), 43.97 (CH2), 50.76 (CH), 125.40 (ArCH), 126.54 (ArCH), 126.66,
(ArCH), 126.93 (ArCH), 128.80 (ArCH), 128.91 (ArCH), 131.96
(ArCH), 132.08 (COCHCHCO), 138.15 (q, ArC), 139.54 (q, ArC),
143.21 (q, ArC), 165.30 (CO), 167.60 ppm (CO); FAB-MS (mBNA


matrix): m/z : 1007 [M+H]+ ; elemental analysis calcd (%) for C64H58O6N6


(1006): C 76.32, H 5.80, N 8.34; found C 75.96, H 5.83, N 8.19.


X-ray crystallographic structure determinations :


glygly rot(4): C68H66N6O10, Mr=1127.27, crystal size 0.42 V 0.32 V 0.02 mm,
monoclinic P21/c, colorless, a=18.0678(3), b=19.0166(4), c=
17.19790(10) T, b=99.8100(10)8, V=5822.6(2) T3, Z=4, 1calcd=


1.286 Mg m�3 ; MoKa radiation (graphite monochromator, l=0.71073 T),
m=0.087 mm�1, T=180(2 K. 23 932 data (10 156 unique, Rint=0.0906,
1.57<q<25.008), were collected on a Siemens SMART CCD diffractom-
eter using narrow frames (0.38 in w), and were corrected semi-empirically
for absorption (transmission 0.79–0.96). The structure was solved by
direct methods and refined by full-matrix least-squares on F2 values of all
data (G.M.Sheldrick, SHELXTL manual, Siemens Analytical X-ray In-
struments, Madison WI, USA, 1994, version 5) to give wR=


{�[w(F2
o�F2


c)
2]/�[w(F2


o)
2]}1/2=0.1902, conventional R=0.0819 for F


values of 4803 reflections with F2
o>2sF2


o), S=1.046 for 771 parameters.
Residual electron density extremes were 0.379 and �0.327 eT�3. Amide
hydrogen atoms were refined isotropically with the remainder constrain-
ed; anisotropic displacement parameters were used for all non-hydrogen
atoms.


Experimental details for fumaramide rot(4) were the same as for glygly
rot(4) except for the following: C66H66N6O8, Mr=1071.25, crystal size
0.50 V 0.40 V 0.40 mm, monoclinic P21/n, colorless, a=9.9757(2), b=
18.3235(2), c=16.7744(3) T, b=106.04 8, V=2946.86(9) T3, Z=2, 1calcd=


1.207 Mg m�3 ; MoKa radiation (graphite monochromator, l=0.71073 T),
m=0.080 mm�1, T=180(2 K. 18241 data (7113 unique, Rint=0.0313,
2.22<q<29.018), were collected on a Siemens SMART CCD diffractom-
eter using narrow frames (0.38 in w), and were corrected semi-empirically
for absorption (transmission 0.80–0.96). The structure was solved by
direct methods and refined by full-matrix least-squares on F2 values of all
data (G.M.Sheldrick, SHELXTL manual, Siemens Analytical X-ray In-
struments, Madison WI, USA, 1994, version 5) to give wR=


{�[w(F2
o�F2


c)
2]/�[w(F2


o)
2]}1/2=0.1089, conventional R=0.0428 for F


values of 4497 reflections with F2
o>2sF2


o), S=0.942 for 366 parameters.
Residual electron density extremes were 0.198 and �0.211 e T�3.


CCDC-190622 (glygly rot(4)) and CCDC-190621 (fumaramide rot(4))
contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrie-
ving.html (or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033; or de-
posit@ccdc.cam.uk).
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Zeolite Nanocrystals Inside Mesoporous TUD-1: A High-Performance
Catalytic Composite


Peter Waller,[a] Zhiping Shan,[b] Leonardo Marchese,[c] Guiseppina Tartaglione,[c]


Wuzong Zhou,[d] Jacobus C. Jansen,*[a] and Thomas Maschmeyer*[e]


Introduction


Zeolites with their uniform micropores are widely employed
in industrial catalysis, although the optimization of their per-
formance, due to their low intracrystalline diffusion coeffi-
cient, is still an inherent challenge for chemists and chemical
engineers.[1] One way to overcome the mass transport limita-
tions is to reduce the zeolite crystals to nanometer size, so
that the diffusion path is relatively short and the accessibili-
ty of the catalytic sites through the external surface is
high.[2] However, nanosized zeolites cannot be used directly,


in part, due to their intrinsically poor stability and to the
much higher pressure drops in packed-bed reactors (relative
to those obtained with conventional catalysts). Therefore,
nanozeolites need to be dispersed and stabilized in a porous
matrix.


Conventionally zeolites are mixed with a binder and sub-
sequently extruded into beads or pellets, important especial-
ly for applications in the petrochemical industry. However,
binders are usually not designed and structured for optimal
mass transport in terms of high specific surface areas and
pore geometry. Generally these kinds of composite catalysts
possess macro-, meso-, and micropores with total Brunauer–
Emmet–Teller (BET) surface areas of only around
300 m2g�1.


Alternative approaches reported are: coating of zeolites
on alumina (with BET surface areas depending mainly one
the alumina used, that is, ~300 m2g�1) and shaping of zeolite
crystallites into macroporous aggregates, which leads to ma-
terials with macropore walls built of zeolites (BET surface
areas of 300–400 m2g�1).[5–6] The in-situ synthesis of small
zeolite crystals inside or outside porous silica gel[3] or
carbon[4] has also been reported. However, the crystal prop-
erties, such as composition, size, and morphology, could not
be controlled, because of the bimodal pore structure of the
silica gel employed (average pore diameters of 25 and
1000 nm): depending on the pore diameter, crystals with di-
ameters from 20–900 nm were found, largely blocking the
porous host.


To prepare catalysts of nanosized zeolites, recently devel-
oped mesoporous materials, for example, MCM-41,[7] MUS-x,[8]


and SBA-n,[9] are more suitable supports or intergrowth
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Abstract: A hierarchically structured
composite material with interconnect-
ing meso- and micropores has been de-
veloped with the aim to optimize zeo-
lite performance. A general synthetic
method has been developed that, in a
controlled manner, allows for various
types of nanosized zeolite to be incor-
porated into a three-dimensional meso-


porous matrix. Nanosized zeolite Beta
was used to exemplify this new ap-
proach, resulting in a system in which


zeolite Beta shows a higher cracking
activity per gram of zeolite than pure
nanosized zeolite Beta for the model
feed n-hexane. Additionally, FTIR
studies of CO and NH3 adsorption re-
vealed that the nature of the acid sites
in the nanozeolite has been partially
modified due to the interactions with
the mesoporous matrix, TUD-1.
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materials science · mesoporous
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vibrational spectroscopy · zeolites


H 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim DOI: 10.1002/chem.200400343 Chem. Eur. J. 2004, 10, 4970 – 49764970


FULL PAPER







matrices, due to their high surface areas and their uniform
mesopores. Especially SBA-15[9] and TUD-1[10] are attrac-
tive, the latter with tunable 3 to 25 nm pores and surface
areas of 600 to 1000 m2g�1. Two principle attempts have
been reported regarding the preparation of composites with
mesoporous materials: in the first approach, structured
mesoporous materials, for example, the M41S family, were
used as silica source from which to synthesize the zeolite,
for example, FAU[11] or MFI,[12] by partial recrystallization
of the mesopore walls. Generally, the zeolite synthesis needs
relatively severe conditions in terms of temperature and pH,
relative to those employed during the formation of mesopo-
rous materials. Unless extreme fine-tuning of the synthesis
composition and concurrent depression of the zeolite
growth is applied, the integrity of the metastable mesopo-
rous phase is lost. In the second approach, syntheses have
been investigated in which highly ordered mesoporous struc-
tures have been generated by means of the self-assembly of
pre-formed clusters of zeolite nuclei with surfactant micelles
as templates.[13–15] This approach requires clusters of no
more than a few nanometers in diameter, or even smaller
zeolite nuclei, as a part of building units to form mesopo-
rous structures, since otherwise no well-defined mesostruc-
tures are formed. However, these small clusters or nuclei
easily loose their integrity during activation through calcina-
tion at high temperatures.[16] An issue that is also of poten-
tial concern when using zeolite seeds, as reported by Proke-
sova, et al.[18] Moreover, the physicochemical properties of
both the zeolite and the mesoporous materials are difficult
to tune independently as the zeolite synthesis is coupled
with the mesopore formation.


Our approach is to blend the well-defined, pre-formed
zeolite nanocrystallites into the synthesis mixture of the
mesoporous carrier. After calcination, a mesoporous matrix
is obtained in which individual zeolite crystals are dispersed
homogeneously. These zeolite crystallites, diameter 20 to
40 nm, are accessible through the uniform mesopores with
tunable diameters of between 3 and 25 nm surrounding the
particles; that is, the particles are not buried inaccessibly
inside the walls of the mesoporous matrix. Moreover, since
the stable and three-dimensional mesoporous material,
TUD-1,[10,17] is used as a matrix, mass transfer benefits even
more relative to the situation when carrier materials with
only one- or two-dimensional pore systems are employed.
Here, we describe the key steps to ensure the homogeneity
of zeolite particles in the matrix, the structural and vibra-
tional properties of the composite, and the enhancement of
cracking activity for the model feed n-hexane.


Results and Discussion


Synthesis : Nanosized zeolite crystals (around 40 nm in size)
were directly added to the synthesis mixture of TUD-1. To
ensure homogeneity of the zeolite crystals in the final meso-
porous matrix, a novel but simple synthesis procedure has
been established. First, nanosized zeolite particles were ho-
mogeneously dispersed in ammonia to avoid the aggregation
of zeolite particles. Then the silica source (tetraethylorthosi-


licate, TEOS) and mesopore template (triethanolamine,
TEA) were added under vigorous stirring. To this, a control-
led amount of an alkali (tetraethylammonium hydroxide,
TEAOH) was added rapidly under stirring and consequently
the synthesis mixture became a solid gel. Due to the vigo-
rous stirring, the zeolite particles were homogeneously dis-
persed in the synthesis mixture before gelation. This homo-
geneity was maintained during and after gelation due to the
sudden and rapid increase of the viscosity in the transition
of liquid to thick gel. Under the synthesis conditions ap-
plied, the molar ratio of TEAOH/Si <0.1 will favor the ge-
lation, while the ratio >0.2 often leads to a clear solution,
causing deposition of zeolite particles.


The solid gel, containing the homogeneous dispersion of
zeolite crystals, was aged at room temperature to complete
the hydrolysis and polycondensation of the silica source,
before being dried at 100 8C to remove water and alcohol
(no mesostructure had formed at this stage). Subsequently,
the dried gel was heated to 170 8C in an autoclave for 4 h,
initiating the formation of mesosized aggregates and eventu-
ally shaping the silica phase into a mesoporous structure.[10]


After the removal of TEA by calcination, a porous network
with interconnecting mesopores and micropores was ob-
tained. The high porosity of the mesoporous matrix ensures
a high accessibility to the internal zeolite crystals by external
reagents. With this method it is possible to tune the physico-
chemical properties of both zeolite and mesoporous matri-
ces independently, as they are formed in independent pro-
cesses.


Integrity of the composite : A typical example of such com-
posites is one that contains different loadings of zeolite Beta
(crystal sizes of about 40–50 nm), denoted as Beta-TUD-1.
The powder X-ray diffraction patterns are shown in Figure 1


together with that of the pure zeolite used. Beta-TUD-1
data exhibits the characteristic reflection peaks of zeolite
Beta at 7–8.58 and 22.48 in 2q. In addition, it also shows a
peak at about 1.28 in 2q, characteristic of a mesostructured
material. This confirms the co-existence of the zeolite Beta
and the mesostructured matrix.


The zeolite loading was estimated from the area under
the main peak of zeolite Beta (from 22.08 to 23.08 in 2q).


Figure 1. X-ray powder diffraction (XRD) patterns of Beta-TUD-1 con-
taining different amounts of zeolite Beta and pure zeolite Beta.


Chem. Eur. J. 2004, 10, 4970 – 4976 www.chemeurj.org H 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4971


4970 – 4976



www.chemeurj.org





The area under the peak from the pure zeolite is taken as
100 wt% zeolite in TUD-1. Figure 2 shows that the calculat-
ed composite zeolite loading increases nearly linearly with
the loading calculated from the amount of zeolite added to
synthesis mixture, indicating that the crystallinity of zeolite
Beta is retained after incorporation.


Meanwhile, it is also clear from Figure 1 and Table 1 that
the integrity of the mesostructure decreases with zeolite
loading for values above 40%. When the loading reaches
60 wt%, the integrity of the mesostructure is substantially
compromised. At lower zeolite loadings (e.g. <40 wt%),
the matrix still keeps its high integrity.


Figure 3 shows 27Al NMR spectra of the pure zeolite Beta
and Beta-TUD-1 containing 20 and 40 wt% zeolite Beta.
No six-coordinate aluminum peak can be observed in Beta-
TUD-1, indicating that all aluminum atoms are still four-co-
ordinate (as is the case for aluminum in pure zeolite Beta).
Hence, partial dissolution of zeolite crystals during the
mesopore formation process and partial structure loss
during calcination are not evident, as otherwise some six-co-
ordinate aluminum should be detectable.


Thus, both powder XRD patterns and 27Al NMR spectra
of Beta-TUD-1 indicate that the zeolite has been incorpo-
rated into the TUD-1 mesoporous matrix and that its struc-
ture is retained during the mesopore formation and the cal-
cination processes.


Homogeneity : A TEM image of Beta-TUD-1 (20 wt% zeo-
lite Beta) in Figure 4 clearly shows a three-dimensional
sponge- or wormlike mesoporous matrix with some dark
gray domains. These domains are estimated to be about 40–
50 nm in size, close to that of the original particles added.
These domains are larger than the mesopores observed, in-
dicating that the mesoporous matrix surrounds the zeolite
particles. The electron diffraction pattern of these domains
(inset of Figure 4) gives a d-spacing of 1.17 nm, which corre-
sponds to the diffracted beam of the (101) or (011) planes
of zeolite Beta. These results indicate that individual nano-
sized zeolite Beta particles are homogeneously dispersed in
the mesoporous host.


When the loading of zeolite
increases to 40 wt%, small ag-
gregates (about 80–140 nm) of
zeolite crystals start to emerge
in the TEM images. However
even these small aggregates
were homogeneously dispersed
in the matrix. Thus, zeolite par-
ticles can be OfrozenO into posi-
tion in the gel network by con-
trolling the gelation of the syn-
thesis mixture.


Figure 2. Correlation of the amount of zeolite added with the amount of
zeolite in the composite calculated based on XRD pattern peak area.


Table 1. The porosity of Beta-TUD-1 with different Beta zeolite loading, zeolite Beta, and TUD-1.


t-plot method (de Boer) Average pore diameter
Sample SBET Surface area [m2g�1] Vtp Vmicrop [nm]


[m2g�1] micropore mesopore [ccg�1] [ccg�1] mesopore micropore


siliceous TUD-1 757�20 61 696 1.012 – 6.3 –
Beta-TUD-1 (20%) 730�30 161 564 1.08 0.0672 7.4 0.65
Beta-TUD-1 (40%) 637�15 289 353 1.07 0.0819 9.1 0.65
Beta-TUD-1 (60%) 639�7 377 262 0.97 0.098 9.0 0.65
pure zeolite Beta 601�2 399 199 – 0.1207 – 0.65


Figure 3. 27Al NMR of pure zeolite Beta and Beta-TUD-1 containing
20 wt% and 40 wt% of zeolite Beta.


Figure 4. High-resolution transmission electron microscopy (HRTEM) of
Beta-TUD-1 with 20 wt% zeolite Beta. Inset: Electronic diffraction pat-
tern of dark gray domains.
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Mesoporosity : Figure 5 shows the isotherms of siliceous
TUD-1, Beta-TUD-1, and pure zeolite Beta. The adsorption
branch of siliceous TUD-1 levels off at a relative pressure of


0.82 and no more adsorption in the higher relative pressure
region occurs, consistent with the absence of textural pores.
However, zeolite incorporation changes the isotherms. The
amount of adsorption in the higher relative pressure region
increases in parallel with the zeolite loading and the iso-
therms of Beta-TUD-1 gradually shift from siliceous TUD-1
to pure zeolite Beta.


This trend reflects the change of pore size distributions
shown in Figure 6. The composites with 10 and 20 wt.% zeo-
lite Beta show only one narrow peak around 5.5 nm and


7.5 nm, respectively. However, when the zeolite loading in-
creases to 40 and 60 wt%, a broad peak between 20 and
50 nm occurs and its intensity increases with zeolite loading.
An intensive broad peak also appears in the pure zeolite


Beta in the same range. It is believed that this broad peak
results from interparticle (textural) pores of zeolite, indicat-
ing that the zeolite crystals in the mesoporous matrix TUD-
1 are not completely isolated when the zeolite loading is
40 wt% or more. Hence, at high loadings some zeolite parti-
cles aggregate in the TUD-1 matrix, consistent with the
TEM results.


Microporosity : The micropore size distribution plots of
Beta-TUD-1 obtained by argon adsorption show peaks con-
sistent with the characteristic pore size of zeolite Beta (cf.
Figure 7).


Moreover, the peak areas (reflecting micropore volume)
increase with zeolite loading, as expected. The accumulative
micropore volumes of zeolite Beta are estimated from the
peak area between 5 and 7 P. Their porosity is summarized
in Table 1.


In summary, from the XRD powder patterns, TEM
images, gas adsorption, and 27Al NMR spectroscopy, it is
concluded that nanosized zeolite Beta is distributed homo-
geneously throughout the mesoporous matrix of TUD-1.
The zeolite particles are completely isolated from each
other for up to 20% zeolite loading. The zeolite crystals are
highly accessible through the three-dimensional mesopore
structure surrounding the crystals.


Modified acidity : Although the incorporation of zeolite
Beta into the mesoporous silica TUD-1 may lead to compo-
site materials in which the dispersion of small (not agglom-
erated) zeolite particles leads to active sites that are more
easily accessible to the reactants, (thereby increasing the cat-
alytic activity), TUD-1 may also cover a fraction of zeolite
particles and partially inhibit specific active sites. Addition-
ally, the interaction between TUD-1, which basically consists
of an amorphous silica network, and the zeolite Beta crys-
tals may modify the number and strength of acid sites, espe-
cially at the interface between the amorphous TUD-1 and
the crystalline zeolite particles. Therefore, the overall per-
formance of these composite acid catalysts depends on


Figure 5. N2 adsorption–desorption isotherms of Beta-TUD-1 containing
different amount of zeolite Beta, pure zeolite Beta, and TUD-1.


Figure 6. Mesopore size distribution of Beta-TUD-1 containing different
amount of zeolite Beta and pure zeolite Beta.


Figure 7. Micropore size distribution of Beta-TUD-1 containing different
amounts of zeolite Beta and pure zeolite Beta.
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which of these effects is dominant. Information concerning
the hydroxyl type, distribution, and surface acidity of the
composite is mandatory for any understanding that goes
beyond descriptive reporting.


The acidity of the composites, along with that of the pure
silica TUD-1 and zeolite Beta, has been monitored by FTIR
spectroscopy during both CO and NH3 adsorption at liquid
nitrogen and room temperature, respectively. Figure 8 shows
the FTIR spectra of the materials before (left panel) and
after (right panel) the CO adsorption at 77 K (only the max-
imum coverage of CO is reported in the figure for sake of
clarity).


As far as the pure TUD-1 sample is concerned (curve a),
the spectrum is dominated by an intense band at 3750–
3745 cm�1, which is due to the OH stretching of isolated sila-
nols (structure A). However, this band shows an asymmetric


shape along with a large tail extending down to 3600 cm�1;
these spectroscopic features suggest that, beside isolated si-
lanols, different families of OH groups absorbing at wave-
numbers in very close vicinity are also present in TUD-1:
weakly interacting terminal silanols (3740–3725 cm�1) and
hydrogen-bonded silanols (3725–3600 cm�1).[19,20] The 3750–
3745 cm-1 band becomes less intense and broader in the case
of both composites (Figure 8, curves b–d) and of pure zeo-
lite Beta (curve e). This suggests that the presence of hydro-
gen-bonded silanols is more relevant in these materials.
Beside isolated and vicinal silanols, two types of Brønsted


acid sites are found in the composites: 1) hydroxyl groups
linked to partially extra-framework aluminum ions (struc-
ture B) that absorb at 3660–3670 cm�1 ;[21,22] 2) bridged hy-
droxyl groups (structure C)[21–24] at around 3620–3580 cm�1


that are the sites of the strong Brønsted acidity in zeolites.
However, the large band of hydrogen-bonded silanols


(Scheme 1), which covers the
whole 3725–3600 cm�1 range,
heavily overlaps with the absorp-
tion of the Brønsted hydroxyl
groups and makes these bands
difficult to detect. In such a case
CO adsorption at liquid nitrogen
temperature becomes an essential
tool to monitor the presence of different hydroxyl groups, as
they vibrate with a lower frequencies upon CO adsorption;
the downward shift depends on their protonic acidity, thus
making the OH absorption more separated and detecta-
ble.[22, 24] This effect is clearly visible in Figure 8 (right
panel), where three different families of hydrogen-bonded
hydroxyl groups are found (structures A’, B’, and C’).


Although the intensity of the bands of the Brønsted OH
is very low and broad, clear-cut evidence of the presence of
the B’ and C’ species could be found in carefully designed
CO adsorption–desorption experiments and by plotting dif-
ference spectra. An estimation of the acidity as determined
by the shift of the OH stretching upon CO adsorption is re-
ported in Table 2.


The presence of a larger variety of hydroxyl groups in the
composites, relative to those in pure TUD-1, becomes clear-
er upon CO adsorption: the band of hydrogen-bonded sila-
nols gets broader and is shifted to lower wavenumbers. The
measure of acidity for these groups, reported in Table 2, has
to be considered as an average value. The most relevant in-
formation on the Brønsted acidity of the Beta-TUD-1 com-
posite which are obtained from the CO experiments can be
summarized as follows:


1) The number of bridged hydroxyl groups (C, C’ species)
and the sites of the strongest acidity progressively de-


Figure 8. FTIR spectra before (left panel) and after (right panel) CO ad-
sorption at liquid nitrogen temperature: a) TUD-1; b) 20% Beta-TUD-1
composite; c) 40% Beta-TUD-1 composite; d) 60% Beta-TUD-1 compo-
site; e) zeolite Beta; a’–e’) spectra are obtained after admission of
20 Torr CO. The spectra of the bare samples before CO adsorption are
also reported in the right panel (dotted lines) for comparison.


Table 2. The acidity of the OH groups measured by CO adsorption.


nOH nOH···CO DnOH···CO Acidity
[cm�1] [cm�1] [cm�1]


Si�OH 3745 3665 80�5 very low
Al�OH 3665[a] 3475[a] 190�30 medium
Si-O(H)-Al 3610 3280 330�10 strong


[a] Estimated values for the band position cannot be detected with high
precision.


Scheme 1.
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crease with a decrease in zeolite loading, that is, from
the 60% to the 20% composite sample.


2) The 40% sample has the highest concentration of parti-
ally extraframework Al-OH groups with medium acidity.


NH3 adsorption on purely siliceous TUD-1 led to the for-
mation of only weakly bonded Si�OH···NH3 complexes that
could be decomposed simply by evacuation at room temper-
ature similarly to what has been observed for other mesopo-
rous silicas.[20,24] Beside these weak complexes, NH4


+ ions
were formed on the composites. The typical NH4


+ deforma-
tion mode[25] (at around 1460 cm�1) was detected after NH3


adsorption on all samples with increasing intensity as a func-
tion of the zeolite loading (Figure 9). As both medium and


strong acid sites are responsible for the formation of ammo-
nium ions, they cannot be distinguished using this approach.
However, NH3 adsorption can be used to monitor the pres-
ence of distorted reactive siloxane bridges formed by con-
densation of two vicinal silanols (Scheme 2, first reaction)


on the silica surface during activation processes at tempera-
tures > 500 8C. These surface species may play an important
role during a catalytic reaction as they easily break in the
presence of adsorbates/reactants. Si-NH2 groups are, for in-
stance, formed by reaction with NH3 (Scheme 2, second re-
action) and, as detected by the NH2 bending mode at
1550 cm�1, are much more abundant on the 40% sample
(Figure 9c).


It is worth noting that the sample that has the highest cat-
alytic activity in cracking reactions shows also the most


abundant presence of both Brønsted sites with medium acid-
ity and of distorted siloxane surface bridges. These sites
might have a synergistic effect during the cracking reaction
in the formation/stabilization of the carbo-cationic inter-
mediates.


Catalytic test : The catalytic activity of Beta-TUD-1 with dif-
ferent loadings has been tested by using n-hexane cracking
as a model reaction. Figure 10 shows that there is an opti-


mum zeolite loading in the mesoporous matrix with respect
to the catalytic activity of n-hexane cracking. The Beta-
TUD-1 with 40 wt% zeolite has the highest activity com-
pared to that of 20 and 60 wt%, and about two times higher
activity than both the pure zeolite Beta and the physical
mixture of 40 wt% zeolite and TUD-1, clearly illustrating
the synergy present in the composite.


Two effects might be responsible individually or concur-
rently for this difference in activity:


1) Nanosized zeolite particles form aggregates in the case
of pure zeolite Beta, which reduces the accessibility to
zeolite particles buried inside these aggregates. In the
composite, the nanosized zeolite particles are surround-
ed by the mesoporous matrix, which offers high accessi-
bility to almost all zeolite particles. The sample with
20 wt% zeolite shows isolated zeolite particles homoge-
neously dispersed in the mesoporous matrix. As the zeo-
lite loading increases, nanosized zeolite particles start to
aggregate, such that the external surface of zeolite parti-
cles covered by the silica matrix is reduced on average,
leading the increase of the accessibility to zeolite. How-
ever, further increase of the zeolite loading (e.g.,
60 wt%) leads to more severe aggregation (confirmed
by TEM and gas adsorption), resulting in zeolite parti-
cles inside the aggregates with low accessibility. In the
case of 40 wt% zeolite loading, TEM showed some very
small aggregates, consistent with the composite having
neither too much transfer limitation imposed by zeolite
particle aggregation nor not too much external surface
coverage by the mesoporous silica wall.


2) In addition, the activity is influenced by the chemical in-
teraction between zeolite and matrix, which changes the
nature of catalytically active acid sites as outlined above.
The presence and functionality of the strained siloxane


Figure 9. FTIR spectra in vacuum at room temperature after NH3 adsorp-
tion: a) TUD-1; b) 20% Beta-TUD-1; c) 40% Beta-TUD-1; d) 60%
Beta-TUD-1; e) zeolite Beta.


Figure 10. Pseudo-first-order reaction rate constants based on the mass of
zeolite for n-hexane cracking at 538 8C on zeolite Beta-TUD-1 catalysts,
the pure zeolite Beta, and a physical mixture of 40 wt% zeolite and
TUD-1.


Scheme 2.
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2-rings being one of the principle discoveries reported in
this paper.


Experimental Section


Materials : Triethanolamine (TEA, 97%) and tetraethylorthosilicate
(TEOS, 98%) from ACROS, tetraethylamonium hydroxide (TEAOH,
35%) from Aldrich, and demineralized water were used. zeolite Beta
with a Al/Si mole ratio of 150 and a crystal size of around 40 nm (meas-
ured with TEM) was supplied by Zeolyst International.


Synthesis : Zeolite particles were homogeneously dispersed in ammonia
containing water in a mass ratio of about 1/10~20. A mixture of tetra-
ethylorthosilicate (TEOS) and triethanolamine (TEA) was added to the
suspension whilst stirring. After stirring for about 2 h, tetraethylamonium
hydroxide (TEAOH) was added dropwise, whilst continuing to stir until
gelation of the synthesis mixture occurred. A typical final synthesis gel
has a molar composition of TEOS/0.5TEA/0.1TEAOH/11H2O, exclud-
ing the amount of zeolite (about 10–60 wt% zeolite in the final calcined
composite). Following the synthesis procedure of TUD-1,[10] the solid gel
was aged at room temperature for 6–24 h and dried at 98–100 8C in air
for 10 h. After the hydrothermal treatment at 170 8C for 4 h, the compo-
site material was calcined in air for 10 h at 600 8C, using a ramp rate of
1 8Cmin�1.


Characterization : X-ray powder diffraction (XRD) patterns were record-
ed with CuKa radiation on a Philips PW 1840 diffractometer equipped
with a graphite monochromator. The samples were scanned in a range of
0.1–408 in 2q with a step of 0.028. The presence of mesostructure was
confirmed by the low angle (001) reflection peak in between 0.5 and 28
in 2q.


Microporosity and mesoporosity were determined by argon and nitrogen
ad-/desorption measurements, respectively. Argon adsorption isotherms
were recorded on a Micrometrics ASAP 2010 at 87 K. Nitrogen ad-/de-
sorption isotherms were measured on a Quantachrome Autosorb-6B at
77 K. Before the measurements, all samples were degassed at 350 8C for
16 h. Micropore and mesopore sizes were calculated from desorption
branch using the Saito–Saito–Foley and BJH models, respectively.


High-resolution transmission electron microscopy (HRTEM) was per-
formed on a Jeol JEM-2010 electron microscope operated at 200 kV.
Solid-state NMR spectroscopy of 27Al NMR was recorded on a Varian-
400 s spectrometer.


FTIR spectra of pellets of the samples were recorded with a Bruker
Equinox 55 spectrometer at a resolution of 4 cm�1. NH3 and CO dosing
was performed on template-free samples after thermal treatments under
vacuum at 550 8C in suitable IR cells, allowing either room temperature
or liquid nitrogen temperature in situ measurements. The spectra are pre-
sented in absorbance scale after normalization with respect to the pellet
weight.


Catalytic test : The cracking of n-hexane was carried out on a fixed cata-
lyst bed of a continuously operated gas flow apparatus at atmospheric
pressure and with an n-hexane concentration of 6.6 mol% in nitrogen.
About 1 g of the catalysts, with a particle size of 125–250 mm, obtained
by crushing and sieving, was used in the reactor. As reference catalysts,
the pure zeolite Beta and a physical mixture of 40 wt% zeolite Beta and
silica TUD-1 was made into pellets (Pressure 200 kgcm�2) and crushed
to get the same particle size of 125–250 mm. The physical mixture was ob-
tained by mixing the zeolite and TUD-1, particle size smaller 125 mm,
with water followed by evaporation. For activation, the catalyst samples
were heated in an airflow of 50 mLmin�1 from room temperature to
600 8C with a heating rate of 10 8Cmin�1 and kept there for 8 h. The
cracking reaction of n-hexane was carried out at atmospheric pressure
with an n-hexane concentration of 6.6 mol% in nitrogen. The reaction
temperatures were increased in steps of 10 8C and the modified contact-
time based on the mass of catalyst was kept constant. The reaction prod-
ucts were automatically sampled and analyzed with an online gas chro-
matograph (GC) Chrompack 9000 with flame ionization detector (FID).
The GC column used to separate the light cracking products was a 60 m


fused silica capillary with an internal diameter of 0.32 mm and a nonpolar
bonded phase of dimethylpolysiloxane (film thickness 5 mm). To quantify
the catalyst activities, the first-order reaction rate constants for 538 8C
were calculated by applying the Arrhenius equation for the reaction tem-
peratures (500, 510, 520, and 530 8C) measured.
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The Efficient Synthesis of Morphinandienone Alkaloids by Using a
Combination of Hypervalent Iodine(iii) Reagent and Heteropoly Acid


Hiromi Hamamoto, Yukiko Shiozaki, Hisanori Nambu, Kayoko Hata,
Hirofumi Tohma, and Yasuyuki Kita*[a]


Introduction


The oxidative coupling reaction of benzyltetrahydroisoqui-
nolines to morphinandienones has received considerable at-
tention for a long time, since the proposal of alkaloid bio-
synthesis through the oxidative phenolic coupling reaction
presented by Barton and Cohen in 1957.[1] A great deal of
effort was invested in devising methodology for this purpose
and several heavy metal oxidizing reagents such as thalli-
um(iii), vanadium(v), iron(iii), ruthenium(iv) salts were de-
veloped.[1–6] In the early studies, the biomimetic phenolic
coupling reaction using chemical oxidants[1b,c,2, 3] or some
other synthetic methods such as the Pschorr reaction,[1b,4]


photochemical coupling reaction,[5] or benzyne reaction,[6]


were continually employed. Despite large efforts, the yields
of the coupling step were usually low and, in general, these
methodologies did not afford practical routes to morphinan-
dienone alkaloids.


However, a notable breakthrough to those low yields was
reported by Miller in 1971.[7a] They investigated an electro-
oxidative method and reported the successful conversion of
non-phenolic benzyltetrahydroisoquinoline to morphinan-


dienones.[7,8] Such approaches by using convenient and
stable non-phenolic substrates were found to have a signifi-
cant advantage in the synthesis of morphinandienones or
other spirodienone alkaloids.[7,8] Since then, much attention
has been focused on the chemical oxidation of non-phenolic
substrates toward morphinandienone synthesis.[9,10] Al-
though two types of efficient non-phenolic coupling reac-
tions, one leading to neospirinedienone alkaloids[9] and the
other leading to aporphinic alkaloids,[10] have been devel-
oped, the transformation into morphinandienones (see for
example Figure 1) by using chemical oxidation has not yet
been accomplished. In this report, we wish to report the suc-
cessful high-yield conversion of nonphenolic benzyltetrahy-
droisoquinoline to morphinandienones by using a combina-
tion of hypervalent iodine(iii) reagent and heteropoly acid
(HPA).


Results and Discussion


Due to the low toxicity, ready availability, easy handling,
and their reactivities similar to that of heavy metal reagents,
the use of the hypervalent iodine reagent is a dominant
method for the oxidative coupling reaction of phenolic de-
rivatives to date.[11] In continuation of our research on the
use of hypervalent iodine(iii) reagents for organic synthesis,
we originally found that the reaction of phenol ethers with
some nucleophiles in the presence of phenyliodine bis(tri-
fluoroacetate) (PIFA)/(CF3)2CHOH or PIFA/BF3·Et2O
caused nucleophilic substitution reaction.[12] These reactions


[a] Dr. H. Hamamoto, Y. Shiozaki, Dr. H. Nambu, K. Hata,
Dr. H. Tohma, Prof. Dr. Y. Kita
Graduate School of Pharmaceutical Sciences
Osaka University, 1-6 Yamada-oka, Suita
Osaka 565-0871 (Japan)
Fax: (+81)6-6879-8229
E-mail : kita@phs.osaka-u.ac.jp


Abstract: The non-phenolic coupling
reaction of benzyltetrahydroisoquino-
lines (laudanosine derivatives) by using
a hypervalent iodine(iii) reagent is de-
scribed. In general, chemical oxidation
of laudanosine gives glaucine. In con-
trast to general chemical oxidizing re-
agent systems, the novel use of reagent
combination of phenyliodine bis(tri-
fluoroacetate) (PIFA), and heteropoly


acid (HPA) afforded morphinandie-
none alkaloids in excellent yields. In
order to achieve the coupling reaction
with simple reaction procedure, the use


of HPA supported on silica gel instead
of HPA was demonstrated and suffi-
cient yield was exerted again. The pres-
ent reagent system, PIFA/HPA, was
also applied to the oxidation of other
non-phenolic benzyltetrahydroisoqui-
nolines and the high yield conversion
to morphinandienones was accom-
plished.


Keywords: alkaloids · C�C cou-
pling · heteropoly acids · hyperva-
lent iodine reagents · spiro com-
pounds
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proceed with the formation of a charge-transfer complex of
phenol ethers with PIFA, followed by single electron trans-
fer (SET), which leads to aromatic cation radical interme-
diates.[12a]


Recently, we developed a novel methodology for generat-
ing cation radical species using the combination of PIFA
and HPA.[13] HPA is a readily available, economical, envi-
ronmental, easy to handle, and odorless solid acid.[14] Inter-
estingly, under this reagent system, the specific formation of
spirodienones was observed
in some cases during the in-
vestigation of the intra-
molecular coupling reaction
of non-phenolic derivatives
(Scheme 1).[13b] This finding
prompts us to explore a new
efficient procedure to intro-
duce morphinandienones.


The study was performed on
a commercial product, the lau-
danosine (1a) (Table 1). As for
the chemical oxidation of 1a
with heavy metals, glaucine
(3a) was usually obtained in
moderate to good yields.[10]


Similar to heavy metal oxida-
tion, the reaction of 1a with
PIFA/BF3·Et2O in CH2Cl2 gave
3a in 58% yield (entry 1).[12e]


On the contrary, application of
our prior conditions,[13b] the
combination of PIFA and tung-
sto(iv) phosphoric acid
(H3[PW12O40], ca. 0.25 mol%;
20 mgmL�1) gave neither O-
methyl flavinantine (2a) nor
glaucine (3a) (entry 2). One
possible factor which leads to
this undesirable result is the in-
fluence of the tertiary amine.
It is well known that the basici-
ty of the nitrogen atom can
play an important role in the


oxidation of tetrahydroisoquinoline derivatives, and deacti-
vation of the nitrogen atom often has an influence on the
course of the coupling reaction.[2] To reduce the basicity of
the nitrogen atom, the amount of HPA was increased and
then the successful synthesis of the morphinandienones (2a)
was achieved (entries 3, 4). Alternatively, some acid addi-
tives[15] to PIFA/H3[PW12O40] were investigated for the same
purpose. In all cases, the dominant formation of 2a was ob-
served and the exclusive formation of 2a in excellent yield
occurred by using strong acid additive such as BF3·Et2O
(entry 5). This is the first example to effectively produce
morphinandienones by using chemical oxidation. Other
commercially available HPAs, such as H3[PMo12O40],
H4[SiW12O40], and H4[SiMo12O40], were also examined for
this reaction, and all were found to give 2a in good to excel-
lent yields (entries 6–8). In order to achieve the coupling re-
action with simple reaction procedure, the novel use of HPA
supported on silica gel, which is prepared by known
method,[16] was demonstrated and sufficient yield was exert-
ed (entry 9).


Additionally, the reaction was carried out in the absence
of HPA in wet solvent and also afforded 2a. However, the
yield of 2a decreased and an inseparable mixture was ob-
tained (entries 10, 11). This indicates that the presence of
water plays an important role in producing 2a, and the hy-


Figure 1. Some important isoquinoline and related alkaloids.


Scheme 1. Formation of spirodienones by treatment with PIFA/HPA.


Table 1. Oxidative coupling reaction of laudanosine (1a).


Entry Additive[a] HPA[b] Solv. T t 2a 3a
(5.0 equiv) [mgmL�1] [8C] [h] [%][c] [%][c]


1 BF3·Et2O none CH2Cl2 �40 0.16 – 58
2 none 25 (PW) CH3CN �20 to 0 12 – –
3 none 100 (PW) CH3CN �20 to 0 1 67 –
4 none 150 (PW) CH3CN �20 to 0 1 70 –
5 BF3·Et2O 25 (PW) CH3CN �20 to 0 0.5 90 –
6 BF3·Et2O 25 (PMo) CH3CN �20 to 0 0.5 84 –
7 BF3·Et2O 25 (SiW) CH3CN �20 to 0 0.5 71 –
8 BF3·Et2O 25 (SiMo) CH3CN �20 to 0 0.5 66 –
9 BF3·Et2O PW on SiO2 (0.3 equiv)


[d] CH3CN �20 to 0 0.5 87 –
10 BF3·Et2O none 0.5% H2O/CH3CN �20 to 0 1 41 –
11 BF3·Et2O none 1%MeOH/CH2Cl2 �20 to 0 1 41 –


[a] Further additives are given in ref. [15]. [b] PW=H3[PW12O40]; PMo=H3[PMo12O40]; SiW=H4[SiW12O40];
SiMo=H4[SiMo12O40]. [c] Yield of isolated products. [d] PW on SiO2=20 wt% supported on silica gel (see
ref. [16]).
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dration water of HPA, which is
present in the vicinity of the
electrophilic site, and has a sta-
bilizing effect on the cation
radical species, due to the
greater softness of the HPA
anion,[17] may cause a prefer-
ence for efficiently yielding 2a.


A plausible reaction mecha-
nism leading to 2a and 3a is
envisaged as follows
(Scheme 2). First, SET oxida-
tion of the electron-rich aro-
matic ring leads to intermedi-
ate [A]. The formation of 2a
would be introduced by the
hydration of the intermediate


[B]. On the other hand, as for 3a, there are two possible
pathways: direct o–p coupling[10b] (path a) versus bridgehead
p–p coupling[18] via intermediate [B] and [C] followed by re-
arrangement (path b). In view of the isolation of 2a and the
absence of 3a in entry 11, it seems reasonable to suggest
that glaucine 3a is formed by
path b.


The remarkable result ob-
tained in the reaction of lauda-
nosine (1a) prompted us to
extend our procedure to sever-
al morphinandienone synthe-
ses. The benzyltetrahydroiso-
quinoline derivatives (1b–e)
were prepared according to the
reported method.[7b] The oxida-
tion was investigated with
PIFA/HPA/BF3·Et2O and the
high yield conversion to mor-
phinandienone derivatives,
such as flavinantine, amurine,
and pallidine was accom-
plished. The present result


listed in Table 2 clearly showed much preference to previous
reports.[1–6,7b]


On the other hand, the oxidation of N-protected benzylte-
trahydroisoquinoline derivatives, N-trifluoroacetylnorlauda-
nosine (1g), was also investigated (Table 3). When the reac-
tion was carried out with PIFA/BF3·Et2O, the formation of
neospirinedienone (4) was observed, similar to heavy metal
oxidation (entry 1).[9b] On the contrary, the use of novel re-
agent combination, PIFA/HPA, afforded N-trifluoroacetyl-
norsebiferine (2g) and dominant formation of 2g occurred
in wet acetonitrile (entry 3). It is noteworthy that the reac-
tion proceeds under such mild reaction conditions with a
simple experimental protocol. In order to determine the ef-
fects of water, the PIFA/HPA mediated reactions were car-
ried under anhydrous conditions and exclusive formation of
4 were encountered. We also carried out the reaction with
PIFA/BF3·Et2O in wet acetonitrile and formation of 2g was
observed (entry 5). These results therefore suggest that the
presence of water in the reaction medium plays an impor-
tant role in its selectivity.


A plausible reaction mechanism leading to 2g and 4 is en-
visaged as follows (Scheme 3). Initial SET oxidation of the
aromatic ring reads to intermediate [D]. Nucleophilic cap-


Scheme 2. Possible reaction formation mechanism for 2a and 3a.


Table 2. Syntheses of morphinandienones.


Substrate OR1 OR2 OR3 OR4 Product Yield
[%][c]


1a OMe OMe OMe OMe 2a (O-methylflavinantine) 90
1b OMe OMe �OCH2O� 2b (amurine) 90
1c OBn OMe OMe OMe 2c 76
1d OMe OBn OMe OMe 2d 85
1e OMe OMe OBn OMe 2e (O-benzylpallidine) 79
1 f OMe OMe OMe OBn 2 f (O-benzylflavinatine) 82


[a] 25 mgmL�1. [b] 5 equiv. [c] Yield of isolated products.


Table 3. Oxidative coupling reaction of N-trifluoroacetylnorlaudanosine (1a).


Entry Additive H2O T t 2g 4
[8C] [h] [%][a] [%][a]


1 BF3·Et2O
[d] none �40 to 0 0.5 0 90


2 H3[PW12O40]
[b] none �20 to 0 0.5 63 32


3 H3[PW12O40]
[b] 2.5% �20 to 0 1 84 9


4 H3[PW12O40]
[b]/(CF3CO)2O


[c] none �20 to 0 0.5 0 90
5 BF3·Et2O


[d] 2.5% 0 to RT 3 43 13


[a] Yield of isolated products. [b] ca. 30 mol%. [c] 4 equiv. [d] 2 equiv.
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ture of [D] by the second aromatic ring gives intermediate
[E]. The formation of [E] into 2g occurs through the nucleo-
philic addition of H2O (path c), while 4 is formed by rear-
rangement of [E] via path d.


Conclusion


The efficient and useful synthesis of morphinandienone al-
kaloids upon treatment with a combination of hypervalent
iodine(iii) reagent and heteropoly acid was accomplished.
This high yielding conversion using less toxic reagent sys-
tems with simple reaction procedure may find several ad-
vantages for application to the synthesis of morphine types
of skeletons and many other types of spirodienone alkaloids.
Further applications along these lines are now in progress.


Experimental Section


All melting points are uncorrected. 1H and 13C NMR spectra were re-
corded at 300 and 75 MHz, respectively. All NMR spectra were recorded
in CDCl3 with either TMS or residual CHCl3 as the internal standard. IR
absorption spectra were recorded as KBr pellets. UV spectra were taken
on a SHIMADZU 2200 UV/Vis spectrometer. Aluminum oxide 60
(basic, Merck) and silica gel 60N (Kanto Chemical Company) were used
for column chromatography. The organic layer was dried with anhydrous
MgSO4 or Na2SO4. PIFA is commercially available. H3[PW12O40] and
H3[PMo12O40] were Kanto Chemical Company products. H4[SiW12O40],
Montmorillonite K10, and Nafion NR50 (beads) were purchased from
Aldrich. H4[SiMo12O40] was purchased from Wako Pure Chemical Indus-
tries. Compound 1a is commercially available. Compounds 1b–g were
prepared by known methods.[7b] 1H NMR and 13C NMR spectra of the
amide compounds 2g and 4 exhibited the presence of two rotamers.[7d,21]


Typical coupling procedure leading to morphinandienone derivatives 2
by treatment with PIFA/HPA : HPA (2.8 g), PIFA (1.26 g, 2.94 mmol)
and BF3·Et2O (1.4 mL, 11.2 mmol) were added at �20 8C to a stirred so-
lution of laudanosine (1a, 1.00 g, 2.80 mmol) in CH3CN (112 mL). Stir-
ring was continued for 60 min at �20 to 0 8C. The solution was diluted
with 10% Et3N/EtOAc and then quenched with saturated aqueous
NaHCO3. The mixture was extracted with EtOAc and washed with brine.
The organic extract was concentrated and the residue was purified by
column chromatography on silica gel (EtOAc/Et3N 20:1) to afford the O-
methyl flavinantine (2a). The other laudanosine derivatives 1 were exam-
ined by a similar procedure by using 1.00 mmol of 1.


Coupling procedure leading to O-methyl flavinantine (sebiferine) (2a) by
treatment with PIFA/HPA supported on silica gel : HPA (20 wt% sup-
ported on silica gel) (500 mg), PIFA (43.0 mg, 0.10 mmol) and BF3·Et2O


(63 mL, 0.50 mmol) were added at �20 8C to a stirred solution of laudano-
sine (1a, 35.7 mg, 0.10 mmol) in CH3CN (4.0 mL). Stirring was continued
for 30 min at �20 to 0 8C. The solution was filtered through a pad of alu-
mina. The filtrate was concentrated and the residue was purified by
column chromatography on silica gel (EtOAc/Et3N 20:1) to afford the O-
methyl flavinantine (sebiferine) (2a, 29.6 mg, 87%).


O-Methyl flavinantine (sebiferine) (2a):[7b, 19b,19d,20,21] Colorless solid; m.p.
162–163 8C (lit. [19d] 112–113 8C; lit. [19b] 158–160 8C; lit. [20] 161–
162 8C); 1H NMR: d=1.81–1.96 (m, 2H; CH2), 2.45 (s, 3H; NMe), 2.56–
2.59 (m, 2H; CH2), 3.03 (dd, J=18.0, 6.0 Hz, 1H; CH2), 3.33 (d, J=
18.0 Hz, 1H; CH2), 3.68 (d, J=6.0 Hz, 1H; CH), 3.79 (s, 3H; OMe), 3.85
(s, 3H; OMe), 3.87 (s, 3H; OMe), 6.31 (s, 1H; ArH), 6.35 (s, 1H; ArH),
6.62 (s, 1H; ArH), 6.80 (s, 1H; ArH); 13C NMR: d=32.6, 41.1, 41.7, 42.2,
45.7, 55.1, 55.9, 56.3, 60.8, 108.6, 110.4, 118.8, 122.2, 128.7, 130.0, 148.0,
148.3, 151.4, 161.7, 180.9; IR (KBr):ñ = 1668, 1643, 1620 cm�1; UV: lmax


(EtOH) = 283, 239 nm; HRMS-EI: m/z : calcd for C20H23NO4: 341.1627;
found: 341.1626; MS: m/z (%): 341 (100) [M +]; elemental analysis calcd
(%) for C20H23NO4: C 70.36, H 6.79, N 4.10; found: C 70.20, H 6.86, N
4.05.


Amurine (2b):[7b, 19b,19d,21] Colorless solid; m.p. 174 8C (lit. [21] 205–
206 8C); 1H NMR: d=1.73–1.94 (2H, m; CH2), 2.45 (s, 3H; NMe), 2.49–
2.59 (m, 2H; CH2), 2.99 (dd, J=17.7, 6.0 Hz, 1H; CH2), 3.30 (d, J=
17.7 Hz, 1H; CH2), 3.66 (d, J=6.0 Hz, 1H; CH), 3.79 (s, 3H; OMe), 5.91
(s, 1H; OCH2O), 5.95 (s, 1H; OCH2O), 6.29 (s, 1H; ArH), 6.31 (s, 1H;
ArH), 6.61 (s, 1H; ArH), 6.83 (s, 1H; ArH); 13C NMR: d=33.0, 41.3,
41.7, 42.5, 45.7, 55.1, 60.8, 101.2, 105.1, 107.5, 118.7, 121.2, 129.6, 131.0,
146.8, 146.9, 151.4, 161.4, 180.9; IR (KBr): ñ = 1668, 1643, 1618 cm�1;
UV: lmax (EtOH) = 286, 246 nm; HRMS-EI: m/z : calcd for C19H19NO4:
325.1314; found: 325.1314; MS: m/z (%): 325 (100) [M +].


2,3-Dimethoxy-6-benzyloxymorphinandienone (2c):[7b] Colorless solid;
m.p. 187–189 8C (lit. [7b] 227 8C); 1H NMR: d=1.71–1.93 (m, 2H; CH2),
2.45 (s, 3H, NMe), 2.53–2.55 (m, 2H; CH2), 3.01 (dd, 1H, J=17.7,
6.0 Hz; CH2), 3.31 (d, J=17.7 Hz, 1H; CH2), 3.63 (s, 3H; OMe), 3.67 (d,
J=6.0 Hz, 1H; CH), 3.83 (s, 3H; OMe), 5.04 (d, J=12.9 Hz, 1H; CH2),
5.24 (d, J=12.9 Hz, 1H; CH2), 6.34 (s, 1H; ArH), 6.36 (s, 1H; ArH),
6.39 (s, 1H; ArH), 6.59 (s, 1H; ArH), 7.30–7.44 (m, 5H; ArH);
13C NMR: d=32.6, 41.0, 41.7, 42.4, 45.5, 55.8, 56.1, 60.8, 70.0, 108.2,
110.2, 122.0, 122.4, 126.7 (2C), 128.0, 128.5, 128.7 (2C), 129.7, 136.3,
147.9, 148.2, 150.0, 161.2, 181.1; IR (KBr): ñ = 1666, 1643, 1620 cm�1;
HRMS-EI: m/z : calcd for C26H27NO4: 417.1940; found: 417.1936; MS: m/
z (%): 417 (15) [M +], 326 (41), 298 (38), 91 (100).


O-Benzylpallidine (2e):[4c, 7b,22] Colorless solid; m.p. 173 8C (lit. [22] 165–
167 8C; lit. [4c] 224–225 8C); 1H NMR: d=1.82–1.97 (m, 2H; CH2), 2.45
(s, 3H; NMe), 2.56–2.58 (m, 2H; CH2), 2.99 (dd, J=17.7, 5.7 Hz, 1 H:
CH2), 3.29 (d, J=17.7 Hz, 1H; CH2), 3.67 (d, J=5.7 Hz, 1H; CH), 3.81
(s, 3H; OMe), 3.89 (s, 3H; OMe), 5.1 (s, 2H; CH2), 6.31 (s, 1H; ArH),
6.36 (s, 1H; ArH), 6.67 (s, 1H; ArH), 6.84 (s, 1H; ArH), 7.30–7.44 (m,
5H; ArH); 13C NMR: d=32.7, 40.8, 41.4, 42.2, 45.5, 55.1, 56.6, 60.7, 71.0,
109.5, 112.9, 118.7, 122.6, 127.3 (2C), 128.0, 128.5, 128.6 (2C), 130.5,
136.7, 147.7, 148.7, 151.4, 180.8; IR (KBr): ñ = 1666, 1643, 1620 cm�1;
HRMS-EI: m/z : calcd for C26H27NO4: 417.1940; found: 417.1942; MS:
m/z (%): 417 (66) [M +], 91 (100).


O-Benzylflavinantine (2 f):[4b, 7b,22] Colorless solid; m.p. 173–176 8C
(lit. [22] 142–144 8C; lit. [7b] 203–204 8C; lit. [4b] 208–210 8C); 1H NMR:
d=1.81–1.92 (m, 2H; CH2), 2.45 (s, 3H; NMe), 2.52–2.55 (m, 2H; CH2),
3.00 (dd, J=18.0, 6.6 Hz, 1H; CH2), 3.33 (d, J=18.0 Hz, 1H; CH2), 3.62
(s, 3H; OMe), 3.64 (d, J=6.6 Hz, 1H; CH), 3.88 (s, 3H; OMe), 5.12 (d,
J=12.6 Hz, 1H; CH2), 5.20 (d, J=12.6 Hz, 1H; CH2), 6.08 (s, 1H; ArH),
6.29 (s, 1H; ArH), 6.65 (s, 1H; ArH), 6.75 (s, 1H; ArH), 7.30–7.44 (m,
5H; ArH); 13C NMR: d=32.6, 41.3, 41.7, 42.1, 45.7, 55.0, 56.0, 60.8, 72.0,
110.8, 112.5, 118.6, 122.2, 127.1 (2C), 128.0, 128.6 (2C), 129.6, 129.9,
137.3, 146.9, 149.1, 151.3, 161.6, 180.9; IR (KBr): ñ=1666, 1643,
1616 cm�1; HRMS-EI: m/z : calcd for C26H27NO4: 417.1940; found:
417.1941; MS: m/z (%): 417 (66) [M +], 91 (100).


Procedure for the preparation of glaucine (3a): PIFA (43.0 mg,
0.10 mmol) and BF3·Et2O (63 mL, 0.50 mmol) were added at �20 8C to a
stirred solution of laudanosine (1a, 35.7 mg, 0.10 mmol) in CH2Cl2
(4.0 mL). Stirring was continued for 30 min at �20 to 0 8C. The solution
was diluted with CH2Cl2 and then quenched with saturated aqueous
NaHCO3. The mixture was extracted with CH2Cl2 and washed with brine.


Scheme 3. Possible reaction formation mechanism for 2g and 4.
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The organic extract was concentrated and the residue was purified by
column chromatography on silica gel (hexane/EtOAc/Et3N 20:10:1) to
afford glaucine (3a, 20.6 mg, 58%).


Glaucine (3a):[9a,19b,23] Colorless solid; m.p. 134–137 8C (lit. [23] 111–
113 8C; lit. [19b] 136–138 8C; lit. [9a] 137–139 8C); 1H NMR: d=2.50–2.55
(m, 1H; CH2), 2.57 (s, 3H; NMe), 2.58–2.70 (m, 1H; CH2), 3.00–3.43 (m,
5H; CH, CH2, CH2), 3.65 (s, 3H; OMe), 3.89 (s, 3H; OMe), 3.90 (s, 3H;
OMe), 3.93 (s, 3H; OMe), 6.59 (s, 1H; ArH), 6.78 (s, 1H; ArH), 8.09 (s,
1H; ArH); 13C NMR: d=29.0, 29.3, 34.5, 44.1, 53.3, 55.7, 55.8, 60.1, 62.5,
110.3, 110.7, 111.5, 124.7, 126.9, 127.2, 128.9, 129.3, 144.3, 147.4, 147.9,
151.8; IR (KBr): ñ = 1597 cm�1.


Procedure for the oxidative coupling reaction of N-trifluoroacetyl norlau-
danosine by treatment with PIFA/HPA : HPA (100 mg) and PIFA
(43.0 mg, 0.10 mmol) were added at �20 8C to a stirred solution of 1g
(0.10 mmol) in 2.5% H2O/CH3CN (4.0 mL). Stirring was continued for
60 min at �20 to 0 8C. The solution was dilute with AcOEt and filtered
through a pad of alumina. The filtrate was concentrated and the residue
was purified by column chromatography on silica gel (hexane/EtOAc/
Et3N 10:15:0.5) to afford N-trifluoroacetylnorsebiferine (2g) and N-tri-
fluoroacetylneospirinedioenone (4).


Procedure for the oxidative coupling reaction of N-trifluoroacetylnorlau-
danosine by treatment with PIFA/BF3·Et2O : PIFA (43.0 mg, 0.10 mmol)
and BF3·Et2O (25 mL, 0.20 mmol) were added at �20 8C to a stirred solu-
tion of 1g (0.10 mmol) in CH3CN (4.0 mL). Stirring was continued for
30 min at �20 to 0 8C. The solution was diluted with EtOAc and then
quenched with saturated aqueous NaHCO3. The mixture was extracted
with EtOAc and washed with brine. The organic extract was concentrat-
ed and the residue was purified by column chromatography on silica gel
(hexane/EtOAc/Et3N 10:15:0.5) to afford the N-trifluoroacetyl neospiri-
nedioenone (4).


Procedure for the oxidative coupling reaction of N-trifluoroacetyl norlau-
danosine by treatment with PIFA/HPA/(CF3CO)2O : HPA (100 mg) and
PIFA (43.0 mg, 0.10 mmol) was added at �20 8C to a stirred solution of
1g (43.9 mg, 0.10 mmol) in 1.0% (CF3CO)2O/CH3CN (4.0 mL). Stirring
was continued for 30 min at �20 to 0 8C. The solution was diluted with
EtOAc and then quenched with saturated aqueous NaHCO3. The mix-
ture was extracted with EtOAc and washed with brine. The organic ex-
tract was concentrated and the residue was purified by column chroma-
tography on silica gel (hexane/EtOAc/Et3N 10:15:0.5) to afford the N-tri-
fluoroacetylneospirinedioenone (4).


N-trifluoroacetylnorsebiferine (2g):[7d, 21, 24] Colorless solid; m.p.
182–183 8C (lit. [21] 203–204 8C; lit. [24] 179.4–181.5 8C); 1H NMR: d=


1.79–2.09 (m, 2H; CH2), 2.89–3.29 (m, 3H; CH, CH2), 3.44, 4.45 (2Mdd,
J= , 18.3, 5.7, 14.1, 5.4 Hz, total 1H; CH2), 3.81 (s, 3H; OMe), 3.86 (s,
3H; OMe), 3.90 (s, 3H; OMe), 4.99, 5.60 (each d, J=5.4, 5.7 Hz, total
1H; CH), 6.36, 6.37 (each s, total 1H; ArH), 6.41 (s, 1H; ArH), 6.62 (s,
1H; ArH), 6.84 (s, 1H; ArH); 13C NMR: d (major)=37.9, 39.5, 41.6,
42.2, 52.0, 55.2, 55.9, 56.4, 108.7, 110.8, 117.4, 123.2, 126.7, 128.6, 148.7,
149.0, 151.9, 156.6, 180.1; d(minor)=37.0, 38.7, 41.0, 42.1, 52.0, 55.3, 55.9,
56.3, 108.7, 110.5, 117.6, 122.7, 126.4, 128.6, 148.7, 149.0, 151.8, 156.3,
180.1; IR (KBr): ñ = 1649, 1678 cm�1; HRMS-EI: m/z : calcd for
C21H20F3NO5: 423.1293; found: 423.1292; MS: m/z (%): 423.2 (100)
[M +].


N-trifluoroacetylneospirinedioenone (4):[7d,25] Colorless solid; m.p.
250–251 8C (lit. [25] 247–248 8C); 1H NMR: d=1.94–2.34 (m, 4H; CH2,
CH2), 2.87, 3.10 (each dd, J=18.3, 6.3, 17.4, 3.0 Hz, total 1H; CH2), 3.21,
3.47 (each dd, J=17.4, 7.2, 18.3, 9.3 Hz, total 1H; CH2), 3.68, 3.73 (each
s, total 3H; OMe), 3.91 (s, 6H; OMe, OMe), 4.49, 4.64 (each dd, J=9.3,
6.3, 7.2, 3.0 Hz, total 1H; CH), 5.69, 5.83 (each s, total 1H; ArH), 6.60 (s,
1H; ArH), 6.65, 6.76 (each s, total 1H; ArH), 6.98, 7.07 (each s, total
1H; ArH); 13C NMR: d(major) =31.7, 41.2, 45.1, 47.4, 55.2, 56.1 (2C),
60.6, 108.0, 111.1, 116.4, 116.2 (J=287 Hz), 123.7, 125.2, 127.4, 148.7,
151.3, 151.8, 155.9 (J=37 Hz), 156.8, 180.8; d (minor) =33.3, 36.2, 45.0,
48.1, 55.2, 56.0 (2C), 60.7, 107.4, 110.5, 114.4, 116.1 (J=287 Hz), 122.6,
123.9, 127.0, 148.7, 151.8, 152.1, 154.4, 155.7(J=37 Hz), 180.7; IR (KBr):
ñ = 1639, 1693 cm�1; HRMS-EI: m/z : calcd for C21H20F3NO5: 423.1293;
found: 423.1294; MS: m/z (%): 423.2 (100) [M +]; elemental analysis
calcd (%) for C21H20F3NO5: C 59.57, H 4.76, N 3.31; found: C 59.34, H
4.79, N 3.32.
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Polarity Matching of Radical Trapping: High Yielding 3-exo and 4-exo
Cyclizations


Andreas Gans�uer,* Thorsten Lauterbach, and Daniel Geich-Gimbel[a]


Introduction


Radical cyclization reactions are amongst the most powerful
and versatile methods for the construction of mono- and
polycyclic systems.[1] However, the synthesis of small rings,
that is, cyclopropanes, a highly interesting functional group
under theoretical, preparative and structural aspects,[2] and
cyclobutanes, is usually difficult. In the former case this is
because ring openings of the intermediate cyclopropyl car-
binyl radicals are amongst the fastest radical reactions
known (k~108–109 s�1)[3] and in the latter case, ring closure
is one of the slowest radical reactions (k~1 s�1) while ring
opening of the cyclobutylcarbinyl radical is fast,[4] as shown
in Scheme 1.


In this publication we wish to report our first results on
high yielding, catalytic, and tin free[5] radical syntheses of cy-
clopropanes and cyclobutanes circumventing these prob-


lems. The method is complementary to the concepts used in
traditional free radical chemistry for the synthesis of small
rings. In these cases the stabilization of the carbinyl radicals
through conjugation and incorporation of some of the ring
strain of the cyclopropanes into the starting materials have
been utilized with good success.[6]


Our approach exploits the different and polarity control-
led reactivity of alkyl radicals generated from epoxides[7,8]


and enol radicals generated after cyclization towards
[Cp2TiCl], the electron transfer reagent used in this study.
This allows both formation and trapping of the unstable car-
binyl radicals as shown in Scheme 2.


At first glance our approach may seem similar to the one
employed by Fern5ndez-Mateos in his elegant stoichiomet-
ric cyclization reactions of epoxide derived radicals to alde-
hydes and ketones[7e] or to nitriles.[7f] However, both reac-
tions do not work under our catalytic conditions and must
therefore be considered as conceptually different. While a
detailed study on this discrepancy would have to be carried
out to establish the differences, we suggest hydrogen atom
abstraction from THF by the highly electrophilic and short-
lived radicals generated under Fern5ndez-Mateos8 condi-
tions as a plausible cause.[9] Catalyst regeneration would


[a] Prof. Dr. A. Gans<uer, T. Lauterbach, D. Geich-Gimbel
Kekul?-Institut f@r Organische Chemie und Biochemie
der Universit<t Bonn
Gerhard Domagk Strasse 1, 53121 Bonn (Germany)
Fax: (+49)228-734760
E-mail : andreas.gansaeuer@uni-bonn.de


Keywords: cyclobutanes · cyclopro-
panes · epoxides · radical reactions ·
titanium


Abstract: A catalyzed synthesis of cyclopropanes and cyclobutanes via radical
chemistry is described. The method that generally proceeds in high yields uses ep-
oxides as radical precursors and titanocene(iii) complexes as the electron transfer
catalysts (see scheme). The key to the success of the transformation is constituted
by the chemoselectivity of radical reduction. Electrophilic enol radicals generated
through cyclization are reduced rapidly whereas their precursors, nucleophilic
alkyl radicals, remain unaffected.


Scheme 1. Kinetics of the 3-exo and 4-exo cyclization.


Scheme 2. Polarity matching for radical trapping.
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then become difficult. This is not the case under our condi-
tions.


In free radical chain reactions polarity controlled transfor-
mations have been used with excellent success, for example,
in Roberts8 polarity reversed catalysis.[10]


Nucleophilic alkyl radicals generated through epoxide
opening are only slowly reduced by [Cp2TiCl]. Since no
other radical pathway than cyclization is available under our
reaction conditions they remain fairly stable. This results in
increased longevity that is decisive for the very slow forma-
tion of the cyclobutyl carbinyl radicals in the 4-exo cycliza-
tion. The unfavorable equilibrium for the formation of both
rings is therefore irrelevant if the radicals generated through
cyclization are reduced efficiently. The swift and exothermic
trapping of the electrophilic enol radical to yield titanium
enolates provides this desired electronic differentiation and
thus a driving force for irreversible termination of small ring
formation.


Results and Discussion


We decided to check the validity of the concept for 3-exo
cyclizations first to avoid anticipated problems of the very
slow 4-exo cyclization. The results summarized in Table 1
amply demonstrate the validity of our approach.


With the b-ionone derived epoxides 1, 3, and 5 good to
excellent yields of the desired cyclopropanes were achieved
through polarity controlled reduction (entries 1–3). Diaster-
eoselectivities of the cyclizations were excellent. It is impor-
tant to note the good yield of the reaction of 1 containing
an enone.[11] As this sensitive functional group is reduced
rapidly by other popular electron transfer reagents, for ex-
ample, SmI2,


[12] the mildness of the radical generation from
epoxides with [Cp2TiCl] is impressively highlighted.


The alternative approach of a thermodynamic stabiliza-
tion of the cyclopropyl carbinyl radical, that has been ap-
plied with success in traditional free radical chemistry to-
gether with incorporation of some of the cyclopropane8s
strain[6,13] in the starting material, was also investigated
(entry 4). With epoxide 7 cyclization should lead to a highly
stabilized benzyl radical. This intermediate is, however, re-
duced even more slowly by [Cp2TiCl] than simple alkyl radi-
cals.[8l] As none of the desired product could be isolated it is
clear that the thermodynamic promotion of the 3-exo cycli-
zation is not relevant for the other examples in table 1 also,
since radical stabilization by ketone, ester, and amide
groups (entries 1–3) is much smaller compared with
arenes,[14] especially when a tertiary radical adds to the a,b-
unsaturated carbonyl compounds (all entries except
entry 6).


The other cases shown demonstrate that substitution pat-
terns difficult to access with other methods[15] can be readily
obtained in good to excellent yields. The epoxide precursors
may be mono- (11, entry 6), di- (9, 13, 15, entries 5, 7, 8),
and trisubstituted (1, 3, 5, entries 1, 2, 3). Thus tetra- (2, 4,
6, and 12, entries 1–3, 6) and even pentasubstituted cyclo-
propanes (10, 14, and 16, entries 5, 7, and 8) can be easily
prepared by our method. Diastereoselectivities are in the
usual range for radical cyclizations.


The substrates for the cyclization were prepared according
to standard procedures from known compounds as shown in
Schemes 3 and 4.


Table 1. Titanocene catalyzed 3-exo cyclizations.[10] For reasons of clarity
only the major isomer is shown.


Entry Substrate Product Yield [%]


1 72


2 92


3 96


4 <10


5 95, dr 63:37


6 88, dr 81:19


7 72, dr 75:25


8 84, dr 75:25
Scheme 3. Synthesis of 3-exo cyclization precursors. See Experimental
Section for details.
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We then focussed our attention to 4-exo cyclizations. It
turned out that under our conditions excellent results could
be obtained as shown in Scheme 5.


The high yields indicate that the longevity of the alkyl
radicals generated by electron transfer from titanocene(iii)
chloride is sufficient to enable the unusually slow 4-exo cyc-
lization[16] without interference of competing radical path-
ways. This results in an almost quantitative trapping of the
enol radicals obtained after cyclization to give the cyclobu-
tanes in excellent yield. The starting materials were pre-
pared as shown in Scheme 6.


Efficient 4-exo cyclizations via radical chain processes are
rare and require special substrates or stabilization of the
products.[16a,b] In SmI2 chemistry only cyclization of ketyl
radicals to enoates are known. However, at least in the case
of ketones it has been unequivocally demonstrated that the


enoate is reduced before the carbonyl group.[16d] To the best
of our knowledge, our examples belong to the most efficient
4-exo cyclizations known as yet.


In summary, the concept of polarity matching of radical
trapping has provided a highly efficient and catalytic
method for the preparation of cyclopropanes and cyclobu-
tanes through radical chemistry. It also avoids the toxicity
problems associated with tin reagents.


Experimental Section


General procedures : All reactions were performed in oven-dried (100 8C)
glassware under Ar. THF was freshly distilled from K. Et2O was freshly
distilled from Na/K. CH2Cl2 was freshly distilled from CaH2. The prod-
ucts were purified by flash chromatography on Merck silica gel 50 (elu-
ents given in brackets, EE refers to ethyl acetate, CH to cyclohexane, PE
to petrol ether 40–60 8C).[17] Yields refer to analytically pure samples.
Isomer ratios were determined by suitable 1H NMR integrals of cleanly
separated signals. NMR: Bruker AMX 300, AM 400; 1H NMR, [D5]ben-
zene (7.16 ppm) and CHCl3 (7.26 ppm) in the indicated solvent as inter-
nal standard in the same solvent; 13C NMR: CDCl3 (77.16 ppm) and
C6D6 (138.06 ppm) as internal standard in the same solvent; integrals in
accord with assignments, coupling constants are measured in Hz and
always constitutes J(H,H) coupling constants. An asterisk (*) indicates
the signal of the minor diastereomer. Combustion analyses: Mr. Frank
Hambloch, Institut f@r Organische Chemie der Georg-August-Universit<t
GQttingen and Mrs. Annie Martens, Kekul?-Institut f@r Organische
Chemie der Rheinischen Friedrich-Wilhelms-Universit<t Bonn. IR spec-
tra: Perkin-Elmer 1600 series FT-IR as KBr-Pellets or neat films on KBr
plates.


The following compounds were prepared according to literature proce-
dures, or have already been described in the literature: The following
compounds were synthesized according to literature procedures: 1,[18]


17,[19] 18,[20] 23,[21] 25,[22] 27,[23] 36.[24]


General procedure 1 (GP 1)


Horner–Wadsworth–Emmons olefination : NaH (96.0 mg 4.00 mmol) was
suspended in dry Et2O (30 mL). The phosphonate (5.00 mmol) was
added dropwise to the suspension. After the reaction mixture became
clear (usually 5 min except 2 h for the tert-butyl) the aldehyde
(3.00 mmol) was added. The solution was stirred at room temperature for
the indicated time. The organic phase was washed with water (2R15 mL),
the combined aqueous layers were extracted with CH2Cl2 (10 mL). The
combined organic layers were washed with brine (5 mL) and dried
(MgSO4). The solvents were removed under reduced pressure and the
crude product purified by silica gel chromatography.


General procedure 2 (GP 2)


Epoxidation of olefins by mCPBA : The olefin (2.00 mmol) was dissolved
in dichloromethane (20 mL). At 0 8C mCPBA (518 mg, 3.00 mmol) was
added. The reaction mixture was stirred at room temperature for the in-
dicated time. After adding of Et2O (50 mL) the organic phase was
washed with 2n NaOH (2R10 mL), the combined aqueous layers were


Scheme 4. Synthesis of precursors for the 3-exo cyclization. See Experi-
mental Section for details.


Scheme 5. Titanocene catalyzed 4-exo cyclization.


Scheme 6. Synthesis of precursors for the 4-exo cyclization. See Experi-
mental Section for details.


Chem. Eur. J. 2004, 10, 4983 – 4990 www.chemeurj.org F 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4985


Radical Trapping 4983 – 4990



www.chemeurj.org





extracted with CH2Cl2 (10 mL). The combined organic layers were
washed with brine (5 mL) and dried (MgSO4). The solvents were re-
moved under reduced pressure and the crude product purified by silica
gel chromatography.


General procedure 3 (GP 3)


Radical cyclization : The epoxide (1.00 mmol) was added to a suspension
of [Cp2TiCl2](24.9 mg, 100mmol), collidine hydrochloride (394 mg,
2.50 mmol) and zinc dust (131 mg, 2.00 mmol), that were heated under
vacuum until the collidine hydrochloride began to sublime slightly prior
to use, in dry THF (10 mL) and the reaction mixture stirred at room tem-
perature for the indicated time.


After adding of Et2O (20 mL) the reaction mixture was washed with of
2n HCl (2R10 mL), in case of amides with water (2R10 mL), the com-
bined aqueous layers were extracted with CH2Cl2 (10 mL). The combined
organic layers were washed with brine (5 mL) and dried (MgSO4). The
solvents were removed under reduced pressure and the crude product
purified by silica gel chromatography.


1-(2-Hydroxy-1,5,5-trimethyl-bicyclo[4.1.0]hept-7-yl)-propan-2-one (2):
According to GP 3 1 (417 mg, 2.00 mmol), [Cp2TiCl2] (48.8 mg, 200 mg),
collidine hydrochloride (788 mg, 5.00 mmol) and zinc dust (262 mg,
4.00 mmol) for 16 h. Silica gel chromatography (CH/EE 9:1) gave 2
(302 mg, 72%). Rf=0.4 (CH/EE 9:1); 1H NMR (300 MHz, CDCl3): d=
3.82 (t, 3J=6.1 Hz, 1H), 3.99 (br s, 1H), 2.80 (dd, 2J=18.9, 3J=4.2 Hz,
1H), 2.13 (s, 3H), 2.12 (dd, 2J=19.1, 3J=10.3 Hz, 1H), 1.57 (dddd, 2J=
14.1, 3J=8.7, 5.4, 3.3 Hz, 1H), 1.25–1.04 (m, 2H), 1.01 (s, 3H), 1.00 (s,
3H), 0.99–0.88 (m, 2H), 0.87 (s, 3H), 0.40 ppm (d, 3J=5, 8 Hz, 1H);
13C NMR (75 MHz, CDCl3): d=210.2, 72.2, 43.1, 39.8, 33.6, 31.6, 29.7,
28.6, 27.2, 19.9, 16.5 ppm; IR (film): ñ=3475, 2950, 1710, 1465, 1410,
1360, 1305, 1235, 1165, 1070, 1050, 985, 895 cm�1; HRMS (EI, 70 eV): m/
z : calcd for C13H22O2: 210.1620; found: 210.1631 [M]+ .


3-(1,3,3-Trimethyl-7-oxa-bicyclo[4.1.0]hept-2-yl)-acrylic ethyl ester (3):
According to GP 1 17 (1.68 g, 10.0 mmol), NaH (300 mg, 12.5 mmol), the
phosphonate (3.36 g, 15.0 mmol) in THF (50 mL) for 16 h. Silica gel chro-
matography (CH/EE 9:1) to yield 3 (1.62 g, 70%). Rf=0.4 (CH/EE
17:3); 1H NMR (400 MHz, C6D6): d=7.26 (dd, 3J=15.7, 10.4 Hz, 1H),
5.97 (dd, 3J=15.7, 5J=0.6 Hz, 1H), 4.03 (qd, 3J=7.1, 5J=1.5 Hz, 2H),
2.65 (dd, 3J=2.5, 1.6 Hz, 1H), 1.76 (d, 3J=10.4 Hz, 1H), 1.69 (dddd, 2J=
15.2, 3J=5.3, 3.9, 1.4 Hz, 1H), 1.43 (dddd, 2J=15.2, 3J=10.8, 5.9, 2.7 Hz,
1H), 1.25 (ddd, 2J=13.5, 3J=10.8, 5.3 Hz, 1H), 1.02 (s, 3H), 0.97 (t, 3J=
7.1 Hz, 3H), 0.63 (s, 3H), 0.59 (s, 3H), 0.63–0.55 ppm (m, 1H); 13C NMR
(100 MHz, C6D6): d=165.6, 147.0, 124.3, 60.1, 58.8, 58.1, 52.2, 31.1, 28.7,
27.7, 27.2, 23.9, 22.0, 14.3 ppm; IR (film): ñ=2960, 1720, 1650, 1450,
1365, 1340, 1305, 1260, 1215, 1160, 1115, 1095, 1045, 990, 960, 905 cm�1;
HRMS (EI, 70 eV): m/z : calcd for C14H22O3: 238.1569; found: 238.1575
[M]+ .


(2-Hydroxy-1,5,5-trimethyl-bicyclo[4.1.0]hept-7-yl)-acetic ethyl ester (4):
According to GP 3 3 (238 mg, 1.00 mmol), [Cp2TiCl2] (24.9 mg, 100 mg),
collidine hydrochloride (394 mg, 2.50 mmol) and zinc dust (131 mg,
2.00 mmol) for 16 h. Silica gel chromatography (CH/EE 49:1) gave 4
(222 mg, 92%). Rf=0.1 (CH/EE 19:1); 1H NMR (400 MHz, C6D6): d=
3.93–3.88 (m, 1H), 3.91 (q, 3J=7.1 Hz, 2H), 2.70 (dd, 3J=9.8, 5.0 Hz,
1H), 2.34 (dd, 2J=17.7, 3J=5.1 Hz, 1H), 1.81 (dd, 2J=17.6, 3J=10.3 Hz,
1H), 1.55 (dddd, 2J=14.1, 3J=8.8, 5.5, 3.3 Hz, 1H), 1.29 (dddd, 2J=13.9,
3J=9.5, 6.7, 2.8 Hz, 1H), 1.11 (ddd, 2J=13.7, 3J=9.0, 2.8 Hz, 1H), 1.04 (s,
3H), 1.00 (ddd, 2J=10.6, 3J=9.5, 3.3 Hz, 1H), 0.95 (t, 3J=7.2 Hz, 3H),
0.93 (s, 3H), 0.91–0.86 (m, 1H), 0.84 (s, 3H), 0.20 ppm (d, 3J=5.8 Hz,
1H); 13C NMR (100 MHz, C6D6): d=174.0, 71.8, 60.5, 39.8, 33.6, 33.6,
31.4, 28.6, 28.2, 27.6, 27.4, 19.8, 17.6, 14.1 ppm; IR (film): ñ=3450, 2950,
1720, 1465, 1370, 1310, 1195, 1070, 1035, 930, 855 cm�1; HRMS (EI,
70 eV): m/z : calcd for C14H24O3: 240.1725; found: 240.1728 [M]+ .


N,N-Dimethyl-3-(1,3,3-trimethyl-7-oxa-bicyclo[4.1.0]hept-2-yl)-acrylam-
ide (5): According to GP 1 17 (466 mg, 2.77 mmol), NaH (72.0 mg,
3.00 mmol), the phosphonate (781 mg, 3.50 mmol) in THF (25 mL) for
16 h. Silica gel chromatography (CH/EE 1:1) to yield 5 (368 mg, 56%).
Rf=0.4 (EE); 1H NMR (400 MHz, C6D6): d=7.12 (d, 3J=14.5, 10.4 Hz,
1H), 6.15 (d, 3J=15.7 Hz, 1H), 2.72 (br s, 3H), 2.71 (dd, 3J=2.3, 1.1 Hz,
1H), 2.41 (br s, 3H), 1.85 (d, 3J=10.0 Hz, 1H), 1.75 (dddd, 2J=15.1, 3J=
5.3, 4.1, 1.2 Hz, 1H), 1.50 (dddd, 2J=15.1, 3J=10.3, 5.7, 2.8 Hz, 1H), 1.33
(ddd, 2J=13.3, 3J=10.3, 5.3 Hz, 1H), 1.13 (s, 3H), 0.73 (s, 3H), 0.69 (s,
3H), 0.70–0.61 ppm (m, 1H); 13C NMR (100 MHz, C6D6): d=165.8,


142.9, 123.7, 58.7, 58.2, 52.3, 36.5, 35.1, 31.3, 29.1, 28.1, 27.2, 24.1,
22.1 ppm; IR (film): ñ=2930, 1660, 1610, 1415, 1390, 1305, 1260, 1150,
1110, 1045, 990, 895, 870, 805, 745, 715, 650, 620 cm�1; HRMS (EI,
70 eV): m/z : calcd for C14H23NO2: 237.1729; found: 137.1734 [M]+ .


2-(2-Hydroxy-1,5,5-trimethyl-bicyclo[4.1.0]hept-7-yl)-N,N-dimethylacet-
amide (6): According to GP 3 5 (237 mg, 1.00 mmol), [Cp2TiCl2]
(24.9 mg, 100 mg), collidine hydrochloride (394 mg, 2.50 mmol) and zinc
dust (131 mg, 2.00 mmol) for 16 h. Silica gel chromatography (CH/EE
17:5) gave 6 (229 mg, 96%). Rf=0.1 (CH/EE 17:5); 1H NMR (400 MHz,
C6D6): d=4.78 (br s, 1H), 4.09 (dd, 3J=5.8, 5.8 Hz, 1H), 2.56 (s, 3H),
2.20 (dd, 2J=17.2, 3J=4.2 Hz, 1H), 2.10 (s, 3H), 1.68 (dddd, 2J=13.9,
3J=9.6, 5.8, 3.6 Hz, 1H), 1.51 (dddd, 2J=14.3, 3J=8.4, 6.0, 2.8 Hz, 1H),
1.42 (dd, 2J=17.2, 3J=11.2 Hz, 1H), 1.26 (ddd, 2J=13.6, 3J=9.7, 3.0 Hz,
1H), 1.12 (ddd, 3J=11.2, 6.4, 4.2 Hz, 1H), 1.09 (s, 3H), 1.03 (s, 3H), 0.96
(ddd, 2J=13.9, 3J=9.0, 3.4 Hz, 1H), 0.94 (s, 3H), 0.20 ppm (d, 3J=5.9 Hz,
1H); 13C NMR (100 MHz, C6D6): d=172.6, 71.3, 39.4, 35.7, 34.9, 33.3,
32.2, 31.3, 29.0, 28.4, 28.0, 26.9, 20.1, 18.1 ppm; IR (film): ñ=3350, 2950,
2870, 1610, 1500, 1460, 1415, 1360, 1270, 1150, 1120, 1035, 1000, 920, 855,
795 cm�1; elemental analysis calcd (%) for C14H25NO2 (239.35): C 70.25,
H 10.53, N 5.85; found: C 69.96, H 10.46, N 5.79.


1,3,3-Trimethyl-2-styryl-7-oxa-bicyclo[4.1.0]heptane (7): Benzyltriphenyl-
phosphonium bromide (3.47 g, 8.00 mmol) was suspended in THF
(60 mL). At 0 8C n-butyl lithium (384 mg (2.4m in hexane), 6.00 mmol)
was added dropwise (5 min). After the reaction mixture was stirred for
30 min at 0 8C, 17 (1.01 g, 6.00 mmol) was added dropwise (10 min). The
solution was allowed to stir at rt for 16 h. After addition of water
(30 mL) triphenylphosphine oxide was precipitated by dropwise addition
of PE. The organic layer was filtered and dried (MgSO4). The solvents
were removed under reduced pressure and the crude product purified by
silica gel chromatography (CH/EE 49:1) to yield 7 (480 mg, 33%, dr
10:1). Rf=0.4 (CH/EE 19:1); 1H NMR (400 MHz, C6D6): d=7.35–7.29
(m, 2H), 7.14–7.09 (m, 2H), 7.07–7.01 (m, 1H), 6.44 (dd, 3J=15.9,
9.3 Hz, 1H), 6.36 (d, 3J=15.8 Hz, 1H), 2.79 (dd, 3J=2.8, 1.4 Hz, 1H),
1.89 (dd, 3J=9.2, 4J=0.8 Hz, 1H), 1.84 (dddd, 2J=15.2, 3J=5.3, 4.4,
1.1 Hz, 1H), 1.57 (dddd, 2J=15.1, 3J=10.2, 5.8, 3.0 Hz, 1H), 1.43 (ddd,
2J=13.2, 3J=10.1, 5.3 Hz, 1H), 1.18 (s, 3H), 0.79 (s, 3H), 0.78 (dddd, 2J=
13.3, 3J=5.6, 4.5, 4J=1.0 Hz, 1H), 0.66 ppm (s, 3H); 13C NMR (100 MHz,
C6D6): d=138.0, 133.0, 129.0, 128.8, 127.3, 126.7, 59.2, 59.0, 53.3, 31.6,
29.8, 28.3, 27.2, 24.1, 22.4 ppm; IR (film): ñ=3025, 2955, 1600, 1940,
1450, 1380, 1305, 1180, 1145, 1095, 1045, 975, 895, 860, 800, 755, 725,
695 cm�1; HRMS (EI, 70 eV): m/z : calcd for C17H22O: 242.1671; found:
242.1664 [M]+ .


2,2-Dimethyl-3-propyl-but-3-enoic ethyl ester (19): NaH (661 mg,
28.8 mmol) was suspended in dry DMSO (30 mL) and heated at 70 8C for
1 h. Methyltriphenylphosphonium bromide (10.3 g, 28.8 mmol) in DMSO
(30 mL) was added. After 1 h 18 (4.66 g, 25.0 mmol) was added and the
reaction mixture was stirred at 55 8C for 16 h. The Reaction was stopped
by adding water (60 mL) and extracting with Et2O (3R50 mL). The com-
bined organic layer was washed with water/DMSO (1:1, 50 mL), brine
(20 mL) and dried (MgSO4). The solvents were removed under reduced
pressure and the crude product purified by silica gel chromatography
(PE/Et2O 99:1) to yield 19 (2.02 g, 44%). Rf=0.4 (PE/Et2O 19:1);
1H NMR (400 MHz, CDCl3): d=4.98 (s, 1H), 4.87 (s, 1H), 4.11 (q, 3J=
7.1 Hz, 2H), 1.93 (t, 3J=7.7 Hz, 2H), 1.48 (qt, 3J=7.7, 7.6 Hz, 2H), 1.31
(s, 6H), 1.22 (t, 3J=7.1 Hz, 3H), 0.91 ppm (t, 3J=7.3 Hz, 3H); 13C NMR
(100 MHz, CDCl3): d=176.7, 152.0, 108.3, 60.5, 48.1, 34.3, 24.8, 21.6, 14.1,
14.0 ppm; IR (film): ñ=2960, 1730, 1640, 1465, 1380, 1255, 1135, 1030,
895 cm�1; HRMS (EI, 70 eV): m/z : calcd for C11H20O2: 184.1463; found:
184.1454 [M]+ .


2,2-Dimethyl-3-propyl-but-3-en-1-ol (20): Compound 19 (8.29 g,
45.0 mmol) was added dropwise to a suspension of LiAlH4 (854 mg,
22.5 mmol) in dry THF at 0 8C. The reaction mixture was stirred for 24 h
at room temperature. Water (1.5 mL), NaOH (1.5 mL, 15% w/v) and
water (4.5 mL) were added subsequently. The solid was filtered off and
the solvents were removed under reduced pressure to yield 20 (5.62 g,
88%). 1H NMR (400 MHz, CDCl3): d=4.94 (s, 2H), 4.38 (s, 2H), 1.97 (t,
3J=7.8 Hz, 2H), 1.27 (qt, 3J=7.6, 7.5 Hz, 2H), 1.05 (s, 6H), 0.94 ppm (t,
3J=7.3 Hz, 3H); 13C NMR (100 MHz, C6D6): d=153.4, 110.0, 69.9, 41.6,
33.5, 24.0, 22.0, 14.1 ppm; IR (film): ñ=3390, 2960, 1633, 1465, 1040, 895,
825, 640 cm�1; HRMS (EI, 70 eV): m/z : calcd for C9H18O: 142.1356;
found: 142.1356 [M]+ .
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2,2-Dimethyl-3-propyl-but-3-enal (21): DMSO (6.56 g, 42.0 mmol) in
CH2Cl2 (5 mL) was added dropwise to a solution of oxalyl chloride
(5.33 g, 42.0 mmol) in CH2Cl2 (150 mL) at �60 8C. After 30 min 20
(4.98 g, 35.0 mmol) was added. The reaction mixture was stirred for 16 h
at �60 8C before NEt3 (17.0 g, 168 mmol) was added. The reaction mix-
ture was diluted with Et2O (200 mL) and washed with water (2R100 mL)
and brine (20 mL). After filtration through silica gel with Et2O (500 mL)
the solvents were removed under reduced pressure. Kugelrohr distillation
(120 8C, 20 mbar) yielded 21 (3.56 g, 73%). 1H NMR (400 MHz, C6D6):
d=9.17 (s, 1H), 4.86 (t, 4J=1.6 Hz, 1H), 4.81 (m, 1H), 1.75 (tdd, 3J=7.8,
4J=1.2, 1.1 Hz, 2H), 1.27 (qt, 3J=7.6, 7.5 Hz, 2H), 0.98 (s, 6H), 0.76 ppm
(t, 3J=7.3 Hz, 3H); 13C NMR (100 MHz, C6D6): d=201.5, 149.5, 111.7,
52.1, 46.8, 34.5, 21.8, 20.9, 13.9 ppm; IR (film): ñ=2930, 1740, 1705, 1640,
1455, 1370, 1310, 1240, 1190, 1025 cm�1; HRMS (EI, 70 eV): m/z : calcd
for C9H16O: 140.1201; found: 140.1201 [M]+ .


4,4-Dimethyl-5-propyl-hexa-2,5-dienoic dimethylamide (22): According
to GP 1 21 (701 mg, 5.00 mmol), NaH (156 mg, 6.50 mmol) and the phos-
phonate (1.79 g, 8.00 mmol) in Et2O (50 mL) for 16 h. Silica gel chroma-
tography (CH:EE 3:1) gave 22 (946 mg, 90%). Rf=0.3 (CH/EE 3:1);
1H NMR (300 MHz, C6D6): d=7.16 (d, 3J=15.4 Hz, 1H), 6.08 (d, 3J=
15.4 Hz, 1H), 4.99 (dt, 2J=0.8, 4J=0.8 Hz, 1H), 4.84 (td, 4J=1.2, 2J=
1.2 Hz, 1H), 2.73 (br s, 3H), 2.38 (br s, 3H), 1.72 (tdd, 3J=7.8, 2J=1.0,
1.1 Hz, 2H), 1.23 (qt, 3J=7.6, 7.5 Hz, 2H), 0.91 (s, 6H), 0.65 ppm (t, 3J=
7.3 Hz, 3H); 13C NMR (75 MHz, C6D6): d=166.0, 154.6, 153.5, 117.8,
108.7, 42.5, 36.3, 35.2, 34.3, 26.4, 22.4, 14.2 ppm; IR (film): ñ=2960, 1660,
1615, 1465, 1390, 1260, 1140, 990, 895, 715, 630 cm�1; HRMS (EI, 70 eV):
m/z : calcd for C13H23NO: 209.1780; found: 209.1786 [M]+ .


4-Methyl-4-(2-propyl-oxiranyl)-pent-2-enoic dimethylamide (9): Accord-
ing to GP 2 22 (250 mg, 1.19 mmol) and mCPBA (77%, 535 mg,
2.39 mmol) in CH2Cl2 (29 mL) for 16 h. Silica gel chromatography (CH/
EE 7:3) gave 9 (246 mg, 92%). Rf=0.1 (CH/EE 1:1); 1H NMR
(400 MHz, CDCl3): d=6.84 (d, 3J=15.4 Hz, 1H), 6.20 (d, 3J=15.4 Hz,
1H), 3.05 (s, 3H), 3.29 (s, 3H), 2.67 (d, 2J=4.3 Hz, 1H), 2.56 (d, 2J=
4.3 Hz, 1H), 1.72 (ddd, 2J=14.6, 3J=10.7, 5.9 Hz, 1H), 1.58 (ddd, 2J=
14.7, 3J=10.7, 5.2 Hz, 1H), 1.25–1.11 (m, 2H), 1.09 (s, 3H), 1.04 (s, 3H),
0.83 ppm (t, 3J=7.3 Hz, 3H); 13C NMR (100 MHz, C6D6): d=165.9,
151.3, 118.9, 62.2, 47.3, 40.2, 36.4, 35.2, 32.6, 23.6, 22.8, 17.8, 14.5 ppm; IR
(film): ñ=2965, 2875, 1660, 1620, 1470, 1395, 1280, 1145, 990, 945, 850,
820, 715, 630 cm�1; HRMS (EI, 70 eV): m/z : calcd for C13H23NO2:
225.1729; found: 225.1731 [M]+ .


2-(2-Hydroxymethyl-3,3-dimethyl-2-propyl-cyclopropyl)-N,N-dimethyl-
acetamide (10): According to GP 3 9 (169 mg, 0.75 mmol), [Cp2TiCl2]
(28.0 mg, 113 mmol), collidine hydrochloride (296 mg, 1.88 mmol) and
zinc dust (98.0 mg, 1.50 mmol) for 72 h. Silica gel chromatography (CH/
EE 1:1) gave 10 (162 mg, 95%, dr 63:37). Rf=0.4 (EE); 1H NMR
(400 MHz, CDCl3): d=3.83 (d, 2J=10.7 Hz, 1H), 3.69* (d, 2J=11.7 Hz,
1H), 3.48* (dd, 2J=12.1, 3J=1.1 Hz, 1H), 3.31 (dd, 2J=10.6, 3J=1.3 Hz,
1H), 3.31* (s, 3H), 3.27 (s, 3H), 2.94* (s, 3H), 2.93 (s, 3H), 2.81* (dd,
2J=15.4, 3J=3.5 Hz, 1H), 2.56 (dd, 2J=17.3, 3J=4.2 Hz, 1H), 2.11* (ddd,
2J=14.1, 3J=11.6, 4.9 Hz, 3H), 2.02* (d, 3J=10.9, 1H), 1.98 (dd, 2J=
15.3, 3J=11.2 Hz, 1H), 1.68 (ddd, 2J=13.9, 3J=11.5, 4.7 Hz, 1H), 1.60–
1.46* (m, 1H), 1.60–1.46* (m, 1H), 1.35–1.15* (m, 1H), 1.35–1.15 (m,
1H), 1.11 (s, 3H), 1.10* (s, 3H), 1.01 (s, 3H), 0.97* (s, 3H), 0.94 (dddd,
2J=14.1, 3J=11.7, 4.8, 1.0 Hz, 1H), 0.86 (t, 3J=7.3 Hz, 3H), 0.86* (t, 3J=
7.3 Hz, 3H), 0.83 (dddd, 2J=14.0, 3J=11.5, 4.8, 1.7 Hz, 1H), 0.72 (dd,
3J=10.9, 4.2 Hz, 1H), 0.41* ppm (dd, 3J=11.6, 3.5 Hz, 1H); 13C NMR
(100 MHz, CDCl3): d=174.6*, 173.3, 65.6, 60.3*, 37.9*, 36.9, 35.8*, 35.6,
34.5, 32.1, 31.9*, 30.4*, 29.1*, 28.8, 28.1*, 27.7, 23.8*, 23.7, 22.9, 21.9*,
19.9*, 19.5, 17.8, 16.8*, 14.6, 14.5* ppm; IR (film): ñ=3395, 2950, 1625,
1400, 1260, 1130, 1015, 795 cm�1; HRMS (EI, 70 eV): m/z : calcd for
C13H25NO2: 227.1885; found: 227.1877 [M]+ .


N,N-Dimethyl-3-(1-vinyl-cyclohexyl)-acrylamide (24): According to GP 1
the phosphonate (2.43 g, 10.9 mmol), NaH (0.23 g, 9.10 mmol) and 23
(1.00 g, 7.25 mmol) in Et2O (40 mL) for 15 h. Silica gel chromatography
(CH/EE 98:2) gave 24 (1.08 g, 48%). Rf=0.2 (CH/EE 96:4); 1H NMR
(400 MHz, CDCl3): d=6.7 (dd, 3J=15.4, 4J=2.8 Hz, 1H), 6.11 (dd, 3J=
15.4, 5J=2.3 Hz, 1H), 5.64 (ddd, 3J=17.6, 3J=10.8, 4J=2.8, 5J=2.3 Hz,
1H), 5.05 (dddd, 3J=10.8, 5J=1.2 Hz, 1H), 4.95 (dddd, 3J=17.7, 5J=
1.3 Hz, 1H), 3.00 (s, 3H), 2.94 (s, 3H), 2.20–2.0 (m, 2H), 1.67–1.31 ppm
(m, 8H); 13C NMR (100 MHz, CDCl3): d=167.2, 152.7, 144.4, 118.2,
113.8, 43.2, 37.4, 35.8, 35.4, 26.1, 22.2 ppm; IR (neat): ñ=3485, 2930,


2855, 1650, 1450, 1390, 1264 cm�1; HRMS (EI, 70 eV): m/z : calcd for
C13H21NO: 207.1623, found 207.1620 [M]+ .


N,N-Dimethyl-3-(1-oxiranyl-cyclohexyl)-acrylamide (11): According
GP 2 24 (1.00 g, 4.80 mmol) and mCPBA (1.25 g (77%), 7.24 mmol) in
CH2Cl2 (40 mL) for 16 h. Silica gel chromatography (CH/EE 60:40) yield
to 11 (0.72 g, 67%). Rf=0.2 (CH/EE 60:40); 1H NMR (400 MHz,
CDCl3): d=6.62 (d, 3J=15.8 Hz, 1H), 6.26 (d, 3J=15.8 Hz, 1H), 3.04 (s,
3H), 2.96 (s, 3H), 2.76 (dd, 3J=3.9, 3J=2.9 Hz, 1H), 2.76 (dd, 2J=4.7,
3J=3.9 Hz, 1H), 2.55 (dd, 4J=4.7, 3J=3.9 Hz, 1H), 1.71–1.65 (m, 1H),
1.65–1.50 (m, 5H), 1.48–1.30 (m, 3H), 1.27–1.15 ppm (m, 1H); 13C NMR
(100 MHz, CDCl3): d=166.7, 147.8, 121.4, 58.5, 39.9, 37.5, 35.8, 33.3, 31.7,
26.0, 22.0, 21.9 ppm; IR (film): 3445, 2925, 1655, 1610, 1395, 1150 cm�1;
HRMS (EI, 70 eV): m/z : calcd for C13H21NO2: 223.1572, found 223.1575
[M]+ .


2-Hydroxymethyl-spiro[2.5]octane-1-carboxylic dimethylamide (12): Ac-
cording to GP 3 11 (223 mg, 1.00 mmol), [Cp2TiCl2] (25 mg, 0.10 mmol),
collidine hydrochloride (394 mg, 2.50 mmol) and zinc dust (131 mg,
2.00 mmol) for 16 h. Silica gel chromatography (CH/EE 90:10!50:50)
gave 12 (202 mg, 90%). Rf=0.1 (CH/EE 90:10); 1H NMR (400 MHz,
CDCl3): d=6.62 (d, 3J=15.8 Hz, 1H), 6.26 (d, 3J=15.8 Hz, 1H), 3.04 (s,
3H), 2.96 (s, 3H), 2.76 (dd, 3J=3.9, 3J=2.9 Hz, 1H), 2.76 (dd, 2J=4.7,
3J=3.9 Hz, 1H), 2.55 (dd, 4J=4.7, 3J=3.9 Hz, 1H), 1.71–1.65 (m, 1H),
1.65–1.50 (m, 5H), 1.48–1.30 (m, 5H), 1.27–1.15 ppm (m, 1H); 13C NMR
(100 MHz, CDCl3): d=174.6*, 173.6, 63.9*, 62.5, 58.8, 58.6, 39.7*, 39.3*,
37.9*, 36.9, 35.9*, 35.8, 33.2, 31.9, 28.8*, 28.0, 26.9*, 26.7, 26.3*, 26.2, 26.0,
25.7*, 25.5, 23.6* ppm; IR (film): ñ=3400, 2925, 1725, 1635, 1400, 1265,
1025 cm�1; HRMS (EI, 70 eV): m/z : calcd for C13H23NO2: 225.1729,
found 225.1723 [M]+ .


4-Methyl-1-oxa-spiro[2.5]octane-4-carbaldehyde (26): Compound 25
(4.69 g, 30.0 mmol) was added to a solution of Celite (11.0 g), 4 S molec-
ular sieves (1.78 g) and PCC (7.54 g, 35 mmol) in CH2Cl2 (125 mL) and
stirred for 5 h at room temperature. After filtration through Florisil the
solvent was removed under reduced pressure and the crude product puri-
fied by silica gel chromatography (CH/EE 47:3) to yield 26 (2.83 g,
61%). Rf=0.3 (CH/EE 9:1); 1H NMR (400 MHz, C6D6): d=9.50 (s, 1H),
2.27 (dd, 2J=4.2, 4J=0.6 Hz, 1H), 1.94 (d, 2J=4.2 Hz, 1H), 1.90 (ddd,
2J=13.2, 3J=8.7, 4.5 Hz, 1H), 1.52–1.42 (m, 1H), 1.34–1.26 (m, 2H),
1.25–1.14 (m, 3H), 0.94 (ddd, 2J=13.6, 3J=7.7, 4.1 Hz, 1H), 0.74 ppm (s,
3H); 13C NMR (75 MHz, C6D6): d=203.9, 60.2, 49.1, 48.5, 32.2, 31.9,
24.5, 21.2, 16.9 ppm; IR (film): ñ=2930, 1725, 1450, 1040, 775 cm�1;
HRMS (EI, 70 eV): m/z : calcd for C9H14O2: 154.0994; found: 154.1001
[M]+ .


N,N-Dimethyl-3-(4-methyl-1-oxa-spiro[2.5]oct-4-yl)-acrylamide (13): Ac-
cording to GP 1 26 (540 mg, 3.50 mmol), NaH (96.0 mg, 4.00 mmol) and
the phosphonate (1.00 g, 4.50 mmol) in THF (35 mL) for 2 h. Kugelrohr
distillation (230 8C, 1 mbar) and silica gel chromatography (CH/EE
63:37) gave 13 (580 mg, 74%). Rf=0.4 (EE); 1H NMR (400 MHz, C6D6):
d=7.17 (d, 2J=15.7 Hz, 1H), 6.43 (d, 2J=15.7 Hz, 1H), 2.72 (br s, 3H),
2.44 (dd, 2J=4.7, 4J=1.2 Hz, 1H), 2.39 (br s, 3H), 1.99 (d, 2J=4.8 Hz,
1H), AB signal (dA1=1.68, dB1=1.65, JAB=13.3 Hz, additionally split by
3J=6.7, 3.9, 4J=1.2 Hz, 2H), 1.63–1.51 (m, 1H), 1.40–1.19 (m, 4H), 1.12
(ddd, 2J=13.4, 3J=9.4, 4.0 Hz, 1H), 0.83 ppm (s, 3H); 13C NMR
(100 MHz, C6D6): d=166.1, 150.2, 120.9, 62.0, 49.4, 40.3, 38.4, 36.4, 35.1,
32.0, 25.5, 22.5, 22.3 ppm; IR (film): ñ=2935, 2860, 1660, 1620, 1495,
1395, 1265, 1145, 1035, 990, 925, 900, 835, 800, 765, 710, 620 cm�1; HRMS
(EI, 70 eV): m/z : calcd for C13H21NO2: 223.1572; found: 223.1570 [M]+ .


2-(1-Hydroxymethyl-6-methyl-bicyclo[4.1.0]hept-7-yl)-N,N-dimethylacet-
amide (14): According to GP 3 13 (223 mg, 1.00 mmol), [Cp2TiCl2]
(24.9 mg, 100 mmol), collidine hydrochloride (394 mg, 2.50 mmol) and
zinc dust (131 mg, 2.00 mmol) for 16 h. Silica gel chromatography (CH/
EE 1:1) gave 14 (162 mg, 72%). Rf=0.2 (EE); 1H NMR (300 MHz,
C6D6): d=4.27* (br s, 1H), 4.06 (br s, 1H), 3.90* (d, 2J=10.2 Hz, 1H),
3.76 (s, 2H), 3.61* (d, 2J=12.2 Hz, 1H), 2.58* (s, 3H), 2.56 (s, 3H), 2.36
(dd, 2J=15.4, 3J=3.6 Hz, 1H), 2.24–2.10* (m, 1H), 2.19 (s, 3H), 2.18–
2.12* (dm, 3J=4.3 Hz, 1H), 2.16* (s, 3H), 2.01 (ddd, 2J=14.2, 3J=9.3 Hz,
5.2 Hz, 1H), 1.84* (dd, 2J=16.9, 3J=11.0 Hz, 1H), 1.83 (dd, 2J=15.3, 3J=
11.5 Hz, 1H), 1.64 (dddd, 2J=13.4, 3J=4.8, 4.8, 1.5 Hz, 1H), 1.47–0.92
(m, 6H), 1.47–0.92* (m, 7H), 1.06* (s, 3H), 0.89 (s, 3H), 0.76* (dd, 3J=
10.8, 4.2 Hz, 1H), 0.69 ppm (dd, 3J=11.5, 3.6 Hz, 1H); 13C NMR
(75 MHz, C6D6): d=174.0, 172.3*, 70.0*, 64.2, 36.8, 35.2*, 35.2, 35.0*,
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33.7*, 29.7, 29.4*, 29.9, 28.8*, 28.6*, 28.4, 28.4, 27.3, 24.3*, 24.2*, 22.7*,
22.6*, 22.3, 21.8, 21.8*, 21.6, 17.2 ppm; IR (film): ñ=3390, 2925, 1720,
1635, 1400, 1260, 1145, 1010, 615 cm�1; HRMS (EI, 70 eV): m/z : calcd for
C13H23NO2: 225.1729; found: 225.1725 [M]+ .


1-Methyl-2-methylene-cycloheptanecarboxylic ethyl ester (28): NaH
(1.78 g, 70.5 mmol) and DMSO (40 mL) were heated for 1 h at 70 8C. To
the stirred solution methyltriphenylphosphonium bromide (25.5 g,
70.5 mmol) in DMSO (80 mL) was added. After 1 h 27 (13.3 g,
67.2 mmol) was added and the reaction mixture stirred for 16 h at 55 8C.
The reaction was interrupted by adding water (80 mL) and extracting
with cyclohexane (3R50 mL). The combined organic layers were washed
with water/DMSO (1:1, 80 mL), with brine (50 mL) and dried (MgSO4).
The solvents were removed under reduced pressure and the crude prod-
uct purified by silica gel chromatography (CH/EE 95:5) to yield 28
(9.30 g, 70%). Rf=0.2 (CH/EE 95:5); 1H NMR (400 MHz, CDCl3): d=
4.94 (s, 1H), 4.85 (s, 1H), 4.10 (t, 3J=7.1 Hz, 2H), 2.26 (m, 2H), 2.15 (d,
3J=9.2 Hz, 1H), 2.12 (d, 3J=9.3 Hz, 1H), 1.75–1.63 (m, 3H), 1.61–1.50
(m, 2H), 1.49–1.32 (m, 3H), 1.31 (s, 1H), 1.20 ppm (t, 3J=7.1 Hz, 3H);
13C NMR (100 MHz, CDCl3): d=176.9, 113.0, 60.6, 50.9, 38.4, 35.1, 31.4,
30.5, 25.0, 24.5, 14.2 ppm; IR (film): ñ=2925, 1725, 1630, 1445, 1235,
1155, 1105 cm�1; HRMS (EI, 70 eV): m/z: calcd for C17H20O2: 196.1463;
found 196.1471 [M]+ .


(1-Methyl-2-methylene-cycloheptyl)-methanol (29): Compound 28
(9.81 g, 50.0 mmol) was added dropwise to a suspension of LiAlH4


(0.95 g, 25.0 mmol) in dry diethyl ether (100 mL) at 0 8C. The reaction
mixture was stirred for 10 h at room temperature. Water (1.0 mL),
NaOH (1.0 mL, 15% w/v) and water (3.0 mL) were added subsequently.
The solid was filtered off and the solvents were removed under reduced
pressure. Distillation (b.p. 4.8 mbar/130–135 8C) of the crude product lead
to 29 (6.32 g, 41 mmol). 1H NMR (400 MHz, CDCl3): d=4.94 (s, 1H),
4.78 (s, 1H), 3.22 (dd, 2J=10.6, 3J=3.6 Hz, 1H), 3.18 (dd, 2J=10.4, 3J=
9.4 Hz, 1H), 2.16 (dd, 2J=13.1, 3J=7.6 Hz, 1H), 1.98 (dd, 2J=13.0, 3J=
13.0 Hz, 1H), 1.83–1.77 (m, 1H), 1.70–1.53 (m, 3H), 1.42–1.37 (m, 2H),
1.29–1.18 (m, 4H), 1.03 ppm (s, 3H); 13C NMR (100 MHz, CDCl3): d=
156.1, 113.0, 70.2, 45.1, 37.3, 34.5, 32.2, 31.0, 23.7, 23.2 ppm; IR (film): ñ=
3385, 2920, 1725, 1630, 1445, 1045 cm�1; HRMS (EI, 70 eV): m/z : calcd
for C10H18O: 154.1358; found 154.1352 [M]+ .


1-Methyl-2-methylene-cycloheptanecarbaldehyd (30): DMSO (9.38 g,
120 mmol) in CH2Cl2 (10 mL) was added to a solution of oxalyl chloride
(7.62 g, 60.0 mmol) in CH2Cl2 (150 mL) at �60 8C. After 15 min 29
(7.70 g, 50.0 mmol) was added. The reaction stirred overnight before
NEt3 (34.7 mL, 250 mmol) was added. The reaction mixture was diluted
with Et2O (100 mL) and washed with water (2R100 mL) and brine
(50 mL). Drying (MgSO4), evaporation and purifying of the crude prod-
uct by silica gel chromatography (CH/EE 99:1) yield to 30 (5.16 g, 68%).
Rf=0.2 (CH/EE 98:2); 1H NMR (400 MHz, CDCl3): d=9.40 (s, 1H),
5.09 (s, 1H), 4.81 (s, 1H), 2.26 (dd, 2J=13.1, 3J=1.6 Hz, 1H), 2.24 (dd,
2J=13.1, 3J=1.6 Hz, 1H), 2.15–2.08 (m, 2H), 2.04 (d, 2J=15.1 Hz, 1H),
1.99 (d, 2J=14.7 Hz, 1H), 1.80–1.36 ppm (m, 6H), 1.20 ppm (s, 1H);
13C NMR (100 MHz, CDCl3): d=202.6, 151.6, 115.3, 55.2, 35.1, 34.4, 31.6,
24.0, 22.4 ppm; IR (film): ñ=2925, 2855, 2695, 1725, 1630, 1445,
1370 cm�1; HRMS (EI, 70 eV): m/z : calcd for C10H16O: 152.1201; found
152.1198 [M]+ .


N,N-Dimethyl-3-(1-methyl-2-methylen-cycloheptyl)-acryl amide (31): Ac-
cording to GP 1 the phosphonate (3.71 g, 15.0 mmol), NaH (0.33 g,
12.5 mmol) and 30 (1.52 mmol, 10.0 mmol) in Et2O (40 mL) for 16 h.
Silica gel chromatography (CH/EE 50:50) yield to 31 (1.94 g, 93%). Rf=


0.2 (CH/EE 50:50); 1H NMR (400 MHz, CDCl3): d=6.86 (d, 3J=15.4 Hz,
1H), 6.09 (d, 3J=15.4 Hz, 1H), 4.86 (s, 1H), 4.73 (s,1H), 3.00 (s, 3H),
2.95 (s, 3H), 2.20–2.04 (m, 2H), 1.68–1.30 (m, 8H), 1.14 ppm (s, 1H);
13C NMR (100 MHz, CDCl3): d=167.3, 156.3, 153.8, 116.2, 112.9, 45.4,
37.3, 35.7, 34.1, 31.8, 30.7, 29.0, 26.9, 25.4, 23.8 ppm; IR (film): ñ=2930,
2860, 1710, 1650, 1460, 1370, 1160 cm�1; HRMS (EI, 70 eV): m/z : calcd
for C13H21NO: 221.1780; found 221.1776 [M]+ .


N,N-Dimethyl-3-(4-methyl-1-oxa-spiro[2.6]-non-4-yl)-acrylamide (15):
According GP 2 31 (1.60 g, 7.70 mmol) and mCPBA (1.98 g (77%),
11.5 mmol) in CH2Cl2 (40 mL) for 8 h. Silica gel chromatography (CH/
EE 50:50) yield to 15 (1.56 g, 86%). Rf=0.15 (CH/EE 50:50); 1H NMR
(400 MHz, CDCl3): d=6.79* (d, 3J=15.6 Hz, 1H), 6.75 (d, 3J=15.4 Hz,
1H), 6.14* (d, 3J=15.6 Hz, 1H), 6.07 (d, 3J=15.4 Hz, 1H), 3.01 (s, 6H),


2.93 (s, 6H), 2.59 (dd, 2J=4.9, 4J=0.8 Hz, 1H), 2.58* (dd, 2J=5.2, 4J=
0.8 Hz, 1H), 2.38 (d, 3J=4.8 Hz, 1H), 2.35* (d, 2J=5.2 Hz, 1H), 1.74–
1.40 (m, 20H), 0.94 ppm (s, 6H); 13C NMR (100 MHz, CDCl3): d=


167.5*, 166.9, 150.9, 150.0*, 118.1*, 117.0, 63.8, 63.0, 52.6, 51.1*, 42.6*,
42.6, 40.0*, 39.8, 37.5*, 37.3, 37.7, 35.6*, 32.7, 32.5*, 30.5, 30.0*, 25.6,
25.2*, 23.7*, 23.1, 23.0*, 21.5 ppm; IR (film): ñ=2925, 1660, 1615, 1460,
1390, 1270, 1140 cm�1; HRMS (EI, 70 eV): m/z : calcd for C14H23NO2:
237.1729, found: 237.1725 [M]+; elemental analysis calcd (%) for
C14H23NO2: C 70.85, H 9.77, N 5.90; found: C 70.16, H 9.42, N 5.86.


2-(1-Hydroxymethyl-7-methyl-bicyclo[5.1.0]oct-8-yl)-N,N-dimethylacet-
amide (16): According to GP 3 15 (223 mg, 0.94 mmol), [Cp2TiCl2]
(24 mg, 0.1 mmol), collidine hydrochloride (370 mg, 2.35 mmol) and zinc
dust (123 mg, 1.88 mmol) for 16 h. Silica gel chromatography (CH/EE
85:15!0:100) yield to 16 (200 mg, 88%). Rf=0.05 (CH/EE 85:15).
1H NMR (300 MHz, CDCl3): d=3.87* (d, 2J=10.6 Hz, 1H), 3.74 (d, 2J=
12.1 Hz, 1H), 3.46 (dd, 2J=12.2, 4J=1.4 Hz, 1H), 3.28* (dd, 2J=10.5, 4J=
1.8 Hz, 1H), 3.06* (s, 3H), 2.98* (s, 3H), 2.96 (s, 3H), 2.92 (s, 3H), 2.90*
(dd, 3J=15.3, 5J=3.0 Hz, 2H), 2.65 (m, 2H), 2.19–1.55 (m, 11H), 2.19–
1.55* (m, 11H), 1.13* (s, 3H), 0.97 (s, 3H), 0.95–0.73 (m, 1H), 0.63* ppm
(dd, 3J=12.1, 5J=2.8 Hz, 1H); 13C NMR (75 MHz, CDCl3): d=174.9,
173.5*, 66.4*, 60.5, 41.2*, 38.0, 37.0*, 36.0, 35.8*, 34.7, 34.3*, 33.5*, 33.4,
32.0, 29.8*, 28.8, 26.7, 26.5*, 26.3*, 22.1*, 15.0 ppm; IR (film): ñ=3340,
2920, 1620, 1465, 1400, 1020 cm�1; HRMS (EI, 70 eV): m/z : calcd for
C14H25NO2: 239.1885, found: 239.1889 [M]+ ; elemental analysis calcd
(%) for C14H25NO2: C 70.25, H 10.53, N 5.85; found: C 70.09, H 10.34, N
5.68.


5,5,6-Trimethyl-hepta-2,6-dienoic tert-butyl ester (37): According to GP 1
the phosphonate (379 mg, 3.00 mmol), NaH (96.0 mg, 4.00 mmol) and 36
(1.26 g, 5.00 mmol) in Et2O (50 mL) for 16 h. Silica gel chromatography
(CH/EE 97:3) gave 37 (542 mg, 81%). Rf=0.4 (CH/EE 19:1); 1H NMR
(400 MHz, CDCl3): d=6.67 (dt, 3J=15.3, 3J=7.6 Hz, 1H), 5.61 (dt, 3J=
15.5, 4J=1.4 Hz, 1H), 4.67 (dq, 3J=1.4, 4J=1.4 Hz, 1H), 4.62 (dd, 3J=
1.3, 4J=0.5 Hz, 1H), 2.12 (dd, 3J=7.6, 4J=1.4 Hz, 2H), 1.63 (dd, 4J=1.3,
4J=0.5 Hz, 3H), 1.37 (s, 9H), 0.96 ppm (s, 6H); 13C NMR: d=165.9,
150.9, 145.2, 124.7, 110.2, 80.0, 43.3, 39.0, 28.2, 27.0, 19.4 ppm; IR (film):
ñ=2970, 1715, 1650, 1455, 1367, 1335, 1160, 985, 895 cm�1; HRMS: m/z :
calcd for C10H16O2: 168.1150; found: 168.1148 [M�C4H8]


+ .


5-Methyl-5-(2-methyl-oxiranyl)-hex-2-enoic tert-butylester (32): Accord-
ing to GP 2 37 (449 mg, 2.00 mmol) and m-CPBA (672 mg (77%),
3.00 mmol) in CH2Cl2 (25 mL) for 1 h. Silica gel chromatography (CH/
EE 9:1) gave 32 (387 mg, 81%). Rf=0.2; 1H NMR (400 MHz, C6D6): d=
7.06 (dt, 3J=15.5, 3J=7, 7 Hz, 1H), 5.84 (dt, 3J=15.5, 4J=1.4 Hz, 1H),
2.39 (dq, 3J=4.6, 4J=0.8 Hz, 1H), 1.99 (d, 3J=4.5 Hz, 1H), 1.92, 1.88,
AB signal, 2J=14.1 Hz, additionally split by 3J=7.7 Hz and 4J=1.4 Hz,
2H), 1.43 (s, 9H), 0.99 (d. 4J=0.8 Hz, 3H), 0.74 (s, 3H), 0.66 ppm (s,
3H); 13C NMR (100 MHz, C6D6): d=165.4, 144.6, 125.8, 79.6, 60.3, 50.7,
41.8, 36.8, 28.2, 23.5, 22.8, 18.4 ppm; IR (film): ñ=2975, 1715, 1650, 1455,
1370, 1340, 1285, 1165, 1075, 985, 890, 855, 825, 780 cm�1; HRMS: m/z :
calcd for C14H24O3: 240.1725; found: 240.1730 [M]+ .


2-(2-Hydroxymethyl-2,3,3-trimethyl-cyclobutyl)-acetic tert-butyl ester
(33): According to GP 3 32 (240 mg, 1.00 mmol), [Cp2TiCl2] (24.9 mg,
100 mg), collidine hydrochloride (394 mg, 2.50 mmol) and zinc dust
(131 mg, 2.00 mmol) for 16 h. Silica gel chromatography (CH/EE 86:14)
gave 33 (228 mg, 94%, dr 63:37). Rf=0.3 (CH/EE 3:1); 1H NMR
(400 MHz, C6D6): d=3.65* (d, 2J=10.9 Hz, 1H), 3.60 (d, 2J=10.7 Hz,
1H), 3.41* (d, 2J=11.0 Hz, 1H), 3.40 (d, 2J=10.6 Hz, 1H), 2.47–2.38 (m,
1H), 2.47–2.38* (m, 1H), 2.33 (br s, 1H), 2.21 (dd, 2J=16.3, 3J=9.9 Hz,
1H), 2.18* (dd, 2J=17.5, 3J=7.8 Hz, 1H), 2.02 (dd, 2J=16.5, 3J=5.4 Hz,
1H), 1.79* (br s, 1H), 1.63* (dd, 2J=10.8, 3J=8.0 Hz, 1H), 1.52 (dd, 2J=
10.4, 3J=8.4 Hz, 1H), 1.42–1.36* (m, 1H), 1.36* (s, 9H), 1.32 (s, 9H),
1.20 (dd, 2J=10.5, 3J=10.4 Hz, 1H), 1.22–1.15* (m, 1H), 1.04* (s, 3H),
1.02 (s, 3H), 0.96 (s, 3H), 0.94* (s, 3H), 0.81 (s, 3H), 0.78* ppm (s, 3H);
13C NMR (100 MHz, C6D6): d=173.7, 173.0*,80.1, 79.8*, 68.8, 65.2*, 45.5,
45.3*, 38.3*, 37.5*, 37.4, 37.1*, 36.6, 36.5, 36.4*, 33.6, 28.1*, 28.0, 25.7*,
24.9, 24.2, 23.7*, 19.0*, 14.8 ppm; IR (film): ñ=3445, 2970, 1730, 1455,
1370, 1260, 1150, 1030, 950, 850, 765 cm�1; HRMS (EI, 70 eV): m/z : calcd
for C14H26O3: 186.1256; found: 186.1252 [M�C4H8]


+ .


5,5,6-Trimethyl-hepta-2,6-dienoic dimethylamide (38): According to GP 1
36 (505 mg, 4.00 mmol), NaH (120 mg, 5.00 mmol) and 36 (1.34 g,
6.00 mmol) in Et2O (50 mL) for 16 h. Silica gel chromatography (CH/EE
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4:1) gave 38 (631 mg, 81%). Rf=0.4 (CH/EE 1:1); 1H NMR (400 MHz,
CDCl3): d=6.67 (dt, 3J=15.0, 3J=7, 5 Hz, 1H), 6.16 (dt, 3J=15.1, 4J=
1.4 Hz, 1H), 4.70 (dq, 3J=1.4, 4J=1.4 Hz, 1H), 4.69 (dd, 3J=1.5, 4J=
0.7 Hz, 1H), 3.02 (br s, 3H), 2.95 (br s, 3H), 2.20 (dd, 3J=7.6, 4J=1.3 Hz,
2H), 1.71 (dd, 4J=1.4, 4J=0.56 Hz, 3H), 1.04 ppm (s, 6H); 13C NMR
(100 MHz, CDCl3): d=166.7, 151.0, 142.9, 122.2, 110.1, 43.8, 39.0, 37.3,
35.5, 27.0, 19.5 ppm; IR (film): ñ=2965, 1660, 1620, 1450, 1395, 1265,
1145, 1065, 980, 890, 825, 740, 620 cm�1; HRMS (EI, 70 eV): m/z : calcd
for C12H21NO2: 195.1623; found: 195.1622 [M]+.


5-Methyl-5-(2-methyl-oxiranyl)-hex-2-enoic dimethylamide (34): Accord-
ing to GP 2 38 (391 mg, 2.00 mmol) and mCPBA (77%, 672 mg,
3.00 mmol) in CH2Cl2 (25 mL) for 16 h. Silica gel chromatography (CH/
EE 1:1!0:1) gave 34 (402 mg, 95%). Rf=0.1 (CH/EE 1:1); 1H NMR
(400 MHz, C6D6): d=7.11 (dt, 3J=14.9, 3J=7, 6 Hz, 1H), 6.03 (dt, 3J=
14.9, 4J=1.5 Hz, 1H), 2.71 (br s, 3H), 2.49 (dq, 3J=4.7, 4J=0.6 Hz, 1H),
2.36 (br s, 3H), 2.06 (s, 3H), 1.99 (AB signal, 2J=13.9 Hz, additionally
split by 3J=7.7 and 4J=1.4 Hz, 2H), 1.07 (d, 4J=0.6 Hz, 1H), 0.83 (s,
3H), 0.76 ppm (s, 3H); 13C NMR (100 MHz, C6D6): d=165.8, 142.1,
123.3, 60.5, 51.0, 42.2, 36.8, 36.4, 35.2, 23.6, 22.8, 18.5 ppm; IR (film): ñ=
2970, 1660, 1615, 1495, 1395, 1265, 1150, 1060, 980, 890, 815, 775 cm�1;
HRMS: m/z : calcd for C12H20NO2: 210.1494; found: 210.1496 [M�H]+ .


2-(2-Hydroxymethyl-2,3,3-trimethyl-cyclobutyl)-N,N-dimethylacetamide
(35): According to GP 3 34 (211 mg, 1.00 mmol), [Cp2TiCl2] (24.9 mg,
100 mg), collidine hydrochloride (394 mg, 2.50 mmol) and zinc dust
(131 mg, 2.00 mmol) for 72 h. Silica gel chromatography (EE) gave 35
(200 mg, 94%, dr 72:28). Rf=0.3 (EE); 1H NMR (400 MHz, C6D6): d=
4.63 (dd, 3J=10.0, 2.7 Hz, 1H), 4.45* (d, 3J=6.8 Hz, 1H), 4.05* (d, 2J=
11.0 Hz, 1H), 4.01 (dd, 2J=11.0, 3J=1.8 Hz, 1H), 3.56* (dd, 2J=10.7, 3J=
7.2 Hz, 1H), 3.43 (dd, 2J=10.7, 3J=10.2 Hz, 1H), 2.71 (dddd, 3J=11.1,
10.7, 8.4, 3.0 Hz, 1H), 2.55* (s, 3H), 2.50 (s, 3H), 2.37* (dd, 2J=14.5, 3J=
10.5 Hz, 1H), 2.26* (dddd, 3J=9.9, 9.9, 8.4, 4.1 Hz, 1H), 2.22* (s, 3H),
2.15 (s, 3H), 2.11* (dd, 2J=14.5, 3J=4.0 Hz, 1H), 2.03 (dd, 2J=17.3, 3J=
11.1 Hz, 1H), 1.77 (dd, 2J=17.5, 3J=2.9 Hz, 1H), 1.67* (dd, 2J=0.8, 3J=
8.3 Hz, 1H), 1.57 (dd, 2J=10.4, 3J=8.4 Hz, 1H), 1.41* (dd, 2J=10.2, 3J=
10.2 Hz, 1H), 1.28 (dd, 2J=10.6, 3J=10.6 Hz, 1H), 1.25* (s, 3H), 1.07 (s,
3H), 1.01 (s, 3H), 1.00* (s, 3H), 0.84 (s, 3H), 0.82* ppm (s, 3H);
13C NMR (100 MHz, C6D6): d=173.4*, 173.1, 68.8, 64.7*, 46.1*, 45.7,
38.6*,37.6*,37.5, 36.8*, 36.6*, 36.4, 36.1, 35.0*, 34.9*, 34.3, 34.1, 25.9*,
24.5, 24.0, 23.3*, 19.3*, 14.8 ppm; IR (film): ñ=3265, 2935, 1610, 1505,
1560, 1410, 1260, 1160, 1045, 800, 770, 710, 690 cm�1; HRMS (EI, 70 eV):
m/z : calcd for C12H23NO2: 213.1729; found: 213.1729 [M]+ .
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A New Method for Simultaneous Estimation of Micellization Parameters
from Conductometric Data


Nenad Jalšenjak* and D̄urd̄ica Težak[a]


Introduction


The mass action model (MAM) and the phase separation
model (PSM) have long been used for the theoretical treat-
ment of the process of micellisation.[1–11] In order to describe
the process of micelle formation in solution with ionic sur-
factants by using these models, three parameters should be
determined: critical micelle concentration (cmc), aggrega-
tion number (N) and counterion binding parameter (a).


Although a number of cmc definitions[8,12–14] have been
proposed, the one commonly used is from Phillips,[8] who de-
fined cmc as the total concentration of surfactant (ct) corre-
sponding to the maximum change in the gradient of the
physical property (F) versus ct function given in Equa-
tion (1).


�
d3F


dc3t


�
ct¼cmic


¼ 0 ð1Þ


According to this definition, cmc is commonly determined
from the intercept of two straight lines fitting either F


versus ct or F versus (ct)
1/2 functions[15] in the concentration


ranges below and above the cmc. A more accurate method


for cmc determination, based on the first[16] or the second
derivative of F versus ct function,[17,18] has been proposed.
Although, in most cases the above-mentioned methods give
fairly accurate values of cmc, there is still the problem of
precise determination of cmc in cases of small micelles, in
which the cmc is more difficult to determine experimentally.
Additionally, different experimental techniques often give
quite different cmc values.


In order to determine N and/or a one should be able to
calculate the species inventories for all total concentrations
of surfactant (ct). Since MAM gives only implicit depen-
dence of species concentrations, it is common practice to
use the PSM approximation of the constant monomer con-
centration (cx) above the cmc; this makes the calculation of
species inventories straightforward. At this point it has to be
stressed (although long known from theory[10,11] and poten-
ciometric measurements[19–27] , yet sometimes overlooked)
that the monomer concentration above the cmc is all but
constant, increasing even after the cmc until it reaches the
maximum, and then starts to decrease. It can be shown[25]


that cx for SDS drops to half of its maximum value at ct�
105cmc, raising an interesting question of reliability of N
and/or a literature values determined by using the PSM ap-
proximation (regardless of experimental technique used for
the determination).


Static light scattering (SLS), fluorescence quenching and
small angle neutron scattering (SANS) are widely used for
N determination.[28–31] .


Conductivity,[14,15,32–46] potentiometric,[19,20, 22,27,47–50] electro-
phoretic mobility[51] and NMR[52–54] measurements are com-
monly used for determination of a. In most cases, N or a
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Abstract: A simple method for deter-
mination of the counterion binding pa-
rameter (a) and aggregation number
(N) from conductivity data is proposed.
The method is based on fitting the
values of the first derivative of conduc-
tivity (k) versus total surfactant con-
centration (ct) function according to
the equation derived from the mass
action model (MAM) by using differ-


ent conductivity models. Sodium dode-
cylsulphate (SDS) and dodecyltrimeth-
ylammonium bromide (DTAB) were
chosen for validation of the proposed
method. It was shown that the method


gives a fairly accurate values for micel-
lisation parameters of SDS (N=51–64,
a=0.74–0.75) and DTAB (N=56–62,
a=0.77–0.79), both in good agreement
with the literature data. In addition,
application of the proposed method
does not require the value of the criti-
cal micelle concentration (cmc).


Keywords: aggregation number ·
analytical methods · conductivity ·
mass action model · micelles
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are determined separately. An exception is the SANS meas-
urement, which can be used for simultaneous determination
of both parameters[30,55] . In addition, attempts for simultane-
ous determination of a and N from the conductivity data
have been made by Shanks and Franses.[37] The method of
Shanks and Franses (S–F method) is also interesting, be-
cause it is based on the mass action model for micellisation
of the ionic surfactant, so it is expected that it can provide
more reliable values of micellisation parameters. These au-
thors showed that a (0.72 for SDS) could be determined in
accordance with the literature values, whereas the N values
demonstrated some discrepancy (39–56 for SDS).


Simultaneous determination of cmc, a and N by fitting
the k versus ct function by using the S–F method is accom-
panied by some degree of mathematical complexity arising
from calculating the species inventories for a given ct. In ad-
dition, the authors reported that optimised values of N were
closely related to the initial guess values set before the opti-
misation procedure began.[37]


On the other hand, some authors tried to use the first de-
rivative of conductivity with respect to the ct function (dk/
dct)


[33,34,36,40, 41,56, 57] for determination of N and/or a. With the
exception of the Moroi et al.[36] and part of the Nishikido
method[41] , all the above-mentioned methods are based on
the phase separation model, which can be regarded as their
drawback, especially when taking into account the fact that
the dk/dct function can be easily used in accordance with
MAM.


Therefore, it seems worth it to develop a simple but accu-
rate method for the determination of a and N, based on fit-
ting the dk/dct values with the equation derived from the
mass action model. It will be shown here that the exact nu-
merical value of cmc is not required for the application of
the method proposed, which can be helpful whenever cmc is
difficult to determine.


For validation of the proposed method, sodium dodecyl-
sulphate and dodecyltrimethylammonium bromide was
chosen, for which the generally adopted values of micellisa-
tion parameters (see legends of Table 1 and Table 3 later)
are aSDS=0.72–0.77, NSDS�64,[2,36,37] aDTAB=0.75–0.77 and
NDTAB�57,[17] although considerable discrepancy can be
found when comparing different techniques, especially in
the case of aggregation numbers[37] .


Theory : The conductivity of the ionic surfactant solution is
given by Equation (2), in which l is the molar conductivity
of the corresponding ionic species and X, Y, and Mic repre-
sent the surfactant ion, counterion, and micelle, respectively


k ¼ lXcX þ lcY þ lMiccMic ð2Þ


According to MAM, concentrations of the ionic species
are defined as Equations (3a)–(3c), in which xc is the extent
of the reaction divided by the total volume (V) of the solu-
tion (xc=x/V).


cMic ¼
1
N


xc ð3aÞ


cX ¼ ct�xc ð3bÞ


cY ¼ ct�axc ð3cÞ


Combining Equations (3a–c) and Equation (2) leads to
Equation (4):


k ¼ lsct�xc


�
ls�ð1�aÞlY�


lMic


N


�


ls ¼ lX þ lY


ð4Þ


Taking into account the Evans equation[45] for molar con-
ductivity of the spherical micelle [Eq. (5)]


lMic ¼ lXN
5=3ð1�aÞ2 ð5Þ


and by combining Equations (4) and (5), we get Equa-
tion (6):


k ¼ lsct�xc


�
ls


�
1�N


2=3ð1�aÞ2
�
�lY


�
ð1�aÞ�N


2=3ð1�aÞ2
��


ð6Þ


The term Q is defined in Equation (7).


Q ¼ ls


�
1�N


2=3ð1�aÞ2
�
�lY


�
ð1�aÞ�N


2=3ð1�aÞ2
�


ð7Þ


Combining Equations (6) and (7), we now get Equa-
tion (8).


k ¼ lsct�xcQ ð8Þ


Although ls and Q are functions of ct, in the first approxi-
mation one can consider them as constants and accordingly
we get Equation (9).


�
dk
dct


�
¼ ls�Q


�
dxc
dct


�
ð9Þ


According to MAM, the first derivative of xc with respect
to ct is Equation (10), in which the constants A, B, D and E
are defined in Equations (11a)–(11d).


�
dxc
dct


�
¼ Actxc�Bx2c


c2t�Dx2c þ Ectxc
ð10Þ


A ¼ Nð1þ aÞ ð11aÞ


B ¼ 2Na ð11bÞ


D ¼ Nað1þ a�1=NÞ ð11cÞ


E ¼ Nð1þ a2�ð1þ aÞ=NÞ ð11dÞ


After introducing Equation (10) into Equation (9) we
obtain Equation (12).


�
dk
dct


�
¼ ls�Q


Actxc�Bx2c
c2t�Dx2c þ Ectxc


ð12Þ:
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From Equation (8) it is evident we can formulate Equa-
tion (13).


xc ¼
lsct�k


Q
ð13Þ


Combining Equations (13) and (12), finally leads to Equa-
tion (14).


�
dk
dct


�
¼ ls�


Actðlsct�kÞ�B ðlsct�kÞ2
Q


c2t�D
�


lsct�k
Q


�2


þ Ect
ðlsct�kÞ


Q


ð14Þ


In this paper, the values of dk/dct were calculated from
experimental k versus ct values by using the local second-
order polynomial regression. The procedure is as follows:
through each of the three adjacent experimental points
(first, through points 1, 2 and 3; then through points 2, 3
and 4; and so on) the quadratic function was fitted. Each
obtained quadratic function (k=act


2+bct+c) was deriva-
tived with respect to ct and the value of dk/dct was calculat-
ed for each middle point (for point 2 by using first quadratic
function, for point 3 by using second quadratic function, and
so on). Once the values of dk/dct were calculated from the
conductometric data, they can be considered as the “meas-
ured values of the first derivative”.


If a, N, ls and lY are taken to be the fitting parameters,
they can be optimised by using the least-squares method
based on the difference between the “measured values of
the first derivative” and dk/dct values calculated by using
Equation (14). Nonlinear regression analysis was performed
by using the OriginPro 7.0 program.


Conductivity models description : Three conductivity models
were tested for a and N determinations:


Model A : The fitting parameters for this model were a and
N. For ls and lY, fixed values of S1 (slope of the straight line
fitting k versus ct function in the concentration range below
cmc) and lY=l1Y were used, respectively. Accordingly, at
25 8C, the values of lY=lNa+ =50.1 Scm2mol�1 and lY=


lBr�=78.1 Scm2mol�1 were used for SDS and DTAB, re-
spectively.


Model B : The fitting parameters for this model were a, N
and ls. The values of lY were the same as in model A. In ad-
dition, ls was allowed to vary (in order to restrict the opti-
mised l values to a physically most reasonable range of
values) in the range from 63 to 68 Scm2mol�1 for SDS and
from 83 to 91.5 Scm2mol�1 for DTAB. These ls values cor-
responded to the first and last points of the concentration


range III (see below), and were calculated by using the
Kohlrausch equation. The Kohlrausch equation parameters
were calculated from the experimental conductivity data in
the concentration range below cmc


Model C : The fitting parameters for this model were a, N, ls


and lY. The values of ls were allowed to vary in the same
range as in model B. Furthermore, lY values were varied
from 43 to 46.3 S cm2mol�1 for Na+ (SDS) and from 68 to
72.2 Scm2mol�1 for Br� (DTAB). These lY values were cal-
culated according to the theoretical Debye-HRckel-Onsager
equation for the concentration range III.


Conductivity models were tested in three concentration
ranges: from about cmc to 1.55cmc (I), cmc to 25cmc (II)
and cmc to 2.55cmc (III). The exact concentration ranges
are listed in the legends of Tables 2 and 4 below.


Results and discussion


SDS solution : Two SDS titrations were performed. Figure 1
shows a curve of the conductivity versus total SDS concen-
tration for the second titration.


Two slopes, S1 (for ct<cmc) and S2 (for ct>cmc), were
calculated for each titration and used for the determination
of a using the Evans method[45] with N=64.[2,36] For both ti-
trations, a was calculated to be 0.77. In addition, parameters
of the Kohlrausch equation were calculated. The calculated
parameters as well as their comparison with literature data
are given in Table 1.


Since all calculated parameters from Table 1 are in accord
with literature values, one can conclude that both titrations


Figure 1. Conductivity of the SDS solution at 25 8C (titration 2).


Table 1. Parameters calculated from the conductivity versus concentration data for the SDS solutions at 25 8C. Comparison with the literature data.


cmic a S1 S2 l1X KH


[mmoldm�3] [Scm2mol�1] [Scm2mol�1] [Scm2mol�1] [Scm2mol�1/moldm�3)1/2]


titration 1 8.11 0.77 65.917 24.78 23.12 65.24
titration 2 8.33 0.77 65.368 24.23 21.68 57.87
literature (8.1–8.4)[a] (0.72–0.77)[b] (65.5–66.5)[c] (24.1–26)[c] (21.6–23.1)[d] –


[a] References [14, 17,32–38,40–44, 58,59]. [b] References [27,37,59, 60]. [c] References [36,44]. [d] References [37, 42,44].
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are suitable for the application of the new method for a si-
multaneous determination of N and a.


Comparison of the dk/dct values for both titrations is
shown in Figure 2 and optimised parameters from the fitting
procedure are given in Table 2. An example of experimental
data fit is shown in Figure 3.


DTAB solution : Again two titrations were performed for
DTAB. Figure 4 shows the conductivity versus total DTAB
concentration curve for the first titration. By using the same
procedure as described for SDS, the data, displayed in
Table 3, were calculated for the DTAB solution at 25 8C.


Comparison of the values of both titrations is shown in
Figure 5, and optimised parameters from the fitting proce-
dure are given in Table 4. An example of experimental data
fit is shown in Figure 6.


Considering Tables 2 and 4, the following conclusion can
be drawn. The determined (optimal) values of a range from
0.730 to 0.762 (SDS) and from 0.759 to 0.802 (DTAB), de-
pending on the conductivity model used and on the titration


itself, but they are constant when compared over different
concentration ranges. In general, conductivity model C gives
somewhat higher a values than models A and B, but, as will
be explained later, such observation should be taken with


Figure 2. Comparison of the first derivative of the conductivity with re-
spect to the total SDS concentration function between titration 1 (open
circles) and titration 2 (full triangles) at 25 8C.


Table 2. Optimised parameters for the micellisation of SDS at 25 8C—a comparison between different conductivity models used.[a]


Model Titration Concentration a�s N�s ls�s lNa+�s ss/n[c]


ranges[b] [S cm2mol�1] [Scm2mol�1]


A 1 I 0.754�0.004 66�5 65.9 50.1 0.238
II 0.753�0.003 65�3 65.9 50.1 0.160
III 0.753�0.002 65�3 65.9 50.1 0.111


2 I 0.751�0.002 62�2 65.4 50.1 0.098
II 0.751�0.003 63�3 65.4 50.1 0.204
III 0.751�0.003 63�3 65.4 50.1 0.158


B 1 I 0.730�0.007 40�6 66.7�0.3 50.1 0.073
II 0.732�0.005 42�5 66.6�0.3 50.1 0.082
III 0.736�0.005 46�5 66.5�0.2 50.1 0.077


2 I 0.736�0.004 46�4 65.7�0.1 50.1 0.028
II 0.745�0.009 55�10 65.5�0.3 50.1 0.210
III 0.746�0.008 57�9 65.5�0.2 50.1 0.161


C 1 I 0.750�0.570 41�10 66.6�0.8 45�273 0.094
II 0.746�0.131 42�8 66.6�0.5 46�37 0.089
III 0.747�0.059 44�7 66.3�0.4 46�16 0.088


2 I 0.762�0.278 46�5 65.7�0.3 43�94 0.034
II 0.761�0.197 56�16 65.5�0.4 46�52 0.237
III 0.761�0.085 57�12 65.5�0.3 46�22 0.175


[a] Bold numerals refer to the values that were kept constant during the fitting. [b] Concentration region in mmoldm�3 : titration 1: I: 8.6–12.3, II: 8.6–
16.23, III: 8.6–20.67; titration 2: I: 8.7–12.8, II: 8.7–16.63, III: 8.7–20.6. [c] ss is the sum of squares and n=Nd�Np, where Nd is number of data points
and Np is number of parameters fitted.


Figure 3. An example of the data fit for SDS solution at 25 8C (titration
2, model C, concentration region III). Open circles represent the values
calculated from the experimental data; the line represents the fitted
values.


Figure 4. Conductivity of the DTAB solution at 25 8C (titration 1).


Chem. Eur. J. 2004, 10, 5000 – 5007 www.chemeurj.org H 2004 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim 5003


Micellisation Parameters 5000 – 5007



www.chemeurj.org





some reservations. Additionally, we notice strong depen-
dence of optimal a values on N and ls values.


By using the herein proposed new method, aggregation
numbers were determined in ranges from 40 to 66 (SDS)
and from 48 to 66 (DTAB). Similarly to a, aggregation num-
bers are dependent on the conductivity model used and ti-
tration itself but are constant over different surfactant con-
centration. When discussing different conductivity models
used, we note that model A gives the most consistent values
of a and N (comparing same titration through different con-
centration ranges) with the smallest standard deviation of
optimised values. Nevertheless, the conductivity model A is


based on a few quite poor approximations referring to l


values and their determinations. First of all, it is well known
that ls and lY should decrease with the ionic strength of the
solution in accordance with the Kohlrausch law, and there-
fore ls and lY have to be smaller than l1s and l1Y . Secondly,
the assumption often used in literature that S1 equals l1s in
fact represents quite a poor approximation, since l1s should
be determined from the Kohlrausch equation. Additionally,
S1 is strongly dependent on the concentration range from
which it is determined and this fact makes S1 highly unreli-
able. To avoid problems relating to the values of S1 and l1Y


Table 3. Parameters calculated from the conductivity versus concentration data for the DTAB solutions at 25 8C. Comparison with the literature data.


cmic a S1 S2 lX
¥ KH


[mmoldm�3] [Scm2mol�1] [Scm2mol�1] [Scm2mol�1] [Scm2mol�1/moldm�3)1/2]


titration 1 15.24 0.79[a] 89.995 24.093 24.75 98.63
titration 2 15.18 0.80[a] 90.335 22.439 27.28 114.37
literature (15.0–15.6)[b] (0.75–0.77)[c] – – �22.3[d] -


[a] Calculated by using Evans method with N=57.[17] [b] References [17, 18,61]. [c] References [17,47, 50][d] Reference [17].


Figure 5. Comparison of the first derivative of the conductivity with re-
spect to total DTAB concentration function between titration 1 (open cir-
cles) and titration 2 (full triangles) at 25 8C.


Table 4. Optimised parameters for the micellisation of DTAB at 25 8C; a comparison between different conductivity models used.[a]


Model Titration Concentration a � s N�s ls�s lNa+�s ss/n[c]


ranges[b] [S cm2mol�1] [Scm2mol�1]


A 1 I 0.760�0.001 48�2 90.0 78.1 0.297
II 0.759�0.002 51�2 90.0 78.1 0.319
III 0.759�0.002 51�2 90.0 78.1 0.340


2 I 0.776�0.002 66�4 90.3 78.1 0.327
II 0.776�0.002 64�3 90.3 78.1 0.274
III 0.776�0.002 64�3 90.3 78.1 0.351


B 1 I 0.761�0.003 55�9 89.7�0.4 78.1 0.313
II 0.763�0.003 62�8 89.5�0.3 78.1 0.280
III 0.761�0.003 55�9 89.7�0.4 78.1 0.313


2 I 0.776�0.006 66�19 90.3�0.8 78.1 0.392
II 0.773�0.004 55�10 90.8�0.6 78.1 0.277
III 0.774�0.004 57�10 90.6�0.6 78.1 0.357


C 1 I 0.793�0.649 55�11 89.7�0.9 68�274 0.362
II 0.785�0.143 63�11 89.4�0.5 72�45 0.308
III 0.790�0.072 63�11 89.4�0.4 71�24 0.329


2 I 0.796�0.765 66�24 90.3�1.4 72�268 0.498
II 0.802�0.166 56�14 90.7�0.9 68�75 0.295
III 0.797�0.073 60�15 90.5�0.8 71�27 0.369


[a] Bold numerals refer to the values that were kept constant during the fitting. [b] Concentration region in mmoldm�3 : titration 1: I: 16.1–22.8; II: 16.1–
31.6; III: 16.1–38.3; titration 2: I: 15.9–23.2; II: 15.9–29.3; III: 15.9–37.9. [c] ss is sum of squares and n=Nd�Np, where Nd is number of data points and
Np is number of parameters fitted.


Figure 6. An example of the data fit for DTAB solution at 25 8C (titra-
tion 1, model C, concentration region III). Open circles represent the
values calculated from the experimental data, and the line represents the
fitted values.
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and to make the conductivity model more realistic, mod-
els B and C were introduced in which contained ls and ls


and lY, respectively, as additional fitting parameters. It is in-
teresting to note that N values optimised from models B
and C are much more similar (when comparing same titra-
tion and same concentration range) than is case when com-
paring model A with B or C. In fact, with exception of the
first DTAB1 titration, concentration range III (Table 4), the
difference of fitted N values between models B and C never
exceeds 2; this can be taken as a proof of the reliability of
the said N values. Similarly, we note that models B and C
give almost identical ls values, which usually, through the
limits imposed by the values of their standard error, em-
braced the constant ls values used in model A. Again, it is
important to note the strong dependence of N on the ls


values; this can be clearly seen in Table 2 (compare lines
A1I with B1I) in which small changes (about 3%) between
fixed (model A) and fitted (model B) ls value can produce
significant changes (from 66 to 40) in the N value. There-
fore, the correlation between fitted parameters is worth of
discussing in detail.


Table 5 indictes a strong correlation between all fitted pa-
rameters, with positive correlation between the N,a and ls,ly


pairs of parameters and with negative correlation between
N,ls ; N,ly; a,ls and a,ly pairs of parameters. By using the
data from Table 5, we can more clearly explain the change
in optimal values of fitting parameters. Taking, for example,
SDS titration 1 and comparing model A with B, we can see
that increase of optimised ls value (model B) relative to
fixed (model A) ls value decrease N and a values (negative
correlation coefficient) and taking into consideration the
fact that difference between two l values (0.8–
0.6 Scm2mol�1) is the greatest in this case (compared to all
other titration, Table 5), we can easily explain the fact that
greatest difference between optimised N and a values occur-
red in this particular titration. In all other titrations the
fixed ls=S1 values fall into the region imposed by the stan-
dard error of the fitted ls values and consequently differ-
ence of N and a between models A and B decrease. In the
case when optimised ls equals the fixed S1 value (Table 4
compare lines A2I with B2I) the N and a values optimised
with both models are also equal. Taking into account the un-
certainty of S1 values, it is clear that model B should be pre-
ferred over model A, which in turn can provide reliable N
only if (by chance) S1 equals or is close to the optimal ls ; in
all other cases model A should be used only for a quick,
rough estimation of micellar parameters. On the other hand,
when model C was applied to the same data, optimised a


values increase relative to those from model B (as expected,


since pair a,ly shows strongly negative correlation and ly


fitted is smaller than ly fixed). Interestingly, ls and N stay
the same as in model B, which might suggested that ls is the
most critical parameter for minimising the sum of squares,
which one might consider as expected in the view of Equa-
tion (14). An evident problem accompanied with model C is
the high values of standard deviation of optimised ly values
(and partially of a values) for which the standard deviation
is of same (or higher) order as the value of a parameter
itself. Explanation for such behaviour can be found in
number of data points usually 8 for concentration range I
and about 16 for concentration range II, which seem to be
too small for optimising the ly. Only when model C was ap-
plied to concentration range III (usual number of data
points was about 26) did the standard deviation of ly drop
to more acceptable values. It seems that at least 40 or even
more data points should be present for obtaining the ly with
acceptable value of standard deviation. In contrast to ly


(and in part a), the standard deviations of ls and N values
optimised with model C do not show such discrepancy, al-
though they are still somewhat greater than is case with
models A and B. Models A and B give satisfactory values of
standard deviations, which for a and ls usually amounts to
less than 1% of optimised parameter value and to about
10% in case of aggregation numbers. Usually, the smallest
standard deviations were observed in concentration
range III. Taking into consideration the above discussion,
we can presume that the most reliable values of a and N op-
timised by herein proposed method are those shown in
Table 6.


At this point, it is of interest to compare the herein pro-
posed method with another MAM-based conductivity
method for simultaneous determination of micellar parame-
ters introduced by Shanks and Franses (S–F method)[37] .
These authors concluded that the most reliable a and N
values optimised by their method for SDS was a=0.72 �
0.01 and N=42�9. Comparing with literature and herein
determined values for SDS one can conclude that herein
proposed method gives (regardless of conductivity model
used) aggregation numbers that are in better agreement
with those determined by other experimental techniques
than is case with S–F method. At the same time, both meth-
ods give similar a values both in good agreement with the
literature data. Additionally, standard deviations of parame-
ters optimised with the herein proposed method are lower
than is case with S–F method. When discussing both meth-
ods one should note that in contrast to the S–F method


Table 5. Correlation matrix for SDS, titration 2, conductivity model C
and concentration range III.


N a ls lNa+


N 1 0.735 �0.976 �0.664
a 1 �0.752 �0.995
ls 1 0.686
lNa+ 1


Table 6. Mean values (from two titrations) of the optimised micellisation
parameters for the aqueous solution of SDS and DTAB at 25 8C. Com-
parison of values obtained using different conductivity models in concen-
tration range III.


Model SDS DTAB
ā�s N̄�s ā�s N̄�


s


A 0.752�0.002 64�2 0.768�0.001 58�2
B 0.741�0.002 52�5 0.768�0.003 56�7
C 0.75�0.05 51�7 0.79�0.05 62�9
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(and, in fact, all PSM-based methods), the exact value of the
cmc is not needed for the application of the herein proposed
method. Taking into account the uncertainty of cmc deter-
mination, which contributes to the final values of deter-
mined parameters, one can consider the herein proposed
method as more reliable. On the other hand, Shanks and
Franses tried to use more realistic conductivity models
(compared to the herein used models) based on the Debye–
HRckel–Onsager (D–H–O) equation for dependence of
molar conductivity on the ionic strength (Ic) of the solution.
However, when using the D–H–O equation for the micellar
solution, the problem of the contribution of micelles to Ic


emerges. It is well known that the contribution of micelles
to Ic differs from that of small ions and at present there is
no clear, theoretically sound method for calculating it. An
empirical method, based on the “shielding factor”, was in-
troduced by Burchfield and Wooley.[2] Although, as shown
by Shanks and Franses, the value of the “shielding factor” is
somewhat dependent on the values of N and a used for its
calculation, it is interesting to note that the S–F method
gives substantially lower “shielding factor” values than the
Burchfield and Wooley method. According to the S–F
method, the best fit of experimental data was achieved (de-
pending on measurement) by using two conductivity models.
The first model was one for which Ic equals the concentra-
tion of free surfactant ions (the model was denoted 3A by
the authors) and in the second model (denoted 3B) it was
supposed that “only monomeric ions and a fraction of micel-
lar ions” (see ref. [37]) contribute to the ionic strength. One
should note that the S–F conductivity model 3A is highly
unrealistic, since it presumes that Ic increases until the maxi-
mum monomer concentration occurs, and then starts to de-
crease with an increase of the total surfactant concentration.
As a consequence, after the maximum monomer concentra-
tion is reached, molar conductivities would start to increase
(rather than decrease) with ct. Such behaviour is contrary to
the Kohlrausch law and difficult to accept. The S–F conduc-
tivity model 3B is somewhat more realistic, but gives sub-
stantially smaller values of the “shielding factor” (about 0.1
for SDS, when calculated using data given by Shanks and
Franses) compared to the value given by Burchfield and
Wooley for the same surfactant (0.52).


In fact, both of the above-mentioned S–F conductivity
models are base on the presumption that micelles contribute
substantially to the conductivity of the surfactant solution
but not to its ionic strength. At present, as stated even by
Shanks and Franses, “no clear theoretical explanation is
known” (see ref. [37]) to support such a hypothesis. Taking
into account the above discussion, it seems better, at least in
the present authorUs opinion, to take l values as constants
(in the concentration range considered for fitting) than to
use the questionable dependence of l on surfactant concen-
tration. As long as the concentration range considered for
fitting is not too wide, and the optimised molar conductivi-
ties fall into the range of realistic values, one can consider
the herein proposed method preferable to the S–F method.


When comparing the herein determined values of a and
N with literature values, we note excellent agreements for
both surfactants, although aggregation numbers optimised


with models B and C in the case of SDS seem to be some-
what lower than expected. Nevertheless, it is known that
conductometry yields the value of N in terms of the number
average, while light scattering provides mass average aggre-
gation numbers, and these values need not be the same, es-
pecially in the case of high polydispersity. Additionally, and
probably more important, SDS undergoes hydrolysis, and al-
though the SDS solutions were used within two days from
preparation, some influence of hydrolyses on the micellisa-
tion of SDS cannot be ruled out.


Finally, it has to be stressed that although the results ob-
tained using new method clearly demonstrated that fitting
parameters should be taken as constant if concentration
ranges used for fitting are enough narrow, this doesnUt nec-
essarily mean that concentration dependence of a fitting pa-
rameters cannot be monitored. For such purpose one should
optimise the parameters in completely different concentra-
tion ranges. For example, one can compare the parameters
optimised in the range from cmc to 2.55c.m.c with those op-
timised in the range from 2.55cmc to 55cmc, and so on.
The work along these lines is in progress.


Experimental


Sodium dodecyl sulphate (SDS) and dodecyltrimethylammonium bro-
mide (DTAB) of 	99% purity were used as received (Fluka Chemie
AG). Doubly distilled water was used. Two stock solutions (for both sur-
factants) were prepared by weight, and thermostated at 25 8C for two
days before measurement. Conductivity was measured with a Metrohm
conductometer. Conductivity of water was determined before measure-
ment. Stock solution was progressively added (1 cm3) using an automatic
pipette. The measuring cell was thermostated at (25�0.1) 8C. The meas-
ured conductivities were corrected for the conductivity of water.
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Nonclassical Titanocene Silyl Hydrides
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Alexei G. Razuvaev,[c] Philip Mountford,*[b] and Georgii I. Nikonov*[a]


Introduction


Nonclassical Si�H interactions in transition-metal complexes
are currently the subject of intense research.[1] In addition to
the well-established s complexes of silane Si�H bonds
[M(L)n(h


2-H-SiR3)]
[1a–e] and Si-H-M agostic interactions,[2–5]


a plethora of new types of interligand interactions has been
recently discovered.[1f] These include interligand hypervalent


interactions (IHI)[6–8] and a variety of multicenter Si�H in-
teractions found in some complexes of Ru and Os, the bond-
ing in which is the subject of continuing debate.[9–12] Howev-
er, for a given ligand set and metal, usually only one type of
Si�H interaction (if any) occurs.


Our present work was stimulated by the report by Buch-
wald et al. that [Ti(Cp)2(PMe3)(h


2-H2SiPh2)] (1) has an elec-
tronic structure intermediate between a TiIV silyl hydride
and a TiII silane s complex;[13] in other words, 1 is a stretch-
ed s complex.[1a] In related work Harrod et al. extensively
studied the reactions of dimethyl titanocene with silanes,
which give either mononuclear TiIII silyl or dimeric titano-
cene silyl hydrides with agostic Si-H-Ti interactions.[14] They
also found that the reaction of [Ti(Cp)2(PMe3)2] with
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Abstract: The titanocene silyl hydride
complexes [Ti(Cp)2(PMe3)(H)(SiR3)]
[SiR3=SiMePhCl (6), SiPh2Cl (7),
SiMeCl2 (8), SiCl3 (9)] were prepared
by HSiR3 addition to [Ti(Cp)2(PMe3)2]
and were studied by NMR and IR
spectroscopy, X-ray diffraction (for 6,
8, and 9), and DFT calculations. Spec-
troscopic and structural data establish-
ed that these complexes exhibit non-
classical Ti-H-Si-Cl interligand hyper-
valent interactions. In particular, the
observation of silicon–hydride coupling
constants J(Si,H) in 6–9 in the range
22–40 Hz, the signs of which we found
to be negative for 8 and 9, is conclusive
evidence of the presence of a direct
Si�H bond. The analogous reaction of
[Ti(Cp)2(PMe3)2] with HSi(OEt)3 does


not afford the expected classical silyl
hydride complex [Ti(Cp)2(PMe3)(H){-
Si(OEt)3}], and instead NMR-silent ti-
tanium (apparently TiIII) complex(es)
and the silane redistribution product
Si(OEt)4 are formed. The structural
data and DFT calculations for the com-
pounds [Ti(Cp)2(PMe3)(H)(SiR3)] show
that the strength of interligand hyper-
valent interactions in the chlorosilyl
complexes decreases as the number of
chloro groups on silicon increases.
However, in the absence of an Si-
bound electron-withdrawing group


trans to the Si�H moiety, a silane s


complex is formed, characterized by a
long Ti�Si bond of 2.658 G and short
Si�H contact of 1.840 G in the model
complex [Ti(Cp)2(PMe3)(H)(SiMe3)].
Both the silane s complexes and silyl
hydride complexes with interligand hy-
pervalent interactions exhibit bond
paths between the silicon and hydride
atoms in Atoms in Molecules (AIM)
studies. To date a classical titanocene
phosphane silyl hydride complex with-
out any Si�H interaction has not been
observed, and therefore titanocene silyl
hydrides are, depending on the nature
of the R groups on Si, either silane s


complexes or compounds with an inter-
ligand hypervalent interaction.


Keywords: density functional calcu-
lations · hydride ligands · hyperva-
lent compounds · silicon · titanium
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PhSiH3 gives a close analogue of 1, namely, the silane s


complex [Ti(Cp)2(PMe3)(h
2-H3SiPh)].[15] A complex report-


ed by Hartwig et al.[16] as [Ti(Cp)2(h
2-HBcat’)(h2-H3SiPh)]


(cat’=catechol) was later suggested to be a silylborato com-
plex [Ti(Cp)2(h


2-H2Bcat’)(SiH2Ph)] on the basis of theoreti-
cal studies.[17] No fully authenticated, classical mononuclear
silyl hydride complex of TiIV has been reported to date.


Intrigued by these earlier results, we recognized that the
closely related, but previously unknown, chlorosilyl com-
plexes [Ti(Cp)2(PMe3)(H)(SiClRR’)] (2) should be isolobal
analogues of the Nb and Ta metallocene and metallocene-
like compounds 3 and 4, which exhibit M-H-Si-Cl IHIs.[6,7]


Taken together, this hypothesis and the earlier studies of
Buchwald et al., Harrod et al., and others posed important
questions concerning 1) the nature of the Si�H interactions
in complexes of types 1 and 2, and 2) the accessibility of
classical mononuclear titanocene silyl hydrides. We ad-
dressed these issues by a combination of synthetic, spectro-
scopic, X-ray diffraction, and DFT methods. We report here


that the titanocene–phosphane ligand system is unique in
that, depending on the nature of the silyl group substituents,
different types of nonclassical bonding can be realized for
the same Cp2/PMe3 environment, and that the classical TiIV


silyl hydride form appears to be inaccessible.


Results and Discussion


Preparation of titanocene silyl hydrides : Following the ap-
proach of Buchwald et al.,[13] [Ti(Cp)2(PMe3)2] was treated
with a series of silanes to afford extremely air and moisture
sensitive yellow silyl hydrido complexes 5–9 (scheme 1) in
high yield.


Complex 5, obtained as a yellow powder, was too unstable
in solution to allow NMR characterization. It decomposes
slowly as a solid and rapidly in solution into the known blue
compound [Ti(Cp)2(PMe3)Cl], the identity of which was es-
tablished by elemental analysis and an X-ray study.[18] The
stability of 5–9 increases markedly with the number of
chloro substituents on the silicon atom, so that in aromatic
solvents at room temperature 6 is stable for about half an
hour, 7 for a few hours, and 8 for several days, whereas 9
does not decompose over a period of several weeks. As a
solid 9 does not show any sign of decomposition for at least
several months.


The 1H NMR spectra of 6–9 show well-defined signals at-
tributed to Cp, PMe3, and silyl ligands. As in 1, the hydride
resonances of 6–9 are found at about �4 ppm as doublets
due to coupling to PMe3 (Table 1). With the exception of 7,
the hydride resonance moves to lower field as the electrone-
gativity of the substituents at silicon increases. This trend is
consistent with the decreased hydridic character of the Ti�H
hydrogen atom and also is in agreement with a decrease in
the extent of IHI between the hydrogen and silicon atoms
(vide infra) along this series.[6] Supporting this view is the in-
crease in the magnitude of the values of 2J(1H,31P) (Table 1),
which are consistent with strengthening of the Ti�H interac-
tion. The IR spectra of 6–9 display hydride-associated bands


Abstract in Russian:


Scheme 1. Complex 5 : R=R’=Me; complex 6 : R=Me, R’=Ph; complex
7: R=R’=Ph; complex 8 : R=Me, R’=Cl; complex 9 : R=R’=Cl.
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in the region 1524–1611 cm�1. In mononuclear hydrides of
titanium the Ti�H stretch typically shifts to lower frequency
as the formal oxidation state of titanium changes from IV to
III. Thus, in well-defined TiIV compounds the Ti�H band is
observed in the range of 1532–1645 cm�1,[19] whereas in tita-
nocene monohydrides [Cp00


2TiH] (Cp’’= substituted cyclopen-
tadienyl) this band is found in the range 1475–1505 cm�1.[20]


The hydride-associated stretch in 1, which has an oxidation
state intermediate between IV and II, is closer to the second
range (1508 cm�1).[13] The unexpected feature of 5–9 is that
the Ti�H bands shift to lower frequency on going from 5 to
9 as the electronegativity of substituents at silicon increases.
Electron-withdrawing groups at silicon are normally expect-
ed to promote a more extensive degree of oxidative addition
of the Si�H bond to a metal center,[1a,c,d] and thus a more
pronounced formal oxidation state of IV for Ti. Further-
more, this trend apparently contradicts the strengthening of
the Ti�H interaction observed in DFT calculations (vide
infra). However, this apparent contradiction is easily ex-
plained if one takes into account the occurrence of interli-
gand interactions between the hydride and silyl groups in
these compounds (vide infra). For this reason it is incorrect
to interpret the IR data simply in terms of strengthening/
weakening of independent Ti�H and/or Si�H bonds, as the
Si�H and Ti�H vibrations are evidently correlated.


The magnitude of the silicon–hydride coupling constants
J(Si,H) in 6–9 (31, 40, 22, and 34 Hz, respectively) are com-
parable to that in 1 (28 Hz)[13] and in the complexes
[Cp(ArN)Ta(PMe3)(H)(SiMe3�nCln)] (n=1–3, range 33–
50 Hz) with IHIs.[7b] Although it has become conventional to
infer the presence of nonclassical Si�H interactions on the
basis of large Si�H coupling constants (>20 Hz),[1a–d] recent
studies have established that there is no strict correlation
between the strength of the Si�H interaction and the magni-
tude of J(Si,H).[7b,21] .


Since the scalar coupling constant is primarily a through-
bond interaction the observed coupling constant can be
thought of as the sum of one- (H�Si) and two-bond (H-M-
Si) interactions [Eq. (1)].


JobsðSi,HÞ ¼1 JðSi,HÞ þ2 JðSi,HÞ ð1Þ


The relative signs and magnitudes of the two coupling
constants will determine the magnitude and sign of the ob-
served coupling constant. The one-bond coupling constant
1J(Si,H) is known to be negative,[22] and in many cases two-
bond coupling constants involving silicon are positive.[22] Be-


cause variation of the substituents at silicon can change the
percentage of Si 3s and 3p orbitals participating in the Si�M
and Si�H bonds,[7b,21b,23] they can, in theory, alter both the
magnitude and the sign of the observed coupling constant.
This might, in turn, result in an irregular change in the mag-
nitude of the observable coupling constant jJobs(Si,H) j as
the electronegativity of the substituents is varied. Another
problem can arise if the magnitudes of 1J(Si,H) and 2J(Si,H)
are comparable. In this case it is possible that a large nega-
tive value of 1J(Si,H), indicative of the presence of a direct
Si�H interaction, could be compensated by a large positive
value of 2J(Si,H). This might happen, for example, when an
increase in the electronegativity of the substituents at silicon
increases the two-bond component 2J(Si,H) due to increased
Si 3s character in the M�Si bond.[7b,21b,23] In this case a small
value of jJobs(Si,H) j would be highly misleading if taken as
the sole indicator of the absence of Si�H interactions. It ap-
pears that the sign of Jobs(Si,H) might at least provide an ad-
ditional and meaningful indicator because, if negative, it at
least shows the dominance of 1J(Si,H) over 2J(Si,H). We de-
termined the signs of J(Si,H) in both 8 and 9, and since both
values are negative, this establishes the presence of a direct
covalent interaction between the silicon and hydrogen
atoms. Attempts to determine the sign of J(Si,H) in com-
plexes 1, 6, and 7 were unsuccessful.


Below we present structural and theoretical evidence that
5–9 have nonclassical H�Si interactions. In the light of this
and the nonclassical nature of 1[13] it was of interest to try to
synthesize a classical titanocene silyl hydride. The target
compound should have substituents at silicon electronega-
tive enough to promote complete oxidative addition of Si�
H to a metal atom,[24] but these should not be electron-with-
drawing and/or good leaving groups in order to avoid
IHI.[6,7] Because alkoxyl groups have been shown to cause
only weak (if any)[6c] IHI, we decided to study the reaction
of HSi(OEt)3 with [Ti(Cp)2(PMe3)2]. In contrast to the facile
formation of 1 and 5–9, however, carrying out the reaction
under the conditions used for other silanes does not result
in the precipitation of a yellow compound. Two silicon-con-
taining species were identified from the 29Si NMR spectrum
of the reaction mixture. One of them displays a signal at
�59.1 ppm coupled to one hydrogen atom with J(Si,H)=
286 Hz; the second signal at �89.9 ppm is not proton-cou-
pled. We assign these signals to unconsumed HSi(OEt)3
(present in excess) and Si(OEt)4,


[25] respectively. Redistribu-
tion of the groups in HSi(OEt)3 by a titanocene complex to
give a SiH3 ligand and Si(OEt)4 was previously documented
by Harrod et al.[14a] Monitoring the reaction by 1H NMR
spectroscopy did not show formation of any hydride com-
plex with a Ti�H signal in the expected chemical shift
region (>0 ppm). However, the decrease in signals due to
HSi(OEt)3 and [Ti(Cp)2(PMe3)2] shows that some reaction
does occur, apparently producing NMR-silent paramagnetic
products. This result suggests that [Ti(Cp)2(PMe3)-
(H){Si(OEt)3}] is not formed as a stable product and that
the presence of interligand interactions (residual interac-
tions as in s complexes like 1 or with IHI as in 3 and 4) is
important in stabilizing the addition of silanes to the titano-
cene phosphane fragment [Ti(Cp)2(PMe3)].


Table 1. Selected spectroscopic data[a] for complexes [Ti(Cp)2(P-
Me3)(H)(SiRR’Cl)] (5–9).


5[b] 6 7 8 9


ñTi�H [cm�1] 1611 1574 1566 1538 1524
d1H(TiH) [ppm] – �4.67 �3.92 �4.35 �3.61
2J(P,H) [Hz] – 74.7[c] 67.8[c] 82.8[c] 90.9[c]


J(Si,H) [Hz] – 31[c] 40[c] �22 �34


[a] NMR data in C6D6, IR data in Nujol. [b] NMR data for 5 are absent
due to its extreme instability in solution. [c] Absolute values, sign not de-
termined.
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X-ray diffraction studies : The solid-state structures of 6, 8,
and 9 were determined by X-ray diffraction, and the molec-
ular structures are shown in Figure 1. Selected molecular pa-
rameters of 6, 8,and 9 can be found in Table 2, respectively.
In accordance with Bent:s rule,[23] the average Si�Cl bond
length (2.223(2) G in 6, 2.163(1) G in 8, 2.125(1) G in 9)
shortens as the number of chloro substituents increases.[6a]


As is typical for complexes with IHI, one of the chlorine
atoms in 6, 8, and 9 is located in the bisecting plane of the
metallocene moiety trans to the hydride, which enables
transfer of electron density from the M�H bond orbital to
the (Si�Cl)* antibonding orbital of the Si�Cl bond.[6a] This
results in elongation of the M�H and Si�Cl bonds and
shortening of the M�Si and Si�H distances.[6,7] The Si�
Cl(trans) bond of 2.223(2) G in 6 is remarkably long, even
much longer than in other complexes with IHI (2.163–
2.177(2) G).[6,7] Importantly, the Si�Cl(trans) bond in 8 and
9 is noticeably longer than the out-of-plane Si�Cl bonds
(D=0.059(2) and 0.055(2) G, respectively), and even in 9
the difference is unusually large. In comparison, the two Si�
Cl bonds in the isolobal complex [Ta(Cp)(ArN)(PMe3)(H)-
(SiMeCl2)] with IHI are both shorter (2.117(2) and
2.064(3) G) and have somewhat smaller D (0.053(4) G) than
the Si�Cl bonds in 8 (2.192(1) and 2.133(1) G, D=


0.059(2) G). The Si�Cl(trans) bond of 2.192(1) G in 8 is sig-
nificantly longer than the Si�Cl bonds in previously report-
ed complexes of the type [M(L)nSiRCl2] (2.007–2.130 G),[26]


for which longer distances are found for complexes with Si�
Cl bonds elongated due to either nonclassical interactions
between the silyl and hydride ligands[26b] or negative hyper-
conjugation between a metal-centered lone pair and the
(Si�Cl)* antibonding orbital.[26h]


The hydride ligands of 8 and 9 were found in Fourier dif-
ference maps and refined to Ti�H distances of 1.73(2) and
1.72(2) G, respectively. Titanium-to-terminal hydride bond
lengths determined by X-ray diffraction span a wide range
of 1.70(4)–1.96(6), possibly reflecting the experimental un-
certainties associated with location of H atoms by this meth-
od.[20a,b,27, 28] The Si�H(hydride) distances in 8 and 9 of
1.75(2) and 1.75(3) G, respectively, are suggestive of the
presence of significant Si�H interactions.[1] Although the
M�H distances cannot be reliably established by X-ray dif-
fraction due to systematic foreshortening, these short Si�H
distances are not simply the result of long Ti�H bonds;
rather they stem from small Si-Ti-H bond angles (Si-Ti-H in
8 is 44.0(6)8 versus 64.5(6)8 for H-Ti-P; in 9 the correspond-
ing values are 44.6(8) and 64.3(8)8). This structural feature
is further supported by DFT calculations (vide infra). Taken
together these structural data suggest the presence of strong


Figure 1. Top: Molecular structure of [Ti(Cp)2(PMe3)(H)(SiClMePh)] (6).
Displacement ellipsoids (non-H atoms) are shown at 50% probability.
Hydrogen atoms are omitted for clarity. The hydride ligand was not
found. Middle: Molecular structure of [Ti(Cp)2(PMe3)(H)(SiCl2Me)] (8).
Displacement ellipsoids (non-H atoms) are shown at 50% probability.
Hydrogen atoms are omitted for clarity. Bottom: Molecular structure of
[Ti(Cp)2(PMe3)(H)(SiCl3) (9). Displacement ellipsoids (non-H atoms) are
shown at 50% probability. Hydrogen atoms (apart from hydride) are
omitted for clarity.
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nonclassical Si�H interactions in 6, 8, and 9. The small size
of the titanium atom contributes only marginally to the
shortening of the Si�H distances. Thus, the distances from
the silicon atom to the midpoint of the Si�P vectors (the
likely hydride location if the structure were classical) in 8
and 9 are much longer (2.053 and 2.056 G, respectively).
Therefore, placing the hydride ligand in the central position
in the titanocene bisecting plane would have resulted in a
significantly longer Si�H distances. In conclusion, the struc-
tural features of 6, 8, and 9 suggest the presence of nonclas-
sical interligand interactions which must have an electronic
origin.


DFT calculations : To elucidate the bonding situation in 1
and 5–9, a series of model complexes [Ti(Cp)2(PMe3)(H)(Si-
Me3�nCln)] [n=0 (10), 1 (11), 2 (12), 3 (13)] were calculated
with the DFT method. The calculated structures 12 and 13
are exact models of the real compounds 8 and 9, respective-
ly. There is a very good agreement between the calculated
and observed values and trends (Table 3). In particular, the
shortening and strengthening of the Ti�Si bond along the
series is nicely seen [expressed by large Wiberg bond indi-
ces[29] (WI; Table 4), NBO bond orders[30] (Table 5) and neg-
ative H(rc) values (Table 6) in an Atoms in Molecules
(AIM) study[31]] , as is the longer and weaker Si�Cl bond
trans to the hydride compared to the out-of-plane Si�Cl
bond. These trends indicate the presence of IHI in 11–13.[6,7]


The Si�H contacts in 10–13 are very short and have remark-
ably large WI, a manifestation of nonclassical structures.
Furthermore, the AIM study found bond critical points[31]


for the Si�H bonds in all compounds. Apart from the Ti�Si
bond length, other parameters in 11–13 do not change mo-
notonically along the series. The Si�H bond length in the
series 10–13 has a minimum for 11, decreasing from 10 to 11
and 12 and elongating as the number of chloro substituents


in the silyl groups increases, while the Ti�H bond length
also changes irregularly and has a maximum for 11. The
data given in Tables 3, 4, 5and 6 show that the weakening of


Table 2. Selected bond lengths [G] and angles [8] for [Ti(Cp)2(PMe3)(H)(SiMePhCl)] (6), [Ti(Cp)2(PMe3)(H)(SiMeCl2)] (8), and [Ti(Cp)2(PMe3)(H)-
(SiCl3)] (9).


Compound 6
Ti(1)�Si(1) 2.545(2) Ti(1)�P(1) 2.558(2) Cl(1)�Si(1) 2.223(2) Si(1)�C(11) 1.896(7)
Si(1)�C(12) 1.904(7)


Si(1)-Ti(1)-P(1) 108.93(7) Cl(1)-Si(1)-Ti(1) 114.80(9) C(11)-Si(1)-C(12) 104.2(3) C(11)-Si(1)-Cl(1) 97.7(2)
C(12)-Si(1)-Cl(1) 99.9(2) C(11)-Si(1)-Ti(1) 119.8(2) C(12)-Si(1)-Ti(1) 117.1(2)


Compound 8
Ti(1)�Si(1) 2.5167(7) Ti(1)�P(1) 2.5532(11) Si(1)�Cl(1) 2.192(1) Si(1)�Cl(2) 2.134(1)
Si(1)�C(11) 1.8853(16) Ti(1)�H 1.733(18) Si(1)�H 1.749(17)


Si(1)-Ti(1)-P(1) 108.39(3) Cl(1)-Si(1)-Cl(2) 100.78(6) Cl(1)-Si(1)-Ti(1) 117.36(3) Cl(2)-Si(1)-Ti(1) 116.30(3)
Cl(1)-Si(1)-C(11) 98.43(6) Cl(2)-Si(1)-C(12) 97.46(4) C(11)-Si(1)-Ti(1) 122.18(6) Si(1)-Ti(1)-H 44.0(6)
P(1)-Ti(1)-H 64.5(6)


Compound 9
Ti(1)�Si(1) 2.491(1) Ti(1)�P(1) 2.5559(13) Si(1)�Cl(1) 2.1606(14) Si(1)�Cl(2) 2.1090(14)
Si(1)�Cl(3) 2.1036(12) Ti(1)�H 1.72(2) Si(1)�H 1.75(3)


Si(1)-Ti(1)-P(1) 108.88(4) Cl(1)-Si(1)-Ti(1) 120.18(4) Cl(2)-Si(1)-Ti(1) 118.40(5) Cl(3)-Si(1)-Ti(1) 118.25(5)
Cl(1)-Si(1)-Cl(2) 97.56(5) Cl(1)-Si(1)-Cl(3) 98.03(5) Cl(2)-Si(1)-Cl(3) 100.07(5) Si(1)-Ti(1)-H 44.6(8)
P(1)-Ti(1)-H 64.3(8)


Table 3. Selected calculated bond lengths [G] for [Ti(Cp)2(PMe3)(H)(Si-
Me3�nCln) (n=0–3; 10–13, respectively) and 14.[a,b]


10[c] 11[d] 12[e] 13[f] 14[a]


Ti�Si 2.658 2.581 2.535 2.520
(2.597) (2.545) (2.517) (2.492)


Ti�P 2.541 2.555 2.559 2.557 2.557
(2.550) (2.558) (2.554) (2.556)


Ti�H 1.742 1.759 1.755 1.754 1.745
(1.81) (1.733) (1.751)


Si�H 1.840 1.805 1.822 1.847 1.862
(1.69) (1.749) (1.751)


Si�Cl – 2.292[g] 2.259[g] 2.225[g] –
(2.223) (2.192) (2.161)


– – 2.216[h] 2.190[h] �2.218[h]


(2.133) (av 2.107)


[a] 14 is a rotamer of 12 with the Me group trans to the hydride. [b] X-
ray data in parentheses for comparison; in 8 and 9 the hydride ligands
were located in the difference map and refined. [c] X-ray data for 1.
[d] X-ray data for 6. [e] X-ray data for 8. [f] X-ray data for 9. [g] Cl trans
to hydride. [h] Out-of-plane Cl.


Table 4. Selected Wiberg bond indices (WI) of
[Ti(Cp)2(PMe3)(H)(SiMenCl3�n)] (n=0–3; 10–13, respectively) and 14.[a]


10 11 12 13 14


Ti�Si 0.4915 0.5948 0.6308 0.6578 0.6012
Ti�P 0.6822 0.6702 0.6698 0.6715 0.6746
Ti�H 0.4995 0.4957 0.5080 0.5186 0.5146
Si�H 0.3210 0.3188 0.2962 0.2729 0.2815
Si�Cl – 0.6638[b] 0.7048[b] 0.7484[b] –


– – 0.7617[c] 0.7930[c] 0.7583
Si�CMe 0.7117[d] – – – 0.7127


0.7340[e] 0.7363 0.7375 – –


[a] 14 is a rotamer of 12 with the Me group trans to the hydride. [b] Cl
trans to hydride. [c] Out-of-plane Cl. [d] Me trans to hydride. [e] Out-of-
plane Me.
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the Si�H bonds is accompanied by strengthening of the Ti�
H bonds from 11 to 13. Analogous trends have been previ-
ously observed for the isolobal complexes [Ta(Cp)(ArN)-
(PMe3)(H)(SiMe3�nCln)] (n=1–3) with IHI.[7b] In contrast,
the conventional theory of s-bond complexation predicts
that increasing electronegativity of the substituents at the
silicon atom should lead to a monotonic advance of the oxi-
dative adition of the Si�H bond to the metal.[1a–d] Together


these data suggest that the nature of the Si�H bonding in 10
and 11–13 is different. Specifically, the former is a silane s


complex with a weak Ti�Si bond, whereas 11–13 are chloro-
silyl compounds with IHI of the type Ti-H-Si-Cl, which
weakens for the more chlorinated silyl groups, behavior pre-
viously found for complexes 4.[7b] Also in accordance with
the latter description, the Laplacian at the Ti�H bond criti-
cal point rc in 10–13 has large positive values (local electron
density depletion), and the electron density at rc exhibits a
minimum for 11, whereas for the Si�Cl (in-plane) bond
521(rc) is negative (local electron density concentration).
Taking into account that the Si�Cl (out-of-plane) bonds
have positive Laplacians, this can be interpreted as a trans-
fer of electron density from the Ti�H bonds onto the (Si�
Cl)* (in-plane) antibonding orbital. Confirming a decrease
in IHI, H(rc)


[31] for the Si�Cl (in-plane) bond decreases
from 11 to 13. Finally, the unique feature of 10 is that it has
an increased ellipticity of the Ti�Si bond (ec=1.9239)[32] in
accord with its description as a silane s complex. Analysis of
the Laplacian contour map of 10 shows that the Ti�Si bond
critical point is close in magnitude to the ring critical point
(0.3600 and 0.3621 eG�3, respectively), that is, a situation
emerges where the Ti�Si bond is about to vanish, which
means that the observed topological structure of [Ti(Cp)2-
(PMe3)(h


2-H-SiMe3)] is very close to that of [Ti(Cp)2-
(PMe3)(h


1-HSiMe3)]. By way of contrast, for the other com-
pounds 11–13 ec is in the range 0.4040–0.6761 and the ring
critical points (0.3993–0.4185 eG�3) are located well away
from the bond critical points (Table 6,) indicating stable
topological structures, which allow us to can rationalize
them in terms of silyl complexes (although still nonclassical
silyl complexes).


In principle, increased electronegativity of the substituents
at Si should promote the breaking of the Si�H interaction in
a silane s complex.[1] In an attempt to model a classical tita-
nocene silyl hydride without IHI or residual Si�H s bond-
ing, we optimized rotamer 14 of [Ti(Cp)2(PMe3)(H)-
(SiMeCl2)], restricted to have the Me group trans to the hy-
dride. As expected, 14 does have a much shorter and stron-
ger Ti�Si bond than 10, but although the Si�H distance of
1.862 G is longer than in 10, it is still well within bonding
range,[1] and a bond critical point was found. Comparing 14
with 12 bearing the same silyl group (SiMeCl2), one can see
that in 14 both the Ti�Si bond and the Si�H interaction are
longer and weaker, whereas the Ti�H bond is shorter and
stronger. The two out-of-plane Si�Cl bonds in 14 are com-
parable in lengths and strength to the out-of-plane Si�Cl
bond in 12. Therefore, 14 is nonclassical but does not exhibit
IHI, and it can be better described as a stretched silane s


complex. This result and our failure to prepare [Ti(Cp)2-
(PMe3)(H)(Si(OEt3)] (vide supra) compel us conclude that
classical titanocene silyl hydrides (TiIV compounds) are un-
likely to exist, regardless of the nature of the R group on Si.
However, the type of Si�H interaction in nonclassical com-
plexes [Ti(Cp)2(PMe3)(H)(SiR3)] does depend on R: they
are s complexes for electropositive R groups, and com-
pounds with IHI if at least one electronegative group on Si
is trans to the Si�H moiety.


Table 5. Selected atom–atom overlap-weighted NAO bond orders of
[Ti(Cp)2(PMe3)(SiMenCl3�n)(H)] (n=0–3).


SiCl3 SiMeCl2 SiMe2Cl SiMe3 SiMeCl2
[a]


Ti�Si 0.5650 0.5372 0.5033 0.4333 0.5230
Ti�P 0.5232 0.5265 0.5336 0.5512 0.5317
Ti�H* 0.4113 0.4079 0.4049 0.4112 0.4114
Si�H* 0.3828 0.4018 0.4189 0.4146 0.3886
Si�Cl (ip[b]) 0.6370 0.6081 0.5801 – –
Si�Cl (oop[c]) 0.6609 0.6401 – – 0.6389
Si�CMe (ip) – – – 0.7125 0.7393
Si�CMe (oop) – �0.7460 �0.7366 – 0.7273


[a] A rotamer of 12 with the Me group trans to hydride. [b] ip= in-plane.
[c] oop=out-of-plane.


Table 6. Topological analysis of the electron density in [Ti(Cp)2-
(PMe3)(H)(X)] at the BP86 level of theory.[a]


X Bond[b] 1(rc) 521(rc) ec H(rc)
[e G�3] [e G�3] [Hartree G�3]


SiCl3 Ti�Si 0.4125 0.4025 0.4045 �0.1546
Ti�P 0.3675 2.0562 0.4621 �0.1000
Ti�H* 0.5450 2.8600 0.1807 �0.2000
Si�H* 0.4942 �1.2335 0.2622 �0.2122
Si�Cl(ip) 0.5296 �0.6835 0.0624 �0.3246
Si�Cl(oop) 0.5539 �0.0050 0.0291 �0.3500


SiMeCl2 Ti�Si 0.4185 0.1357 0.4623 �0.1574
Ti�P 0.3607 2.1765 0.5131 �0.0947
Ti�H* 0.5379 3.0443 0.2364 �0.1921
Si�H* 0.5016 �1.4124 0.2717 �0.2311
Si�Cl(ip) 0.4882 �0.5495 0.0968 �0.2850
Si�Cl(oop) 0.5160 0.1414 0.0679 �0.3135
Si�CMe(oop) 0.7735 4.7159 0.0151 �0.4683


SiMe2Cl Ti�Si 0.3993 0.0800 0.6761 �0.1400
Ti�P 0.3572 2.3290 0.5873 �0.0910
Ti�H* 0.5278 3.1548 0.2789 �0.1841
Si�H* 0.4969 �1.4805 0.2557 �0.2430
Si�Cl(ip) 0.4481 �0.3321 0.0682 �0.2486
Si�CMe(oop) 0.7446 5.0631 0.0296 �0.4296


Si(trans-Me)Cl2 Ti�Si 0.4091 0.1924 0.4040 �0.1505
Ti�P 0.3627 2.1896 0.6266 �0.0962
Ti�H* 0.5543 2.7821 0.1772 �0.2077
Si�H* 0.4874 �1.1594 0.2716 �0.2000
Si�CMe(ip) 0.7586 4.2346 0.0218 �0.4612
Si�Cl(oop) 0.5149 0.1594 0.0665 �0.3128


SiMe3 Ti�Si 0.3621 0.3636 1.9239 �0.1063
Ti�P 0.3609 2.5424 0.8466 �0.0908
Ti�H* 0.5501 2.9126 0.2395 �0.2028
Si�H* 0.4740 �1.3908 0.2229 �0.2160
Si�CMe(ip) 0.6936 4.5723 0.0310 �0.3844
Si�CMe(oop) 0.7179 5.4362 0.0227 �0.3940


[a] 1(rc)=electron density at the bond critical points, 12(rc)=Laplacian of
electron density at the bond critical points, H(rc)= sum of Hamiltonian
kinetic energy density and potential energy density, ec=ellipticity.
[b] ip= in-plane, oop=out-of-plane.
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Conclusion


Reactions of [Ti(Cp)2(PMe3)2] with silanes afford only non-
classical titanocene silyl hydrides; classical mononuclear ti-
tanocene silyl hydride continue to be elusive species. Unless
stabilized by IHI, this system tries to escape the unfavorable
oxidation state IV of titanium by forming either products of
incomplete oxidative addition (stretched s complexes with
an oxidation state between II and IV) or paramagnetic TiIII


complexes. Spectroscopic and structural features of
[Ti(Cp)2(PMe3)(H2SiPh2)] (1), supported by a DFT study on
a model complex, establish that this compound is a silane s


complex. The bonding situation in the isolated chlorosilyl
derivatives is very different: these complexes exhibit Ti-H-
Si-Cl interligand hypervalent interactions. Therefore, the ti-
tanocene fragment [Ti(Cp)2(PMe3)] is unique in supporting
two different types of nonclassical Si�H interaction.


Experimental Section


All manipulations were carried out by using conventional Schlenk techni-
ques. Solvents were dried over sodium or sodium benzophenone ketyl
and distilled into the reaction vessel by high-vacuum gas-phase transfer.
NMR spectra were recorded on a Varian Mercury-vx (1H, 300 MHz; 13C,
75.4 MHz) and Unity-plus (1H, 500 MHz; 13C, 125.7 MHz) spectrometers.
IR spectra were obtained as Nujol mulls with a FTIR Perkin-Elmer 1600
series spectrometer. [Ti(Cp)2Cl2] and silanes were obtained from Sigma-
Aldrich. [Ti(Cp)2(PMe3)2] was prepared according to the literature
method. J(Si,H) coupling constants were measured from the 29Si,1H satel-
lites in the 1H NMR spectra. In 8 and 9 the sign of J(Si,H) was deter-
mined from a spin-tickling experiment in which the 1H NMR spectrum of
the titanium hydride was observed, while low-power continuous irradia-
tion was applied sequentially at the positions of the low- and high-fre-
quency 29Si satellites of the proton-coupled 31P resonance of the PMe3


group; this resulted in sequential splitting of the low- and high-frequency
29Si satellites in the 1H spectrum. Therefore, in both 8 and 9 the sign of
J(Si,H) is the same as that of 2J(Si,P). The sign of 2J(Si,P) is negative and
was determined in the analogous complex [Cp(ArN)Ta(PMe3)(H)(Si-
MePhH)] by comparison to the negative sign of J(H,Si) which we report-
ed previously.[7b]


Reaction of [TiCp2(PMe3)2] with HSiMe2Cl : HSiMe2Cl (1.5 mL) was
added to a solution of [Ti(Cp)2(PMe3)2] (1.60 g, 5.96 mmol) in pentane
(80 mL). Immediate precipitation of a yellow powder occurred. The solu-
tion was quickly filtered and the residue was washed with pentane
(7 mL) and dried in vacuo. Yield: 1.44 g (83%). Attempts to prepare
NMR samples of the product in a nitrogen-filled glove box resulted in
decomposition. The compound gives rise to intensive blue color on dis-
solving in aromatic or ethereal solvents under argon or nitrogen. The 1H
NMR spectrum in C6D6 prepared under argon showed no signals in the
regions typical for the Cp, PMe3, and SiMe2 groups. Keeping this material
under argon or vacuum as a solid also results in the development of a
blue color. Blue X-ray quality crystals were grown on cooling a solution
of the product in diethyl ether. An X-ray study showed this to be the
known compound [Ti(Cp)2(Cl)(PMe3)]. IR (Nujol): ñTi�H=1611 cm�1.


[Ti(Cp)2(PMe3)(H)(SiClMePh)] (6): HSiClMePh (0.17 mL, 1.13 mmol)
was added by syringe to solution of [Ti(Cp)2(PMe3)2] (0.276 g,
0.836 mmol) in diethyl ether (50 mL) at room temperature. Over 5 min
the resultant brown solution was cooled to �30 8C, kept at this tempera-
ture for 2 d, and then slowly concentrated to 30 mL to produce yellow
crystals. A second crop was obtained by further concentrating the solu-
tion to 4 mL and keeping it at �30 8C. Total yield: 0.134 g (0.326 mmol,
39%). IR (Nujol): ñTi�H=1574 cm�1; 1H NMR (300 MHz, C6D6, 25 8C):
d=8.12 (d, J=7.3 Hz, 2H; o-Ph), 7.31 (t, J=7.3 Hz, 2H; m-Ph, 7.19 (t,
J=7.4 Hz, 1H; p-Ph), 4.92 (d, J(P,H)=2.5 Hz, 5H; Cp), 4.66 (d, J(P,H)=
2.4 Hz, 5H; Cp), 1.00 (s, 3H; SiMe), 0.61 (d, J(P,H)=6.4 Hz, 9H; PMe),


�4.67 ppm (d+dd, J(P,H)=74.7 Hz, J(Si,H)=31 Hz, 1H; TiH); 31P
NMR (121 MHz, C6D6, 25 8C): d=20.5 ppm; elemental analyis calcd (%)
for C20H28NTiClPSi (410.83): C 58.47, H 6.68; dound: C 57.97, H 6.72.
The 13C NMR spectrum was not recorded because of rapid decomposi-
tion of the compound in solution. At room temperature 6 is stable for a
half an hour in solution and for a day as a solid. X-ray quality crystals
was obtained by cooling a solution of [Ti(Cp)2(PMe3)(H)(SiClMePh)] in
diethyl ether/toluene (1:1) to �30 8C.


[Ti(Cp)2(PMe3)(H)(SiPh2Cl)] (7): a) HSiClPh2 (0.25 mL, 1.278 mmol)
was added by syringe to a solution of [Ti(Cp)2(PMe3)2] (0.422 g,
1.278 mmol) in diethyl ether (20 mL), resulting in crystallization of
yellow crystals, which were collected by filtration and dried in vacuo.
Yield: 0.094 g (0.200 mmol, 16%).


b) HSiClPh2 (0.17 mL, 0.89 mmol) was added by syringe to a solution of
[Ti(Cp)2(PMe3)2] (0.294 g, 0.89 mmol) in toluene (10 mL), resulting in
crystallization of yellow crystals and formation of a purple solution. The
crystals were collected by filtration and dried in vacuo. Yield: 0.260 g
(0.511 mmol, 54%).


IR (Nujol): ñTi�H=1566 cm�1; 1H NMR (300 MHz, C6D6, 25 8C): d=8.33
(d, J=7.8 Hz, 4H; o-Ph), 7.26 (m, J=7.4 Hz, 4H; p-Ph), 7.09 (m, 2H; p-
Ph), 4.77 (d, J(P,H)=2.4 Hz, 10H; Cp), 0.74 (d, J(P,H)=9.3 Hz, 9H;
PMe), �3.92 ppm (d+dd, J(P,H)=67.8 Hz, J(Si,H)=40.4 Hz, 1H; TiH);
13C NMR (75 MHz, C6D6, 25 8C): d=148.0 (i-Ph), 134.7 (o-Ph), 128.5 (p-
Ph), 127.4 (m-Ph), 96.9 (Cp), 19.6 ppm (d, J(P,C)=17.9 Hz, PMe); 31P
NMR (121 MHz, C6D6, 25 8C): d=19.8 ppm; elemental analyis calcd (%)
for C25H30NTiClPSi (472.894): C 63.50, H 6.39; found: C 60.32, H 6.10.
At room temperature 7 is stable in solution for several hours and as a
solid for several days.


[Ti(Cp)2(PMe3)(H)(SiCl2Me)] (8): a) HSiCl2Me (0.4 mL, 3.84 mmol) was
added by syringe to a solution of [Ti(Cp)2(PMe3)2] (0.178 g, 0.54 mmol)
in pentane (10 mL), giving a yellow precipitate. This was collected by fil-
tration, washed with pentane (2 mL) and dried. Yield: 0.10 g
(0.271 mmol, 50%).


b) HSiCl2Me (0.2 mL, 1.92 mmol) was added by syringe to a solution of
[Ti(Cp)2(PMe3)2] (0.315 g, 0.954 mmol) in diethyl ether (30 mL). The
color changed over a few minutes from dark brown to blue. After 5 min
a yellow complex started to crystallize on the walls. The solution was
cooled to �30 8C for 2 d, affording yellow crystals. These were collected
by filtration, washed with pentane (2 mL), and dried. Yield: 0.138 g
(0.374 mmol, 39%).


IR (Nujol): ñTi�H=1538 cm�1; 1H NMR (300 MHz, C6D6, 25 8C): d=4.84
(br s, 10H; Cp), 1.24 (s, 3H; SiMeCl2), 0.54 (d, J(P,H)=6.6 Hz, 9H;
PMe), �4.35 ppm (d+dd, J(P,H)=82.8 Hz, J(Si,H)=22 Hz, 1H; TiH);
13C NMR (75 MHz, C6D6, 25 8C): d=96.7 (Cp), 19.8 (d, J(P,C)=19.2 Hz,
PMe), 18.8 ppm (SiMe); 31P NMR (121 MHz, C6D6, 25 8C): d=19.8 ppm;
elemental analyis calcd (%) for C14H23NTiCl2PSi (369.18): C 45.55, H
6.28; found: C 45.49, H 6.69. Compound 8 is stable in solution for days
and as a solid for weeks.


[Ti(Cp)2(PMe3)(H)(SiCl3) (9): HSiCl3 (0.077 g, 0.566 mmol) was added
by syringe to a solution of [Ti(Cp)2(PMe3)2] (0.187 g, 0.556 mmol) in pen-
tane (10 mL). A yellow precipitate was immediately formed. This was
collected by filtration, washed with pentane (2 mL), and dried. Yield:
0.17 g (0.436 mmol, 77%). X-ray quality crystals were obtained by cool-
ing a solution of 9 in diethyl ether to �30 8C for several days.


IR (Nujol): ñTi�H=1524 cm�1; 1H NMR (300 MHz, C6D6, 25 8C): d=4.86
(d, J(P,H)=2.4 Hz, 10H; Cp), 0.54 (d, J(P,H)=7.2 Hz, 9H; PMe3),
�3.61 ppm (d+dd, J(P,H)=90.9 Hz, J(Si,H)=34 Hz, 1H; TiH); 13C
NMR (75 MHz, C6D6, 25 8C): d=97.6 (Cp), 20.0 ppm (d, J(P,C)=21 Hz,
PMe); 31P NMR (121 MHz, C6D6, 25 8C): d=20 ppm; elemental analyis
calcd (%) for C13H20NTiCl3PSi (389.60): C 40.08, H 5.17; Found: C 40.77,
H 5.07. Compound 9 is stable in solution for weeks and indefinitely as a
solid under nitrogen or argon.


Reaction of [Ti(Cp)2(PMe3)2] with HSi(OEt)3 : An excess of HSi(OEt)3
(ca. 4 equiv) was added to an NMR sample of [Ti(Cp)2(PMe3)2] in C6D6.
Monitoring of the reaction over several days showed no formation of
new Cp- and/or hydride-containing compounds. The declining signals due
to [Ti(Cp)2(PMe3)2] and two sets of signals due to the Et group were ob-
served. The 29Si NMR spectrum of the reaction mixture showed presence
of two silicon species, with signals at �59.1 ppm (coupled to hydrogen
with J(Si,H)=286 Hz) and �89.9 ppm (not coupled to hydrogen).
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X-ray structure analyses : For all compounds the crystals were mounted
in a film of perfluoropolyether oil on a glass fiber and transferred to a
Siemens three-circle diffractometer with a CCD detector (SMART
system). For all structures the data were corrected for Lorentzian and po-
larization effects. The structures were solved by direct methods[33] and re-
fined by full-matrix least-squares procedures.[34] All non-hydrogen atoms
were refined anisotropically. The hydride atoms were located from Fouri-
er difference synthesis and positionally refined isotropically; all other hy-
drogen atoms were placed in calculated positions and refined in a riding
model.


Compound 6 : An X-ray quality crystal was obtained by cooling a solu-
tion of 6 in diethyl ether/toluene (1/1) to �30 8C. The yellow block with
dimensions 0.10P0.10P0.20 mm was covered with oil and mounted at
150(2) K. Crystal data: C20H28ClPSiTi, Mr=410.83, hexagonal, space
group P61, a=9.251(1), b=9.251(1), c=41.770(8) G, a=90, b=90, g=


1208, V=3095.9(9) G3, Z=6, 1calcd=1.322 gcm�3. Data collection: V


range 2.93–27.498, hkl ranges �12 to 12, �9 to 9, �52 to 54, 4052 mea-
sured reflections, 2824 of which were unique, m=0.679 mm�1. R=0.050,
Rw=0.108 (observed reflections), and R1=0.099, wR2=0.168 (all data),
221 parameters, GOF=1.066. The largest peak in the final difference
Fourier map had an electron density of 0.792 eG�3, and the lowest hole
�0.788 eG�3. The location and magnitude of the residual electron density
were of no chemical significance.


Compound 8 : X-ray quality crystals of 8 were grown from a saturated
solution in diethyl ether/hexane by cooling to �30 8C. A yellow block
with dimensions 0.22P0.22P0.34 mm was covered with oil and mounted
at 150(2) K. Crystal data: C14H23Cl2PSiTi, Mr=369.18, triclinic, space
group P1̄, a=8.211(2), b=8.831(2), c=12.942(3) G, a=83.28(3), b=


88.28(3), g=64.61(3)8, V=841.7(3) G3, Z=2, 1calcd=1.457 gcm�3. Data
collection: V range 5.14–27.568, hkl ranges �10 to 10, �11 to 11, �16 to
16, 3819 measured reflections, of which 3469 were unique, m=


0.977 mm�1. R=0.026, Rw=0.064 (observed reflections), and R1=0.030,
wR2=0.062 (all data), 264 parameters, GOF=1.051. The largest peak in
the final difference Fourier map had an electron density of 0.324 e G�3,
and the lowest hole �0.340 eG�3. The location and magnitude of the re-
sidual electron density were of no chemical significance.


Compound 9 : An X-ray quality crystal was obtained by cooling a solu-
tion of 9 in diethyl ether to �30 C for several days. The yellow plate with
dimensions 0.10P0.60P0.60 mm was covered with oil and mounted at
150(2) K. Crystal data: C13H20Cl3PSiTi, Mr=389.60, triclinic, space group
P1̄, a=8.303(2), b=8.860(2), c=12.988(3) G, a=83.51(3), b=88.57(3),
g=64.70(3)8, V=858.0(3) G3, Z=2, 1calcd=1.508 gcm�3. Data collection:
V range 5.12–27.488, hkl ranges �10 to 9, �11 to 11, �16 to 16, 3853
measured reflections, of which 2809 were unique, m=0.977 mm�1. R1=
0.040, wR2=0.073 (observed reflections), and R1=0.069, wR2=0.083
(all data), 252 parameters, GOF=1.017. The largest peak in the final dif-
ference Fourier map had an electron density of 0.558 e G�3, and the
lowest hole �0.445 eG�3. The location and magnitude of the residual
electron density were of no chemical significance.


CCDC-211915 (6), CCDC-211916 (8) and CCDC-211917 (9) contain the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB21EZ, UK; fax: (+44)1223-336-033; or deposit@ccdc.
cam.uk).


DFT calculations : All calculations were carried out with the Gaussian98
program package (RevisionA.3) using DFT with Becke:s 1988 nonlocal
exchange functional in conjunction with Perdew:s correlation functional
(BP86).[35] The compound basis set used for the calculation consisted of
the 6-31G(d) basis set for the Si, P, and N atoms, the 6-31G basis set for
the carbon atoms and the silyl hydrogen atoms, and the 3-21G basis set
for the H atoms of Cp rings and Me groups. The basis set augmented by
the p-polarization function (6-31G(d,p) basis set) was used for the hy-
dride H atom. The Hay–Wadt effective core potentials (ECP) and the
corresponding VDZ basis sets were used for the titanium atom,[36] and
the Stuttgart quasirelativistic ECP[37] was used for the Cl atom in this
model. For more details and references, see reference [7a].
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Controlling the Conformation of Arylamides: Computational Studies of
Intramolecular Hydrogen Bonds between Amides and Ethers or Thioethers


Robert J. Doerksen,*[a] Bin Chen,[a, b] Dahui Liu,[c] Gregory N. Tew,[d]


William F. DeGrado,*[a, c] and Michael L. Klein*[a]


Introduction


In recent years, the design of nonbiological polymers with
well-defined secondary and tertiary structures has become
an area of active research.[1] A major reason for this interest
is that, for the first time, modern methods of solid-phase or-


ganic chemistry have allowed the synthesis of homodisperse,
sequence-specific oligomers with molecular weights ap-
proaching 5000 Dalton. From an organic chemist$s perspec-
tive, oligomers are large, chemically rich, and—if designed
correctly—adopt only a few of the thousands of possible
conformations in solution. Further, because they are homo-
geneous compounds, rather than heterogeneous polymers,
their structures can be determined to high resolution by
NMR spectroscopy and single-crystal X-ray crystallography.
From a protein chemist$s perspective, these compounds are
also exciting, because they can be designed to have struc-
tures and properties approaching those of proteins. Finally,
these oligomers have captivated the interest of polymer
chemists. Compared to traditional polymers, sequence-spe-
cific oligomers are challenging to prepare, relatively small in
size, and only available in very limited quantities (milli-
grams). However, the knowledge and experience gained
from these homodisperse oligomers allows us to design
“smart” polymers that can perform a certain task, respond
to external or internal signals, and so on.


Hydrogen bonds have figured prominently in many strat-
egies for controlling the conformations of designed oligo-
mers. In particular, arylamides have been substituted with
alkoxy substituents at the 2-position that form intramolecu-
lar hydrogen bonds to the adjacent amide proton (A–C).[2]


Similarly, we have used 2,5-disubstituted aryl thioethers to
conformationally restrict the backbone of a series of aryl-
amides (D).[3,4]
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Abstract: The role of an ortho-alkyl-
thioether group in controlling the con-
formation around the ring�N bonds of
meta-connected arylamide oligomers is
studied. Density functional theory
(DFT) geometries of model com-
pounds, including acetanilide, an ether
acetanilide, and a thioether acetanilide,
and their corresponding diamides,
show that for either monoamide or di-
amide the alkyl side chain of the thio-
ether should be perpendicular to the


aryl plane, whereas for the ether mono-
amide, the alkyl side chain is in the
aryl plane. DFT ring�N torsional po-
tentials and constrained geometries of
the model compounds demonstrate
that carbonyl�S repulsion leads to a
high torsional barrier and that intramo-


lecular N�H···S and C�H···O hydrogen
bonds and ring–amide conjugation lead
to N�H having a preferred orientation
in the benzene plane pointing towards
S. The N�H bond lengthens and the
ortho-ring C�H bond shortens in a reg-
ular pattern in the approach to the pre-
ferred orientation. Calculated IR fre-
quencies for the N�H stretch show a
clear red shift between model com-
pounds without and with the thioether
side chain.


Keywords: acetanilides · amides ·
density functional calculations ·
hydrogen bonds · oligomers
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The success of these strategies will depend on the strength
of the hydrogen bonds, as well as the overall conformational
properties of the amides. The N�H···S hydrogen bond is less
well studied than N�H···O. We wished to determine whether
such hydrogen bonds would be suitable and strong enough
to contribute significantly to the stabilization of particular
conformations of oligomers such as D. Also, conventional
wisdom holds that the alkyl ether or thioether group will lie
in plane with the ring, with one pair of electrons in reso-
nance with the ring and the other nonbonding lone pair
available for the formation of hydrogen-bonding interac-
tions with the adjacent amide proton. However, it is impor-
tant to assess the strength of this interaction relative to that
in which the alkyl group has rotated out of the plane of the
ring. We expected that a second substituent at the 3-posi-
tion, not present in A–C, might override this preference
(Scheme 1).


The compounds that motivated the current study are a
series of oligomers and polymers that were designed[3] to
mimic the properties of host defense peptides such as mag-
ainin.[5] The monomer unit of D was designed to prevent ro-
tation around the backbone 1 [C-C-N-C(O)] and s [C-C-


C(O)-N] angles (cf. 1, Scheme 2). Here we examine in detail
how the thioether side chain helps to control the conforma-
tion around each ring�N torsional angle 1. Additionally, we
examine the torsional potential associated with t for the
ring�S connection. In future work we will examine the con-
formation around s, which also is important for the extend-
ed structure of D.[6]


We consider the conformation of model compounds relat-
ed to A–D using a variety of computational approaches. We
present calculated lowest energy structures for 2–7. These


compounds allow a comparison of unsubstituted acetanilide
(N-acetylaniline, 2) with the corresponding ether (4) and
thioether (6), and of each of these three monoamides with
its corresponding diamide (3, 5, and 7). For 2 and 6, we cal-
culated C-C-N-C torsional potentials and N�H stretch vibra-
tional frequencies in order to compare further the influence
of the thioether on the conformation of D. Experimental IR
vibrational frequency shifts are regularly used to character-
ize intramolecular hydrogen bonding.[7]


Results and Discussion


Structure of lowest energy conformations : The optimized
structures for model compounds 2–7 are shown in Figure 1.
For all molecules, each amide group is coplanar with the
benzene ring. Two orientations (1=0 or 1808) of each amide
in 3 are possible, but we examined only the conformer in
which both amides have 1=08, pictured in Figure 1.


Scheme 1. In-plane versus out-of-plane alkyl group.


Scheme 2. Key torsional angles in 1.
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Comparison of monosubstitut-
ed ether and thioether : The
lowest energy conformation
for 4 (which contains only one
amide side group) has the O-
methyl group in the plane of
the benzene ring, although the
optimization was begun with
the methoxyl group perpendic-
ular to that plane. By contrast,
the methylthio group forms a
right angle to the aryl plane,
even in 6, which has only one
amide side group. To deter-
mine the basis for this change,


we examined the N�H···X hydrogen-bond geometric param-
eters for 4 and 6, calculated with BLYP or B3LYP and two
different basis sets (Table S1, Supporting Information).
Using B3LYP and a larger basis set changes the geometric
parameters, for example, reducing N···S in 6 by 0.027 O, but
does not significantly change the differences between 4 and
6 for the listed geometric parameters. Hence, the results
seem well-converged with improving method. The geometry
of acetanilide (2) has been obtained by neutron diffraction
at several temperatures[8] and calculated by Hartree–Fock/6-
31G*.[9] Our calculated geometry agrees very well with
those results. The discussion below is only for parameters
from the most accurate, B3LYP/6-311G(d,p) calculations.


Further comparison of unsubstituted acetanilide to the
ether and thioether derivatives reveals some major differen-
ces (Table 1). Perhaps the most important difference is that
the C-C-X angles are close to 1208 in all cases except for
ether 4, which has C-C-O angles of 114.6 and 124.48
(Scheme 3). The O atom of 4 is pushed towards the amide
N�H group to minimize steric repulsion between its in-
plane methyl group and the neighboring aryl H atom. Be-
cause of this, the nonbonded distance (N)H···X is shortest
for 4 (2.112 O) and significantly longer in 2 and 6. Another
noteworthy difference, but one that illustrates a generally
observed contrast between O and S, is that the C-O-C angle
is 118.68 in 4, but the C-S-C angle is just 100.88 in 6.


The geometrical parameters can help in assessing the rela-
tive hydrogen-bond strength in ether 4 versus thioether 6.
Of course, C�X and X�C depend strongly on X, with C�O
bond lengths of 1.374 and 1.421 O for 4, and C�S bond
lengths of 1.799 and 1.839 O for 6. Because of this typical
difference in carbon–heteroatom bond lengths, the N�H···X
angles also differ in a regular pattern. The N�H···O angle of
108.38 for the ether compares to a N�H···S angle of 116.68
for the thioether. This helps make the thioether the more
suitable for hydrogen bonding: the resulting five-membered
hydrogen-bonded ring has a better shape in the thioether,
since a wider angle (closer to linear) is usually more suitable
for hydrogen bonding. Compared to acetanilide (2), the
methoxyl group induces a small change in the N�H bond
length, whereas the methylthio group increases it by about
0.005 O, also suggestive of stronger hydrogen bonding for
the thioether. The six-membered hydrogen-bonded


Figure 1. B3LYP/6-311G(d,p) optimized minimum structures for unsubsti-
tuted arylamides 2 and 3, ethers 4 and 5, and thioethers 6 and 7. The
amide groups are all in the benzene plane. See text for details. Carbon
atom numbering is shown for 2, 4, and 6. From light to dark, the atom
types are H, S, C, O, and N. Hydrogen bonds are shown as dashed lines.


Table 1. Calculated[a] N�H···X [X=H, O(CH3), S(CH3)] hydrogen bond geometric parameters[b,c] for 2–7,
which contain one or two NHCOCH3 side chains ortho to X.


Molecule


X=H X=OCH3 X=SCH3 X=H X=OCH3 X=SCH3


Parameter 2 4 6 3 5 7


N�H[b] 1.008 1.009 1.013 1.008 1.009 1.012
N···X[b] 2.606 2.611 3.021 2.593 2.704 2.990
H···X[b] 2.256 2.112 2.426 2.246 2.229 2.400
N�H···X[c] 98.6 108.3 116.6 98.5 107.1 116.4
C2-X[b] 1.086 1.374 1.799 1.087 1.394 1.799
C2-X-Me[c] – 118.6 100.8 – 113.6 101.0
C1-C2-X[c] 119.7 114.8 121.0 119.4 119.2 120.0
C3-C2-X[c] 119.8 124.8 119.2 119.4 119.2 120.0


[a] B3LYP/6-311G(d,p). [b] Distances in Ongstroms. [c] Angles in degrees.
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OCNCCH ring is very similar for all the model compounds.
In all three monoamides, C3�H, which is the C�H group in-
volved in the C�H···O hydrogen bond, has a length of
1.079 O, significantly shorter than the 1.084 O of C4�H.
This matches the neutron diffraction geometry of 2.[8]


Disubstituted versus monosubstituted ethers and thioethers :
Comparing the B3LYP/6-311G(d,p) geometries of 2–7
(Table 1), with one or two amide side chains, leads to the
same geometric parameters in most cases. The main differ-
ences are found for the ethers, since monoamide 4 is the
only case in which the side chain methyl group is in the
plane of the benzene ring. This leads to several effects: the
C�O single bonds are about 0.02 O shorter in monoamide 4
than in diamide 5 ; the two C-C-O angles are 114.8 and
124.88 for 4, but both 119.28 for 5 ; and C-O-C is 118.68 for
4 but 113.68 for 5. Thus there is more sp2 character for the
O atom of 4 compared to that of 5. This was also reflected
in a shorter (by 0.117 O) (N)H···O distance in the monoa-
mide ether versus the diamide ether. This shortening was
not observed in the unsubstituted amides (2 vs 3) or the thi-
oether amides (6 vs 7), which instead showed a slight length-
ening. Other differences between the monosubstituted and
disubstituted compounds are small. Therefore, in the calcu-
lation of torsional potentials to consider the effects of the
thioether on arylamide torsion below we chose to use 2 and
6, rather than the larger but more computationally demand-
ing 3 and 7.


Energy landscape of thioether 6 : To ensure that the struc-
ture of 6, shown in Figure 1, represents the minimum energy
conformer, we calculated the geometry of 14 different con-
formations of 6 using the CPMD program and the HCTH
density functional (see Computational Methods and Sup-
porting Information). The initial dihedral angles (see
Figure 2) and relative energies of these structures are listed
in Table 2. The final dihedral angles did not vary much from
the initial ones.


Table 2 shows that the lowest energy conformation of 6
has the methyl group on the S atom perpendicular to the
plane of the benzene ring (t�908), the N�H group directed
towards S (1�08), and a methyl H atom directed anti to the
carbonyl O atom (s�1808). The least stable conformation
listed, which has the carbonyl group directed toward the S
atom, is about 15 kcalmol�1 above the lowest energy struc-
ture. Restricting the methylthio group to be coplanar with
the benzene plane (1�1808) decreases the stability of the
lowest energy conformation by 1.8 kcalmol�1. However, for
structures having 1¼6 08, the structures with t=1808 are
more stable, since repulsive contacts are avoided between
the carbonyl and methylthio H atoms (for 1=2708) or be-
tween the amide N�H group and methylthio H atoms (for
1=908). Placing a methyl H atom syn to the carbonyl
O atom (s�08) generally leads to a structure less stable
by about 0.2 kcalmol�1. This is similar to the barrier found
for the methyl torsion of acetanilide recently determined
by ZEKE spectroscopy to be between 0.29 and
0.86 kcalmol�1,[10] and by millimeter-wave absorption spec-
troscopy to be 0.14 kcalmol�1.[11] Considering only s=1808
structures, for 1=08, changing t from 90 to 1808 makes 6
less stable by 1.8 kcalmol�1. For 1=908, t=1808 is more
stable than t=908 by 1.6 kcalmol�1. This suggests that
having 1=08 stabilizes the t=908 structure versus the t=


1808 structure by 3.4 kcalmol�1, most probably because of
steric repulsion between the H atom of N�H and the
methyl H atoms.


Table 2 also lists relative energies calculated for structures
placed in a slightly smaller 10S12S12 O box. The relative
energies agree with those from the calculations with the
larger box, with an absolute average difference of only
0.24 kcalmol�1. For three of the structures, we also used a
12S14S14 O box. Again the relative energies were similar.
This suggested that it would be accurate enough to use the
10S12S12 O box for calculating the torsional potentials of 6.


It is important also to assess the size of possible errors
caused by the choice of method. Relative energies at the


Scheme 3. A comparison of external angles for ether 4 and thioether 6.


Figure 2. 2-Methylthioacetanilide (6), with 1 torsional angle in the 08 con-
formation and t=908 ; s=08 means that a methyl H atom is coplanar
with and syn to the carbonyl O atom. Numbering of carbon atoms is
shown.


Table 2. CPMD/HCTH approximate dihedral angles[a] and relative stabi-
lities[b] of various conformations of 6, calculated with two different box
sizes.


Approximate DE[b]


dihedral angles[a]


t[c] 1[d] s[e] A[f] B[g]


90 0 0 0.2
90 0 180 0.0 0.0
90 90 0 6.8
90 90 180 6.5 6.5
90 180 0 15.1 14.9
90 180 180 15.0
90 270 0 8.5
90 270 180 8.3 8.7


180 0 0 2.0 1.9
180 0 180 1.8 1.7
180 90 0 5.1
180 90 180 4.9
180 180 0 12.1
180 180 180 12.2


[a] In degrees. [b] In kcalmol�1. [c] C1-C2-S-C9. [d] C6-C1-N-C7. [e] O-
C7-C8-H. [f] Box size: 10S14S14 O. [g] Box size: 10S12S12 O.
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CPMD/HCTH geometries for five conformations of 6 were
also calculated by Hartree-Fock (HF) and second-order
Møller–Plesset perturbation theory (MP2) with two basis
sets (Table 3). The inclusion of diffuse functions in the basis


set [6-31++G(d,p)] does not change the HF results sig-
nificantly, but changes the MP2 results by as much as
1.9 kcalmol�1. This is typical in that it is easier to reach the
basis set limit for HF than for MP2. With the larger 6-31+
+G(d,p) basis set, HF and MP2 agree very well, except that
HF overestimates the 1=1808 barrier by 2.1 kcalmol�1.
Comparison with the density-functional HCTH/70 Ry re-
sults shows most importantly that all methods agree on
which structure is of lowest energy. The HCTH barrier
height for 1808 torsion around 1 agrees perfectly with MP2.
However, the differences between HCTH and MP2 for the
other three points in Table 3 are as large as 3.9 kcalmol�1.
Note that the HF and MP2 relative energies were calculated
without optimizing the geometry at that level, in order to
save computational time. With MP2/6-31G(d), optimizing
the geometry of the 1=08, t=908 structure led to a struc-
ture lower in energy by 0.8 kcalmol�1. Differences could be
greater for the other conformations. This suggests that it
would be worthwhile in subsequent studies to verify further
the accuracy of DFT and of the particular functional and
cutoff used here with tests including optimizing the geome-
try and using better basis sets and higher-order treatments
of electron correlation.


C-C-N-C torsional potentials :


C-C-N-C torsional potentials of acetanilide (2) and thioether
6 : Next consider torsional potentials for the torsional angle
1 (C-C-N-C), around the bond connecting the benzene ring
and the N atom of the amide unit. Figure 3 shows 1 plots
for 2 and 6. Each point on the graph represents a structure
in which 1 was constrained but all other geometric parame-
ters were optimized (using CPMD/HCTH; see Computa-
tional Methods). As the constrained angle 1 is varied, all
other geometrical parameters are free to change, and indeed
they do so greatly, often in regular patterns; details will be
published elsewhere.[6] However, some of the changes rele-
vant to hydrogen bonding are discussed below. Several of
the constrained structures are also depicted in Figure 3.


The methylthio side chain creates profound changes in
the torsional potential, because of the attraction of the N�
H···S hydrogen bond (from roughly �60 to +608, Figure 3)
and the repulsion between the carbonyl group and S atom
(from 120 to 2408). Also, the potential is no longer symmet-
ric about 1808, since near 908 the carbonyl group is syn to
the methylthio group and a stabilizing (C)H···O interaction
with the nearest methylthio H atom becomes possible.


The various factors which modify the 1 torsional potential
of 6 compared to 2 confirm that the carbonyl group should
always point away from the thio-linked side chain. The
peaks at 1=90 and 2708 are much higher for thioether
amide 6 than for 2. Based on the difference, we calculate
that the methylthio group raises the 0–908 barrier in 6
versus 2 by about 2 kcalmol�1 and the 360–2708 barrier by
about 3.4 kcalmol�1. The difference between those two of
about 1.4 kcalmol�1 can be partially attributed to the role of
the O···H(CS) bond.


Recently FranUois et al.[12] described the effects of N�
H···S hydrogen bonds on the stability of an FeIII complex.
They found that six N�H···S hydrogen bonds stabilized the
complex by about 10 kcalmol�1 relative to a suitable con-
trol; this suggested the strength of each N�H···S hydrogen
bond to be about 1.7 kcalmol�1. This is similar to the esti-
mate of 2 kcalmol�1 in this work. Also it was found that the
S-containing hydrogen bonds helped stabilize the complex
better than N�H···O hydrogen bonds.[12]


C-C-N-C torsional potentials of acetanilide (2) versus benz-
anilide : Since the target oligomer structure 1 has another
benzene ring attached after the carbonyl group, we also cal-
culated the 1 torsional potential for benzanilide, which is


Table 3. Comparison of CPMD/HCTH with HF and MP2 with two dif-
ferent basis sets (all at the CPMD/HCTH geometries) for relative stabili-
ties of conformations of 6.


Approximate DE[b]


dihedral angles[a]


t[c] 1[d] HCTH[e] HF[f] HF[g] MP2[f] MP2[g]


90 0 0 0 0 0 0
180 0 1.8 4.1 3.9 3.7 4.0
90 90 6.5 3.2 2.9 4.0 2.6
90 270 8.3 5.7 5.2 7.0 5.1
90 180 15.0 16.8 17.1 15.1 15.0


[a] In degrees; s=O-C7-C8-H=1808 for all cases. [b] In kcalmol�1.
[c] C1-C2-S-C9. [d] C6-C1-N-C7. [e] With a 70 Ry cutoff in a box of di-
mensions 10S14S14 O. [f] With 6-31G(d,p) basis set. [g] With 6-31++


G(d,p) basis set.


Figure 3. CPMD/HCTH relative energies [kcalmol�1] for geometries with
constrained ring–amide C-C-N-C torsion angle 1 for 6 and 2. Some of
the constrained structures are shown: the ca. 08 (shown at ca. 3608) and
ca. 908 conformations for each compound, plus the approximately 1808
and approximately 2708 conformations for 6. For clarity, all the structures
are drawn with the amide group in the same orientation. The curves are
spline fits to the data points. Atom coloring as in Figure 1.
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the same as 2 except that the carbonyl methyl group is re-
placed by a benzene ring.[6] The barrier height and curve
shape for rotation around 1 are very similar in 2 and benz-
anilide.[6] Thus, the group attached to the carbonyl end of
the amide makes little difference to the ring�N torsional po-
tential. This supports our use of the more compact methyl,
rather than phenyl, amide end group when considering the
effects of including an ortho-methylthio group.


Vibrational frequencies : Previous published work has shown
that when there is an N�H···S hydrogen bond, the N�H
stretch IR frequency w can be red-shifted by as much as
161 cm�1 to a final value of about 3228–3281 cm�1.[13] By
contrast, for N�H adjacent to S of a disulfide there was no
noticeable shift, and the authors concluded that there was
no hydrogen bonding in that case.[14] Calculated BLYP/6-
31G(d,p) IR frequencies and intensities I for the amide N�
H stretch in 2–7 are listed in Table 4. The frequency w is


red-shifted by 84–104 cm�1 when the ortho side group X is
changed from H to SCH3. By contrast, changing from H to
OCH3 shifts w by a much smaller amount and even increas-
es the frequency in 4. Also, Table 4 shows that the IR inten-
sities increase much more in 6 and 7 than in 4 and 5, com-
pared to 2 and 3. These effects match what was found above
for the changes in N�H bond length, that is, it is significant-
ly longer only for the thioethers, not for the ethers.


Table 5 lists results for 2 and 6 calculated with other
methods. The B3LYP w are larger than the BLYP ones
using the same basis set. Improving the basis set reduces the
frequencies slightly. Using a scaling factor of 0.97 for
B3LYP/6-311G(d,p)—previous recommendations were
0.9614 for B3LYP/6-31G(d)[15] and 0.9762 for B3LYP-
Sadlej[16]—yields a difference in w of 89 cm�1. The intensity
increases from 18 to 88 kmmol�1. Each change is similar to
but smaller than the effect found for BLYP/6-31G(d,p). In
previous work,[17] harmonic frequencies calculated with the
HCTH functional and plane wave basis set,[17] also scaled by
0.97, gave a larger difference in w between 6 and 2 than the
B3LYP results. The most accurate calculated results should
be the HCTH frequencies from Car–Parrinello dynamic sim-


ulations, which include anharmonic effects. Several simula-
tion procedures gave similar results.[17] These are considera-
bly lower than the harmonic ones, but also predict the red
shift, 78 cm�1, to be close to that given by the scaled
B3LYP/6-311G(d,p) results. Thus, calculated IR data from
several methods agree with previously published experimen-
tal IR data and show that there is a significant interaction
between the methylthio group and the amide N�H group
pointing to it.


N�H···S hydrogen bonds : Weak N�H···S hydrogen
bonds[18,19] have been identified in many X-ray[13,14,20] and
neutron diffraction studies. In one particularly relevant ex-
ample, Rahman and van der Helm[20a] studied the X-ray
crystal structure of N,N’-diacetyl-3-methylthiobenzidine, a
biphenyl derivative in which one ring is the same as 2 and
the other as 6. They found the methyl group on the S atom


to be perpendicular to the benzene plane, the amide group
adjacent to it to be rotated by about 128 out of the plane
but with the N�H group pointing toward the S atom, and
the amide on the other ring to be rotated out of its neigh-
boring benzene plane by about 608. However, the crystal
structure includes extensive intermolecular hydrogen bond-
ing, which makes it hard to assess the impact of intramolec-
ular N�H···S bonds.[20a]


In a systematic review of X-ray crystal structures, Allen
et al.[20b] studied the ability of divalent S to form hydrogen
bonds. They found 115 cases of intramolecular N�H···S hy-
drogen bonding (carefully excluding H···S 1,3 and 1,4 inter-
actions; see Table 6). The mean geometrical parameters for


Table 4. Calculated BLYP/6-31G(d,p) harmonic N�H vibrational fre-
quencies[a] (w) and intensities[b] (I) for 2–7.


X D[c]


No. of Y[d] H OCH3
[f] SCH3


[g] OCH3
[f] SCH3


[g]


w 1 3510 3515 3406 5 �104
2[h] 3513 3497 3425 �16 �88
2[i] 3513 3498 3430 �15 �84


I 1 9 36 86 28 77
2[h] 8 20 71 12 63
2[i] 8 36 62 28 54


[a] In cm�1. [b] In kmmol�1. [c] Difference with respect to X=H.
[d] Number of NHCOCH3 groups. [e] 2 and 3. [f] 4 and 5. [g] 6 and 7.
[h] Asymmetric stretch. [i] Symmetric stretch.


Table 5. Calculated harmonic and experimental N�H vibrational fre-
quencies[a] (w) and intensities[b] (I) with and without methylthio side
chain.


Method[c] 2 6 D[d]


w BLYP 6-31G(d,p) 3510 3406 �104
B3LYP 6-31G(d,p) 3636 3544 �91
B3LYP 6-311G(d,p) 3627 3535 �92
B3LYP[e] 6-311G(d,p) 3518 3429 �89
HCTH[e,f, g] 90 Ry[h] 3490 3369 �121
HCTH[g, i] 90 Ry[h] 3309 3231 �78


I BLYP 6-31G(d,p) 9 86 77
B3LYP 6-31G(d,p) 16 84 68
B3LYP 6-311G(d,p) 18 88 69


[a] In cm�1. [b] In kmmol�1. [c] See text for details. [d] Difference be-
tween 2 and 6. [e] Scaled by 0.97. [f] Calculated by finite difference at op-
timized geometry. [g] From ref. [17]. [h] Energy cutoff for plane wave
basis set. [i] From a multipicosecond Car–Parrinello molecular dynamics
simulation controlled by NosV–Hoover chains of frequency 3200 cm�1,
with T�300�50 K.


Chem. Eur. J. 2004, 10, 5008 – 5016 www.chemeurj.org K 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5013


Conformational Control of Arylamides 5008 – 5016



www.chemeurj.org





H···S and N···S were 2.60 and 3.12 O, respectively, and for
N�H···S it was 1138. Note that in the work of Nakamura
et al.[13, 14] on X-ray structures of arylamide–S/transition-
metal complexes that are stabilized by one or two N�H···S
interactions, the N···S distances ranged from 2.89 to 3.02 O.


Steiner[20c] considered eight reported cases of N�H···S hy-
drogen bonds from neutron diffraction, which can more ac-
curately determine the position of the H atoms than X-ray
diffraction. The mean geometrical parameters for N�H,
H···S, and N···S were 1.020, 2.48, and 3.44 O, respectively.
Comparing Steiner$s work to that of Allen et al. reveals that
the X-ray N···S mean distance is much shorter than that
from neutron diffraction. This is probably because Steiner$s
study included intermolecular hydrogen bonds, which tend
to be more linear and thus can be longer. Indeed, in referen-
ce [20b] the mean intermolecular N···S distance is much
longer than the mean intramolecular one. Steiner noted a
trend that shorter H···S distance is correlated with longer
N�H distance in those structures. The longest N�H bond,
1.041 O, is matched with the shortest H···S distance of
2.274 O.


For 6, Figure 4 shows the most notable X�H bond length
changes, for N�H and C6�H, with respect to those found in
the quasiplanar 181.48 structure. The N�H bond is stretched
by 0.008 O in the lowest energy conformation (when the N�
H group is pointed most directly toward S); by comparison,
in 2, the N�H bond length varies only over a range of
0.0003 O for a torsion of 1=0–908. The elongation of the
N�H bond when it is directed toward the S atom suggests
the occurrence of an N�H···S hydrogen bond. The calculat-


ed H···S and N···S lengths and N�H···S angles of 6 and 7
also are close to the average values found from the experi-
mental surveys.


The X-ray structure from our previous work[3] (average of
two N�H···S cases in a molecule the same as 8, except for a
different end group on the SR side chain), is close to that
calculated in this work for 6 and 7 for N�S and N�H···S
(Table 6); the agreement is not as good for N�H and H···S,
primarily due to the overall quality of the crystal and the
difficulty in locating hydrogen atoms in X-ray structures.
The calculated N�H···S hydrogen bond parameters in 6 and
7 match Steiner$s description[18] of a weak hydrogen bond.


C�H···O hydrogen bonds : Weak C�H···O hydrogen bonds
have received much attention in recent years.[18, 21,22] Several
older studies[23] already had provided insight into the way
such interactions influence the conformation of a molecule
or complex. There is an increasingly clear understanding
that C�H bonds usually shorten when participating in a hy-
drogen bond, as found in this work. Gu et al.[21] point out
that in hydrogen bonds there is a balance between various
forces, and suggest that when a C�H bond is involved in a
C�H···O interaction, it is shortened because the electrostat-
ic, charge transfer, polarization, and dispersion forces which
pull the H atom away from the C atom, lengthening the
bond, have a smaller effect than the exchange forces, which
shorten the C�H bond by pushing the hydrogen atom away
from the acceptor.


In unsubstituted 2, as 1 is changed from 08 to 908 (note,
for 1=08, N�H is pointing toward C2, and C=O toward C6,
see Figure 1), the C6�H bond stretches by 0.005 O and is
shortest when the carbonyl group points toward it (1=08).
The effects of C�H···O hydrogen bonding were noted al-
ready in the neutron diffraction study on 2.[8,9] By contrast,
the C2�H bond varies over a range of only 0.0023 O, and
the N�H bond over 0.0003 O.[24] In thioether 6, the C6�H
bond also is shortest when it is involved in a C�H···O hydro-
gen bond in the 1=08 structure. In 6, as 1 is varied from 0–
908, the C6�H bond lengthens by 0.004 O, in a way that
Figure 4 shows is very similar to 2. Thus the typical behavior
of a weak C�H···O hydrogen-bonding interaction is followed
in 2 and 6. Note that though C�H···O interactions are im-
portant for the lowest energy structures of all the model
compounds in this work, they provide no special stability to
6 compared to the other structures.


Conclusion


Our results from model compounds show that in the target
arylamide polymers D, adding the ortho thioether group
helps keep the amide group in the plane of the benzene
ring, with the N�H group pointing towards S and the C=O
group anti to the S atom. For the acetanilides, the ether
group was in-plane whereas the thioether group was out of
the aryl plane. For the corresponding diamides, ether and
thioether groups should each be out of plane. Density func-
tional theory C-C-N-C torsional potentials and constrained
geometries showed a high, repulsive barrier for C=O point-


Table 6. Intra- and intermolecular N�H···S geometrical parameters[a]


from experiment and this work.


Source Cases N�H H···S N···S N�H···S


neutron[b,c,d] 8 1.020(4) 2.48(6) 3.44(4) –[e]


neutron[b,d, f] 1 1.041(2) 2.274(2) 3.287(2) –[e]


X-ray[c,d, g] 26 –[e] 2.74(2) 3.58(3) 145(3)
X-ray[d,g,h] 115 –[e] 2.60(2) 3.12(2) 113(1)
X-ray[d,h, i] 2 0.860 2.497 2.978 116.1
6[h, j,k] 1 1.013 2.426 3.019 116.6
7[d,h, j, k] 2 1.012 2.400 2.990 116.4


[a] Lengths in Ongstroms; angles in degrees. [b] Ref. [20c]. [c] Intermo-
lecular. [d] Mean. [e] Not given in source. [f] Shortest. [g] Ref. [20b].
[h] Intramolecular. [i] Ref. [3]. [j] This work. [k] B3LYP/6-311G(d,p).


Figure 4. Bond length differences for X�H bonds (X=N, C) for various
structures with constrained 1. For 2, the data is adjusted from structures
with 1=0–908 (for C2�H or C6�H), by taking the difference from C6�H
for 1=08. For 6, the differences are relative to the 1�1808 structure.
Carbon atom numbering as in Figure 1.
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ing toward S and that the N�H bond stretches in a regular
pattern as it is rotated to point towards the S atom. There is
good evidence for a weak N�H···S hydrogen bond in 6 : the
N�H bond stretches by 0.008 O when pointed toward S; the
C-C-N-C 0–908 barrier height is increased in 6 versus 2 by
2 kcalmol�1; the N�H stretching frequency is red-shifted
and has higher intensity in 6 versus 2. Previous work has
also shown that the N�H group points towards S in an X-
ray crystal structure,[3] tends to point towards S in MD[3] and
CPMD simulations,[17] and that the methylthio group helps
to restrict rotation around the ring�N bond.[17] From the IR
frequency shifts and structures of model species 2–7, it
seems that hydrogen bonding is much clearer in the thioeth-
ers than in the ethers, possibly because the N�H···X dimen-
sions for the thioether are more suitable for hydrogen bond-
ing than those of either the monoamide or diamide ether.


Computational Methods


Gaussian98[25] was used to obtain geometries for 2–7 by using DFT[26]


with the gradient-corrected BLYP[27] functional and the standard 6-
31G(d,p) basis set, and the hybrid B3LYP[27b,28] functional with 6-
31G(d,p) and the valence triple-zeta plus polarization 6-311G(d,p) basis
sets.[29] Harmonic vibrational frequencies were calculated to ensure that
each stationary point reached was a minimum.


To tackle the large number of different possible conformations of 6, we
used the Car–Parrinello Molecular Dynamics (CPMD) program,[30] which
is well-parallelized to run on many processors, to get fast and reasonably
accurate results. Reference [31] provides an excellent overview of the
CPMD method and program. In all CPMD calculations in this work the
HCTH[32] density functional was used, which gives more accurate relative
energies than BLYP or B3LYP for standard training set cases.[32] In the
CPMD program, a plane wave basis set is used, which is expanded to a
certain energy cutoff ; here we used 70 Ry unless mentioned otherwise.
Core electrons were described with Trouiller–Martins norm-conserving
pseudopotentials[33] (optimized for the HCTH functional) by using the
Kleinman–Bylander integration scheme.[34]


Single-point energy calculations were performed at the CPMD/HCTH
geometries of some of the different conformations of 6 with Gaussi-
an98,[25] using Hartree–Fock (HF) and second-order Møller–Plesset per-
turbation theory (MP2), with all electrons correlated.[35] Because of the
computational cost, the largest basis set used was 6-31++G(d,p)[29] con-
taining 298 basis functions, including a set of diffuse functions on all
atoms in addition to polarization functions; also, for comparison, the
smaller 6-31G(d,p) and basis sets without polarization or diffuse func-
tions on H atoms were tested.


The CPMD program was used to obtain constrained DFT minimized ge-
ometries for rotation around the ring–amide (C�N) bond in 2 and 6. One
C-C-N-C ring–amide torsional angle (1) was held approximately fixed by
a Lagrangian constraint[30] at a particular angle,[36] while all other parame-
ters were relaxed. An isolated box of size 10S12S12 O was used for 2
and for 6. The constrained angle 1 was varied from 0 to 908 for 2 and
from 0 to 3608 for 6. For the 1=908 structure of 2, the amide group was
initially set to be in the plane perpendicular to the benzene ring. The
constrained structures in this work are compromises: all distortions were
allowed but were explored locally, not globally. Details are given in the
Supporting Information. Note that no zero-point energy (ZPE) correc-
tions were made to the energies for the torsional curves, since the various
geometries are constrained and hence are in fact not stationary points.
Some recent work on methylamine[37] included ZPE corrections by halv-
ing the contributions of the two lowest frequencies and/or ignoring any
contribution from imaginary frequencies. It would be interesting to test
this approach in future work.
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Fine Structures of Zeolite-Linde-L (LTL): Surface Structures, Growth Unit
and Defects


Tetsu Ohsuna,[a, b] Ben Slater,*[c] Feifei Gao,[d] Jihong Yu,[d] Yasahiro Sakamoto,[b, e]


Gaugshan Zhu,[d] Osamu Terasaki,*[b, e] David E. W. Vaughan,[f] Shilun Qiu,[d] and
C. Richard A. Catlow[c, g]


Introduction


Linde-L (LTL) was first synthesized by Breck and Flani-
gen[1] and noted to be a “large-pore” zeolite as was con-
firmed by the structure analysis of Barrer and Marshall[2]


showing it to have 12-ring channels, and the natural mineral
perlialite was later shown to be isostructural with LTL.[3]


Major interest in LTL was stimulated in 1980 when Ber-
nard[4,5] reported that Pt-K-LTL was a highly selective cata-
lyst for the aromatisation of hexane to benzene. A decade
of intensive research and development followed, resulting in
a commercial process in the early 1990s.[6,7] More recently
LTL has attracted interest as a tubular “nano-container” for
metals[8] and photochemically reactive organic molecules.[9]


Zeolite LTL has a one-dimensional (1D) channel with 12-
ring undulating channels. The structure was solved by
powder X-ray diffraction (XRD) and shown to occupy
space group P6/mmm with a=1.84 nm and c=0.75 nm (Fig-
ure 1a). The structure contains two important secondary
building units of cancrinite (CAN) cage and double hexago-
nal ring (D6R), alternating to form a column (shown in Fig-
ure 1b). The columnar structure can be considered to form
from CAN cages fusing, giving a D6R between the CAN
cages, or more complex growth mechanisms involving D6R
and subunits of a CAN structure. The structure can be de-
scribed by a two-dimensional hexagonal arrangement of the
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Abstract: High-resolution electron mi-
croscopy (HREM) has been used to
image the surface structure of nano-
and micrometer-sized synthetic crystals
of zeolite-Linde-L (LTL). Columnar
holes and rotational, nano-sized,
wheel-like defects were observed
within the crystals, where the hole has
a minimum size equal to that of the ro-
tational defect. Predictions of surface
structure from atomistic computer sim-
ulation concur with the observations
from HREM and provide insight into


the crystal growth mechanism of per-
fect and defective LTL. Analysis of the
energetics of the formation of rotation-
al defect structures reveals that the
driving force for defect creation is ther-
modynamic and furthermore, the rota-
tional defects could be created in high
concentrations. Formation of a colum-


nar hole is found to be slightly energet-
ically unfavourable and therefore we
speculate that the incidence of both ro-
tational and nano-sized vacancy defects
is strongly dependent on kinetic factors
and reaction conditions. The morpholo-
gy of nano- and microcrystalline LTL is
contradistinct and we use insights from
simulation to propose an explanation
of the disparity in crystal shape.Keywords: computer simulations ·


defects · electron microscopy ·
surfaces · zeolites
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columns (a=1.84 nm) forming 8-ring and 12-ring channels
and the crystals generally adopt the form of cylinders or
hexagonal prisms, for which the {001} surface is at the top
and the bottom of the cylinder, and the sidewalls are {100}
and {110} planes (Figure 1c).


A substantial body of synthetic work was performed in
the 1980s, supporting the results of the catalysis work, which
showed that control of crystal size and shape was necessary
for optimisation of catalytic aromatisation properties.[10]


LTL is readily made from potassium aluminosilicate gels at
temperatures between 90 and 200 8C. Compositionally LTL
can be made with Si/Al ratios from 1 to about 3.5, designat-
ed as Ba-GL[11] (Si/Al=1 to 1.5), ECR-2[12] (Si/Al=1.5 to
2.6) and Linde-L (Si/Al=2.6 to 3.5). Nanocrystals are
formed when large alkylammines are included in the reac-
tion gels;[13] hexagonal columnar crystals up to 5 mm long
can be made at higher temperatures;[14] prisms and discs up
to 1 mm in diameter are typical in many higher temperature
preparations. The morphology of the crystal is controlled by


a combination of factors such as gel stoichiometry, seeding,
and time and temperature of crystallisation. Metakaolin
may be an effective aluminosilicate source for LTL synthe-
ses,[15,16] where smaller kaolin crystals yield smaller crystal
LTL products.


To control crystal size, morphology and defect formation
it is important to understand the growth mechanism(s) that
can often be deduced from analysis of sub-structures (such
as secondary building units (SBUs)), crystal defects and sur-
face structures. The first may be observed and engineered
through nanocrystal syntheses[17] and the latter by careful
examination and computer modelling of crystal edges and
surfaces.[18,19] An important feature of LTL crystallisations is
that it often co-crystallises with offretite (OFF) and erionite
(ERI). Apparent epitaxial interfaces have been observed in
“hammer” (OFF shaft-LTL head)[21] and “ring” (OFF
“finger”-LTL ring)[18] crystal associations in low magnifica-
tion microscopy studies. Stacking faults have also been ob-
served in high-resolution images of LTL[22] that has a super-
mesh structure R


p
13·


p
13 which entails a rotation of one


part of the crystal on the {001} planes through 32.28 ; termed
a coincidence boundary. Herein, we describe new types of
defects that have been located by using advanced HREM
imaging methods.[23] We then attempt to rationalise the exis-
tence and size of these defects using computer simulation
methods. Finally, we discuss how the surface structure and
the observation of a disparate range of defects can be used
to suggest a crystal growth mechanism based upon assembly
of building units and we speculate on how the crystal habit
may be affected by the mode of assembly.


Experimental Section


Synthesis of nanocrystalline, K LTL : In this study, LTL nano crystals
were made with a gel stoichiometry 1.0Al2O3:30SiO2:10K2O:400H2O by
using the recipe employed by Meng et al. ,[24] in which KOH (5.82 g;
Sigma, pellets, �85%) was initially allowed to react with fumed silica
(12 g; Sigma, 99.8%) in distilled water (36.8 g) to give solution I. A po-
tassium aluminate solution (solution II) made from KOH (2.91 g; Sigma)
and Al(OH)3 (1.04 g; Sigma) in distilled water (10 g) was then added to
solution I. Each component solution was first cooled then filtered after
heating in an autoclave at 443 K, prior to mixing. The resultant mixture
was placed in the Teflon-lined stainless steel autoclaves at 443 K for six
days. After centrifuging and washing, the sample was dried at 343 K in
an oven. Powder X-ray diffraction (XRD) patterns were recorded in step
scanning on a Philips PW3050 X-ray diffractometer by using CuKa radia-
tion (l=1.5418 S) with a graphite monochromator in the diffracted
beam path. The average size of the nanoparticles was 100 nm analysed
on the basis of the Debye–Scherrer equation (D=0.89l/bcosq, where D
is the crystal size, l the wavelength (CuKa), b the corrected half-width of
the (221) diffraction line of LTL, and q the diffraction angle). Inductively
coupled plasma (ICP) analysis performed on a Perkin-Elmer Optima
3300DV spectrometer gave the Si/Al ratio of the as-made LTL nanocrys-
tals as 2.905, and the Al/K ratio as 1.05. Samples were evaluated in the
microscopy experiments without further treatment.


Synthesis of micron-sized, K LTL : Micrometre-sized crystals of zeolite L
were synthesized by first reacting silica sol (�28%) (21.46 g) in H2O
(6.5 g) which was mixed until homogenous (solution I). This mixture was
then added to a potassium aluminate solution (solution II) made from
KOH (3.22 g) and Al powder (0.54 g) in H2O (6.54 g). The resultant mix-
ture was placed in the Teflon-lined stainless steel autoclave at 453 K for
two days. After washing, the sample was air-dried at 423 K in an oven.
The approximate molar ratio for the mixture was 2.35K2O:1Al2O3:


Figure 1. a) Schematic drawings of the framework structure of zeolite
LTL, the arrow pointing left indicates the [010] incidence, the arrow
pointing north-east indicates the [100] direction. b) Secondary building
units of CAN cage and D6R, c) and external crystal surface.
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10SiO2:160H2O and the product ratios were determined to be SiO2/
Al2O3=6.23, K2O/Al2O3=0.964 and K2O/SiO2=0.156, by ICP.


Standard preparation of micron-sized Na/K LTL: Zeolite L was synthe-
sized by using colloidal silica (�28%), Al(OH)3 (�98%), KOH
(�98%) and NaOH(�98%). Al(OH)3 (0.54 g, Sigma) was dissolved in a
solution of KOH (1.68 g), NaOH (1.20 g) and water (6.23 g) at a temper-
ature of 373 K followed by cooling to room temperature. After vigorous
stirring, colloidal silica (20.25 g) was added with water (7.38 g) to form a
mixture, which was then vigorously stirred for a few minutes, until a
thick gel was formed. The resultant gel was placed in the Teflon-lined
stainless steel autoclave at 433 K for six days. After cooling, the upper
part of the strongly alkaline solution was decanted, whilst the remaining
white residue was washed with water until it remained neutral. This prod-
uct was then air-dried for 12 h at room temperature. The original molar
ratio of the reagents was 3.172M2O:1Al2O3:10SiO2:165.58H2O (50%
NaOH,50%KOH). The final composition of the sample was determined
to be SiO2/Al2O3=6.83, M2O/Al2O3=1.00 and K2O/SiO2=0.271 by ICP.


The three synthesis routes differ in a number of key experimental param-
eters, such as the Si:Al ratio of the reagents, the identity of the extra-
framework species, the duration of synthesis and the ageing time. The mi-
crocrystalline crystals have similar average crystal sizes and shapes,
though the average size of the crystal where Na is present appears to be
slightly larger than in the pure K synthesis. The aspect ratio and crystal
shape of the nano- and microcrystals differs dramatically. In the nano-
crystal the c/a ratio is much larger than that in the microcrystals. We will
return to the reason for these differences in the Discussion.


Electron microscopy : The samples were investigated with JEM-3010 (op-
erating at 300 kV, Cs=0.6 mm, structural resolution 1.7 S) and JEM-
4000EX (operating at 400 kV, Cs=1.0 mm, structural resolution 1.7 S)
electron microscopes. Images and diffraction patterns were recorded with
films and a CCD-camera (Model 794, Gatan, size 1024T1024, pixel size
25T25 mm2) using low dose conditions.[23]


The low-magnification electron microscopy (EM) image of nanocrystal
LTL shows clearly that the crystal is cylindrical in shape and is very well
crystalline (Figure 2a). In powder or nanocrystals of LTL, the size of the
c plane is fairly large compared to the length along the c axis, and it is
difficult to obtain the zone axes other than [001] in the nanocrystals.
However, we note that a recently synthesised single crystal of LTL shows
the opposite aspect ratio.[25]


SEM images of single crystals of LTL
were observed on a JEOL 6700F
SEM at 5 kV. The micrometer-sized
crystals were coated with Pt/Pd to
obtain electrical conductivity on the
surface. An example of the micron-
sized crystal is shown in Figure 2b.
Note the presence of an unusual hole
at the top of the cylindrical crystal
that appears to extend into the interi-
or of the crystal. The pure K and Na/
K micrometer-sized crystals are
shown at lower magnification in Fig-
ure 2c and 2d.


Results


In the following sections, we
report the analysis of nano-
sized crystals of LTL, in which
the results are compared with
those obtained for microcrys-
talline samples.


Surface structure : Figure 3a–c
show the observed HREM
images of an edge on view


with [100], [110] and [001] incidences, respectively. Compari-
son of these images with simulated ones from different sur-
face structure models, allows us to deduce the surface struc-
tures of LTL. We find that firstly, the framework is terminat-
ed not with CAN cages but with D6R units on the {001} sur-
face, and secondly, that the sidewall of the crystal is termi-
nated with CAN cages, as was shown schematically in
Figure 1c. Further details of the assignment of the surface
structure have been discussed by Ohsuna et al.[26] The {001}
surface is found not to exhibit a D6R free surface. For both
nano- and microcrystals, identical surface terminations were


Figure 2. a) TEM image of nano-LTL, b) SEM image of micro-LTL, c)
SEM image of K-LTL, and d) SEM image of Na/K-LTL.


Figure 3. HREM images of LTL surfaces a) [100], b) [110], and c) [001] incidences (taken from reference [22]).
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observed for each distinct crystallographic plane. We em-
phasise this point, since it provides important evidence that
the atomic growth mechanism is identical in both nano- and
micron-sized crystals and hence it is reasonable to assert
that it is chiefly kinetic rather than thermodynamic factors
that determine the relative growth rate of distinct crystal
faces and therefore, the crystal shape.


Rotational defects in the framework : An HREM image
taken with the [001] incidence is shown in Figure 4. Looking


at the image from a distance, one can see deformed chan-
nels, which are clearly different from the other channels, in-
dicated by arrows within the figure. From this observation, a
columnar defect model of the LTL framework was devised
that consisted of a group of six “cancrinite” columns sur-
rounding one main 12-ring channel rotated 308 as a unit
around the c axis (shown schematically in Figure 5). A simu-
lated image based on the model was calculated by the multi-
slice method.[26] The simulated image fitted perfectly over
the experimental HREM image and hence we believe the
structure of the defect has been identified. The rotation pro-
duces six deformed channels and six 8-ring channels which
give different contrasts in the HREM image. The central 12-
ring channel, which provides access into the crystal interior


appears not to be deformed and hence its ability to uptake
atoms or molecules is unlikely to be affected by the rota-
tion.


Nanosized columnar defects : A peculiar bright contrast is
observed in TEM images taken with [001] incidence. The
contrast indicates no framework was formed at the place
from the top to the bottom and consequently a straight
channel with larger diameter was formed along the c axis—a
“columnar hole”. The structure of the nano-defect imaged
by HREM is shown in Figure 6b. Note that the minimum
size of this defect corresponds exactly to the size of rotation-
al defect mentioned above. Although the holes can be
formed with much greater sizes than the 12-ring surrounded
by six CAN/D6R columns, the fact that no smaller defects
are observed may be significant. There is no evidence that a
single CAN/D6R column can be extracted from the struc-
ture. Conversely, there does not appear to be an upper limit
to the size of the columnar hole. In Figure 6b, the maximum
length is in excess of 100 nm but by comparison with Fig-
ure 2b, the size can extend up to much greater length scales.


Static lattice simulation


Surface structure {11̄0} and {110}: In previous work,[19,27] we
have described how predictions of zeolite surface structure
can be made by using static lattice simulation methods. De-
tails of the general simulation strategy are described in ref-
erence [28] and more specifically in references [19, 27,29].
To summarise briefly, we use the GULP[30] and MARVIN[28]


codes to relax the atomic positions to zero net force within
the crystal bulk and surface structure, respectively, and use
the interionic potentials derived by Sanders and Catlow[31]


to describe the interactions between atoms. The two-region
surface repeat unit used for the surface relaxations consisted
of an upper layer, relaxed explicitly, containing four com-
plete layers and a lower region held fixed, which also con-
tained four layers. The number of species in the two regions
exceeded 1400 for each surface considered.


We begin by examining the faces that are observed in the
experimental morphology, and other faces with large inter-
layer spacing. In this case, we expect the {11̄0} (or {100}),


{110} and {001} faces to domi-
nate in the crystal morphology.
Cleavage of low-symmetry ma-
terials gives rise to a large
number of potential terminat-
ing surface structures, but in
fact, we find that by using the
criterion of surface energy,
which is inversely proportional
to thermodynamic stability, we
can readily determine that low
index faces have very few low-
energy terminating structures.
For instance, assessment of the
relative stability of various
possible terminations of the


Figure 4. HREM image of rotational defects indicated with arrows, [001]
incidence.


Figure 5. Schematic model for the rotational defects. Connectivity of the column in forming 8-rings for perfect
(a), rotational defect(b) and matching of rotational defect to the perfect crystal (c). Simulated image for the
rotational defect at specimen thickness of 10 nm, defocus of OL �68 nm.
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{11̄0} surface, shows that the termination shown in Figure 7a
has the lowest unique surface energy (0.71 Jm�2). Addition-
ally, we considered the {110} surface and again determined a
single unique termination, similar but not identical to that
found for the {11̄0} surface with a slightly higher surface
energy of 0.84 Jm�2, shown in Figure 7b, where the silicon
atomic positions are found at the vertices within the figure.
The upper part of the Figure corresponds to the crystal ex-
ternal surface and is shown in cross section in Figure 7 and
differs by the number of CAN cages exposed at the crystal
exterior. In Figure 7a, the terminating structure exposes a
single CAN cage lying in the same plane (at the surface), in
Figure 7b, two CAN cages are exposed that lie in the same
plane. The surface energies reflect the relative stability of
the surfaces and can be rationalized by considering the
number of dangling bonds formed at each face. In the {11̄0}
case, two dangling bonds per surface repeat unit are formed


upon cleavage, but for the {110} case four bonds are created.
Therefore we expect the {11̄0} surface to be most stable on
the grounds that the higher the number of terminating
bonds exposed, the more thermodynamically unstable the
surface is.


By reference to the HRTEM images in Figure 3c and
Figure 4, we find that the surface structures predicted to be
the most stable from thermodynamic considerations are
readily observed. Evidently, the predicted structures corre-
spond exactly with those observed, exhibiting CAN cages at
the external surface in a crenellated fashion. The experi-
mental images clearly identify two distinct terminations of
{11̄0} and {110} character, with one and two terminal CAN
cages lying parallel to the crystal surface in Figure 3c and
Figure 4 respectively. The {110} surface with double CAN
cages can be seen less prevalently in Figure 3c as step edges,
but is more easily distinguished in Figure 4, where the ma-
jority of the surface is double CAN cage terminated. On the
basis of thermodynamic considerations, we would expect the
{11̄0} surface to dominate in the morphology, which is
indeed confirmed by inspection of the microcrystalline
sample.


Surface structure {001} surface : For the {001} surface, we
identified two terminations of equal stability, with surface
energies of 2.12 Jm�2, one of which is shown in Figure 8.
Two different crystal surface orientations are shown, to facil-
itate a comparison with the experimental HRTEM images
in Figure 3a and 3b. Clearly, the D6R is evident in each
case; the left-hand structure of Figure 8 corresponds exactly
with Figure 3a, whilst the right-hand structure corresponds
to Figure 3b. The calculated surface structures again concur
with experimentally observed structures and underline that
thermodynamic stability is the driving force in the formation
of stable, long-lived terminal surface structures.


However, for this surface, we find that a second terminat-
ing structure is predicted to have an identical surface energy
to that shown in Figure 8. This second structure (not depict-
ed) exposes a half CAN cage at the crystal surface and has
12 terminal bonds per unit area, just as in the case of the
D6R terminated surface. The absence of this termination in
the experimental images leads us to speculate that there


Figure 6. a) ED pattern taken with incidence down the [001] axis, b)
TEM image of LTL taken with [001] showing columnar holes with differ-
ent sizes. The minimum size observed is 1 main 12 MR channel surround-
ed by six columns containing CAN and D6R building units.


Figure 7. The {11̄0} (a) and {110} surfaces (b) of LTL shown in cross sec-
tion. Only the silicon atoms are depicted, for clarity. The left-hand figure
corresponds to the most stable {11̄0} surface, whilst the right-hand surface
is the {110} termination. Both structures can be readily observed by com-
parison with Figure 3c. The left-hand portion of the Figure 3c is equiva-
lent to Figure 7a, exposing a single terminal CAN cage. The right-hand
side of Figure 4 shows the {110} termination and is equivalent to Fig-
ure 7b, displaying two terminal CAN cages.
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may be a thermodynamic or kinetic component that influen-
ces the crystal growth process and results in the preferential
exposure of the D6R terminated structure.


Growth along the {001} axis can be considered to arise
from two modes of columnar assembly involving CAN and
D6R secondary building units. One recognises that colum-
nar assembly may be achieved by fusing CAN cages or by
condensation of D6Rs on half-CAN cages. Although the
mechanism for columnar assembly is not known, the fact
that only the D6R-terminated structure is observed leads us
to infer that the half-CAN surface structure, which simula-
tion shows to be thermodynamically stable, may be kineti-
cally unstable with respect to condensation of a D6R. The
precise mechanism and intermediate stages of the growth
mechanism are currently under investigation using a similar
procedure to that used to investigate zeolite Beta C.


Rotational defect : Using interionic potentials developed by
Sanders and Catlow,[31] we performed an energy minimisa-
tion (molecular dynamics at 0 K) of a 5T5T4 supercell
(containing 18000 sites) of purely siliceous LTL using the
DL_POLY[32] code. The large number of species that are
necessary to describe the rotational defect precluded us
from using the GULP software, though the most recent ver-
sion of GULP contains more efficient Coulomb summation
schemes that would, in principle, allow us to compare the re-
sults from DL_POLY. Using the relaxed structure, we creat-
ed the rotational defect consistent with that observed by
HREM and again optimised the unit cell contents. The re-
laxed structure is shown in Figure 9a, whilst Figure 9b shows
a magnified region of the defect. It is clear from Figure 9
that the rather large defect actually causes extremely local
distortions, which are essentially limited to the first coordi-
nation sphere of the oxygen atoms that lie at the boundary
between the rotational defect and the remaining perfect
crystal. The lattice energy difference between the cell con-
taining the defect and that of the perfect crystal reveals that
formation of the defect is favourable by �2.3 eV for the su-
percell (which corresponds to a ~5 kJmol�1 increase in
bond strength for each of the 48 Si�O bonds that join the
rotational defect to the unperturbed lattice). The driving


force for the formation of the defect arises from short-range
bonding forces: the rotation gives rise to a concomitant in-
crease in the T-O-T angle (where T is Si or Al) at the inter-
face between defect and perfect crystal coupled with a re-
duction in the average bond lengths, as seen in Figure 9b.


Analysis of the defect energy shows that although the net
change in energy is negative upon formation, the electrostat-
ic or Coulombic component of the energy decreases. The


Figure 8. Cross sections of the (001) surface. The left-hand side image is identical to that seen in Figure 3a, whilst the right-hand image is equivalent to
the upper part of Figure 3b.


Figure 9. a) The rotational defect is highlighted in bold, and was obtained
from optimising the simulation cell; the defect is parallel to the (001) or
the c crystallographic axis. The highlighted region corresponds b, and
shows how the defect is stabilised by forming stronger Si�O bonds at the
expense of the optimal Si-O-Si angle.
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decrease in attractive electrostatic energy is outweighed by
the gain in total lattice energy from strengthening the Si�O
bond (associated with a shortening of the bond) and a de-
crease in the collective interionic repulsive energy. It should
be noted that because of the boundary conditions and perio-
dicity of the supercell, the rotational defects are separated
by approximately 30 S. It is therefore conceivable that
these defects may be formed at a higher density than has
been observed by inspection of the HREM data.


Columnar hole : By using the relaxed supercell described
previously, a hole corresponding to the rotational defect
(along the {001} axis) was grafted from the crystal and the
defective cell contents optimized at constant volume. The
resulting structure is depicted in Figure 10 and shows that
relaxation around the defect hole is quite minimal.


Although we find that it is energetically unfavourable to
create this defect spontaneously in the crystal bulk, we sug-
gest that the defect arises as part of the evolution of crystal
growth on contact with the mother liquor or gel. If the
defect structure is inspected closely, one realizes that this
corresponds to the stepped {11̄0} surface, showing the char-
acteristic single CAN cage termination, and consequently
the hole may be perceived as the formation of an additional
growth surface, resembling the external surface. In porous
materials, in which the ratio of internal to external surface
area is high, it is perhaps not surprising that nano-voids with
structures commensurate with those of the external surface
can be formed due to high crystal growth rates. Another
possibility is that blockage occurs at the growing surface,
preventing registration of SBUs with the growing surface.
However, given that the defects extend for the entire length
of the crystal and therefore for several hundred angstroms,
it is not obvious why the channels are completely empty, as
is implied by the electron diffraction along the [001] shown
in Figure 6a.


An interesting proposition is that this linear void may
arise at the interface between a {110} and {11̄0} overgrowth
or even at the interface (grain boundary) between two crys-
tals with {110} and {11̄0} orientations. High growth rates or
other kinetic factors may explain why the defect becomes


encapsulated within the crystal. However, although the for-
mation of the defect is thermodynamically unfavourable in
the perfect bulk structure, the defective zeolitic structure
will still have an energy per SiO2 unit that falls within the
ranges which have been identified for a range of zeolitic ma-
terials using calorimetric data[33] and theoretical predic-
tions.[34]


These results provide possible explanations of why the
columnar defect forms and why very large columnar holes
can be observed in both the nanocrystals and single micro-
crystals. Note that the very large holes show a surface struc-
ture that is comparable with a more regular or ideal {11̄0}
surface and hence very large holes may be formed where
the energetic cost per unit area (i.e. the internal surface
energy of the particle) is comparable to the external surface
energy.


Discussion


The observations from experimental and simulation evi-
dence suggest that the surface structure of zeolite LTL is ex-
tremely well-defined and for the principal growth surfaces,
only one structural termination is seen. Comparison of the
fine bulk and surface structure evidenced on micro- and
nanocrystals reveals the same surface structural motifs, sug-
gesting that the crystal growth mechanism is similar for both
materials. The microcrystals have similar morphologies, but
their composition is different, one containing pure K, the
other a mixture of (principally) Na and K. The nanocrystal
is synthesised by using K only, yet its crystal shape is quite
different from that of the microcrystal examples. In the
nanocrystal, it appears that growth is fastest parallel to the
{001} plane and slowest perpendicular to the {001} plane. In
the microcrystal, the reverse growth rate appears to be in
operation.


Focusing first on the nano and micro pure K LTL synthe-
ses, the Si:Al ratio of the product is approximately 3:1 in
both samples; the temperature of synthesis is approximately
the same. However, the crystal shapes are different and the
molar ratio of Al:K and Si:Al is different in both cases. In
the nanocrystal synthesis there is a higher concentration of
K and a much higher concentration of Si:Al, compared to
those in the microcrystal synthesis. In the nanocrystal syn-
thesis, the duration is six days in comparison to two days in
the microcrystal synthesis. In the nanocrystal, growth in the
{001} plane is favoured over growth perpendicular to the
{001} plane, and in the microcrystal the reverse is seen.


One possible reason for this disparity in growth rates is
linked to the probability of reaction and concentration of
structural building units in solution. Given the very low con-
centration of Al in the nanocrystal synthesis reagent mix-
ture, which is required in 25% concentration within the
framework, only a very small number of the fragments in
solution will contain aluminium. The solution will contain
oligomeric siliceous units and a proportion of aluminosili-
cate units. In the microcrystal synthesis, the proportion of
aluminosilicate to purely siliceous units will be much higher.
Given that the temperature of synthesis for both materials is


Figure 10. A view down the [001] or crystallographic c axis of LTL. The
supercell contains a columnar nano-defect.
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approximately the same, the probability of two solution spe-
cies being proximate is the same in both cases but the prob-
ability that two aluminosilicate fragments undergo a reac-
tion is much lower in the nanocrystal synthesis. The infre-
quent collision probability will favour growth along the
plane that requires the fewest number of bonds to be
formed (or events to occur) to polymerise units. In LTL, this
will be parallel to the {001} plane or equivalent to growth
normal to the {11̄0} plane, since only two bonds are formed
on growing this surface, as columns aggregate. In contrast,
columnar assembly normal to the {001} plane assembly will
be a rare event because six bonds are required to grow the
column, and hence the probability of fragments having the
correct steric orientation is much lower, therefore growth in
this plane is slow. Under the nanocrystal synthesis condi-
tions therefore, flat disc-like morphologies would be predict-
ed from our proposed mechanism, as is observed. At a
higher collision probability (in the microcrystal synthesis),
two aluminosilicate fragments will have the correct orienta-
tion to react far more frequently, hence the thermodynamics
or reaction enthalpies of columnar aggregation versus col-
umnar assembly will be very important. On the grounds of
thermodynamic stability, cylindrical crystals would be pre-
dicted in which the length of the crystal (parallel to [001])
will be greatly in excess of the diameter, because the {11̄0}
surface is far more stable than the {001} surface. The crystal
formed would expose {11̄0} as the most morphologically im-
portant face (with the greatest surface area) and {001} as a
less prevalent face (with lower surface area), in accord with
the experimentally observed morphology.


If we now turn to a comparison of nano K LTL and micro
Na/K LTL, the major point of contrast is that, of course,
Na+ preferentially occupies the extra-framework sites in
Na/K LTL and clearly plays an important role in dictating
the rate of growth. Crystal growth rates in the [100] and
[001] planes are clearly much greater than for the two
planes in the nano-synthesis. If a synthesis was performed
with the same Si:Al ratio and the same Al:K ratio as used
in the nano-synthesis we could infer more about the role of
K+ during the synthesis but this is not the case in the data
reported here. In the nanocrystal synthesis, there is a much
higher concentration of K+ in comparison to the microcrys-
tal synthesis. Recently, Gibbs and Lewis[35] reported a atom-
istic simulation study on low silica zeolite X which showed
that the K+ ion can occupy the D6R and a site immediately
above the D6R simultaneously. K+ ions had been thought
to be a key agent to formation of the D6R through empiri-
cal observation whilst Na+ ions are found not to occupy
D6R rings. Since the Na+ ion clearly facilitates much faster
growth rates for both crystal planes, it is not clear where the
Na+ ion changes the mode of assembly from fast columnar
aggregation/slow columnar assembly to slow columnar ag-
gregation/fast columnar assembly. Because the Si:Al and K
ratios and the synthesis duration of the micro K LTL and
micro Na/K LTL are different from each other, we cannot
single out the role of Na+ ions. Recent work[36] has shown
the delicate relationship between extra-framework cation
and aluminium concentration and the crystal growth mor-
phology for columnar MAZ zeolites. It would therefore be


interesting to attempt a similar systematic synthesis ap-
proach to the LTL system to explore how minute variations
in the reagents affect the product. Another experiment of
interest would be to extend the synthesis duration of the
nanocrystal synthesis to observe whether the growth rate of
either or both of the planes changes as a function of length
scale. It is possible that the diffusion-limited growth may
become important at a critical crystal size, though our
work,[37] and that of Agger and co-workers[38] strongly sug-
gests that zeolite growth is surface-controlled.


To try and probe the growth mechanism in more detail,
we focused on the nature of the principal growth unit. We
began by addressing the nature of the crystal growth mecha-
nism on the {001} plane, where columnar assembly is crucial.
The observation of a D6R terminated surface structure, with
no evidence of a structure where the D6R is absent (as is
the case in Faujasite[39]) suggests that the D6R is part of a
larger growth unit, or that the condensation of a D6R onto
the crystal surface is so rapid (perhaps both thermodynami-
cally and kinetically unstable with respect to formation of
the D6R surface) that a surface denuded of a D6R is never
observed. What is unclear from our observations is the iden-
tity of the solution species, however, Serre et al.[40] and
others including Knight (see[41] for example) and Engelhardt
(see[42] for example), have demonstrated the utility of NMR
methods in identifying solution species, and we expect to
utilize this invaluable technology in future work. Notwith-
standing existing experimental evidence, a possible building
unit for the {001} surface is proposed in Figure 11, which can


be regarded as a double 6-ring, capped by 4-rings or a XhalfX-
CAN unit, capped with a 6MR. Repeated condensation of
these units with one another generates the familiar colum-
nar structure, provided the D6R reacts with the open half-
CAN structure of another unit. Each columnar structure can
then aggregate to generate the familiar 12 MR decorated by
six columns. The evidence that the SBU proposed is the key
building unit is phenomenological and so to provide a more
rigorous insight into thermodynamics of growth in a forth-
coming paper,[20] we will describe a first-principles study of
which fragments are most stable in solution and how these
fragments combine to define a mechanism of columnar as-
sembly.


On the topic of rotational defects, although formation of
the rotational defect is energetically favourable, we believe
that the low concentration of these defects in actual samples
suggests that there is a substantial barrier that prevents their
spontaneous formation in the bulk crystal. The rotation in
bulk would involve breaking partially covalent bonds and is


Figure 11. A possible secondary structural building unit that may dictate
columnar growth in zeolite L.
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therefore extremely unlikely to occur at moderate tempera-
tures. For this reason, we speculate that the defect is grown
in at the surface, where the misalignment of a CAN (or
some other) growth unit with the surface is more facile be-
cause a small number of bonds could anchor the SBU on
the surface in a misaligned configuration. The 12-ring sur-
rounded by six CAN/D6R columns can be likened to a
nano-wheel. In the perfect crystal, each wheel is in perfect
tessellation with wheels in the same plane. In the defective
material, although the structure of the wheel is identical, the
wheels no longer have a periodic repeat length and no
longer tessellate. Once one CAN misaligns with the surface,
this could nucleate the rotational defect. Within the rota-
tional defect, the rotation of one of the six columns contain-
ing D6R/CAN is calculated to be extremely energetically
unfavourable. Therefore, when one CAN condenses upon
the surface, misaligned by 308, addition of the remaining
five columns occurs, generating the core structure that is
identical to that in the perfect material. The fact that the de-
fects can be observed in close proximity to the surface in
Figure 4 lends credence to the proposition that the defect is
born at the surface.


The observation of columnar holes cannot currently be
explained unequivocally. We have presented a number of
possible explanations for their existence but we are unable
at this stage to categorically state their origin. That these de-
fects are obtained in both nano- and microcrystals suggests
that their appearance may not be driven by kinetic factors.


We return finally to the observation of stacking faults in
LTL and the reconstruction or coincidence boundary report-
ed by Terasaki,[22] where the fault lies parallel to the {001}
plane. One explanation of this phenomenon is that the prob-
ability of a SBU attaching upon the surface at a non-ideal
lattice site, overlapping an interstice for example, increases
considerably as the temperature and growth rates increase.
The {001} plane exposes a high density of silanol groups per
unit area, much more so than on the {11̄0} plane. The stick-
ing probability of an SBU to the {001} surface will be much
higher than on the {11̄0} plane. We believe the corrugated
nature of the surface that exposes silanol groups in high
concentrations, will facilitate relatively unfavourable regis-
trations of SBUs upon the surface. Although, it is less ther-
modynamically favourable to introduce the coincidence
boundary into the crystal than to perpetuate the perfect
crystal, the kinetics dictate that statistically a relatively un-
favourable condensation will be attempted. Provided the
barrier to condensation is small enough, and the barrier to
dissolution large enough, such an event could occur and
thus nucleate the coincidence boundary. An inference one
could make from this assertion is that to prepare non-fault-
ed crystals for optimal crystallinity, the temperature of the
synthesis should be kept as low as possible. Empirically, it is
found that lower temperatures promote defect-free crystals.


In conclusion, atomic scale resolution of perfect and de-
fective microporous LTL coupled with atomistic simulation
have provided new insights into the thermodynamic and ki-
netic factors that influence crystal growth of zeolites and the
crystal habit. We consider that a combination of methods af-


fords a powerful and systematic means of investigating the
growth of perfect and faulted microporous materials.
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From Weakly Coordinating to Non-Coordinating Anions?
A Simple Preparation of the Silver Salt of the Least
Coordinating Anion and Its Application To Determine
the Ground State Structure of the Ag(h2-P4)2


+ Cation


Angela Bihlmeier, Marcin Gonsior, Ines Raabe, Nils Trapp, and Ingo Krossing*[a]


Introduction


Chemistry with very weakly coordinating anions (WCAs) is
world wide an active area of research that is of great impor-


tance in applied as well as fundamental science.[1a–d,2] Appli-
cations of WCAs include for example olefin polymerization
with cationic metallocene based catalysts,[1c] Li ion catalyzed
En- or Diels–Alder reactions,[3] electrolytes for Li-ion bat-
teries,[4] supporting electrolytes for electrochemistry[5] and
new ionic liquids.[6] In more fundamental science chemically
robust WCAs allow to stabilize unusual reactive or weakly
bound cations such as Au(Xe)4


2+ ,[7] Xe2
+ ,[8] HC60


+
,
[9]


Mes3Si+ ,[10] Ag(CO)2
+ ,[11] N5


+ ,[12] Ir(CO)6
3+ ,[13] Ag(L)x


+ (L=


P4,
[14] P4S3,


[15] S8,
[16] C2H4


[17]), P5X2
+ (X=Br, I)[18] or CI3


+ .[19]


A few years ago we reported on WCAs of type
[Al(ORF)4]


� (RF=poly- or perfluorinated aliphatic alkox-
ide).[20–22] The perfluorinated anion with R=C(CF3)3


[20]


emerged jointly with [1-H-CB11Me5Cl6]
� ,[23] [1-Et-


CB11F11]
� ,[24] [CB11(CF3)12]


� ,[25] [Sb4F21]
� ,[26] [Sb(OTeF5)6]


�[27]


and [B(CF3)4]
�[28] as one of the least coordinating anions


currently known. Moreover it is chemically very robust, so


[a] A. Bihlmeier, M. Sc. M. Gonsior, Dipl.-Chem. I. Raabe,
Dipl.-Chem. N. Trapp, Dr. I. Krossing
UniversitBt Karlsruhe, Institut fCr Anorganische Chemie
Engesserstrasse, Geb. 30.45, 76128 Karlsruhe (Germany)
Fax: (+49) 721 608 48 54
E-mail : krossing@chemie.uni-karlsruhe.de


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author: Additional struc-
tural parameters of the solid-state structures, drawings of solid state
cation–anion contacts in 3, the experimental P5Cl2


+ spectrum, xyz co-
ordinates of the BP86/SV(P) optimized structures of Al(OR)3,
Al(OR)4


� and (RO)3Al-F-Al(OR)3
� as well as calculated vibrational


frequencies of Ag(CH2Cl2)3
+ are deposited in the electronic Support-


ing Information (5 Tables, 2 Figures).


Abstract: The unexpected but facile
preparation of the silver salt of the
least coordinating [(RO)3Al-F-
Al(OR)3]


� anion (R=C(CF3)3) by re-
action of Ag[Al(OR)4] with one equiv-
alent of PCl3 is described. The mecha-
nism of the formation of Ag[(RO)3Al-
F-Al(OR)3] is explained based on the
available experimental data as well as
on quantum chemical calculations with
the inclusion of entropy and COSMO
solvation enthalpies. The crystal struc-
tures of (RO)3Al !OC4H8, Cs+


[(RO)2(Me)Al-F-Al(Me)(OR)2]
� ,


Ag(CH2Cl2)3
+[(RO)3Al-F-Al(OR)3]


�


and Ag(h2-P4)2
+[(RO)3Al-F-Al(OR)3]


�


are described. From the collected data
it will be shown that the [(RO)3Al-F-
Al(OR)3]


� anion is the least coordinat-
ing anion currently known. With re-
spect to the fluoride ion affinity of two


parent Lewis acids Al(OR)3 of
685 kJ mol�1, the ligand affinity
(441 kJ mol�1), the proton and copper
decomposition reactions (�983 and
�297 kJ mol�1) as well as HOMO level
and HOMO–LUMO gap and in com-
parison with [Sb4F21]


� , [Sb(OTeF5)6]
� ,


[Al(OR)4]
� as well as [B(RF)4]


� (RF=


CF3 or C6F5) the [(RO)3Al-F-
Al(OR)3]


� anion is among the best
weakly coordinating anions (WCAs)
according to each value. In contrast to
most of the other cited anions, the
[(RO)3Al-F-Al(OR)3] anion is availa-
ble by a simple preparation in conven-
tional inorganic laboratories. The least


coordinating character of this anion
was employed to clarify the question of
the ground state geometry of the
Ag(h2-P4)2


+ cation (D2h, D2 or D2d?).
In agreement with computational data
and NMR spectra it could be shown
that the rotation along the Ag-(P-P-
centroid) vector has no barrier and
that the structure adopted in the solid
state depends on packing effects which
lead to an almost D2h symmetric
Ag(h2-P4)2


+ cation (0 to 10.68 torsion)
for the more symmetrical [Al(OR)4]


�


anion, but to a D2 symmetric Ag(h2-
P4)2


+ cation with a 448 twist angle of
the two AgP2 planes for the less sym-
metrical [(RO)3Al-F-Al(OR)3]


� anion.
This implies that silver back bonding,
suggested by quantum chemical popu-
lation analyses to be of importance, is
only weak.


Keywords: cations · density func-
tional calculations · phosphorus ·
silver · weakly coordinating anion
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that a CD2Cl2 solution of the triiodocarbeniumion salt CI3
+


[Al(OR)4]
�[19] is stable over days at RT.


However, we repeatedly observed that [Al(OR)4]
� dis-


solved in CH2Cl2 decomposed in the presence of very elec-
trophilic cations such as P2X5


+ (X=Br, I) at temperatures
above �20 8C to give the fluoride bridged [(RO)3Al-F-
Al(OR)3]


� anion.[18a,29] According to an analysis of the struc-
tural parameters, this anion is more stable than
[Al(OR)4]


� ;[18] its negative charge is dispersed over a surface
built from 54 peripheral C�F vs. 36 C�F bonds in
[Al(OR)4]


� . Thus one could argue that the fluoride bridged
anion has a “Teflon-coating” which reduces its ability to act
as a source of coordination. Therefore, the [(RO)3Al-F-
Al(OR)3]


� anion with the world record of 54 peripheral C�
F bonds is the least coordinating anion currently known,
which as such could also be addressed as almost non-coordi-
nating. To date only Cl2P(CHCl2)2


+ , P2I5
+ and P3I6


+ salts of
this anion are known.[18a, 29] Herein we report on the straight-
forward but unexpected synthesis of the silver salt of the
fluoride bridged [(RO)3Al-F-Al(OR)3]


� anion that may be
used in general chemistry to introduce this anion into a
given system by metathesis reactions. Moreover we report
on the first application of the least coordinating character of
this anion to establish the ground state structure[14] of the
Ag(h2-P4)2


+ cation (D2h, D2 or D2d?).


Results and Discussion


Syntheses : Initially we investi-
gated the three different
routes (1)–(3) as described in
Scheme 1 to obtain access to a
simple salt of M+[(RO)3Al-F-
Al(OR)3]


� that may be used for metathesis reactions (M+ =


Cs+ , Tl+ or Ag+).
None of the routes shown in Scheme 1 led to success. In


the course of reaction (1), which was performed in THF, we
isolated the Lewis acid base adduct Al(OR)3·(THF), 1. The
coordinative Al�O bond in 1 is so strong that the THF mol-
ecule is not even released in the vacuum of a diffusion
pump (10�5 mbar). The dative Al�O bond in 1 (1.824(2) P)
is shorter than all other dative Al�O bonds from THF mole-
cules (CSD search) and approaches distances usually found
for covalent Al�O bonds. In agreement with this strong in-
teraction we found that the THF molecule of 1 dissolved in


CD2Cl2 is cleaved to the butoxide within 12 h (NMR). Reac-
tion (2) performed in toluene or hexane at ambient temper-
atures led to decomposition of the donor free Al(OR)3 in-
termediate, C�F bond activation, ionization and formation
of salts that include Al-F-Al fluoride bridges prior to MF
addition.[30] Reactions according to Equation (3) could not
prevent C–F activation and led to decomposition with M=


Ag+ .[31] In one reaction with CsF the alcohol R�OH was
added to AlMe3 at �78 8C and after addition of CsF the
product of an incomplete substitution of Me for OR was ob-
tained: Cs+[(RO)2(Me)Al-F-Al(Me)(OR)2]


� (X-ray, IR,
NMR).


Reactions according to Equations (1)–(3) in Scheme 1
clearly demonstrate that the Al(OR)3 intermediate is not
simple to obtain. If kept at low temperatures the substitu-
tion reaction is not complete and if done at RT the obtained
Al(OR)3 Lewis acid is very strong and decomposes with
fluoride ion abstraction. Thus it is not straight forward to
employ Al(OR)3 for further syntheses such as the prepara-
tion of the fluoride bridged [(RO)3Al-F-Al(OR)3]


� anion.
Surprisingly we found a suitable and simple access to Ag+


[(RO)3Al-F-Al(OR)3]
� during our continuing efforts to pre-


pare novel binary P–X cations (X=halogen) [Eqs. (4) and
(5)].


When trying to prepare PCl2
+ and P5Cl2


+ cations similarly
to our published procedure for P2X5


+ and P5X2
+ (X=Br,


I)[29] from Ag[Al(OR)4], PCl3 and P4 according to Equa-
tions (4) and (5) at low temperatures (�78 to �30 8C) no or
only very little AgCl precipitation was observed. Therefore
we allowed the mixtures to warm to ambient temperature.
After minutes the characteristic AgCl precipitate formed
and was complete after stirring at RT for 4 to 5 d. To our
surprise the filtrate of both suspensions contained exclusive-
ly the Ag(CH2Cl2)3


+[(RO)3Al-F-Al(OR)3]
� 2 and Ag(h2-


P4)2
+[(RO)3Al-F-Al(OR)3]


� 3 salts (NMR) which were iso-
lated in 84 and 86 % yield (based on Al) and fully character-
ized (see below). At 10�3 mbar one may remove all three co-
ordinated CH2Cl2 molecules of 7 g of 2 within 48 h (NMR in
CDCl3).


Only once we found direct evidence for the intermediate
formation of PCl2


+ as shown in Equation (5): When the
PCl3/Ag[Al(OR)4]/P4 mixture was dissolved in CH2Cl2 and
allowed to reach room temperature over night but subse-
quently stored at �28 8C, crystals of Ag(P4)2


+[Al(OR)4]
�


and Ag(P4)2
+[(RO)3Al-F-Al(OR)3]


� precipitated from the
very concentrated solution (unit cell determinations). The
remaining oil was analyzed by NMR and showed the singlet
of PCl3, that of coordinated P4 at d(31P)=492.9 (approx.
90 % of the total signal intensity) but also three multiplets


Scheme 1. Unsuccessful attempts to prepare M+[(RO)3Al-F-Al(OR)3]
�


salts (M = Cs, Tl, Ag).


J 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 5041 – 50515042


FULL PAPER



www.chemeurj.org





at d31P=142.7 (dt), 57.8 (tt) and �270.5 (td) that clearly in-
dicated the formation of P5Cl2


+ from a short lived PCl2
+


cation and P4 at intermediate temperatures.


31P NMR Characterization of P5Cl2
+ : The P5Cl2


+ cation is
the third known member of the series of P5X2


+ cations after
the initial observation of X= I[18a] and X=Br[18b, 29]


(Figure 1). However, despite repeated attempts, we never
succeeded in obtaining a pure P5Cl2


+ salt and the only evi-
dence for the latter cation is the informative NMR spectrum
(Table 1, original spectrum deposited).


The trends of the chemical shifts when exchanging I for
Br and Cl are very consistent throughout and lead to higher
frequencies for the formal phosphonium center PA but to
lower frequencies for the remaining PB and PC atoms. The
high frequency shift is influenced by less relativistic contri-
bution[32] in going from I to Br and Cl just as the chemical
shift of PX4


+ decreases from �475 (I) to �80 (Br) and
+83 ppm (Cl).[29,33]


Crystal structures : Details of the data collections and the
crystal structure refinements are collected in Table 9 at the
end of this article.


Al(OR)3·(THF) (1): The core of this molecule consists of a
distorted AlO4 tetrahedron with three Al�O single bonds at
about 1.71 P and a dative Al�O bond to the THF-molecule
at 1.824(2) P (Figure 2). Compared to the homoleptic
[Al(OR)4]


� anion,[20] the Al�OR bonds are shortened by
about 0.015 P and the average Al-O-C bond angle of 150.78
is slightly widened (by 18). The dative Al�O bond in 1 is
very short and according to a search of the CSD it compris-
es the shortest dative Al�O bond involving a THF molecule
currently known. Thus, although the C(CF3)3 ligand is rather
bulky and the sum of the RO�Al�OR bond angles is 343.18
(ideal tetrahedron: 328.58), all Al�O distances are very
short, indicating an electron deficient and highly Lewis
acidic aluminum center in 1.


Cs+[(RO)2(Me)Al-F-Al(Me)(OR)2]
� : The asymmetric unit


of the crystal structure of the fluoride bridged cesium alumi-
nate is shown in Figure 3. Two formally neutral (RO)2AlMe
moieties coordinate to a fluoride ion and are connected via
a symmetric slightly bent Al-F-Al fluoride bridge (152.38)
with Al�F distances of about 1.80 P. Each Al atom bears
one methyl group at d(Al�C) �1.92 P and two OR groups
with Al�O separations of 1.73 to 1.75 P. The negative
charge of the aluminate is compensated by a twelve-fold
weakly coordinated Cs+ cation (9 Cs�F contacts, 3.361 P on
average, and 3 Cs�O contacts, 3.420 P, on average).


Table 1. 31P NMR shifts [ppm] and coupling constants [Hz] of all known
P5X2


+ cations (X= I, Br, Cl); nomenclature of the P atoms as in Figure 1.


d31PA d31PB d31PC
1J(PAB) 1J(PBC)


P5Cl2
+ 57.8 142.7 �270.5 339.6 144.7


P5Br2
+ 20.5 161.4 �235.9 320.4 149.1


P5I2
+ �89.0 168.2 �193.9 385.5 152.6


Figure 1. Structure and nomenclature of the P atoms of the C2v-symmetric
P5X2


+ cations (X= I, Br, Cl). Structural parameters of P5Cl2
+ optimized


with MP2/TZVPP [P].


Figure 2. Section of the crystal structure of Al(OR)3·(THF) 1 (R=


C(CF3)3) at 150 K with thermal displacement ellipsoids showing 25%
probability. The Al�O distances [P] are given in the figure, other select-
ed bond lengths [P] and bond angles [8]: C1�O1 1.369(3), C5�O2
1.356(3), C9�O3 1.348(3), Al1-O1-C1 150.1(2), Al1-O2-C5 151.9(2), Al1-
O3-C9 150.0(2), O1-Al1-O2 115.9(1), O1-Al1-O3 111.1(1), O2-Al1-O3
116.1(1).


Figure 3. Section of the crystal structure of Cs+[(RO)2(Me)Al-F-
Al(Me)(OR)2]


� (R=C(CF3)3) at 150 K with thermal displacement ellip-
soids showing 25% probability. Selected bond lengths [P] and bond
angles [8]: Al1�F0 1.811(3), Al2�F0 1.791(3), Al1�C100 1.927(7), Al2�
C101 1.917(6), Al1�O1 1.744(4), Al1�O2 1.743(4), Al2�O3 1.725(4),
Al2�O4 1.745(4); Cs1�F0 3.241(3); Al1-F0-Al2 152.3(2), Al1-O1-C1
144.8(4), Al1-O2-C5 141.4(4), Al2-O3-C9 153.5(5), Al2-O4-C13 138.3(3);
CN(Cs1)=12, d(Cs-F)range=3.224(6) to 3.568(5), average of the 9 Cs�F
contacts: 3.361 P, d(Cs–O)range=3.352(4) to 3.458(4), average of the 3
Cs�F contacts: 3.420 P. For clarity, 3 Cs�F contacts to other
[(RO)2(Me)Al-F-Al(Me)(OR)2]


� anions in the crystal lattice are not
shown.
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Compared with the fluoride bridged [(RO)3Al-F-
Al(OR)3]


� anion below, the Al–F bridging distances and the
terminal Al�O distances are elongated in the cesium alumi-
nate by about 0.03 to 0.05 P. Although the [(RO)3Al-F-
Al(OR)3]


� anion is more crowded than the cesium alumi-
nate (6 vs. 4 RO ligands), its Al�O and Al�F distances are
substantially shorter. This is attributed to the substitution of
two very electronegative OR ligands for the less electroneg-
ative Me-groups and indicates less electrophilic aluminum
centers in the sterically less congested cesium aluminate
structure that lead to longer and less polar bonds.


Ag(CH2Cl2)3
+[(RO)3Al-F-Al(OR)3]


� (2) and Ag(h2-P4)2
+


[(RO)3Al-F-Al(OR)3]
� (3): In the solid state 2 and 3 form


ionic lattices with well separated cations and anions. The Ag
atoms in the cations show interactions to the ligands CH2Cl2


and P4, but not to the anions. All Ag–F distances are longer
than 3.40 P. Drawings of 2 and 3 are shown in Figures 4
and 5.


The silver atom in 2 is coordinated by six Cl atoms of the
CH2Cl2 molecules at 2.661(2) to 2.836(2) P (average:
2.752 P; Figure 4b). The Ag�Cl distances in 2 are similar to
those found earlier for (H2CCl2)AgAl(OC(Me)(CF3)2)4


(2.613(2) to 2.874(2) P) or Ag(1,2-Cl2C2H4)3
+[Al(OR)4]


�


(2.694(2) to 2.788(2) P; average: 2.742 P).[20] In contrast to
the structure[34] of (Ag(CH2Cl2)3


+)2[Ti(OTeF5)6]
2� with a


clearly eight-fold coordination of the silver atom by six


chlorine atoms at 2.66 to 3.04 P (average: 2.84 P) and two
fluorine atoms from the anion at 3.03 P (Figure 4c), the
silver atom in 2 exhibits no extra contacts to the anion (Fig-
ure 4b). This shows that the [(RO)3Al-F-Al(OR)3]


� anion is
less coordinating than the [Ti(OTeF5)6]


2� anion. Therefore,
Ag(CH2Cl2)3


+ is the first true homoleptic metal-CH2Cl2


cation without extra cation–anion contacts.
The structural parameters of the centrosymmetric Ag(h2-


P4)2
+ cation in 3 resemble those observed in the [Al(OR)4]


�


salt[14] within 0.002 P (Table 2). However, in the almost D2-
symmetric Ag(h2-P4)2


+ cation in 3 the two AgP2 planes in-
clude an angle of 44.28, while this interplanar angle in
Ag(h2-P4)2


+[Al(OR)4]
� amounts to 10.6 (at 150 K) and 08


(at 200 K). Thus the latter Ag(h2-P4)2
+ cation is best descri-


bed as being almost D2h-symmetric.[14] The Ag(h2-P4)2
+ cati-


ons in both salts are compared in Table 2.
Since the structure of Ag(h2-P4)2


+[Al(OR)4]
� showed a


considerable temperature dependence of the interplanar
angle of the two AgP2 planes, we also recorded a data set
for 3 at 200 K. However, the structure remained identical
within the error limits. A drawing of the 12 weak P–F
cation–anion contacts between 3.248 and 3.393 P (av.


Figure 4. a) Section of the crystal structure of Ag(CH2Cl2)3
+[(RO)3Al-F-


Al(OR)3]
� 2 (R=C(CF3)3) at 150 K with thermal displacement ellipsoids


showing 25 % probability. Hydrogen atoms were omitted. Superposition
with a space filling model. b) AgCl6 coordination in 2. c) AgCl6F2 coordi-
nation in (Ag(CH2Cl2)3


+)2[Ti(OTeF5)6]
2�.[34]


Figure 5. Section of the crystal structure of Ag(h2-P4)2
+[(RO)3Al-F-


Al(OR)3]
� (R=C(CF3)3) at 150 K with thermal displacement ellipsoids


showing 25% probability. Superposition with a space filling model.


Table 2. Comparison of the structural parameters of the Ag(h2-P4)2
+


cation as [Al(OR)4]
� and [(RO)3Al-F-Al(OR)3]


� salts at 150 K (R=


C(CF3)3).


Parameter [Al(OR)4]
� [(RO)3Al-F-Al(OR)3]


�


d(Ag–PAg) [P] 2.536(1)–2.548(1) 2.538(1)–2.540(1)
av. 2.541 av. 2.539


d(PAg–PAg) [P] 2.328(2)–2.330(2) 2.330(1)
av. 2.329


d(PAg–P) [P] 2.145(2)–2.163(2) 2.156(1)–2.161(1)
av. 2.154 av.: 2.159


d(P–P) [P] 2.172(2)–2.174(2) 2.195(1)
2.173


a(P-P-P)range [8] 56.89(7)–65.53(7) 57.30(4)–65.35(4)
a(AgP2)


[a] [8] 10.6 44.2


[a] Interplanar angle between the two AgP2 planes.
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3.331 P) is deposited. The structures of the [(RO)3Al-F-
Al(OR)3]


� anions in 2 and 3 are discussed below.


Quantum chemical calculations : To assign the vibrational
frequencies and the NMR shifts of the [(RO)3Al-F-
Al(OR)3]


� anion with confidence and to understand the
mechanism of the formation of 2 and 3 all possibly impor-
tant species were calculated at the BP86/SV(P) (DFT) and
partially also at the MP2/TZVPP ab initio level. The total
energies, zero point energies (ZPE), COSMO solvation en-
thalpies as well as thermal and entropic contributions to the
Gibbs free energy are collected in Table 3. The DFT-opti-
mized structures of Al(OR)3, [F-Al(OR)3]


� , [Al(OR)4]
� and


[(RO)3Al-F-Al(OR)3]
� were taken from earlier work and


are fully described elsewhere,[35] however, the vibrational
frequencies and NMR shifts are reported for the first time
herein.


To account for the formation of solid AgCl the enthalpy
of sublimation of AgCl(s) of 231 kJ mol�1 was included in the
calculations.[36]


Infrared spectrum of 2 : A representative IR spectrum of 2 is
shown in Figure 6. The anion bands are collected in Table 4
and compared with the BP86/SV(P) calculated frequencies
of the [(RO)3Al-F-Al(OR)3]


� anion as well as with the ex-
perimental [Al(OR)4]


� anion bands of the NEt4
+[Al(OR)4]


�


salt.
Infrared spectra of several batches of 2 were recorded.


However, no evidence for bands that may be assigned to the
Ag(CH2Cl2)3


+ cation were observed, possibly due to their
weak (BP86/SV(P) calculated) IR intensities of only 0 to
25 km mol�1 (Table deposited). The only exception from this
notion refers to two bands calculated to occur at 677 and
688 cm�1. However, this is an area of intense absorptions of
the anion and the only experimental band that may be at-
tributed to one of these calculated frequencies is a shoulder
at 665 cm�1. All other cation bands are either too weak or
obscured by the anion. Therefore the spectrum in Figure 6
represents almost exclusively anion bands (see Table 4).


The agreement between calculated and experimental
anion bands is very good and the comparison to the homo-
leptic NEt4


+[Al(OR)4]
� salt shows only two differences that


can be used to differentiate be-
tween samples or mixtures of
the two anions: the bands at
640 and 864 cm�1. The first can
be assigned to the Al–F
stretching vibration of the Al-
F-Al moiety in 2 and is, there-
fore, absent in [Al(OR)4]


�


salts. Its position may be com-
pared with the Al-F-Al
stretches in (Me2AlF)4 at 638
and 614 cm�1.[37] For the band
at 864 cm�1 the respective
mode in the [Al(OR)4]


� salts is
always found around 832�


Table 3. The total energies at the BP86/SV(P) and partially also MP2/TZVPP levels, zero point energies
(ZPE, BP86/SV(P) quality), COSMO solvation enthalpies (erel=8.93) as well as thermal and entropic contri-
butions G(298 K) to the Gibbs free energy of all compounds used to establish the mechanism of the formation
of 2 and 3 in Scheme 2. All values are given in Hartree.


R=C(CF3)3 BP86/SV(P) (U(0 K)) ZPE COSMO G (298 K) MP2/TZVPP


Al(OR)3 �3618.91753 0.18692 �0.00272 0.11504 –
Al(OR)4


� �4744.54880 0.24459 �0.04035 0.15665 –
RO3Al-F-AlOR3


� �7337.85243 0.37050 �0.03516 0.25959 –
FAl(OR)3


� �3718.87659 0.18745 �0.04680 0.11587 –
C4F8 �950.47604 0.04615 �0.00299 0.01797 �949.95719
OC4F8 �1025.63918 0.05012 �0.00178 0.01894 �1025.07370
PCl3 �1721.67144 0.00453 �0.00215 �0.02497 �1720.05658
PCl2


+ �1261.19840 0.00314 �0.08766 �0.02427 �1259.98572
ROPCl2 �2387.00015 0.05789 �0.00217 0.01853 �2385.20193
Ag+ �146.75968 0 �0.09779 �0.01661 �146.21682
AgCl �607.21036 0.00077 �0.01530 �0.02378 �606.23344


Figure 6. IR Spectrum of a nujol mull of 2 between CsI plates in the
range of 400 to 1600 cm�1.


Table 4. Experimental bands of 2 and calculated frequencies of the
[(RO)3Al-F-Al(OR)3]


� anion; comparison with the [Al(OR)4]
� anion


bands of the NEt4
+[Al(OR)4]


� salt [cm�1].


NEt4
+[Al(OR)4]


� 2 calcd [(RO)3Al-F-Al(OR)3]
�


286 (mw) 295 (w) 280 (w)+289 (w)
316 (m) 318 (w) 304 (w)
331 (w) 331 (vw) 319 (w)
367 (mw) – 352 (w)
378 (mw) 374 (w) 367 (m)+385 (w)
447 (ms) 454 (m) 445 (m)
537 (m) 537 (m) 520 (m)
562 (m) – –
571 (m) 571 (m) 559 (m)
– 640 (m) 637 (m)
– 665 (sh, ?[a]) –
727 (s) 727 (s) 709 (s)
756 (mw) 760 (mw) –
833 (m) – –
– 862 (ms) 847+856 (m)
973 (s) 975 (s) 964 (s)
– 1150 (sh, ?) 1144 (mw)
1217 (vs) 1181 (sh) 1192 (mw)
1240 (s) 1215 (s) 1210 (s)
1254 (s) 1250 (vs) 1237 (vs)
1277 (vs) 1277 (vs) 1261 (s)
1299 (s) 1303 (s) 1333 (s)
1353 (ms) 1357 (s) 1345 (m)


[a] Ag(CH2Cl2)3
+?
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4 cm�1 and this difference of about 30 cm�1 also allows to
distinguish between [Al(OR)4]


� and [(RO)3Al-F-Al(OR)3]
�


salts.


NMR Spectra of the [(RO)3Al-F-Al(OR)3]
� anion : The


most drastic change of the NMR spectra of the [(RO)3Al-F-
Al(OR)3]


� anion in comparison with those of [Al(OR)4]
�


occurs in the 27Al NMR: the homoleptic anion always shows
very sharp resonances at d27Al=34 to 39 ppm with half
widths of 6 to 130 Hz. The position of the 27Al NMR shift of
the fluoride bridged anion is similar (34 ppm). However, the
half width increases by a factor of at least 17 to about
2200 Hz (Figure 7).


Small impurities of the homoleptic [Al(OR)4]
� anion in


the sample always lead to broad signals which bear a small
sharp signal due to [Al(OR)4]


� on top of it. Therefore the
broad signal of [(RO)3Al-F-Al(OR)3]


� provides clear evi-
dence for a clean starting material. We also observed the
bridging fluoride in the [(RO)3Al-F-Al(OR)3]


� anion in 2 at
d19F=�185 (calcd �194). This value is close to those ob-
served for other organometallic tetracoordinate Al-F-Al
bridged compounds, that is, d(19F) = �159 for the bridging
F in (RAl(F)(m-F))2 (R= [(Me3Si)N-C(Ph)(C(SiMe3)2]


�).[38]


All NMR data are collected in Table 5 and compared to the
DFT calculated NMR shifts as well as the respective shifts
in the homoleptic [Al(OR)4]


� anion.


Also the small but always reproducible difference be-
tween the 13C NMR shifts of the CF3 groups in both anions
of D(d13C)=0.5 can be used as a diagnostic for the elucida-
tion whether the bridged or the homoleptic anion is present
in the sample.


A possible mechanism for the formation of the fluoride
bridged anion : As seen above from the formation of the


P5Cl2
+ cation in the course of the preparation of 3, one may


assume that initially a PCl2
+ cation formed by reaction of


Ag+ with PCl3. To understand the mechanism of the forma-
tion of 2 and 3 we will therefore start to summarize the
properties of this very reactive player before suggesting a
likely mechanism.


The PCl2
+ cation : This species is well known in the gas


phase, but no reports on the presence of isolated PCl2
+ in


condensed phases exist. In the gas phase it was shown that
PCl2


+ abstracts fluoride from perfluorocyclohexane[39] and
cleaves cyclic ethers. The first step of this cleavage was
shown to be the addition of the phosphenium ion to the
oxygen atom of the ether giving Cl2P-OR2


+ .[40] Thus PCl2
+


is very reactive and cleaves even the very stable C�F bonds
in perfluorocyclohexane, but still may act as a Lewis acid
and coordinates oxygen-donors. Computational work by
Gudat[41] showed that the PCl2


+ cation is a true electrophilic
carbene analogue in which the largest lobe of the HOMO is
centered on the P atom (and not on the heteroatoms such
as in P(NH2)2


+). Formally the PX2
+ cations may be viewed


as being p-bonded with the MOs
shown in Figure 8. The better the
backbonding from the halogen or
other heteroatoms X in PX2


+ , the
more stable is PX2


+ . Consequently
many heteroatoms stabilized PX2


+


cations with X=NR2 or SR are
known,[42] but reports on phosphenium
ions with X=F, Cl are restricted to
the gas phase, while we presented rea-
sonable evidence to assume the for-
mation of long lived PBr2


+ and PI2
+


intermediates in CH2Cl2 solution at low temperatures.[18b, 29]


This is in line with the fluoride ion affinity (FIA)[43] of the
gaseous PX2


+ cation, the partial charges that reside on the P
atom as well as the shared electron numbers of the
P�X bonds with X=F–I collected in Table 6. For compari-
son the FIA values of CX3


+ (X=F–I)[19] are also included.
From the FIA values in


Table 6 one notes that the
heavier PX2


+ cations (X=Cl–I)
are considerably more reactive
than the heavier CX3


+ carbe-
nium ions of which the CI3


+


[Al(OR)4]
� salt dissolved in


CH2Cl2 is stable at room tem-
perature for days.[19] In PF2


+


Figure 7. 27Al NMR spectrum of the [(RO)3Al-F-Al(OR)3]
� anion.


Table 5. Typical NMR data of the [(RO)3Al-F-Al(OR)3]
� anion compared to the DFT calculated NMR shifts


as well as the respective shifts in the homoleptic [Al(OR)4]
� anion [experimental shifts in CD2Cl2 solution in


ppm].


Moiety [(RO)3Al-F-Al(OR)3] (exptl [(RO)3Al-F-Al(OR)3] (calcd) [Al(OR)4]
� (exptl)


Al 34 (D1=2
=2200 Hz) – 34–39 (D1/2=6–130 Hz)


OC(CF3)3 79 (broad) 85 80 (broad)
OC(CF3)3 121.0 (1JCF=291 Hz) 131 121.5 (1JCF=293 Hz)
OC(CF3)3 �75.3 �88 to �91 �76.0
Al-F-Al �184.6 �194 –


Table 6. FIA of PX2
+ and CX3


+ [kJ mol�1], partial charges residing on
the P atom in PX2


+ q(P) and shared electron numbers (SEN) of the P�X
bond obtained by MP2/TZVPP. The FIA values in parenthesis include
the solvation enthalpies as calculated by COSMO for CH2Cl2 as a sol-
vent.


X FIA(PX2
+) FIA(CX3


+)[19] q(P) SEN P–X


F 1087 (480) 1099 (497) 1.18 1.27
Cl 1003 (445) 904 (359) 0.82 1.38
Br 973 (431) 871 (343) 0.73 1.35
I 920 (395) 813 (302) 0.39 1.38


Figure 8. p-MOs of
PX2


+ .
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and PCl2
+ approximately a +1 charge resides on the P


atom.
From the preceding follows: PF2


+ is the most reactive
PX2


+ cation, but still PCl2
+ is substantially more reactive


than PBr2
+ , PI2


+ , CCl3
+ , CBr3


+ and CI3
+ , all of which could


be handled[19,29, 44] under conditions where the PCl2
+ inter-


mediate immediately reacted with the counterion.


Formation of [(RO)3Al-F-Al(OR)3]
� : Our suggestion for


anion decomposition and formation of the fluoride bridged
anion is presented in Scheme 2. The mechanism is hypothet-
ical; however, it agrees with all experimentally available re-
sults as well as quantum chemical calculations including sol-
vation and entropy effects.


The initially formed PCl2
+ cation presumably reacts with


excess PCl3 and is in equilibrium with P2Cl5
+ . We already


showed for the analogous
P2Br5


+ cation[29] that the latter
is an effective PBr2


+ donor in
solution. Therefore, the PCl2


+


present in the equilibrium will
react with the [Al(OR)4]


�


anion with abstraction of OR�


and formation of Cl2POR (see
reaction with ether[40] above).
The Al(OR)3 Lewis acid thus
formed then activates one of
the 36 equivalent C�F bonds
of another [Al(OR)4]


� anion
and forms [F-Al(OR)3]


� and


the epoxide C4F8O (as also seen in the reaction of AlMe3


with 3 ROH above). This reaction is supported by the for-
mation of a new C�O bond in C4F8O. After dissociation of
the initially coordinated weak base C4F8O, the [(RO)3Al-F-
Al(OR)3]


� anion formed by combination of [F-Al(OR)3]
�


with Al(OR)3. In the final step C4F8O acts as an oxygen
donor that oxidizes the excess PCl3 to OPCl3 which is stable
against Cl� abstraction and precipitation of AgCl.[45] Also,
ROPCl2 is (kinetically?) stable against Cl� abstraction. If, as
in reaction (5), P4 is present in the solution, this reagent,
now available in the right stoichiometric amount, coordi-
nates to Ag+ and forms 3 (Eq. (7) in Scheme 2). After filtra-
tion from the insoluble AgCl and removal of all volatiles in
vacuo (CH2Cl2, C4F8 und OPCl3) 2 and 3 are obtained in
good yield. This postulated mechanism is in agreement with
the formation of 2 and 3, the mass balance of the reaction
leading to 2, the elemental analysis of 2, as well as the by-
products Cl2POR [decet at d31P(�80 8C)=�214.6 (3JPF=


28.5 Hz] and C4F8O [d19F(�80 8C)=�69.2 (s, CF3), �108.3
(s, CF2)] observed in in situ NMR experiments of reac-
tion (4) in CD2Cl2 solution.


Investigation of the stability of the [(RO)3Al-F-Al(OR)3]
�


anion : An analysis of the structural parameters of the
[(RO)3Al-F-Al(OR)3]


� anion clearly shows that it is more
stable against ligand abstraction than the homoleptic
[Al(OR)4]


� anion. Thus the average Al–O distance in
[Al(OR)4]


� is 1.725 P, while it shrunk in [(RO)3Al-F-
Al(OR)3]


� by 0.027 to 0.036 P to about 1.695 P (Table 7).
Comparison to the closely related and sterically less


crowded anion in Cs+[(RO)2(Me)Al-F-Al(Me)(OR)2]
�


(CsX) with 0.03 to 0.04 P longer Al�O and Al�F bonds
shows that the very short Al�O and Al�F distances in the
[(RO)3Al-F-Al(OR)3]


� anion are due to the very electro-
philic and highly Lewis acidic Al centers which stabilize the
anion against ligand abstraction. In agreement with this we
recently prepared PI4


+ , CI3
+ and other reactive cation salts


starting from 2.[31,44] From the space filling models of
[Al(OR)4]


� and [(RO)3Al-F-Al(OR)3]
� shown in Figure 9


one notes that the oxygen atoms in the fluoride bridged
anion are less accessible. Therefore, they are not available
for coordination as the starting point for anion decomposi-
tion as those of [Al(OR)4]


� in Scheme 2.
In contrast to the less crowded [(RO)2(Me)Al-F-


Al(Me)(OR)2]
� anion also the bridging fluoride is complete-


Scheme 2. Hypothetical mechanism for the formation of 2 and 3. The cal-
culated Gibbs energies DG in CH2Cl2 solution are given at 298 K in
kJ mol�1.


Table 7. Comparison of the structural parameters of the [(RO)3Al-F-Al(OR)3]
� anions in 2 and 3 with those


of P2I5
+[(RO)3Al-F-Al(OR)3]


� ,[29] Cs+[(RO)2(Me)Al-F-Al(Me)(OR)2]
� (CsX) and [Al(OR)4]


� as
Ag(Cl2C2H4)3


+ salt.[20]


Parameter P2I5
+ [a] 2 3 CsX[b] Al(OR)4


�


d(Al–O)range [P] 1.681(6)–
1.694(5)


1.691(3)–
1.701(3)


1.696(2)–
1.699(2)


1.725(4)–
1.745(4)


1.714(3)–
1.736(3)


d(Al-O)av. [P] 1.689 1.697 1.698 1.739 1.725
a(Al-O-C)av. [8] 153.1 150.5 151.1 144.5 149.5
d(Al–F)range [P] 1.764(2)–


1.775(2)
1.769(1) 1.7654(7) 1.791(3)–


1.811(3)
–


d(Al–F)av. [P] 1.770 – – 1.801 –
a(Al-F-Al) [8] 180 180 180 152.3 –


[a] In P2I5
+[(RO)3Al-F-Al(OR)3]


� .[29] [b] CsX=Cs+[(RO)2(Me)Al-F-Al(Me)(OR)2]
� .
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ly covered by CF3 groups and not available for coordination
and/or decomposition. This notion is in agreement with the
known strengths of the Al�F bond as well as the fluoride
ion affinity (FIA)[43] of two molecules of Al(OR)3


(685 kJ mol�1).[35, 43,46] This value was calculated in analogy to
the FIA[47] value of gaseous SbF5 of 503 kJ mol�1. The calcu-
lated FIA value of 2 Al(OR)3 represents the highest known
FIA. It is even higher than the FIA of monomeric AuF5, re-
cently calculated by Seppelt et al. as 590 kJ mol�1.[48] In anal-
ogy to [Sb2F11]


� , which is considerably more stable towards
fluoride abstraction than [SbF6]


� , the [(RO)3Al-F-
Al(OR)3]


� anion is also more stable towards electrophiles
than the [Al(OR)4]


� anion. The fact that 2 Al(OR)3 is a
stronger Lewis acid than 2 SbF5 may also be shown in the
following isodesmic reaction (8) calculated by BP86/SV(P):


2AlðORÞ3 þ Sb2F
�
11


DrH¼�40 kJmol�1


���������!ðROÞ3Al-F-AlðORÞ�3 þ 2 SbF5


ð8Þ


Equation (8) shows that the F� affinity of the Lewis acid
2 Al(OR)3 is by 40 kJ mol�1 higher than that of 2 SbF5. This
very high FIA of 2 Al(OR)3 is the reason for the instability
and high reactivity nature of the Al(OR)3 Lewis acid that
was generated in situ from AlMe3 and 3 ROH.[30, 31] Further
DFT calculations showed[35] the stability of the [(RO)3Al-F-
Al(OR)3]


� anion as evidenced by the FIA, the ligand affini-
ty LA,[49a] the anion decomposition in the presence of a hard
(H+ , PD)[49b] or soft (Cu+ , CuD)[49b] electrophile, the
HOMO level,[49c] the HOMO–LUMO gap[49d] and the partial
charges of most negatively charged atoms[49e] taken from


refs. [1d,35] and collected in
Table 8 in comparison to other
WCAs.


According to each entry in
Table 8 the fluoride bridged
[(RO)3Al-F-Al(OR)3]


� anion
is among the very best WCAs.


On the ground state structure
of the Ag(h2-P4)2


+ cation :
Figure 10 shows drawings of
the structure of the Ag(h2-
P4)2


+ cation as [Al(OR)4]
� and


[(RO)3Al-F-Al(OR)3]
� salts.


From this drawings we con-
clude that the symmetry of the


ground state structure of the Ag(h2-P4)2
+ cation (D2, D2h or


D2d) depends on temperature, weak P–F contacts and, most
important, packing effects of the ions in the ionic lattice.


This conclusion is in agreement with the calculated flat
potential for a rotation of the P4 tetrahedra around the Ag
(P2-centroid) vector.[14, 50] Thus we could show for the first
time on experimental grounds that several orientations of
the Ag(h2-P4)2


+ cation are very close in energy and that the
finally realized geometry—D2 or D2h


[14]—clearly depends on
the solid state requirements of the packing of the ions. Also
the related [Au(P3Mtppme)2]


+PF6
� (M=Co, Rh, Ir) con-


tains a similar interplanar angle of 518 of the two h2-P3


cycles bonded to the Au atom.[51] This conclusion also shows


Figure 9. Comparison of the space filling models of [Al(OR)4]
� and [(RO)3Al-F-Al(OR)3]


� (R=C(CF3)3).
One should note the better steric shielding of the most basic oxygen atoms in the fluoride bridged anion.


Table 8. Calculated properties of WCAs taken from refs. [1d, 35]. The FIA of the parent Lewis acid, the LA, PD and CuD of the WCA, the position of
the HOMO of the WCA in eV, the HOMO–LUMO gap of the WCA in eV, the partial charge of the most negatively charged atom qneg. , the partial
charge of the most negatively charged surface atom qsurf. .


Anion FIA LA PD CuD HOMO Gap qneg. Atomneg. qsurf. Atomsurf.


[kJ mol�1] [kJ mol�1] [kJ mol�1] [kJ mol�1] [eV] [eV]


[Sb4F21]
� vs Sb4F20 584 [a] �991 �301 �6.579 3.256 �0.39 F �0.39 F


[Sb(OTeF5)6]
� 633 341 �973 �353 �6.610 2.326 �0.61 O �0.39 F


[Al(OR)4]
� (R=C(CF3)3) 537 342 �1081 �395 �4.100 6.747 �0.24 O �0.20 F


[(RO)3Al-F-Al(OR)3]
� (R=C(CF3)3)


[b] 685[b] 441 �983 �297 �4.987 6.500 �0.23 O �0.20 F
[B(C6F5)4]


� 444 296 �1256 �538 �3.130 4.196 �0.21 F �0.21 F
[B(CF3)4]


� 552 490 �1136 �379 �3.530 9.158 �0.58 B �0.21 F


[a] LA and FIA are identical. [b] FIA vs. 2 Al(OR)3.


Figure 10. Temperature and anion dependence of the orientations of the
Ag(h2-P4)2


+ cations ([Al(OR)4]
� and [(RO)3Al-F-Al(OR)3]


� salts).
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that back bonding from occupied 4d10 silver orbitals, as sug-
gested by DFT calculations (40 to 60 kJ mol�1),[14,50] is not
structure determining, since in this case a clear structural
preference for a 0 or 908 torsion angle would have been ob-
served regardless which anion was used. This shows that the
results of population analyses of quantum chemical DFT
calculations for such weakly bound systems are at least de-
batable.


Conclusion and Outlook


In conclusion we note that the negative charge of the
[(RO)3Al-F-Al(OR)3]


� anion is dispersed over a “Teflon-
surface” built from 54 peripheral C�F bonds. This anion
contains 18 peripheral fluorine atoms more than all other
currently known WCAs and, since the more basic oxygen
atoms are no longer available for coordination due to steric
reasons, it is the least coordinating anion currently known.
Moreover, it is in almost every entry collected in Table 8
among the very best WCAs currently known. However, due
to the methodology used, carborane based anions had to be
excluded from Table 8. Of those anions only the
[CB11(CF3)12]


� anion[25] is a close competitor of [(RO)3Al-F-
Al(OR)3]


� in terms of coordinating ability; in terms of sta-
bility towards reactive and simple cations the [CB11F12]


�


anion[24] or the [CB11Cl6(R)6]
� (R=H, CH3) anions[23] are


certainly superior. The presented simple preparation of the
Ag+[(RO)3Al-F-Al(OR)3]


� 2 silver salt should lead to an
application of this anion in all areas of chemistry where
cation–anion interactions have to be rigorously minimized;
that is below the coordination level provided by [Al(OR)4]


�


or a related anion or when especially reactive cations not
compatible with [Al(OR)4]


� or a related anion have to be
stabilized.


Experimental Section


All manipulations were performed using standard grease free Schlenk or
dry box techniques and a dinitrogen or argon atmosphere. Apparatus
were closed by J. Young valves. CH2Cl2 was rigorously dried by five addi-
tions of 20 g portions of P2O5 over 4 d followed by distillation; it was de-
gassed prior to use and stored under N2. Yellow phosphorus was sub-
limed prior to use. The silver aluminate Ag[Al(OR)4] was prepared ac-
cording to the literature.[20] FT-Raman spectra were obtained at r.t. from
neat samples sealed under a dinitrogen atmosphere in dried melting
point capillaries or 5 mm NMR tubes on a FT-IR spectrometer (Bruker
IFS-66) equipped with a FT-Raman accessory (Bruker FRA-106) using a
Nd-YAG laser (1064 nm irradiation, 4 cm�1 resolution). IR spectra were
recorded on the same spectrometer in Nujol mull between CsI plates.
NMR spectra of sealed samples were run on a Bruker AC250 spectrome-
ter in CD2Cl2 and were referenced towards the solvent (1H, 13C) or exter-
nal H3PO4 (31P), CFCl3 (19F) and aqueous AlCl3 (27Al).


THF·Al(OC(CF3)3)3 1: A 2.0m solution of Al(CH3)3 in heptane (3.6 mL,
7.173 mmol) was added dropwise (2 h) to a cooled solution (0 8C) of
(CF3)3COH (3 mL, 21.519 mmol) in pentane (30 mL), while methane gas
formed during the reaction. After addition of the Al(CH3)3, the solvent
was evaporated leaving a yellow-brownish solid, insoluble in pentane as
well as in CH2Cl2. Sublimation failed leaving a dark, nearly black solid.
This residue was dissolved in THF and X-ray quality crystals were ob-
tained from THF at �288C. Yield: 0.182 g (3.2 % with respect to nona-
fluorotertbutanol) as a crystalline compound. 1H NMR (250 MHz,


CD2Cl2, 25 8C): d=4.30 (m, 4H), 2.15 (m, 4H); 27Al NMR (78 MHz,
CD2Cl2, 25 8C): d=39.3 (s, ñ1=2


=624 Hz).


A more convenient route to 1 is the reaction of 3 equiv LiAlH4 with
AlCl3 in THF at �78 8C (=̂4 “AlH3”+3LiCl) followed by quick addition
of 12 equiv HO-C(CF3)3 at �78 8C (NMR data is identical to that above).
When precooled stock solutions of LiAlH4 and AlCl3 (2.0 molar) were
mixed at �78 8C and the perfluorinated alcohol was added within 10 min
after mixing, the reaction was quantitative (NMR). 1 was isolated as col-
orless crystals in 87 % yield by immediate evaporation of the THF sol-
vent, followed by immediate extraction of the remaining white solid with
CH2Cl2 and subsequent cooling of the concentrated CH2Cl2 filtrate to
�30 8C. A CH2Cl2 solution of 1 decomposes at RT within 12 h to give the
ether cleavage product. Solid 1 is stable at RT for weeks.


Cs+[(CF3)3CO]2(Me)Al-F-Al(Me)[OC(CF3)3]
� : A 2.0m solution of


Al(CH3)3 in heptane (1.2 mL, 2.4 mmol) was added dropwise to a cooled
solution (�788C) of (CF3)3COH (1.00 mL, 7.173 mmol) in pentane
(10 mL). Slow liberation of methane occurred. After addition of trime-
thylaluminum (several hours) the flask was allowed to reach 08C and
than the solvent was evaporated at this temperature. CsF (0.183 g,
1.2 mmol) was added to the residue at 0 8C followed by addition of
CH2Cl2 (15 mL) at the same temperature. After 2 h stirring at RT a solu-
tion above brown solid material resulted that was filtered to give a clear
yellow-brownish filtrate. The solid material was discarded. Crystals suita-
ble for X-ray crystallography were obtained from the concentrated
CH2Cl2 filtrate at �288C. Yield: 0.698 g (33 % with respect to nonafluor-
otertbutanol) as a crystalline compound. 13C NMR (63 MHz, CD2Cl2,
25 8C): d=121.57 (q, CF3,


1JCF=291.1 Hz), 78.80 (sept, 2JCF=31.1 Hz);
27Al NMR (78 MHz, CD2Cl2, 25 8C): d=88.7 (s, ñ1/2=5 kHz); FT-IR(Nu-
jol): ñ =1247 (s), 1224 (s), 1201 (s), 998 (sh), 968 (vs), 812 (s), 736 (w),
725 (s), 682 (sh), 666 (s), 582 (sh), 440 (s), 370 (s), 356 (m), 340 (w), 310
(s), 292 cm�1 (s).


[Ag(CH2Cl2)3]
+[(RO)3Al-F-Al(OR)3]


� [R=C(CF3)3] (2): In a typical
procedure Ag[Al(OR)4] was weighed (9.85 g, 9.16 mmol) into a two
bulbed frit plate vessel closed by J. Young valves and dissolved in CH2Cl2


(50 mL) to yield a slightly brownish clear solution. Then freshly distilled
(!) PCl3 (0.80 mL; 1.26 g, 9.17 mmol) was added at RT and the mixture
wrapped with aluminum foil and stirred for five days at RT. The AgCl
precipitated was filtered off and the residue washed several times by
back condensing the solvent. Then all volatile materials were removed in
the vacuum of an oil pump (weight of the non volatile residue: 8.324 g,
expected with the mechanism according to Scheme 2: 8.186 g). Yield:
7.100 g (84 %) spectroscopically pure beige [Ag(CH2Cl2)x]


+[(RO)3Al-F-
Al(OR)3]


� (x�3). By further evacuation in the vacuum of a diffusion
pump all three coordinated CH2Cl2 molecules may be removed within
24 h (NMR). 13C NMR (63 MHz, CD2Cl2, 25 8C): d =121.0 (q, 1JC,F=


291.0 Hz, CF3), 79 (m, C(CF3)3); 19F NMR(288 MHz, CD2Cl2, 25 8C): d =


�75.3 (s, CF3), �184.6 (s, Al-F-Al); 27Al NMR (78 MHz, CD2Cl2, RT):
d=33.5 (s, broad); IR (CsI, Nujol): ñ (%)=1357 (55), 1303 (74), 1277
(86), 1250 (97), 1215 (92), 1181 (61), 976 (100), 864 (33), 760 (22), 727
(87), 665 (29), 641 (37), 571 (32), 538 (43), 453 (40), 376 (27), 330 (18),
319 (26), 296 cm�1 (29); elemental analysis calcd (%) for Ag-
Al2O6F55C27H6Cl6 (%): Ag 5.84; found: Ag 5.85.


[Ag(P4)2]
+[(RO)3Al-F-Al(OR)3]


� [R=C(CF3)3] (3): Ag(CH2Cl2)-
[Al(OR)4] (0.393 g, 0.34 mmol) and P4 (0.043 g, 0.34 mmol) were weighed
into a two bulbed frit plate vessel closed by J. Young valves, dissolved in
CH2Cl2 (20 mL) and cooled to �78 8C. At this temperature freshly distil-
led PCl3 (30 mL, 0.34 mmol) was added through a 50 mL Hamilton syringe
with a Teflon canula. The mixture was stirred for 5 days at RT, filtered
from the insoluble AgCl and the volatiles of the slightly brownish solu-
tion removed until nearly all solvent was removed and an oil had
formed. The oil was stored over night at 0 8C when most of the product
crystallized in large blocks. The remaining few drops of solution were
decanted off at 0 8C and the crystals dried in vacuo to give spectroscopi-
cally pure [Ag(P4)2]


+[(RO)3Al-F-Al(OR)3]
� (0.27 g, 86 %). 31P NMR


(101 MHz, CD2Cl2, 25 8C): d=�496; 31P NMR (101 MHz, CD2Cl2,
�80 8C): d=�487; 13C NMR (63 MHz, CD2Cl2, 25 8C): d=121.0 (q,
1JC,F=291.0 Hz, CF3), 79 (m, C(CF3)3); 27Al NMR (78 MHz, CD2Cl2, RT):
d=34 (s, broad); Raman: ñ=804 (w, Al�O), 800 (w, Al�O), 750 (w, Al�
O), 600 (vs, P4-Ag), 472 (s, P4-B2g), 458 (w, P4-B1g), 413 (w, P4-Ag), 381
(sh, P4-B3g), 373 (s, P4-Ag), 322 cm�1 (w, Al�O).
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X-ray Crystallography : The data collections for the X-ray structure deter-
minations were performed on STOE IPDS I and IPDS II diffractometer
by using graphite-monochromated MoKa (0.71073 P) radiation. Single
crystals were mounted in perfluoroether oil on top of a glass fiber and
then brought into the cold stream of a low temperature device so that
the oil solidified. All calculations were performed on PCs by using the
SHELX97 software package. The structures were solved by direct meth-
ods and successive interpretation of the difference Fourier maps, fol-
lowed by least-squares refinement. All non-hydrogen atoms were refined
anisotropically. If hydrogen atoms were present in the structures, they
were included in the refinement in calculated positions by a riding model
using fixed isotropic parameters. Relevant data concerning crystallogra-
phy, data collection and refinement details are compiled in Table 9.


CCDC-211 690 (1), -211 691 (Cs+[(RO)2(Me)Al-F-Al(Me)(OR)2]
�),


-211 692 (2) and -211 693 (3) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK;
fax: (+44)1223–336033; or email: deposit@ccdc.cam.ac.uk.


Computational details : The quantum chemical calculations for the Gibbs
energies with inclusion of solvation enthalpies for CH2Cl2 at 298 K given
in Scheme 2 were done with Turbomole[52] and Gaussian 98.[53] All geom-
etry optimizations with (RI-)BP86/SV(P) and (RI-)MP2/TZVPP,[54, 55, 56, 57]


COSMO solvation energy calculations[58] in CH2Cl2 and frequency calcu-
lations were done with Turbomole. The 28 core electrons of Ag were re-
placed by a quasi relativistic effective core potential.[57] The thermal and
entropic contributions to the Gibbs energy at 298 K were obtained with
Gaussian at the PM3-level. All species included in Scheme 2 are true
minima with no imaginary frequencies on the respective potential energy
surface (BP86/SV(P) quality). For Equations (6a) and (6e) we used MP2/
TZVPP calculations as a basis. However, due to the size of the system,
we could only use (RI-)BP86/SV(P) for Equations (6b,c,d).
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Relative Stabilities of Weakly Coordinating Anions: A Computational Study


Ingo Krossing* and Ines Raabe[a]


Introduction


Weakly coordinating anions (WCAs) are of great current in-
terest and have impact on applied and fundamental sci-
ence.[1,2] Applications of WCAs lie, for example, in homoge-
nous catalysis,[3–5] polymerization chemistry,[1c,6,7] ionic liq-
uids,[8,9] electrochemistry,[10–12] photolithography,[13–16] and
lithium ion batteries.[17–19] More fundamental applications
are the stabilization of reactive electrophilic cations or
weakly bound adducts, for example, AuXe4


2+ ,[20] Xe2
+ ,[21]


HC60
+ ,[22] Mes3Si+ ,[23] Ag(CO)2


+ ,[24] N5
+ ,[25] [Ir(CO)6]


3+ ,[26]


Ag(L)2
+ (L=P4,


[27] S8,
[28] P4S3


[29]), Ag(C2H4)3
+ ,[30] P5X2


+ (X=


Br, I),[31] and CX3
+ (X=Cl, Br, I).[32, 33] Consequently, a


large number of WCAs was developed in the last decade
and recently reviewed in reference [1d].


One question that is still open is the reliable ordering of
the relative stabilities and coordinating abilities of all types
of WCAs known today. Earlier attempts used the 29Si NMR
shift of the Si(iPr)3


d+Xd� silylium ion pair (X=WCA) as a
measure, whereby shifts to lower field indicate a more pro-
nounced cationic character of the Si(iPr)3


d+ part, which is
an indication for a more weakly coordinating anion X� .[34]


However, inertness and coordinating ability of WCAs do
not always come hand in hand, and therefore the reactive
nature of the Si(iPr)3


d+ part precludes the investigation of
many anions that proved to be very weakly coordinating
due to anion decomposition (e.g., all fluorometallates and
teflate-based anions). A recent conference report by Reed
evaluates the N�H stretching vibration of a series of ammo-
nium salts (n-oct)3NH+[X]� (X=WCA) in CCl4 on the basis
of the following assumption: The higher the frequency of


[a] Priv. Doz. Dr. I. Krossing, Dipl. Chem. I. Raabe
Universit@t Karlsruhe, Institut fAr Anorganische Chemie
Engesserstr. Geb. 30.45, 76128 Karlsruhe
Fax: + (49)721-608-48-54
E-mail : krossing@chemie.uni-karlsruhe.de


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author: Drawings of
each calculated compound shown in Figure 1 and their parent Lewis
acids and fluoride complexes, their basic structural parameters, and
an xyz orientation (in Bohr units). Solvation energies of the calculat-
ed anions and their parent Lewis acids; total energies for Equa-
tions (12)–(18).


Abstract: This article describes BP86/
SV(P) (DFT) calculations on a repre-
sentative set of weakly coordinating
anions (WCAs) of type [M(L)n]


� , their
parent neutral Lewis acids M(L)n�1 and
their ate complexes with fluoride, that
is, [FM(L)n]


n�1 (M=B, L=F, OTeF5,
C6H5, C6F5, C6H3(CF3)2, CF3; M=P, As,
Sb, L=F, OTeF5; M=Al, L=


OC(CF3)3). Compounds with fluoride
bridges, that is, SbnF5n and [SbnF5n+1]


�


(n=2, 3, 4), Al2(L)5F and [(L)3Al-F-
Al(L)3]


� (L=OC(CF3)3), (F4C6{1,2-
B(L)2}2, [F4C6{1,2-B(L)2}2F]� , [F4C6{1,2-
B(L)2}2OMe]� (L=C6F5) were also cal-
culated. Based on these BP86/SV(P)
and auxiliary MP2/TZVPP, G2, and
CBS-Q calculations the relative stabili-
ties and coordinating abilities of these
WCAs were established with regard to
the fluoride ion affinities (FIA) of the


parent Lewis acids, the ligand affinity
(LA) of the WCAs, the decomposition
of a given WCA in the presence of a
hard (H+ , proton decomposition PD)
and a soft electrophile (Cu+ , copper
decomposition CuD), the position of
the HOMO, the HOMO–LUMO gap,
and population analyses of the anions
providing partial charges for all atoms.
To obtain data that is more reliable,
the assessed quantities were calculated
through isodesmic reactions. If parts of
the calculations could not be done iso-
desmically, higher levels such as MP2/
TZVPP, G2, and CBS-Q were used to
obtain reliable values for these reac-


tions. Although the obtained results
can not be taken as absolute, the rela-
tive ordering of the stabilities of all
WCAs will undoubtedly be correct,
since a single methodology was chosen
for the investigation. To include media
effects the decomposition reactions of
a subset of 14 WCAs with the SiMe3


+


and [Cp2ZrMe]+ ions were also calcu-
lated in PhCl and 1,2-F2C6H4 (COSMO
solvation model). We found that in
most cases gas-phase calculations and
solution calculations give comparable
results for the stability of the anion.
Applications of the LA and FIA that
allow one to decide, on thermodynamic
grounds, which WCA or Lewis acid is
the most suitable for a given problem
are sketched.


Keywords: anions · density func-
tional calculations · Lewis acids ·
solvent effects · thermodynamics
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the stretching vibration, the less the anion interacts with the
cation and the more weakly coordinating is [X]� .[35] This
scale gives an ordering of the relative coordinating ability of
the WCA towards (n-oct)3NH+ in CCl4, but still awaits full
publication.[35] To investigate the stabilities of fluorometalate
anions such as BF4


� , MF6
� (M=P, As, Sb, etc.), the fluoride


ion affinities (FIAs) of their parent Lewis acids A, that is,
BF3, MF5, and so forth, were estimated on thermodynamic
grounds [Eq. (1)]:[36]


AðgÞ þ F�
ðgÞ


DH¼�FIA
�����!AF�


ðgÞ ð1Þ


The higher the FIA of the parent Lewis acid A of a given
WCA, the more stable it is towards decomposition on ther-
modynamic grounds. Christe and Dixon chose a computa-
tional approach to obtain a larger relative Lewis acidity
scale based on the calculation of the FIA in an isodesmic re-
action with OCF3


� and the experimental FIA of OCF2 of
209 kJmol�1.[37] Others used the same methodology.[38–41]


Hitherto, this approach was limited to relatively small sys-
tems.


In this contribution, we chose an entirely computational
approach to allow comparison of the properties of very dif-
ferent types of WCAs such as the fluoroantimonates and
perfluoroarylborates. The structures of WCAs of type
[M(L)n]


� (L=monoanionic ligand), their parent Lewis acids
A=M(L)n�1, and the AF�= [FM(L)n�1]


� ions were opti-
mized with DFT methods at the (RI-)BP86/SV(P) level.
With these calculated data and auxiliary (RI-)MP2/TZVPP,
G2, and CBS-Q calculations, the thermodynamic stability
and coordinating ability of the WCAs was established on
the basis of the ligand affinity LA of the parent Lewis acid
A=M(L)n�1, the FIA of the parent Lewis acid A, as calcu-
lated with the methodology of Christe and Dixon,[37] the de-
composition of a given anion in the presence of a hard (H+ ,


proton decomposition PD) and a soft electrophile (Cu+ ,
copper decomposition CuD), the position of the HOMO, as
well as the HOMO–LUMO gap and population analyses of
the anions providing partial charges for all atoms. All these
calculations were done in the gas phase. To include media
effects the decomposition reactions of a subset of 14 WCAs
with the simplest organometallic silylium ion [SiMe3]


+ and
the prototype of a metallocene catalyst for olefin polymeri-
zation [Cp2ZrMe]+ were also calculated in the typically em-
ployed solvents PhCl and 1,2-F2C6H4 (COSMO solvation
model). Figure 1 gives an overview of the larger WCAs as-
sessed in this article.


Results


For the sake of readability of the paper for noncomputation-
al chemists, the structures and total energies of the assessed
compounds are collected in the appendix at the end of this
paper; more extensive discussions can be found in the Sup-
porting Information. One drawing of each optimized com-
pound, together with basic structural parameters and a xyz
orientation (in Bohr) has been deposited. Readers interest-
ed in fine structural details of the optimized species are re-
ferred to the Supporting Information.


The size of the necessary calculations with anions contain-
ing up to 87 heavy atoms (excluding H) only allowed the
use of DFT theory to establish the properties of these spe-
cies. To obtain data that is more reliable, the assessed quan-
tities were calculated through isodesmic reactions. If some
parts of the calculations could not be done isodesmically,
higher levels such as MP2/TZVPP, G2, and CBS-Q were
used to obtain reliable values for these reactions.


We start this section with the calculation of anchor points
for the evaluation of the anion stability before turning to


Figure 1. Overview of the larger WCAs assessed in this article.
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concepts for the analysis of WCA stability and the examina-
tion of solvation effects.


Anchor point I—direct calculation of the FIA of Al2F6 with
G2 and CBS-Q : To obtain a reliable anchor point for the
calculation of the FIA of compounds with fluoride bridges,
the structures and total energies of AlF3 (D3h), AlF4


� (Td),
Al2F6 (D2d), Al2F7


� (Ci), OCF2 (C2v) and OCF3
� (C3v) were


calculated at the G2 and CBS-Q compound levels (Table 1;
for total energies, structural parameters, and comment, see
Supporting Information). For comparison, the MP2/TZVPP
results are also included. With these results the standard en-
thalpies of reaction for the formation of AlF4


� and Al2F7
�


from AlF3, 2AlF3, and Al2F6 were calculated. For compari-
son to experimental data,[42] the standard enthalpies of reac-
tion for the formation of Al2F7


� from AlF3 and AlF4
� as


well as the dissociation of Al2F6 giving 2AlF3 were also as-
sessed (Table 1).


The calculated reaction enthalpies/energies are very simi-
lar for all three methods and differ by a maximum of
9 kJmol�1 (entry a in Table 1), and the agreement with avail-
able experimental data is good. By addition of the FIA of
OCF2 of 209 kJmol�1[37] to the enthalpies/energies of en-
tries c–e, the FIAs of AlF3, 2AlF3, and Al2F6 were obtained
(entries f–h). The FIA of AlF3 of 478–482 kJmol�1 is in very
good agreement with that obtained at the simpler BP86/
SV(P) level (467 kJmol�1), which was used for the assess-
ment of the FIAs of the parent Lewis acids of the larger
WCAs above.


We will use the average of the FIAs of 2AlF3


(705 kJmol�1) and Al2F6 (500 kJmol�1) calculated at the
most reliable G2 and CBS-Q levels for the evaluation of the
FIA of compounds with fluoride bridges (see below).


Anchor point II—direct calculation of the LA of [F3AlL]
�


with MP2/TZVPP and other methods : For the reliable eval-
uation of the ligand affinity LA of a WCA [M(L)n]


� , the
structures of the free ligand L� and its AlF3 complex
[F3AlL]� were calculated at the BP86/SV(P), B3LYP/
TZVPP, and MP2/TZVPP levels. As shown above, the MP2/
TZVPP, G2, and CBS-Q calculations for the aluminum fluo-
ride species agree within 5 kJmol�1. Since the size of the


compounds calculated in this section is prohibitive for the
application of compound methods such as G2 and CBS-Q,
we chose the MP2/TZVPP method as the best applicable
level that gives reliable results. To check the quality of the
calculations the BP86/SV(P) and selected B3LYP/TZVPP
results are also included in Table 2. Next the energies


DU(0 K) of the reaction given in Equation (2) were calculat-
ed at these three levels.


½F3AlL�� DU¼?
���!AlF3 þ L� ð2Þ


Since this reaction is non-isodesmic, it is of importance to
check the similarity of the reaction energies with different
methods. All calculated reaction energies are listed in
Table 2.


Generally, the agreement between the BP86/SV(P) and
MP2/TZVPP reaction energies in Table 2 is good and within
less than 25 kJmol�1. The same holds for the B3LYP and
MP2 values. The only exception is the abstraction of the
CF3


� ion at the BP86 level. For the correct energetic de-
scription of this species, which has the highest relative fluo-
rine content of all L� in Table 2, the delocalization of the
negative charge is presumably very important. This requires
more flexible basis sets than SV(P), as used for the BP86
calculation. The B3LYP and MP2 values with the larger
TZVPP basis agree within 11 kJmol�1. Similarly, when the
reaction energy with L�=CF3


� was calculated at the BP86/
TZVPP level, it decreased from 406 (SV(P)) to
349 kJmol�1, well within the range of the MP2 (344) and
B3LYP (355) values. Thus it follows that reaction energies
for non-isodesmic reactions with the flexible TZVPP basis
are more reliable. Since, in our experience and as shown in
the preceding section, the MP2/TZVPP level gives better
geometries and energies than the B3LYP/TZVPP level,[31]


the MP2/TZVPP values in Table 2 were chosen as the
anchor point for the calculation of the ligand affinity LA
below.


Concepts for analyzing the stability and coordinating ability
of a WCA on computational grounds : With the following
reasonable suggestions the relative stability and coordinat-
ing ability of the WCAs were compared:


1) All anions that are based on a Lewis acidic central atom
are prone to ligand abstraction as a decomposition reac-


Table 1. Standard enthalpies of reaction DH8 and reaction energies
DU(0 K) for the formation of Al2F7


� and related species (in kJmol�1). Ex-
perimental enthalpies of reaction DH8 for reactions a) and b).[42] Fluoride
ion affinities of AlF3, 2AlF3, and Al2F6 in kJmol�1.


Reaction Exptl[42] DU(0 K)[a] DH8[b] DH8[c]


a) Al2F6!2AlF3 215 205.8 210.4 201.5
b) AlF4


�+AlF3!Al2F7
� �208[d] �224.3 �228.0 �226.1


c) Al2F6+OCF3
�!Al2F7


�+OCF2 – �291.8 �286.7 �294.1
d) 2AlF3+OCF3


�!Al2F7
�+OCF2 – �497.6 �497.1 �495.6


e) AlF3+OCF3
�!AlF4


�+OCF2 – �273.3 �269.1 �269.5
f) jDH[Eq. c] j+209[e]=FIA(Al2F6) – 500.8 495.7 503.1
g) jDH[Eq. d] j+209[e]=FIA(2AlF3) – 706.6 706.1 704.6
h) jDH[Eq. f] j+209[e]=FIA(AlF3) – 482.3 478.1 478.5


[a] MP2/TZVPP. [b] G2. [c] CBS-Q. [d] This value is not very reliable be-
cause the errors for the experimental standard enthalpies of formation of
AlF4


� and Al2F7
� are quite large (
100 and 
15 kJmol�1). [e] The FIA of


OCF2 is 209 kJmol�1.


Table 2. Reaction energies DU(0 K) for dissociation of [F3AlL]� to L�


and AlF3 [Eq. (2)] at the BP86/SV(P), B3LYP/TZVPP, and MP2/TZVPP
levels (L=OTeF5, C6H5, C6F5, C6H3(CF3)2, CF3, OCH3, OC(CF3)3).


L� BP86[a] [kJmol�1] B3LYP[b] [kJmol�1] MP2[b] [kJmol�1]


C6H5 433 – 425
C6F5


� 321 298 315
C6H3(CF3)2


� 395 – 380
CF3


� 406 355 344
OC(CF3)3


� 331 298 321
OCH3


� 472 – 475
OTeF5


� 248 251 273


[a] SV(P) basis set. [b] TZVPP basis set.
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tion.[1d] A measure for the intrinsic stability of a given WCA
is the Lewis acidity of the parent Lewis acid A, for example,
B(C6F5)3 for the [B(C6F5)4]


� ion. A firmly established mea-
sure for Lewis acidity is the fluoride ion affinity FIA calcu-
lated through an isodesmic reaction [Eq. (3)]:[37]


We calculated the FIAs according to this known[37]


scheme, and all FIAs of the parent Lewis acids A of the
WCAs examined are included in Table 5 below. The previ-
ously established[37] anchor point for this scale is the experi-
mental FIA of OCF2 of 209 kJmol�1. The higher the FIA of
A, the more stable is the respective WCA towards ligand
abstraction. For comparison, the FIAs calculated[37] by
Christe and Dixon are also included in Table 5 below.


The approach as in Equation (3) works very well as long
as the WCAs do not contain fluoride bridges. In this case
the reactions are non-isodesmic, and therefore additional
calculations had to be performed to allow a reliable evalua-
tion of the FIA of the parent Lewis acids of these WCAs.
To evaluate the FIA of SbnF5n (n=2, 3, 4) giving the fluo-
ride bridged anions [SbnF5n+1]


� (n=2, 3, 4) the FIA was cal-
culated by two separate calculations:


* The FIA of the doubly fluoride bridged Al2F6 (D2h)
giving the singly fluoride bridged Al2F7


� ion was calcu-
lated on the basis of the average of G2 and CBS-Q cal-
culations as 500 kJmol�1. This step is non-isodesmic, but
the G2 and CBS-Q levels are reported[62,63] to reproduce
experimental values with a uncertainty of less than
8 kJmol�1, lending credibility to these values.


* The FIAs of SbnF5n (n=2, 3, 4) were then calculated for
an isodesmic reaction of Al2F7


� and SbnF5n giving
[SbnF5n+1]


� and Al2F6 by adding the reaction enthalpy of
the latter reaction to the FIA of Al2F6 of 500 kJmol�1,
that is, Equation (4) for [Sb2F11]


� .


Similarly the FIAs of [(RO)3AlFAl(OR)3]
� and [F4C6{1,2-


{B(C6F5)2}2}F]� were assessed in isodesmic reactions of


Al2F7
� and the Lewis acids 2Al(OR)3 and F4C6{1,2-


{B(C6F5)2}2} giving 2AlF3 and the fluoride-bridged anion.
From this reaction energy and the FIA of 2AlF3, calculated
on the basis of the average of G2 and CBS-Q calculations of
�705 kJmol�1, the FIA of 2Al(OR)3 and F4C6{1,2-
{B(C6F5)2}2} followed, that is, Equation (5) for [(RO)3AlF-
Al(OR)3]


� .


2) Additionally, we also directly assessed the ligand affinity
LA of all types of WCAs. The LA is the enthalpy of reac-
tion necessary to remove the anionic ligand L� from the
anion [M(L)n]


� [Eq. (6)].


MðLÞ�n
DH¼LA
����!MðLÞn�1 þ L� ð6Þ


The LA was partitioned into two parts: the first was an
isodesmic reaction that also allowed reliable calculations for
very large systems at the DFT level BP86/SV(P). The
second reaction contains much smaller species, but is non-
isodesmic. Therefore, the computationally much more ex-
pensive, but also more reliable, MP2/TZVPP level was se-
lected to assess the second part. The LA was then obtained
by a simple addition of the two equations [Eq. (7)].


The LA is always endothermic, and the larger the positive
LA value in Table 5, the more stable is the WCA versus
ligand abstraction. However, a word of caution is needed
here: The LA also reflects the stability of the generated L�


ion. Thus, if L� is stable, like L�=OC(CF3)3
� or OTeF5


� ,
the LA is relatively low compared to less stable anionic li-
gands such as L�=C6H5


� or C6H3(CF3)2
� .


3) To assess the stability of a WCA towards attack of a hard
or soft electrophile and to eliminate the contribution of the
intrinsic stability of L� in 2), the isodesmic decomposition
reactions of [M(L)n]


� with H+ [hard, Eq. (8)] and Cu+ [soft,
Eq. (9)] were calculated in which PD stands for proton de-
composition, and CuD for copper decomposition.
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MðLÞ�n þHþ DH¼PD
����!MðLÞn�1 þHL ð8Þ


MðLÞ�n þ Cuþ DH¼CuD
�����!MðLÞn�1 þ CuL ð9Þ


The PD and CuD allow conclusions to be drawn on the
stability of a given WCA of type [M(L)n]


� upon reaction
with a hard (H+ , PD) or soft (Cu+ , CuD) electrophile.
Since a gaseous anion and a gaseous cation react in Equa-
tions (8) and (9) to give two neutral species, PD and CuD
are both exothermic. The less negative the PD and CuD
values in Table 5 are, the more stable is the WCA against
electrophilic attack. For gas-phase acidities of neutral
Brønsted acids including H[CB11F12], see reference [43].


4) The energy of the HOMO of a WCA is related to its re-
sistance towards oxidation. The lower the HOMO energy,
the more difficult it is to remove an electron and thus to oxi-
dize the WCA.


5) The HOMO–LUMO gap in Table 5 can be associated
with the resistance of an anion towards reduction, and the
larger the gap, the more stable the anion is with respect to
reduction. Very small gaps such as those for [Sb4F21]


� or
[As(OTeF5)6]


� are an indication of the potentially oxidizing
character of these anions, which may interfere with counter-
cations sensitive towards oxidation.


6) As a measure for the coordinating ability of an anion the
partial charges of the most negatively charged atom (qneg)
and most negatively charged surface atom (qsurf) are collect-
ed in Table 5 (see later). Clearly, low charges are an indica-
tion for low coordination ability. However, steric effects
may also be of importance, and the most basic atoms may
be hidden in the center of a large WCA and therefore un-
available for coordination. In this case, the charge of the
most basic accessible surface atoms qsurf appears to be a
better measure.


Reactions with SiMe3
+ and [Cp2ZrMe]


+ : To illustrate the
meaning of abstract quantities such as FIA, LA, PD, and
CuD, we explicitly calculated reactions of the examined
anions with two common reactive counterions: SiMe3


+ as
the simplest organometallic silylium ion, and [Cp2ZrMe]+ as
the prototype for all zirconocene-based olefin polymeriza-
tion catalysts. To account for effects of the reaction medium,
we also calculated the respective solvation enthalpies with
the COSMO model at the BP86/SV(P) level. The total ener-
gies and COSMO solvation energies for SiMe3


+ ,
[Cp2ZrMe]+ , LSiMe3, and [Cp2Zr(Me)L] in PhCl (er=5.69),
and 1,2-F2C6H4 (er=13.38) as solvents can be found in the
Supporting Information. Since two ions react with formation
of two neutral molecules, solvation effects are crucial for the
sign of the decomposition enthalpy.


Reactions with SiMe3
+ : The free SiMe3


+ ion is unknown in
condensed phases, but its arene adduct is accessible. Free
simple SiR3


+ (R=Me, Et, etc.) silylium ions either coordi-
nate or decompose the counterions. The only structurally
characterized example of a free and truly tricoordinate sily-
lium ion is the more bulkily substituted SiMes3


+ ion (Mes=


2,4,6-Me3C6H2) partnered with the [CB11Cl6Me5H]� ion.[23]


However, it is known that this cation is also moderately
stable with the [B(C6F5)4]


� ion. For an overview on the liter-
ature before 1998, see reference [44]. With this background,
it is instructive to analyze Table 3, in which all reaction ener-
gies in the gas phase and in solution according to Equa-
tion (10) are collected.


½MðLÞn�� þ SiMeþ3
DrH¼?
���!L-SiMe3 þMðLÞn�1 ð10Þ


Since the number of particles on each side of Equa-
tion (10) is the same, entropy is not expected to change the
reaction energies. All anions except for the smaller
[B(CF3)4]


� in the most polar solvent 1,2-F2C6H4 are incom-
patible with the reactive SiMe3


+ ion.


Reactions with [Cp2ZrMe]+ : To achieve living polymeriza-
tion and high catalytic activity, the zirconocenium catalyst
should be long lived, and thus many efforts were made to
keep the anion out of the active site of the cationic cata-
lyst.[1c,d] The reactive [Cp2ZrMe]+ ion is the prototype of
this kind of catalyst,[1c,d] and therefore we were interested in
understanding whether the stability of the mainly used
[B(C6F5)4]


� and related WCAs is thermodynamic or kinetic
and how other types of WCAs compare to the [B(C6F5)4]


�


ion. Therefore, the decomposition as in Equation (11) was
analyzed (Table 4).


½MLn�� þ ½Cp2ZrMe�þ DrH¼?
���!½Cp2ZrðMeÞLþMLn�1 ð11Þ


Similar to Equation (10), the number of particles on both
sides of Equation (11) is the same and, therefore, entropy is
not expected to change the reaction energies. From Table 4
one notes that [Cp2ZrMe]+ is less electrophilic than SiMe3


+ ,
but the majority of the solution decomposition reactions are
still exothermic, that is, the stability of catalysts with, for ex-
ample, B(C6F5)4]


� as a WCA is kinetic. The formation of a
Zr�C bond appears to be less favorable than that of a Si�C
bond, and thus WCAs in which a Zr�C bond is formed
during decomposition (i.e. , [B(C6F5)4]


� , [B(CF3)4]
�) perform


much better than in the reaction with SiMe3
+ . Still there are


Table 3. Reaction energies in the gas phase (g) and in solution in PhCl
(er=5.69) and 1,2-F2C6H4 (er=13.38) according to Equation (10).


Anion DrU(g) DrUPhCl DrU1,2-F2C6H4


BF4
� �622 �272 �210


PF6
� �566 �228 �168


AsF6
� �534 �203 �145


SbF6
� �471 �164 �109


Sb2F11
� �437 �149 �98


Sb3F16
� �404 �140 �93


Sb4F21
� �402 �145 �100


[B(OTeF5)4]
� �404 �157 �114


[As(OTeF5)6]
� �388 �144 �102


[Sb(OTeF5)6]
� �337 �94 �52


[Al(OR)4]
�[a] �400 �142 �96


[(RO)3AlFAl(OR)3]
�[a] �301 (�379)[b] �65 �23


[B(C6F5)4]
� �488 �232 �187


[B(CF3)4]
� �348 �49 +5


[a] R=C(CF3)3. [b] Kinetic (thermodynamic) value, that is, isomer I (iso-
mer II) (see Appendix).


Chem. Eur. J. 2004, 10, 5017 – 5030 www.chemeurj.org M 2004 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim 5021


Weakly Coordinating Anions 5017 – 5030



www.chemeurj.org





other easily accessible WCAs, such as [Al(OR)4]
� , which


have the same stability as the most frequently employed
WCAs (i.e. , [B(C6F5)4]


�).


Discussion


Stability and coordinating ability of the WCAs based on
LA, FIA, PD, CuD, HOMO level, HOMO–LUMO gap,
and partial charges : Ligand abstraction[45–48] and hydrolysis
are frequently observed decomposition pathways for WCAs,
and, therefore, the computational approach to calculate LA,
PD, and CuD mimics experimental observations. Examples
of ligand abstraction include reactions of SiPh3


+ with
[B(OTeF5)4]


� ,[45] and [Me(Ph3P)2Pt(OEt2)]
+[B(ArF)4]


�


(ArF=C6H3(CF3)2);
[46] also the [B(C6F5)4]


� ion rapidly de-


grades in the presence of AlR2
+ ,[48] RZn+ ,[47] and H+ ions


(R=Me, Et) if no donor solvent is present (e.g., OEt2).
However, by calculations only the underlying thermodynam-
ics can be assessed, and kinetic barriers against decomposi-
tion may additionally stabilize a given WCA (see
Al2(OR)5F structure below). Also decomposition pathways
other than ligand abstraction may occur; this was, for exam-
ple, recently shown for the [B(CF3)4]


� ion.[1d,41] The data in-
cluded in Table 5 cannot be taken as absolute, but since the
same methods were used for all calculations, relative trends
will definitely be correct. For the carborane-based anions
the FIA, LA, PD, and CuD cannot directly be assessed, and,
therefore, these WCAs were excluded from this approach.
All calculated values are collected in Table 5.


Table 5 reveals the outstanding capability of the [Sb3F16]
� ,


[Sb4F21]
� , and [Sb(OTeF5)6]


� WCAs to stabilize highly oxi-
dizing cations even in anhydrous HF (see FIA, PD, HOMO
level). This stability versus oxidation must be traded for sen-
sitivity to reduction (see gap in Table 5). Moreover, the fluo-
roantimonates and teflate anions are extremely moisture
sensitive and decompose in the presence of traces of water
in glassware with autocatalytic formation of HF that reacts
with SiO2 to form SiF4 and H2O, which re-enters the cycle.
This sensitivity towards moisture allows the use of these
WCAs in only a few laboratories worldwide. In terms of co-
ordinating ability, these WCAs are more coordinating than
others (cf. qbas and qsurf).


For the borate-based anions it can be seen from Table 5
that fluorination greatly increases the thermodynamic stabil-
ity of all fluorinated borates relative to the nonfluorinated
[B(C6H5)4]


� ion (see FIA, LA, PD, CuD, HOMO level,
gap). The differences between the commercially available
[B(C6F5)4]


� and [B(C6H3(CF3)2)4]
� WCAs are small, but di-


borane-based anions such as [F4C6{1,2-{B(C6F5)2}2}X]� (X=


Table 4. Reaction energies in the gas phase (g) and in solution in PhCl
(er=5.69) and 1,2-F2C6H4 (er=13.38) according to Equation (11).


Anion DrU(g) DrUPhCl DrU1,2-F2C6H4


BF4
� �542 �215 �155


PF6
� �486 �170 �113


AsF6
� �454 �146 �90


SbF6
� �391 �106 �55


Sb2F11
� �356 �92 �44


Sb3F16
� �324 �83 �39


Sb4F21
� �322 �88 �45


[B(OTeF5)4]
� �346 �117 �76


[As(OTeF5)6]
� �330 �104 �64


[Sb(OTeF5)6]
� �279 �55 �14


[Al(OR)4]
�[a] �347 �107 �63


[(RO)3AlFAl(OR)3]
�[a] �249 (�171)[b] �30 +10


[B(C6F5)4]
� �353 �118 �75


[B(CF3)4]
� �214 +64 +115


[a] R=C(CF3)3. [b] Kinetic (thermodynamic) value, that is, isomer I (iso-
mer II) (see Appendix).


Table 5. Calculated properties of WCAs: FIA of the parent Lewis acid; LA, PD, and CuD of the WCA; position of the HOMO of the WCA [eV];
HOMO–LUMO gap of the WCA [eV]; partial charge of the most negatively charged atom qneg ; and partial charge of the most negatively charged sur-
face atom qsurf.


Anion Symmetry FIA FIA[37] LA PD CuD HOMO Gap qneg qsurf


[kJmol�1] [kJmol�1] [kJmol�1] [kJmol�1] [kJmol�1] [eV] [eV]


BF4
� Td 338 348[37] –[a] �1212 �521 �1.799 10.820 �0.25F �0.25F


PF6
� D4h 394 397[37] –[a] �1156 �465 �2.672 8.802 �0.44F �0.44F


AsF6
� D4h 426 443[37] –[a] �1124 �433 �3.149 6.284 �0.44F �0.44F


SbF6
� D4h 489 503[37] –[a] �1061 �371 �3.911 5.135 �0.44F �0.44F


Sb2F11
� vs Sb2F10 C1 549 – –[a] �1026 �336 �5.540 4.336 �0.40F �0.40F


Sb3F16
� vs Sb3F15 Ci 582 – –[a] �994 �303 �6.342 3.886 �0.38F �0.38F


Sb4F21
� vs Sb4F20 C2v 584 – –[a] �991 �301 �6.579 3.256 �0.39F �0.39F


[B(OTeF5)4]
� C1 550 – 274 �1040 �420 �5.811 2.593 �0.40F �0.40F


[As(OTeF5)6]
� C3 593 – 290 �1023 �403 �6.335 2.204 �0.62O �0.40F


[Sb(OTeF5)6]
� C3 633 – 341 �973 �353 �6.610 2.326 �0.61O �0.39F


[Al(OR)4]
� (R=C(CF3)3) S4 537 – 342 �1081 �395 �4.100 6.747 �0.24O �0.20F


[(RO)3AlFAl(OR)3]
�[b, e] Ci 685[b] – 441 (363) �983 (�1061[e]) �297 (�375[e]) �4.987 6.500 �0.23O �0.20F


[B(C6H5)4]
� S4 342 – 324 �1402 �649 �2.150 4.087 �0.45B �0.05H


[B{C6H3(CF3)2}4]
� S4 471 – 382 �1251 �506 �3.789 3.816 �0.44B �0.22F


[B(C6F5)4]
� S4 444 – 296 �1256 �538 �3.130 4.196 �0.21F �0.21F


[B(CF3)4]
� T 552 – 490 �1136 �379 �3.530 9.158 �0.58B �0.21F


[F4C6{1,2-{B(C6F5)2}2}F]� [c] C1 510 – 328[c] �1224[c] �506[c] �3.274 3.861 �0.54B �0.22F
[F4C6{1,2-{B(C6F5)2}2}OMe]� [d] C1 510 – 586[d] �1061[d] �332[d] �3.101 3.754 �0.68B �0.22C
[F4C6{1,2-{B(C6F5)2}2}OMe]�[c] C1 – – 305[c] �1247[c] �529[c] – – – –


[a] LA and FIA are identical. [b] FIA vs 2Al(OR)3 (R=C(CF3)3). [c] Against C6F5
� (LA) or EC6F5 abstraction (E=H: PD, E=Cu: CuD). [d] Against


OMe� (LA) or EOMe abstraction (E=H: PD, E=Cu: CuD). [e] Values in parentheses correspond to the formation of Al2(OR)5F isomer I (see text)
(R=C(CF3)3).
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F, OMe) are even more stable WCAs. Of all borates the
novel [B(CF3)4]


� ion is the most stable with respect to the
examined decomposition pathways. However, see refer-
ence [41] for an experimental investigation of other decompo-
sition pathways.


The stability of the perfluoroalkoxyaluminate [Al(OR)4]
�


(R=C(CF3)3) with respect to FIA, PD, CuD, HOMO level,
and gap in Table 5 is remarkable and higher than that of all
borates except the [B(CF3)4]


� ion, which has comparable
values. The [Al(OR)4]


� ion even comes close to the oxida-
tion resistance and low PDs of the fluoroantimonates and is
in part even better than those of the teflate-based anions. In
contrast to the last two types of anions, the synthesis of the
perfluoroalkoxyaluminate [Al(OR)4]


� is straightforward and
can be performed in conventional inorganic laboratories
worldwide. This shows the great potential of this special
type of anion for chemistry. An even better choice would be
the fluoride bridged [(RO)3AlFAl(OR)3]


� ion, which is
among the best WCAs according to each entry in Table 5,
but this WCA is only known as a decomposition product.[31]


However, we recently established a direct synthesis of a
silver salt of this WCA.[49] For other new, fluoride-bridged
aluminates, see reference [7d].


Inclusion of solvation enthalpies : Silylium and zirconoceni-
um ions are two prominent examples for the application of
WCAs to stabilize reactive cations. To compare the relative
stabilities of WCAs [M(L)n]


� , we analyzed their decomposi-
tion reactions with SiMe3


+ and [Cp2ZrMe]+ as reactive
counterion in the gas phase and in solution [PhCl and 1,2-
F2C6H4, see Eqs. (10) and (11)].


Gas-phase values versus (calculated) solution values—are
solvation energies necessary to evaluate the WCAs?: In this
section, we investigate the extent to which the gas-phase
data in Table 5 can be transferred to reactions in solution.
To illustrate this point we plotted the solvation reaction en-
ergies DrU of Equations (10) and (11) in PhCl and 1,2-
F2C6H4 against the FIA of the respective WCA in the gas
phase (Figure 2).


Figure 2 shows that a roughly linear relationship exists be-
tween the FIA in the gas phase and the reaction energies
DrU in solution. This is taken as clear evidence that the re-
sults obtained from gas-phase calculations (i.e. , those in
Table 5) can be used to extract meaningful answers for reac-
tions in solution. The only exception from this notion is
found for the relatively small [B(CF3)4]


� ion (see below for
reasons).


Relative stabilization by solvation : The extent to which a re-
action is stabilized by solvation enthalpies is analyzed in
Figure 3. Here the stabilization D(DrU) of the gas-phase re-
action by solvation enthalpies in the most polar solvent 1,2-
F2C6H4, that is, D(DrU)=DrU(g)�DrU(1,2-F2C6H4), was plot-
ted against the number of atoms of the anion, which was
taken as a measure of its size and thus also for the absolute
value of the solvation enthalpy, which is roughly inversely
proportional to the ionic radius (e.g., see the simple Born
equation). Thus, reactions with smaller anions are expected


to be more stabilized by solvation enthalpies than those
with larger anions (Figure 3).


For small anions such as BF4
� and PF6


� the stabilization
D(DrU) is large and may approach 400 kJmol�1; with in-
creasing anion size, the relative stabilization decreases
quickly to about 250–300 kJmol�1. Remarkably, starting
from an anion size of about 25 atoms, the stabilization by
solvation remains almost constant and only adds a constant
value to the gas-phase reaction energy. This may also be
seen from Figures 4 and 5, in which the gas-phase and solu-
tion reaction energies of Equations (10) and (11) are plotted
for all WCAs.


From the preceding, we learn the following: 1) For larger
WCAs exceeding about 25 atoms the most important input
for the stabilization of a reactive cation in a given solvent is
its stability against ligand abstraction. To assess the anion
stability gas phase values such as FIA, PD or CuD can also
be used. 2) The best solution for stabilizing a given reactive
cation would be a very small WCA that is very stable
against ligand abstraction and very weakly coordinating so
that competition with anion coordination is excluded. Prob-
ably one of the best compromises in this respect is the
[B(CF3)4]


� ion; however, very recently other decomposition
reactions of this anion were found[41] and show that this


Figure 2. Solvation reaction energies DrU of Equations (10) and (11) in
PhCl and 1,2-F2C6H4 versus the FIA of the respective WCA in the gas
phase. ^: Equation (10) in PhCl; &: Equation (10) in 1,2-F2C6H4; ~:
Equation (11) in PhCl; R : Equation (11) in 1,2-F2C6H4.


Figure 3. Stabilization of reactions by solvation enthalpy.
D(DrU(g)�DU(1,2-F2C6H4)): ^ Equation (10), * Equation (11).
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anion is not as ideal for stabilizing reactive cations as might
be anticipated from the data in Table 5.


Using the data in Table 5—prediction of reactions : Especial-
ly the FIA and LA in Table 5 are valuable tools for predict-
ing the outcome of hitherto unknown reactions.


Application of the LA—assessment of WCA stability in the
presence of a target cation : With some small extra calcula-
tions or estimations, the LA in Table 5 can also be used to
assess the stability of a WCA in the presence of a reactive
target cation. Let us consider the carbene-analogous PCl2


+


ion as an example for a desired reactive target cation and
the WCA [Al(OR)4]


� as the counterion [i.e., the decomposi-
tion as in Eq. (12)].


PClþ2 þ ½AlðORÞ4�� ! ROPCl2 þAlðORÞ3 ð12Þ


The first step is to calculate the target cation and the neu-
tral species resulting from the reaction of the cation and the
anion, that is, PCl2


+ and ROPCl2. If the (affordable) BP86/
SV(P) level is chosen, one can use Equation (12) and the
total energies of [Al(OR)4]


� and Al(OR)3 given in this arti-
cle to directly calculate the (isodesmic) gas-phase reaction


energy of Equation (12) as �447 kJmol�1. However, if
other, for example, higher correlated methods are used, the
next step is to separate Equation (12) into two parts
[Eq. (13) and LA].


Equation (13) can be calculated directly, but an isodesmic
route is more accurate.[50] Adding Equation (13) and the LA
gives the desired gas-phase reaction energy of Equation (12)
as �447 kJmol�1. Thus, with two relatively small calculations
and the data from this article, the stability of the 18 WCAs
collected here with a desired target cation in the gas phase
can be checked. Equation (12) contains two particles on
both sides, so entropy can be neglected, but since two ions
react to form two neutral species, solvation should be taken
into account. Thus, to examine whether the salt PCl2


+


[Al(OR)4]
� is stable in PhCl or 1,2-F2C6H4 solution, the


COSMO solvation enthalpies of PCl2
+ and ROPCl2 must be


calculated at the BP86/SV(P) level. Together with the
COSMO solvation enthalpies of [Al(OR)4]


� and Al(OR)3


included in this article, next the solution stability of Equa-
tion (12) was assessed. As expected, solvation greatly stabi-
lizes Equation (12) in PhCl by 291 kJmol�1 and in 1,2-
F2C6H4 by 343 kJmol�1, but in both solvents the decomposi-
tion is still considerably favorable (by �157 and
�104 kJmol�1, respectively). This is in line with recent ex-
periments that showed that the PCl2


+ ion, generated from
Ag+[Al(OR)4]


� and PCl3, completely decomposed the
[Al(OR)4]


� ion.[49] However, the analysis for the fluoride-
bridged [(RO)3AlFAl(OR)3]


� as WCA in Equation (12)
shows that the gas-phase reaction is only unfavorable by
�348 kJmol�1, and by �31 kJmol�1 when solvation is taken
into account in the most polar solvent; this suggests that the
PCl2


+ ion may be marginally stable with this WCA in solu-
tion at low temperature.


Estimating the success of fluoride ion abstraction: synthesis
of FCO+[X]� as a target salt : With the FIAs collected in
Table 5 fluoride ion abstractions can be planned. A likely
candidate for such a reaction is the formation of a OCF+


salt from OCF2 and a Lewis acid. As example in Equa-
tion (14) we selected the M(OTeF5)5 Lewis acids (M=As,
Sb), which—although the antimony representative is very
unstable—are the strongest monomeric Lewis acids known
(see Table 5). Equation (14) also has two particles on each
side, and therefore entropy is not important.


The reaction energy of Equation (15) is most accurately
obtained by an isodesmic reaction (see ref. [51]), and with
the small effort of calculating OCF+ , OCF2, and OCF3


� as
well as taking the FIA of M(OTeF5)5 (Table 5), one can esti-
mate that Equation (14) is unfavorable in the gas phase by
483 (As) or 443 kJmol�1 (Sb). To account for the important


Figure 4. Gas-phase and solution reaction energies of Equation (10). ~:
in 1,2-F2C6H4; &: in PhCl; ^: gas phase.


Figure 5. Gas-phase and solution reaction energies of Equation (11). ~:
in 1,2-F2C6H4; &: in PhCl; ^: gas phase.
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solvation effects, the COSMO solvation enthalpies of F2CO
and FCO+ were calculated; those of M(OTeF5)5 and
[FM(OTeF5)5]


� were taken from the Supporting Information
of this paper. Then the reaction energy of Equation (14) in
the most polar solvent (er=13.38) followed as +98 (As)
and +58 kJmol�1 (Sb). This estimate suggests that the salt
OCF+[FM(OTeF5)5]


� is not a promising target for synthesis
in solvents of this polarity.[52] A weakly basic and more polar
solvent with er>14 may promote the formation of dissolved
OCF+[FSb(OTeF5)5]


� due to the higher solvation enthalpies
for the ions. From the preceding it appears unlikely to pre-
pare a FCO+ salt in solution with the Lewis acids in
Table 5. This conclusion is in agreement with previous un-
successful attempts to prepare FCO+ salts by reaction of
F2CO with even a large excess of MF5 (M=As, Sb).[53] How-
ever, it was found that the less reactive ClCO+ can be ob-
tained from FClCO and Sb3F15.


[53,54] Similar to the above
procedure for FCO+ we estimated the reaction energy for
the reaction of Sb3F15 with ClFCO to give ClCO+[Sb3F16]


�


as favorable in solution by �15 kJmol�1, which is in good
agreement with the experiment and lends support to the
predictive power of the data collected in this article (see
Supporting Information).


Conclusion


The FIA, LA, PD, CuD, HOMO level, HOMO–LUMO
gap, and partial charges of a large group of representative
good WCAs were calculated (Table 5). Analysis of the cal-
culated data showed that there is no simple “best anion”,
and that a decision for a particular anion must be based on
several criteria. Some anions are more stable towards soft
electrophiles (see CuD) and others towards hard electro-
philes (see PD). In terms of coordinating abilities, the fluori-
nated organoborates and alkoxyaluminates are clearly less
coordinating than all fluorometallates or teflate-based
anions (see qbas and qsurf). Media effects, that is, solvation en-
thalpies, are important, but from an anion size of about
25 atoms upwards, solvation only adds a constant factor to
the gas-phase reaction energy. The calculated solution de-
composition reaction energies with SiMe3


+ and [Cp2ZrMe]+


in PhCl and 1,2-F2C6H4 showed that the frequently used
[B(C6F5)4]


� counterion is thermodynamically unstable with
these cations and that the observed (small) solution stability
of substituted silylium and zirconocenium salts should be ki-
netic. However, other available WCAs perform better than
[B(C6F5)4]


� and should therefore be tried in future in silyli-
um and zirconocenium ion chemistry. We have shown that
the FIA and the LA in combination with COSMO solvation


calculations are valuable tools for determining the outcome
of known reactions, that is, the solution stability of PCl2


+


and OCX+ salts (X=F, Cl). The calculated thermodynamics
of these reactions mirrored the experiment and, by extrapo-
lation to unknown reactions, this approach should be valu-
able for predictions of completely unknown transformations.
The calculated data collected in Table 5 allow the assess-
ment of relative thermodynamic stabilities of the respective
anions in the presence of a desired target cation and to base
a decision for a particular anion in preparative chemistry on
several calculated thermodynamic criteria and not only on
chemical intuition.


Computational Details


All calculations, except the G2 and CBS-Q calculations, were performed
with the program TURBOMOLE.[55] The geometries were optimized at
the (RI)-BP86,[56] B3LYP[56,57] and/or (RI)-MP2[58] level with the SV(P)[59]


and TZVPP basis sets.[60] Frequency calculations[61] of hitherto unknown
compounds were performed at the BP86/SV(P) level, and all species rep-
resent true minima without imaginary frequencies on the respective po-
tential-energy surface. The G2[62] and CBS-Q[63] calculations were done
with Gaussian98.[64] Reaction energies are given at 0 K and do not in-
clude the zero-point energy; however, the error associated with this pro-
cedure is usually very small and has no influence on relative trends. For
the G2 and CBS-Q calculations zero-point energies (MP2/TZVPP quali-
ty) and thermal corrections to the enthalpy at 298 K, as calculated with
the program FreeH included with TURBOMOLE on the basis of the
MP2/TZVPP geometries and frequencies, are included (see Supporting
Information for a comment on this procedure). Approximate solvation
energies (Ph�Cl solution with er=5.69 and 1,2-F2C6H4 solution with er=


13.38) were calculated with the COSMO model[65] at the BP86/SV(P)
(DFT) level using the BP86/SV(P) geometries.


Appendix


Calculations of [M(L)n]
� , [M(L)n�1], and [FM(L)n�1]


� : Starting geome-
tries for the optimization of most of the species were the orientations of
available solid-state structures. For compounds not characterized by a
solid-state or gas-phase structure, reasonable guesses for a starting geom-
etry were obtained by force-field methods including molecular dynam-
ics[66] and subsequent optimization of several isomers with BP86/SV(P).
The nature of the stationary points obtained for the hitherto unknown
species was examined by frequency calculations, and all compounds in-
cluded in this paper are true minima with no negative eigenvalues of the
Hessian matrix. Graphic representations of all compounds not shown in
the Appendix are known from X-ray or electron diffraction and therefore
not depicted. However, a figure of each such compound can be found in
the Supporting Information.


Fluorometallate anions : This category has long been known, and the
solid-state or gas-phase structures of almost all compounds included here
are available, that is, those of BF3 (ED), BF4


� (XRD), MF5 (ED), MF6
�


(M=P, As, Sb; XRD), Sb2F11
� (XRD), Sb3F15 (ED), Sb3F16


� (XRD),
Sb4F20 (XRD), and Sb4F21


� (XRD). The total energies and selected struc-
tural parameters of all calculated species are collected in Table 6. A com-
parison of the calculated and experimental parameters of the compounds
in Table 6 shows good agreement for those species for which reliable ex-
perimental data are available. Usually, the calculated bond lengths are
systematically overestimated by about 3–5 pm, as is well known for DFT
calculations.[74] For some compounds, the agreement between experiment
and calculation is worse, that is, deviations of up to 10 pm occur for
Sb2F11


� . However, this is also attributed to shortcomings in the refine-
ment of the crystal structures. Fluorinated compounds usually are heavily
affected by librational motion that leads to bond lengths that appear to
be shorter than the true distances, usually by 2–10 pm. Normally, the pa-
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rameters of the crystal structures are not corrected for librational
motion; therefore, the differences between experiment and calculations
are larger by the additional amount of the missing librational correction.


The geometries of the Lewis acids SbnF5n and the [SbnF5n+1]
� ions (n=3,


4) were hitherto not calculated by quantum chemical methods and are
shown in Figures 6 (neutral speciess) and 7 (anions). The data for Sb2F10


and [Sb2F11]
� are included for comparison.


No symmetry restraints were imposed on the molecules during optimiza-
tion, but while Sb3F15 and Sb4F20 remained in C1, the Sb2F10 minimum
shows D2h symmetry. Note that the two sets of bridging Sb-F-Sb bond
angles in solid Sb4F20 (141 and 1708) are to a lesser extent also retained
in the optimized calculated structure (143, 149/1508). Still the question re-
mains whether or not the bond angle of 1708 in the experimental struc-
ture is due to librational/packing effects.


Larger borate-based anions : The long-known parent compound of these
anions is tetraphenylborate [B(C6H5)4]


� , which becomes more stable and
less coordinating upon replacing hydrogen atoms by fluorine atoms or
CF3 groups.[1b–d] Almost all geometries of the [B(L)4]


� type of anions and
their corresponding Lewis acids B(L)3 are available experimentally (i.e.,
L=Ph, C6F5, C6H3(CF3)2; for L=CF3 only the anion). A recent addition


to these borates are the diborane-
based [F4C6{1,2-{B(C6F5)2}2}F]� and
[F4C6{1,2-{B(C6F5)2}2}OMe]� ions, in
which a univalent simple anion (F� or
OMe�) is coordinated to two Lewis
acidic boron centers. The total ener-
gies and basic structural parameters
of these compounds are collected in
Table 7; for drawings of the diborane
Lewis acid C6F4(B(C6F5)2)2 and the
respective anions with F� and OMe� ,
see Supporting Information. Calculat-
ed and experimental geometries are
in excellent agreement and usually
agree within 3–5 pm.


The [F4C6{1,2-{B(C6F5)2}2}F]� ion con-
tains, to the best of our knowledge,
the first example of a experimentally
verified B-F-B bridge. However, no
crystal structure data is available for
the [F4C6{1,2-{B(C6F5)2}2}F]� ion, so
that the optimized structure with a B-
F-B bond angle of 1168 provides the
only available structural parameters
for this important species. This B-F-B
bridge is of great interest for under-
standing exchange processes of BF3


with other BX3 (X=Cl, Br, I) compounds. In contrast to the computa-
tional predictions for the [X3B�F�BX3]


� ions (X=F, Cl),[82] the B-F-B
bridge in [F4C6{1,2-{B(C6F5)2}2}F]� is not linear. Upon F� complexation,
the geometry requirements of the resulting five-membered C2B2F ring
certainly account for this deviation from linearity. Note that the bridging
B�F distance in [F4C6{1,2-{B(C6F5)2}2}F]� is about 19 pm or 13% longer
than that calculated for the terminal B�F bond in [FB(C6F5)3]


� . This
should be compared to the elongation of the terminal Sb�F bond in
SbF6


� upon complexation with SbF5 and formation of the F-bridged
[Sb2F11]


� ion of 16 pm or 8%. Therefore, the bridging fluoride in
[F4C6{1,2-{B(C6F5)2}2}F]� is more labile that that in [Sb2F11]


� .


Aluminate-based anions : The perfluoro-tert-butoxyaluminates are a
recent addition to the WCAs.[39, 40,83–85] The structures of [Al(OR)4]


�[39]


and centrosymmetric [(RO)3AlFAl(OR)3]
� are known (R=C(CF3)3).


[31]


Neither [FAl(OR)3]
� nor Al(OR)3 and Al2(OR)5F are known experimen-


tally. However, the Al(OR)3·THF adduct has been prepared,[86] and pre-
viously Al(OR)3 was also optimized by DFT theory.[39] The current opti-
mized structure including the two short Al�F contacts at 212 and 214 pm
is in good agreement with that published. Two structures of the parent
Lewis acid of [(RO)3AlFAl(OR)3]


� , that is, Al2(OR)5F, were found: the
O- and F-bridged isomer I was preoptimized with molecular mechanics
and subsequently fully optimized by DFT, while isomer II was obtained


Table 6. Total energies and selected structural parameters of BF3, BF4
� , MF5, MF6


� (M=P, As, Sb), Sb2F10,
Sb2F11


� , Sb3F15, Sb3F16
� , Sb4F20, and Sb4F21


� .


Species Total energy d(M�Fterminal) Exptl d(M�Fterminal) d(M�Fbridge) Exptl d(M�Fbridge)
[Hartree] [pm] [pm] [pm] [pm]


BF3 �324.31769 132 130[67] – –
BF4


� �424.20099 142 137[67] – –
PF5 �840.24920 ax: 161 ax: 158 – –


eq: 159 eq: 153[67]


PF6
� �940.15393 165 158[68] – –


AsF5 �2734.77740 ax: 174 ax: 171 – –
eq: 172 eq: 166[67]


AsF6
� �2834.69432 177 168[68] – –


SbF5 �504.34073 ax: 191 – – –
eq: 193


SbF6
� �604.28148 196 188[69] – –


Sb2F10 �1008.72990 191–192 – 214 (2x) –
Sb2F11


� �1108.68393 193–194 av: 185[69] 212 av: 202[69]


Sb3F15 �1513.10046 191 181[70] 211–212 (3R) 204–205[70]


Sb3F16
� (trans) �1613.06689 192–193 181–184[71] 218 (2R , outer) 197


206 (2R , center) 210[71]


Sb4F20 �2017.47178 191 182[72] 211–212 (4R) av: 203[72]


Sb4F21
� (trans) �2117.43906 192–193 184–185[73] 221 (2R , outer) 210


203 (2R , middle) 198
211 (2R , center) 201[73]


Figure 6. Calculated geometries of the Lewis acids SbnF5n (n=2, 3, 4).


Figure 7. Calculated geometries of the anions [SbnF5n+1]
� (n=2, 3, 4).
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by simply deleting one OR ligand of the structure of the [(RO)3AlF-
Al(OR)3]


� ion and optimizing the resulting neutral species. Both species
are true minima with no imaginary frequencies. Isomer I may be viewed
as the thermodynamic product of OR abstraction from [(RO)3AlF-
Al(OR)3]


� , and isomer II as the kinetic (approximately vertical) product.
For the (RO)3AlFAl(OR)2 Lewis acid (isomer II), the crystal structure of
one adduct with OPI3, that is, (RO)3AlFAl(OR)2·OPI3, is known.[86] The
total energies and basic structural parameters of the aluminum com-
pounds are collected in Table 8.


Comparison to available experimental structures shows that the calcula-
tions reproduce the geometries within the typical 3–6 pm overestimation
of the bond lengths. Two of the optimized Lewis acid geometries, that is,
Al(OR)3 and (RO)3AlFAl(OR)2 (isomer II), are remarkable in that they
contain Al-F-C bridges to intramolecularly aluminum coordinated CF3


groups at d(Al�F)=195–214 pm.
Upon coordination, the respective C�
F bonds are elongated from about
133 to 143–144 pm (Al(OR)3) or
even 151 pm ((RO)3AlFAl(OR)2).
This highlights the strongly Lewis
acidic character of the formally tri-
coordinate aluminum centers in
Al(OR)3 and (RO)3AlFAl(OR)2 (iso-
mer II). Since a considerable atomic
rearrangement from the structure of
isomer II to isomer I must occur, the
(RO)3AlFAl(OR)2 (isomer II) struc-
ture is likely to be initially formed
upon decomposition of the [(RO)3Al-
FAl(OR)3]


� ion for kinetic reasons.


Therefore, we consider isomer II as
being important for the stability of
the anion, as in Table 5. The LA, PD,
and CuD values for the formation of
isomer I in Table 5 are given in paren-
theses. The optimized DFT structures
of the Lewis acids are shown in Fig-
ures 8 (Al(OR)3) and 9 (two isomers
of Al2(OR)5F).


Teflate-based anions : This class of
anions contains the larger univalent
OTeF5 group as a substitute for the
fluoride ion in the fluorometallate
anions. The solid-state structures of
the compounds B(OTeF5)3,
[B(OTeF5)4]


�
, [FAs(OTeF5)5]


� and
[M(OTeF5)6]


� (M=As, Sb) are
known; only the structures of
M(OTeF5)5, [F�B(OTeF5)3]


� , and [F�
Sb(OTeF5)5]


� are unknown experi-
mentally. The total energies and
structural parameters of all teflate-
based compounds are collected in
Table 9; a drawing of the optimized
M(OTeF5)5 structure is shown in
Figure 10.


Comparison of the calculated with
available experimental parameters
shows that the M�O and O�Te bond
lengths in the calculated structures
are 8–10 pm longer than those in the
experimental structures. Similarly, the
calculated M-O-Te bond angles are
10 to 208 more acute than the experi-
mental values. Both observations are
consistent with the notion that the
experimental values may strongly be
affected by libration. Moreover, the
light oxygen atom is always located


Table 7. Total energies and selected structural parameters of B(C6H5)3, [FB(C6H5)3]
� , [B(C6H5)4]


� , B(C6F5)3,
[FB(C6F5)3]


� , [B(C6F5)4]
� , B[C6H3(CF3)2]3, [FB{C6H3(CF3)2}3]


� , [B{C6H3(CF3)2}4]
� , F4C6{1,2-[B(C6F5)2]2},


[F4C6{1,2-[B(C6F5)2]2}F]� , [F4C6{1,2-[B(C6F5)2]2}OMe]� , B(CF3)3, [FB(CF3)3]
� , and [B(CF3)4]


� (E=F, O, C).


Species Total energy d(B�E) Exptl d(B�E)
[Hartree] [pm] [pm]


B(C6H5)3 �719.29596 B�C: 158 B�C: 156[68]


[FB(C6H5)3]
� �819.18095 B�C: 165 –


B�F: 146
[B(C6H5)4]


� �950.83873 B�C: 166 B�C: 164[68]


B(C6F5)3 �2206.75303 B�C: 157 –
[FB(C6F5)3]


� �2306.67670 B�C: 167 B�F: 143
B�F: 143 B�C: 165[75]


[B(C6F5)4]
� �2934.16731 B�C: 167 B�C: 165[76]


B{C6H3(CF3)2}3 �2740.16531 B�C: 157 B�C: 165
[FB{C6H3(CF3)2}3]


� �2840.09918 B�C: 165 –
B�F: 145


[B{C6H3(CF3)2}4]
� �3645.39000 B�C: 166 B�C: 163–164[77]


F4C6[1,2-{(B(C6F5)2}2] �3586.44640 B�C: 157–158 B�C: 157[78]


[F4C6{1,2-[B(C6F5)2]2}F]� �3686.39740 B�C: 161–164 –
B�F: 162–163


[F4C6{1,2-[B(C6F5)2]2}OMe]� �3701.66354 B�C: 162–166 B�C: 158–161
B�O: 159 B�O: 155–157[79]


B(CF3)3 �1037.00999 B�C: 161 –
[FB(CF3)3]


� �1136.97489 B�C: 165 B�F: 141
B�F: 143 B�C: 163[80]


[B(CF3)4]
� �1374.57139 B�C: 165 B�C: 163[81]


Table 8. Total energies and selected structural parameters of Al(OR)3, [FAl(OR)3]
� , [Al(OR)4]


� , two isomers
of Al2(OR)5F, and [(RO)3AlFAl(OR)3]


� (R=C(CF3)3).


Species Total energy d(Al�O) d(Al�F) Exptl d(Al�O/F)
[Hartree] [pm] [pm] [pm]


Al(OR)3 �3618.91742 171, 176 (2R) 212, 214 –
[FAl(OR)3]


� �3718.87659 177, 178 (2R) 169 –
[Al(OR)4]


� �4744.54880 176 – O: 173[39]


Al2(OR)5F (I) �6212.21353 170–173 182, 184 –
(RO)3AlFAl(OR)2 (II) �6212.18358 170–175 174, 191, 195 –
[(RO)3AlFAl(OR)3]


� �7337.85243 174–175 183 O: 169, F: 177[31]


Figure 8. Optimized DFT structure of Al(OR)3.


Figure 9. Optimized DFT structures of two isomers of Al2(OR)5F.
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between two very heavy atoms (M and Te), further decreasing the accu-
racy of the determination of the position of the oxygen atom in the crys-
tal structure. Libration would increase the M-O-Te bond angle and de-
crease the M�O and Te�O bond lengths. Therefore, we suggest that the
true M�O/Te�O bond lengths and M-O-Te bond angles should be ex-
pected somewhere between the calculated and the librationally uncor-
rected experimental values. From experimental work it is known[90] that
As(OTeF5)5 is a stable compound, while the antimony analogue
Sb(OTeF5)5 decomposes easily and cannot be used as a reagent. See Sup-
porting Information for a comment.
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Introduction


Fluorinated alkenes are important starting materials for the
industrial synthesis of polymers such as polytetrafluoroeth-
ylene (PTFE), fluorinated ethylene propylene (FEP), poly-
chlorotrifluoroethylene (PCTFE), and poly(vinylidene di-
fluoride) (PVDF),[1] and so have been extensively studied.[2]


The first structure determinations of tetrafluoroethene and
1,1-difluoroethene date back to the pioneering gas electron
diffraction study by I. L. Karle and J. Karle.[3] Bauer et al.
found that the C=C bond length decreases as fluorines are
substituted for hydrogen in ethene in a systematic gas elec-
tron-diffraction study,[4] and the values for 1,1-difluoroe-
thene and trifluoroethene are in good agreement with those
of an early microwave study.[5] However, later gas electron
diffraction and microwave data obtained by Mijlhoff et al.


show large discrepancies, especially in the values of the
bond lengths of the C=C double bond.[6–11] The structures of
(Z)-1,2-difluoroethene[12] (C=C 1.325 5) and of (E)-1,2-di-
fluoroethene[13] (C=C 1.316 5) were determined by micro-
wave spectroscopy and high-resolution IR spectroscopy, re-
spectively.


Furthermore, fluorinated ethenes have been the subjects
of several theoretical calculations showing either very strong
or negligible effects of the degree of fluorination on the
C=C bond length, depending on the level of theory and the
basis sets (Table 1).[14–16]


Solid-state structural information on these compounds
based on conventional X-ray crystal structure determination
is very limited. Crystallographic data for small, highly fluori-
nated alkenes are available only for potassium hydrogen di-
fluorofumarate,[19] potassium hydrogen difluoromaleate,[19]


1,2-difluorodinitroethene,[20] perfluorocyclopropene,[21] tri-
fluorovinyl isocyanide,[22] trifluorovinyl cyanide,[22] hexafluo-
ropropene,[23] 1,1-difluoroallene,[24] tetrafluoroallene,[24]


1,1,4,4-tetrafluorobutadiene,[25] tetrafluorobutatriene,[25] tri-
fluorobutadiene,[26] and octafluoro-1,2-dimethylenecyclobu-
tane.[27]


Experimentally measured charge density determinations
exist only for perfluorocyclopropene,[21] 1,1-difluoroallene,[24]


tetrafluorobutatriene,[25] and octafluoro-1,2-dimethylenecy-
clobutane,[27] including a topological analysis for the last
three. Chemical applications of X-ray charge density analy-
sis were reviewed recently by Koritsanszky and Coppens.[28]


In continuation of our work on fluorination effects on
small molecules we report here on a systematic X-ray dif-
fraction study of fluorinated ethenes. This experimental
work was supplemented by ab initio calculations.
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Abstract: Crystals of various fluorinated ethenes were grown by in situ crystalliza-
tion from their melts on a diffractometer, allowing the structures of tetrafluoro-
ethene (C2F4), trifluoroethene (C2HF)3, 1,1-difluoroethene (C2H2F2), (E)-1,2-
difluoroethene (C2H2F2), and (Z)-1,2-difluoroethene (C2H2F2) to be determined by
X-ray crystallography. Unexpectedly, the C=C bond lengths show only small varia-
tions arising from fluorine substitution. These findings are supported by ab initio
calculations at a DFT level of theory and the results of topological analyses of the
experimentally determined and theoretically calculated charge densities.
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Results


The molecular structures of the investigated fluorinated
ethenes are shown as ORTEP[29] diagrams in Figure 1. Tetra-


fluoroethene crystallizes monoclinic (P21/n), with half a mol-
ecule in the asymmetric unit, creating a molecule with crys-
tallographic point symmetry. The lattice constants and the
packing (see Figure 2) are very similar to those of ethene.[30]


Trifluoroethene also crystallizes monoclinic (P21/n); the unit
cell is depicted in Figure 3. The isomeric difluoroethenes
form different lattices. (E)-1,2-Difluoroethene crystallizes
monoclinic (P21/c), with one half of the centrosymmetric
molecule forming the asymmetric unit, and (Z)-1,2-difluoro-
ethene forms orthorhombic crystals (Pnma), again with a
half molecule forming the asymmetric unit. The molecule
possesses crystallographic Cs symmetry. 1,1-Difluoroethene
crystallizes orthorhombic (P212121) with two molecules


Table 1. Summary of C=C bond lengths in ethenes, obtained by gas electron diffraction, microwave spectroscopy and theoretical methods.


Experimental Theoretical
Bauer et al.[a] Mijlhoff et al.[b] Dixon et al.[c] SCF Dixon et al.[c] CI-SD MP2-6-31G*[d] MP2-TZ2P[d] MP2-6-311G**[d]


CF2=CF2 1.311(7) 1.307 1.320 1.326 1.322 1.328
CF2=CHF 1.309(6) 1.341(12) 1.307 1.328 1.323 1.330
(Z)-CHF=CHF 1.331(4) 1.330(11) 1.312 1.329 1.328 1.323 1.331
(E)-CHF=CHF 1.329(4) 1.320(9) 1.311 1.328 1.328 1.323 1.330
1,1-CH2=CF2 1.316 1.340(6) 1.307 1.323 1.323 1.318 1.326
CHF=CH2 1.333(7) 1.330(18) 1.314 1.330 1.327 1.321 1.329
CH2=CH2 Duncan[e] 1.3384(10) 1.325 1.342 1.335[f]


[a] Reference [4]. [b] References [6–11]. [c] Reference [14]. [d] Reference [16]. [e] Reference [17]. [f] Reference [18].


Figure 1. ORTEP[29] diagrams of the C2F4, C2HF3, 1,1-C2H2F2, (E)-1,2-
C2H2F2 and (Z)-1,2-C2H2F2 molecules in comparison with the data for
C2H4.


[29] Bond lengths and angles from a spherical refinement
(SHELXL), bond lengths from the multipole model agree with the spher-
ical data within 0.005 5.


Figure 2. Packing of tetrafluoroethene, ORTEP[29] (top) and space-filling
model (POV-Ray,[36] bottom).


Figure 3. Unit cell of trifluoroethene (ORTEP[29]).
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forming the asymmetric unit, resulting in a rather long crys-
tallographic c axis. A higher symmetric or smaller unit cell
was ruled out by use of the PLATON program.[31] Selected
bond lengths and angles are depicted in Figure 1, while the
unit cells and packing are presented in Figures 4 and 5, re-
spectively. Analysis of intermolecular distances was per-
formed with the aid of the PLATON[31] and PARST[32] pro-
grams as implemented in the WINGX[33] program package.


Discussion


Despite the very small estimated standard deviations (esdOs)
of solid-state X-ray diffraction studies, one has to expect sys-
tematically shortened bond lengths due to libration effects,
which are difficult to correct for in small planar mole-
cules.[34] This can easily be demonstrated by the structural
data for ethene. An extremely careful X-ray diffraction[30]


study gave an uncorrected C=C distance of 1.3142(3) 5,


whereas very precise gas-phase data resulted in a C=C dis-
tance of 1.337(2) 5 (Figure 1).[17]


Although the estimated standard deviations obtained
from least squares refinement are very small, systematic
errors due to libration effects are at least one order of mag-
nitude larger. Attempts to use the thermal motion analysis
program THMA14c[35] to take account of the libration ef-
fects failed for C2F4 and both isomers of 1,2-C2H2F2, as the
least-squares refinement of the three tensors T, L, and S re-
quires at least 20 independent anisotropic displacement pa-
rameters, which cannot be obtained from two or three
atoms in the asymmetric units of (E)-1,2-difluoroethene,
(Z)-1,2-difluoroethene and tetrafluoroethene.


Nevertheless, the following conclusions are allowed:


1) Differences in C=C bond lengths due to substitution of
hydrogen are smaller than 0.02 5. In contrast with the


Figure 4. Packing diagram (ORTEP[29]) of (Z)-1,2-difluoroethene (top);
view down the a axis. Space-filling model (SCHAKAL[38]); view along
100 (center) and 0 01 (bottom).


Figure 5. Packing diagram of (E)-1,2-difluoroethene (ORTEP,[29] POV-
Ray[36]). View perpendicular to the molecular plain.
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results of the electron diffraction study by Bauer et al.[4]


and early theoretical calculations,[14] the C=C double
bond length does not decrease monotonously with the
number of fluorine atoms: the smallest C=C bond length
is observed in 1,1-difluoroethene. These findings are in
close agreement with more recent ab initio results[15,16]


on the MP2 level and our DFT calculations, all of which
predict only small effects on the C=C bond length, with
the shortest bond calculated for 1,1-difluoroethene.


2) Most of the C=C�F bond angles are above 1208 and
much larger than H�C=C bond angles. This results in
small F�C�F bond angles, with the smallest value ob-
served in 1,1-difluoroethene. This fits well with the usual
explanation that the fluorine atom prefers orbitals with
small s character when forming polar covalent bonds.


3) The C�F bond lengths of the CF2 groups are about
0.03 5 shorter than those of the CHF groups.


Crystal packing : The packing of tetrafluoroethene seems to
be influenced by attractive electrostatic interaction between
the negative charged fluorine substituents and the positively
charged carbon atoms, resulting in a typical herring-bone
motive (Figure 2). The shortest intermolecular distances, of
3.11 to 3.15 5, were found between the fluorine atoms and
the carbon atoms.


The same packing was found for ethene, which has exactly
the opposite charge distribution.[30] Nevertheless, no co-crys-
tals were formed in an attempt to co-crystallize a one to one
mixture of ethene and tetrafluoroethene. Only tetrafluoro-
ethene—which has the higher melting point—crystallized, as
could be seen by comparison of the obtained lattice con-
stants. Interestingly, similar packing is observed for 1,1,4,4-
tetrafluorobutatriene.[25]


The unit cell of trifluoroethene is depicted in Figure 3. All
intermolecular distances are equal to or longer than the
sums of the van der Waals radii. In particular, all H···F con-
tacts are longer than 2.70 5. Thus short intermolecular H···F
contacts do not seem to play an important role for the lat-
tice energy of this compound. The shortest fluorine contact
is in the range of the sum of the van der Waals radii of fluo-
rine.[37]


The crystal packing of (Z-1,2-difluoroethene is depicted
in Figure 4. It is governed by short intermolecular H···F con-
tacts of 2.44 5, with C�H bond length normalized to
1.080 5.[39] This results in chains of individual molecules, ori-
ented along the crystallographic c axis. The H···F contacts
between these chains are much longer.


The crystal packing of (E)-1,2-difluoroethene is shown in
Figure 5 in a view perpendicular to the molecular plane. The
shortest intermolecular H···F contacts of 2.59 5 of molecules
related by the glide plane of (E)-1,2-difluoroethene are
much longer than those of the Z isomer, forming chains of
molecules displaying longer H···F contacts between these
chains.


1,1-Difluoroethene (Figure 6) crystallizes in the ortho-
rhombic space group P212121, with two molecules forming
the asymmetric unit. The two molecules in the asymmetric
unit, marked A and B, are arranged in double layers perpen-


dicular to the long crystallographic c axis. The individual
molecules form columns along the a axis in which the par-
tially positively charged hydrogen atoms point towards the
partially negatively charged fluorine atoms. The fluorine
substituents in the type A molecules of a double layer point
in one direction along the positive and negative a axis for
molecules centered around z=0 and z=0.5, respectively.
Within the double layer of the B molecules, the columns
change direction. As can be seen from a view along 100,
molecules B form a herring-bone arrangement with them-
selves and with molecules A, whereas molecules A have
almost parallel arrangement. In contrast with the 1,2-substi-
tuted isomers there exist no short H·· ·F contacts.


Charge density and topological analysis : The experimentally
determined static deformation density (SDD) D(r) was
found to be in good agreement with the corresponding theo-
retically calculated one. As one example, Figure 7 shows the
experimental static and the theoretical deformation density
maps of (Z)-1,2-difluoroethene. Density accumulation is
found in the nonpolar bonds (C=C, C�H), in the polar C�F
bonds, and in the nonbonded valence shell regions around
the fluorine atoms. Both figures show very well that the
center of density in the C=C bond is shifted in the direction
of the electronegative fluorine atoms. The unexpected great-
er thermodynamic stability of the Z isomer of 1,2-difluoro-
ethene relative to the E isomer was attributed to this nonlin-
ear bond path by Wiberg et al.[40] on the basis of theoretical
calculations.


Figure 8 shows the relief plot of the negative Laplacian
�521(r) of the total density in the molecular plane of (Z)-
1,2-difluoroethene based on the experimental data. Local
valence-shell charge concentrations (VSCCs) in the saddle-
shaped regions, as clear indications of the covalent bonds,
are seen on the nonpolar C=C bonds as symmetric saddles,
while the polar C�F bonds show asymmetric saddles in the
relief plots. For the fluorine atoms, maxima of nonbonded
VSCCs were also located.


The quantitative results of the experimental and theoreti-
cal topological analyses in terms of 1(rb) and 521(rb) values
at the bond critical points rb are summarized in Table 2. For
monofluoroethene only theoretical data were available. Ex-
perimentally measured and theoretically calculated bond
lengths are in good accordance within 0.008 5, bond lengths
from the multipole refinement differ by no more than


Figure 6. Packing diagram (ORTEP[29]) of 1,1-difluoroethene. Left view
along 100, right view along 010. The two molecules in the asymmetric
unit are marked A and B.
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0.005 5 (average 0.002 5) from the spherical model. The
C�F bonds can be distinguished into two groups: C�F
bonds in CFH groups, which are in the 1.344–1.346 5 range,
and the shorter C�F bonds in CF2 groups, in the 1.311–
1.321 5 range. The experimentally determined charge densi-
ty at the bond critical points of the shorter C�F bonds (CF2)
is about 2.16 e5�3, the theoretical value is about 1.96 e5�3.
The other group of C�F bonds (CFH) has fewer but differ-
ent experimentally determined values, ranging from
1.85 e5�3 in (E)-1,2-difluoroethene to 2.11 e5�3 in (Z)-1,2-
difluoroethene. This is roughly the range for 1(rb) values
found in our previous studies on two perfluorinated hydro-
carbons.[25,26] As was also found earlier, the theoretically cal-
culated 1(rb) values for the C�F bonds are smaller than the
experimentally ascertained ones by 10–20%.


More significant differences are found between the exper-
imentally determined and the theoretically calculated Lapla-
cians in the polar C�F bonds. The experimentally deter-
mined Laplacians at the bond critical points of the C�F
bonds range from �9.6(1) to �23.7(2) e5�5. In earlier stud-
ies, 521(r) on C(sp2)�F bonds was found to be �15(4) e5�5


for p-fluoromandelic acid,[41] �10.2(4) e5�5 for 1,1-difluoro-
allene,[24] �18.1(1) to �25.7(1) e5�5 for pentafluorobenzoic
acid ,[42] and �15(4) e5�5 for tetrafluorobutatriene.[25] In all
cases the theoretical Laplacian for C�F bonds is close to
zero, ranging from �3.00 to 0.50 e5�5 in the title com-
pounds. In an inspection of the charge density and Laplacian
distribution along the polar C�F bond detailed earlier,[24] it
was shown that the theoretical calculations locate the bond
critical point 0.05–0.1 5 away from the experimentally de-
termined critical point in a direction closer to the carbon
atom. The Laplacian is positive between the nuclei, except
for a small range around the VSCC of the carbon atom, and
undergoes a change of sign just between the experimentally
determined and the theoretically calculated locations. Thus,
even a small shift in the critical point location results in sig-
nificant changes in 521(r) values. According to Coppens
et al. ,[43] the main origin of these discrepancies is attribut-
able to the nature of the radial functions in the multipole
model, which contribute to the location of the bond critical
points.


One major question of this study was whether the C=C
double bond is influenced by the amount of fluorine substi-
tution. It has already been mentioned that no indication of a
substitution effect on the C=C bond was found from spheri-
cal refinement. This is supported by the multipole model
and the topological data. The multipole C=C bond lengths
are in the narrow range between 1.308 and 1.318 5; DFT
calculations yield 1.315 to 1.321 5 with no indication of a
correlation. The same holds for the bond critical point data:
1(rb) values average to 2.52(10) e5�3/2.46(2) e5�3 (exptl/
theory) showing no trend with respect to the number of
fluorine substituents. However, the experimentally deter-
mined and theoretically calculated 1(rb) value close to
2.5 e5�3 is higher than the corresponding quantity in the
“standard” C=C bond in ethylene, calculated at the MP2
level as 2.33 e5�3.[44]


Conclusion


This study has shown that the amount of fluorine substitu-
tion on the ethene molecules does not significantly influence
the length or topology of the C=C double bond. However, a
difference is seen in the C�F bonds, between the CF2 and
the CHF groups. Both the spherical and the multipole
model give C�F bond lengths of the CF2 groups shorter
than for the CHF group by 0.03 5.


Experimental Section


Preparation : (E)-1,2-Difluoroethene,[45] (Z)-1,2-difluoroethene,[45] and
tetrafluoroethene[46] were prepared by literature methods. (E)-1,2-Di-


Figure 7. Experimentally determined (top) and theoretically calculated
(bottom) static deformation density maps in the molecular plane of (Z)-
1,2-difluoroethene. The contour intervals are at 0.1 e5�3, with zero and
negative lines dotted and dashed, respectively.


Figure 8. Relief plot giving the negative Laplacian �51(r) of the total
experimental density in the molecular plane of (Z)-1,2-difluoroethene.
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fluoroethene[45] (b.p. �42 8C) and (Z)-1,2-difluoroethene[44] (b.p. �20 8C)
were separated by distillation. The purities of the compounds were
checked by IR and 19F NMR spectroscopy, indicating isomeric purities of
>95% for the E and >90% for the Z isomer. 1,1-Difluoroethene and
trifluoroethene are commercially available and were used as received.


Crystal structure determinations : As the compounds are gaseous at ambi-
ent temperature, they were condensed into glass capillaries of 0.5 mm di-
ameter and 0.01 mm wall thickness by use of a glass vacuum line. A
column of 3–4 mm of the liquid was cooled with liquid nitrogen, and the
capillary was sealed under vacuum at a length of 30 mm. After warming
to �78 8C in a dry ice acetone bath, the capillary was mounted on an in-
sulated arcless goniometer head, while the sample was maintained at
�78 8C to avoid destruction of the capillaries.


The samples were mounted in the cold nitrogen gas stream of an inte-
grated cooling device[47] in a computer controlled Siemens four-circle
single-crystal diffractometer with an Nb filter and MoKa radiation (l=


0.7107 5) (tetrafluoroethene, trifluoroethene, and 1,1-difluoroethene) or
a Bruker-AXS SMART1000 diffractometer with graphite monochromat-
ed MoKa radiation (l=0.7107 5) ((E)-1,2-difluoroethene, (Z)-1,2-difluo-
roethene).


Different strategies were used for growing single crystals. On the Siemens
diffractometer, single crystals were grown by setting the temperature of
the gas stream to a few degrees below the melting point of each com-
pound: �145, �81, and �148 8C, respectively (m.p.=�142.5 8C for F2C=
CF2, m.p.=�78 8C for F2C=CFH, and m.p.=�144 8C for F2C=CH2). The
major part of the sample column was melted from its lower side by use
of a coaxial coil of heating wire. With the aid of an electronic control
device for the heat output of the coil, the phase border face was very
slowly moved in the opposite, downward direction. Finally the crystal
was annealed at the preset temperature.


On the Smart 1000 diffractometer, crystals of (E)-1,2-difluoroethene and
(Z)-1,2-difluoroethene were grown by cooling of the samples well below


Table 2. Topological parameters at the bond critical points rb. First row: experiment. Second row: theory, B3LYP6-311++g(3df,3pd).


Compound Bond Lengths [5] d1[5][a] 1(rb) [e5�3] �1(rb) [e5�5] e[b]


monofluoroethene F�C1
1.347 0.88 1.78 0.5 0.05


C1�C2
1.317 0.66 2.47 �29.0 0.41


1,1-difluoroethene F11�C11 1.321(1) 0.788 2.16(3) �20.9(3) 0.08
1.321 0.88 1.95 �3.0 0.16


F12�C11 1.320(1) 0.788 2.17(6) �21.1(3) 0.08
1.321 0.88 1.95 �3.0 0.16


C11=C12 1.310(1) 0.737 2.55(5) �25.8(3) 0.26
1.315 0.75 2.43 �27.67 0.49


F21�C21 1.321(1) 0.787 2.16(3) �20.7(3) 0.09
1.321 0.788 1.95 �3.0 0.16


F22�C21 1.313(1) 0.790 2.19(6) �22.3(3) 0.08
1.321 0.788 1.95 �3.0 0.16


C21=C22 1.308(1) 0.736 2.56(5) �26.0(3) 0.26
1.315 0.75 2.43 �27.67 0.49


(E)-difluoroethene F1�C1 1.344(1) 0.788 1.85(3) �13.2(2) 0.09
1.343 0.88 1.79 0.1 0.01


C1=C1’ 1.312(1) 0.656 2.47(3) �29.3(3) 0.25
1.319 0.66 2.48 �28.6 0.56


(Z)-difluoroethene F1�C1 1.346(1) 0.764 2.11(3) �20.3(3) 0.07
1.338 0.88 1.82 0.33 0.01


C1=C1’ 1.315(1) 0.658 2.69(4) �30.1(4) 0.49
1.321 0.66 2.48 �28.4 0.56


trifluoroethene F1�C1 1.317(1) 0.752 2.16(6) �9.6(4) 0.05
1.320 0.88 1.96 �2.3 0.22


F2�C1 1.311(2) 0.753 2.19(9) �11.2(4) 0.04
1.314 0.88 1.98 �1.8 0.21


F3�C2 1.345(2) 0.751 2.04(8) �11.2(5) 0.10
1.340 0.88 1.81 1.1 0.09


C2=C1 1.309(2) 0.681 2.39(9) �25.0(8) 0.69
1.321 0.71 2.45 �28.1 0.68


tetrafluoroethene F1�C 1.317(1) 0.801 2.16(3) �16.6(2) 0.38
1.317 0.88 1.97 �1.8 0.28


F2�C 1.315(1) 0.832 2.10(4) �23.7(3) 0.24
1.317 0.88 1.97 �1.8 0.28


C=C’ 1.313(1) 0.659 2.41(8) -29.5(1) 0.67
1.321 0.66 2.47 �28.9 0.86


[a] d1 is the distance from the first atom in the bond column to the bond critical point. [b] The ellipticity (e) is (l1/l2)�1, where l1 and l2 are the two neg-
ative curvatures of 1(r) at rb.
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their melting points, slow warming to determine the melting points, and
recooling to obtain a polycrystalline material. Setting of the temperature
of the cold nitrogen gas stream as close as possible (1 K) below the melt-
ing point resulted in a temperature gradient between the upper and
lower part of the capillary, since the nitrogen gas stream is not parallel to
the capillary axis because of the fixed c angle of the diffractometer. Slow
f rotation resulted in single crystals after a few hours. The quality of the
crystals and the progress of crystallization were checked by recording ro-
tational frames and matrix runs. The crystals were cooled slowly to the
temperatures given in Table 3. The structure solution was obtained by
direct methods (SHELXS-97).[48] Hydrogen atoms were located in the
difference Fourier maps and refined isotropically by full-matrix, least-
squares refinement based on F2 (SHELXL-97)[48] with anisotropic ther-
mal displacement parameters in the spherical refinement for carbon and
fluorine. Crystallographic data, measurement and refinement results are
summarized in Table 3. Selected bond lengths and angles are summarized
in Figure 1.


The crystals grown under low-temperature conditions in capillaries on
the diffractometer were of sufficient quality to diffract to relative high
resolutions [(sinq/l)max=0.95–1.14 5�1], so charge density determinations
based on Hansen–Coppens formalism[49] could be performed by use
of the XD program.[50] The refinements, minimizing the quantity SH wH


(jFo(H) j�k jFc(H) j )2 with the statistical weight wH= [s(Fo(H))]�2, were
also carried out with the XD program.[50] Only those structure factors
meeting the criterion Fo(H)>3s(Fo(H)) were included. The multipole
model was expanded up to the hexadecapole level (L=4) for the heavy
atoms (C, F) and up to the dipolar level (L=1) for the hydrogen atoms.
For the C and F atoms the individual radial screening parameters (k)
were assigned and refined. For the hydrogen atoms k was fixed to 1.20.
Because no neutron data were available the C�H distances were fixed to
1.08 5 as suggested by theory. As atomic site symmetry, a cylindrical
symmetry was applied for the fluorine atoms and no symmetry for the
carbon and hydrogen atoms. A model in which the cylindrical symmetry
of fluorine atoms was left out was also considered. The statistical figures
showed that the use of this symmetry fits the data as well as no local
symmetry for fluorine atoms. As one example, the experimentally deter-
mined residual map of (Z)-1,2-difluoroethene is shown in Figure 9,
which, except for a small signal close to the fluorine atom sites, is practi-
cally featureless.


CCDC-232281 (tetrafluoroethene), CCDC-232282 (trifluoroethene),
CCDC-232280 (1,1-difluoroethene), CCDC-232279 ((Z)-1,2-difluoro-
ethene) and CCDC-232283 ((E)-1,2-difluoroethene) contain the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK; fax: (+44) 1223-336-033; or e-mail : deposit@ccdc.cam.ac.
uk).


According to BaderOs theory of atoms in molecules (AIM),[51,52] a topo-
logical analysis of 1(r), which provides a quantitative description of
charge density data, was applied. For comparison, a theoretical topologi-
cal analysis was also carried out for the isolated molecules by use of the
AIMPAC program,[53] based on B3LYP density functional ab initio calcu-
lations with the 6–311++G(3df,3pd) basis set.[54]
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Table 3. Crystal, measurement, and refinement data.


1,1-Difluoroethene (E)-1,2-Difluoroethene (Z)-1,2-Difluoroethene Trifluoroethene Tetrafluoroethene


formula C2F2H2 C2F2H2 C2F2H2 C2F3H2 C2F4


Mr [gmol�1] 64.04 64.04 64.04 82.03 100.02
T [K] 100 120 120 100 100
crystal system orthorhombic monoclinic orthorhombic monoclinic monoclinic
space group P212121 P21/c Pnma P21/n P21/n
a [5] 5.3032(8) 4.929(2) 6.3938(8) 4.560(4) 4.551(2)
b [5] 6.312(1) 4.452(2) 9.516(1) 14.386(2) 6.210(2)
c [5] 16.989(3) 6.346(3) 4.4920(6) 4.7598(9) 5.775(2)
b [8] 106.32(1) 106.73(8) 104.35(7)
V [53]/Z 568.7(3) 133.7(1) 273.31(6) 299.0(4) 158.12(12)
Z 8 2 4 4 2
1 [g cm�3] 1.496 1.592 1.556 1.822 2.10
m [mm�1] 0.18 0.19 0.19 0.24 0.29
[(sinp)/l]max [5�1] 0.95 1.14 1.06 1.01 1.08
reflns collected 7991 5255 7388 3996 3410
independent reflns 3789 1563 1168 2546 1682
R (int) 0.020 0.038 0.028 0.027 0.020
R(F) spherical/multipole 0.035/0.032 0.045/0.035 0.041/0.030 0.05/0.041 0.031/0.024
Rw(F) multipole 0.019 0.039 0.020 0.030 0.022


Figure 9. The residual map for (Z)-1,2-difluoroethene, with contour inter-
vals of 0.05 e5�3. Dashed lines represent negative and solid lines positive
levels.
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Compressed Octahedral Coordination in Chain Compounds Containing
Divalent Copper: Structure and Magnetic Properties of CuFAsF6 and
CsCuAlF6


Zoran Mazej,*[a] Iztok Arčon,[b] Primož Benkič,[a] Alojz Kodre,[c] and Alain Tressaud[d]


Introduction


Compounds containing CuII with its d9 electron configura-
tion are strongly affected by the Jahn–Teller effect. Hexa-


coordinate CuII compounds usually display tetragonal elon-
gation along a fourfold axis with a coordination number
(C.N.) 4+2 for CuII. In the limiting case, a square-planar co-
ordination may be found, as in the KBrF4 type, for example,
CaCuF4 and SrCuF4.


[1] Although it was initially reported, on
the basis of crystallographic data, that some sixfold coordi-
nated CuII compounds had regular or even tetragonally
compressed octahedral coordination, it was later found by
other techniques (EPR, EXAFS) that they have the usual
Jahn–Teller tetragonally elongated octahedral configuration.
More details concerning Jahn–Teller distorted, six-coordi-
nate CuII complexes may be found in two recently published
papers.[2,3]


Beside doped series, such as Ba2Zn1�xCuxF6,
[4] one of the


rare examples of a compressed geometry is KCuAlF6. Re-
sults of the unpolarised low-temperature absorption spec-
trum of a single crystal,[5] electronic spectra,[6] magnetic
measurements[6] and EXAFS[7] are consistent with the crys-
tal structure determined at room temperature[8] and unam-
biguously confirm the compressed octahedral geometry of
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Abstract: Crystal structures and mag-
netic investigations of CuFAsF6 and
CsCuAlF6 are reported. Together with
KCuAlF6, these appear to be the only
examples of Jahn–Teller pure CuII com-
pounds containing only one type of
ligand that exhibits a compressed octa-
hedral coordination geometry. The
Rietveld method has been used for re-
fining the CsCuAlF6 structure based on
neutron powder diffraction data at 4 K.
The compound crystallizes in space
group Pnma (no. 62) with a=7.055(1),
b=7.112(1), c=10.153(1) F and Z=4
at 4 K. The structure is built from infi-
nite [CuF5]n


3n� chains of [CuF6]
4� octa-


hedra running along the [100] direc-
tion and (AlF6)


3� octahedra connected
by corners in the trans position, thus
giving rise to chains oriented along the


[010] direction. Single crystals of
CuFAsF6 were prepared under solvo-
thermal conditions in AsF5 above its
critical temperature. The structure was
determined from single-crystal data.
CuFAsF6 crystallises in the orthorhom-
bic space group Imma (No. 74) with
a=10.732(5), b=6.941(3), c=
6.814(3) F and Z=4 at 200 K. The
structure can also be described in
terms of one-dimensional infinite
[CuF5]n


3n� chains of tilted [CuF6]
4� oc-


tahedra linked by trans-vertices run-
ning along the b axis. The [CuF5]n


3n�


chains are connected through [AsF6]
�


units sharing joint vertices. The com-
pressed octahedral coordination of CuII


atoms in CuFAsF6 and CsCuAlF6 com-
pounds at room temperature is con-
firmed by Cu K-edge EXAFS (extend-
ed x-ray absorption fine structure)
analysis. For both compounds strong
antiferromagnetic interactions within
the [CuF5]n


3n� chains were observed
(qp=�290�10 K and qp=�390�10 K
for CuFAsF6 and CsCuAlF6, respec-
tively). The peculiar magnetic behav-
iour of chain compounds containing di-
valent copper at low temperature could
be related to uncompensated magnetic
moments in the one-dimensional net-
work.


Keywords: copper · EXAFS
spectroscopy · fluorides ·
Jahn–Teller distortion · magnetic
properties · structure elucidation
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CuII. Recently, the energy difference between elongated and
compressed geometries of CuII in tetragonal-layered perov-
skites was investigated theoretically, by using DFT calcula-
tions.[9] KCuAlF6 is one of the rare examples of a pure Cu


II


compound with only one ligand type and an overall a com-
pressed geometry. In other compounds that have two differ-
ent ligands, the compression is associated with one ligand
having a stronger ligand field than the other.
In this paper we report the crystal structures and magnetic


properties of CuFAsF6 and CsCuAlF6, two new examples of
CuII compounds with a compressed tetragonal geometry of
CuII.


Results and discussion


CuFAsF6—X-ray single crystal structure and magnetic prop-
erties : CuFAsF6 crystallizes in the orthorhombic space
group Imma (No. 74) with a=10.732(5), b=6.941(3), c=
6.814(3) F, and Z=4. It should be noted that, although the
unit cell constants are similar to those found for AgFAsF6-
type compounds,[10,11] the structural arrangement is different.
The structure can be described in terms of one-dimensional
infinite [CuF5]n


3n� chains of tilted [CuF6]
4� octahedra (Cu-F-


Cu angle=141.4o) sharing opposite vertices (Figure 1).


The [CuF5]n
3n� chains are connected through (AsF4/2F2)


octahedra, in which four bridging fluorine atoms are
common to four different [CuF6]


4� octahedra and the re-
maining two are terminal (Figure 2). The [CuF6]


4� octahedra
are compressed, with two shorter Cu�F bonds (2K1.838 F)
within the [CuF5]n


3n� chains and four longer Cu�F(As)
bonds (4K2.143 F). Copper is therefore in a rather peculiar
environment, with two short bonds and four long ones. The
AsF6 units are close to regular octahedra. As expected, dis-
tances between As atoms and bridging F atoms are slightly
longer (1.741 F) than As�Fter (1.686 F).
Several structural types have been claimed for fluorides


with the AIIFMVF6 formulation. This series clearly illustrates
the variety of coordination numbers found for divalent
Jahn–Teller ions such as CuII and AgII. Depending on the
type of orbital occupied by the single electron of d9 AgII, the
distortion may lead to a square-planar environment, in
which the single electron occupies the dx2�y2 orbital as in the


case of AgFRuF6.
[12] In this case, the Ag�F distances are:


four at 2.00–2.16 F and two others at 2.51 F and 2.66 F. On
the other hand a flattened pentagonal bipyramid has been
found for AgFMF6 with M=As, Ir, Au.[10,11,12] For instance,
in AgFAsF6 the distances are the following: two Ag�F at
2.00 F and five Ag�F in the 2.39–2.44 F range. The result-
ing near-to-linear coordination is alternatively attributable
to the occupancy of the dz2 orbital by the unpaired electron.
CuFAsF6 thus illustrates a related possibility: the com-
pressed octahedral coordination.
The thermal dependence of the reciprocal susceptibility of


CuFAsF6 is shown in Figure 3 and is similar to that observed
for other chain compounds containing divalent copper.[13, 14]


The extrapolated value of the paramagnetic Curie tempera-
ture is particularly important: qp=�290�10 K. This value
can be related to the significant antiferromagnetic interac-
tions within the [CuF5]n


3n� chains. The effective moment de-
duced from the data above 130 K is 1.22 mB, which is rather
low when compared with the spin-only value of CuII (m=
1.73 mB). The dependence of the magnetization on the ap-
plied field is linear at 4 K, at least up to 25 kOe (Figure 4),
accounting for the absence of three-dimensional magnetic
ordering at low temperature.


Figure 1. Part of the crystal structure of CuFAsF6 showing one-dimen-
sional infinite [CuF5]n


3n� chains of tilted [CuF6]
4� octahedra linked by


two opposite corners (dark octahedra: [CuF6]
4� ; light octahedra:


[AsF6]
�).


Figure 2. Perspective view of CuFAsF6 showing the packing of one-di-
mensional infinite chains of [CuF6]


4� octahedra along the b axis (dark oc-
tahedra: [CuF6]


4� ; light octahedra: [AsF6]
�).


Figure 3. Temperature dependence of the reciprocal magnetic susceptibil-
ity of CuFAsF6.
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CsCuAlF6—structure determination from neutron powder
diffraction and magnetic properties : The synthesis of
CsCuAlF6 was previously reported by Fleisher and
Hoppe,[15] but no accurate structure determination was car-
ried out. We have found similar unit-cell constants: a=
7.094(2), b=7.134(2), c=10.244(3) F (Pnma space group).
In order to determine the structural characteristics of the
compound and to verify whether three-dimensional magnet-
ic ordering occurs at low temperature, a neutron diffraction
investigation was carried out at 4 K. Diffractograms ob-
tained at 120 K and 4 K are given in Figure 5 together with
the difference spectrum. No difference is observed between
the two spectra, confirming definitively the absence of any
magnetic order at 4 K. Atomic coordinates and thermal fac-


tors are given in Table 1, interatomic distances and bonding
angles are listed in Table 2. The excellent agreement be-
tween the experimental spectrum and the calculated one is
demonstrated in Figure 6.


The structure of CsCuAlF6 is represented in Figure 7.
This schematic view shows the two octahedral networks re-
sulting from the ordering between divalent and trivalent cat-


Figure 4. Dependence of the magnetization of CuFAsF6 with the applied
field at 4 K.


Figure 5. Neutron diffractograms of CsCuAlF6 obtained at 120 and 4 K
together with the difference spectrum.


Table 1. Atomic coordinates and thermal factors of CsCuAlF6 at 4 K.


Atom Site x y z Biso [F
2]


Cs 4c 0.482(3) 0.25 0.129(2) 0.30(2)
Cu 4c 0.274(4) 0.25 0.759(2) 0.30(2)
Al 4a 0 0 0 0.30(2)
F1 4c 0.033(4) 0.25 0.678(2) 1.00(2)
F2 4c 0.483(3) 0.25 0.456(2) 1.00(2)
F3 8d 0.150(2) 0.971(2) 0.139(1) 1.00(2)
F4 8d 0.203(2) 0.047(2) 0.895(1) 1.00(2)


Table 2. Interatomic distances [F] and bonding angles [o] in CsCuAlF6 at
4 K.


Cu�F1 1.88(2) Al�F2 1.84(2) (2K)
Cu�F1 1.94(2) Al�F3 1.77(2) (2K)
Cu�F3 2.06(2) (2K) Al�F4 1.82(2) (2K)
Cu�F4 2.06(2) (2K) hAl�Fi 1.81(3)
hCu�Fi 2.01(3)


F1-Cu-F1 173.6(2) F2-Al-F2 180.0(2)
F1-Cu-F3 88.8(2) (2K) F2-Al-F3 87.5(2) (2K)
F1-Cu-F3 87.0(2) (2K) F2-Al-F3 92.4(2) (2K)
F1-Cu-F4 94.3(2) (2K) F2-Al-F4 89.0(2) (2K)
F1-Cu-F4 90.3(2) (2K) F2-Al-F4 90.9(2) (2K)
F3-Cu-F3 99.6(2) F3-Al-F3 180.0(2)
F3-Cu-F4 85.7(2) (2K) F3-Al-F4 88.9(2) (2K)
F3-Cu-F4 173.9(2) (2K) F3-Al-F4 91.1(2) (2K)
F4-Cu-F4 88.9(2) F4-Al-F4 180.0(2)


Cu-F1-Cu 134.8(2) Al-F2-Al 150.7(2)


Figure 6. Neutron diffraction profile of CsCuAlF6 at 4 K (***: experimen-
tal points; c : calculated profile; vertical ticks: peak positions of
CsCuAlF6; full line above: difference profile).
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ions. The [CuF5]n
3n� chains run parallel to the [100] direc-


tion, as in the weberite Na2CuInF7.
[14] [AlF6]


3� octahedra are
connected by corners in trans positions, giving rise to chains
oriented along the [010] direction. The structure can be
considered as being derived from pyrochlore.
The average distance hCu�Fi within [CuF6]4� octahedra is


almost identical to those of Na2CuInF7 and Na2CuGaF7 we-
berites, apart from the presence of a C.N. 2+4 configura-
tion. This flattening occurs along the chain direction through
the bridging F1 atom (see Table 2).
A significant tilting of these octahedra is observed (Cu-


F1-Cu angle=134.88), as in the homologous silver com-
pound CsAgAlF6.


[16] Similar characteristics are observed for
[AlF6]


3� octahedral, which zigzag with an Al-F2-Al angle of
150.78 ; however, this feature does not affect the AlF6 octa-
hedra, which remain undistorted. The average hAl�Fi dis-
tance of 1.81 F is the same as that observed in numerous
fluoroaluminates. In CsCuAlF6, the F2 atoms are closer to
caesium and therefore it is reasonable to assign an 8+2 co-
ordination number to Cs, whereas it is 7+2 and 9 in the iso-
structural CsAgAlF6 and CsAgFeF6 compounds,


[16] respec-
tively, and 10 in CsNiIINiIIIF6, as shown below:


* CsCuAlF6: eight distances in the 3.07(1)–3.32(3) F
range; two distances at 3.41(4) F.


* CsAgAlF6: seven distances in the 3.05–3.17 F range; two
distances at 3.51 F.


* CsAgFeF6: nine distances in the 3.09–3.31 F range.
* CsNiNiF6: ten distances in the 3.08–3.28 F range.


The magnetic behaviour of CsCuAlF6 was measured with
a Faraday balance under a constant field of 10 kOe. The
thermal dependence of the reciprocal susceptibility shown
in Figure 8 is similar to those observed in other chain com-
pounds, such as Na2CuInF7 and Na2CuGaF7 weberites


[14] or
PdII-based compound CsPdAlF6.


[17] The extrapolated value
of the paramagnetic Curie temperature is: qp=�390�10 K.
This value accounts for the significant antiferromagnetic in-
teractions within the [CuF5]n


3n� chains. The effective
moment deduced from the data above 130 K is 1.56 mB
(mcalcd=1.73 mB, calculated for spin only Cu


II).
In addition, we have investigated the magnetic behaviour


of an isostructural compound KCuAlF6. The structure of
this fluoride was previously solved by Wingefeld and


Hoppe. It crystallizes in the same orthorhombic symmetry
(Pnma space group) with a=6.731, b=7.040 and c=
9.793 F.[8] The structure also consists of tilted chains of com-
pressed CuF6 octahedra, sharing trans corners and connect-
ed to AlF6 octahedra chains running in the perpendicular di-
rection. In the CuF6 octahedron there are two short Cu�F
distances (average distance: 1.877 F) and four long ones
(~2.12 F). The Cu-F-Cu angle along the chain is equal to
1288. The thermal dependence of the reciprocal susceptibili-
ty shows similar features (Figure 9), with a paramagnetic
Curie temperature of qp=�60�5 K and an effective
moment of about 1.89 mB, determined above 100 K. Neutron
diffraction experiments have shown that no ordering occurs
down to 6 K.


EXAFS analysis of CuFAsF6 and CsCuAlF6 : Cu K-edge
EXAFS provides information on the local structure around
Cu atoms in the sample.[18] We performed EXAFS analysis
with the University of Washington UWXAFS package using
the FEFF6 code,[19,20] in which the photoelectron scattering
paths were calculated ab initio from the presumed distribu-
tion of neighbouring atoms around Cu, based on the pro-


Figure 7. Network of [CuF6]
4� and [AlF6]


3� octahedra in the orthorhom-
bic cell of CsCuAlF6 (dark octahedra: [CuF6]


4� ; light octahedra:
[AlF6]


3� ; dark spheres: Cs).


Figure 8. Temperature dependence of the reciprocal magnetic susceptibil-
ity of CsCuAlF6.


Figure 9. Temperature dependence of the reciprocal magnetic susceptibil-
ity of KCuAlF6.
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posed X-ray/neutron diffraction crystal structure of
CuFAsF6 and CsCuAlF6. The EXAFS model of the first Cu
coordination shell included all single scattering paths from
the central Cu atom to the six (2+4) nearest fluorine atoms
in the compressed octahedral geometry, comprising two
short and four long Cu�F bonds.
Fourier transformed k3-weighted Cu EXAFS spectra of


the CuFAsF6 and CsCuAlF6 samples are shown in Figures 10


and 11, together with a best-fit EXAFS model of the first
coordination shell. Very good agreement between the model
and the experimental spectrum is found in the R range from
1.0 to 2.3 F. Six variable parameters were used in the fit:
the amplitude reduction factor S20, the shift of energy origin
Eo, two Cu�F distances and two Debye–Waller factors (s2),
one for the two axial and the other for four equatorial F
neighbours. The shell coordination numbers were kept
fixed. A complete list of best fit parameters for both com-
pounds is given in Table 3. The quality of fit for the
CuFAsF6 spectrum is shown in Figure 10, and for CsCuAlF6
in Figure 11.


Figure 10. Top: Fourier transform of k3-weighted Cu EXAFS spectrum of
the CuFAsF6 sample, calculated in the k range of 3.0–13.1 F�1. Experi-
ment: solid line; EXAFS model for the first coordination shell : dashed
line. Bottom: Fourier filtered first shell contribution (R range from 1.0 F
to 2.3 F) of the k3-weighted Cu EXAFS spectrum of the CuFAsF6
sample. Experiment: dots; best fit EXAFS model for the first coordina-
tion shell : solid line.


Figure 11. Top: Fourier transform of k3-weighted Cu EXAFS spectrum of
the CsCuAlF6 sample, calculated in the k range of 3.3–11.5 F


�1. Experi-
ment: solid line; EXAFS model for the first coordination shell : dashed
line. Bottom: Fourier filtered first shell contribution (R range from 1.0 F
to 2.2 F) of the k3-weighted Cu EXAFS spectrum of the CsCuAlF6
sample. Experiment: dots; best fit EXAFS model for the first coordina-
tion shell : solid line.


Table 3. Parameters of the nearest coordination shells around copper
atoms in CuFAsF6 and CsCuAlF6 compounds obtained by EXAFS analy-
sis. For comparison, Cu�F bond lengths obtained by X-ray or neutron
structure determination are also given.


X-ray EXAFS analysis[a]


RCu�F [F] RCu�F [F] s2 [F2] R factor


CuFAsF6
1.838(4) (2K) 1.85(1) (2K) 0.003(1) 0.0074
2.143(3) (4K) 2.13(1) (4K) 0.019(2) 0.0074


Neutron EXAFS analysis[a]


RCu�F [F] RCu�F [F] s2 [F2] R factor


CsCuAlF6
1.88(2) (1K) 1.91(1) (2K) 0.003(1) 0.0090
1.94(2) (1K) 2.03(3) (4K) 0.029(7)
2.06(2) (4K)


[a] Cu�F distance (RCu�F), and Debye–Waller factor (s2). Uncertainty of
the last digit is given in parentheses. Best fit is obtained with the ampli-
tude reduction factor S20=0.91�0.07 and the shift of energy origin DEo=
0.03�0.5 eV. The goodness-of-fit parameter, R factor,[20] is given in the
last column.
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The Cu�F bond lengths obtained for the CuFAsF6 com-
pound (1.85(1) F for the two axial F and 2.13(1) F for the
four equatorial F neighbours) are in good agreement with
the results of the single-crystal X-ray diffraction analysis.
The Debye–Waller factors are found to be much lower for
the axial (0.003(1) F2) than for the equatorial F neighbours
(0.019(2) F2). The compressed octahedral coordination of
CuII atoms is also confirmed in the case of the CsCuAlF6
compound, in which the average Cu�F distance for the two
axial F neighbours is 1.91(1) F, and 2.03(3) F for the four
equatorial F neighbours. Again, much lower Debye–Waller
factors are found for the axial neighbours (0.003(1) F2) rela-
tive to the equatorial ones (0.029(7) F2). Similar structural
parameters of the first Cu coordination sphere were also
found in the case of KCuAlF6.


[7]


EXAFS results therefore confirm that the Cu atoms in
CuFAsF6 and CsCuAlF6 compounds are located in a com-
pressed octahedral environment at room temperature.


Conclusion


The structures of CuFAsF6 and CsCuAlF6 have been deter-
mined by using single-crystal and powder neutron diffrac-
tion experiments, respectively. In both cases, the network is
composed of one-dimensional infinite [CuF5]n


3n� chains of
[CuF6]


4� octahedra sharing opposite corners. The [CuF6]
4�


octahedra exhibit a compressed distortion with two shorter
Cu�F bonds within the chain and four longer equatorial
Cu�F bonds with connecting (MF6) octahedra, M=Al, As.
A Cu K-edge EXAFS analysis has confirmed that, at room
temperature, the CuII in CuFAsF6 and CsCuAlF6 is in a
compressed octahedral environment. It should be empha-
sized that these fluorides are, together with KCuAlF6, the
only examples of pure CuII compounds containing only one
type of ligand in which CuII is in a tetragonally compressed
octahedral coordination. Some examples of CuII-based fluo-
rides exhibiting various coordination numbers are compared
in Table 4. The peculiar magnetic behaviour of these com-
pounds can be related to those of other one-dimensional
networks that contain CuII, in which a non-compensation of
magnetic moments may occur at low temperature.


Experimental section


CuFAsF6 was prepared from CuF2 and excess of AsF5 in anhydrous hy-
drogen fluoride as described.[28] The purity of the product was checked
by X-ray powder diffraction analysis.


Single crystals of CuFAsF6 were prepared by solvothermal synthesis car-
ried out in a special stainless steel autoclave with a PTFE liner (V=


6 mL). After mixing CuFAsF6 (134 mg), CuF2 powder (300 mg), AsF5
(2 g) and aHF (0.4 mmol) in the autoclave, it was heated to 393 K, that is
above critical temperature of AsF5, for 16 days. After cooling to ambient
temperature all volatiles were quickly pumped away. The autoclave was
opened in a dry-box and single crystals were found in addition to a white
colourless solid. Crystals were immersed in perfluorinated oil (ABCR,
FO5960) in the dry-box, selected under the microscope and transferred
into the cold nitrogen stream of the diffractometer.


Powdered CsCuAlF6 was prepared by the solid-state reaction from a stoi-
chiometric mixture of the three binary fluorides CsF, CuF2 and AlF3 at


650 8C in sealed gold tubes for 24 h. The purity of the product was
checked by X-ray powder diffraction analysis.


Single-crystal data of CuFAsF6 were collected on a Mercury CCD area
detector coupled with a Rigaku AFC7S diffractometer using mono-
chromatized MoKa radiation. Data were corrected for Lorentz polariza-
tion and absorption effects, and processed using Rigaku Crystalclear soft-
ware suite program package. The structure was solved by direct methods
(SHELXS) and expanded using Fourier techniques. For the results of the
structure determination see Table 5. Further details of the crystal struc-
ture investigation may be obtained from the Fachinformationszentrum
Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax: (+49)7247-
808-666; e-mail : crysdata@fiz-karlsruhe.de), on quoting the depository
number CSD-413972.


Neutron diffraction diagrams of CsCuAlF6 were recorded at D1B line of
ILL reactor in Grenoble between 4 K and 300 K in the 4<2q<848 angu-
lar range with 2.522 F wavelength. The results of the structure refine-
ment from the 44 reflections observed in the 4 K diffractogram are given
in Table 5.


The magnetic measurements were performed by using a Faraday type
balance under a constant field of 10 kOe in the 4–300 K range, and
SQUID equipment under various applied magnetic fields.


The Cu K-edge EXAFS data of the CuFAsF6 and CsCuAlF6 were ob-
tained in a standard transmission mode at the E4 station of HASYLAB
synchrotron facility, DESY (Hamburg, Germany). The beamline provid-
ed a focused beam from an Au-coated mirror and a Si(111) double-crys-
tal monochromator with 1.5 eV resolution at Cu K-edge. Harmonics
were effectively eliminated by a plane Au coated mirror and by detuning
the monochromator crystal using a stabilization feedback control.
Powder samples were sealed between multiple layers of ParafilmQ


(American Can Company) in a dry-box to prevent hydrolysis. Several
layers were stacked to obtain about a unit attenuation above the Cu K-
edge and improve the homogeneity. The stack was mounted on a sample
holder in a vacuum chamber of the beamline, so that during the measure-
ments the samples were kept in high vacuum at room temperature. The
sealed samples were perfectly stable for several hours of the experiment:
no sign of hydrolysis was observed after demounting. The stability of the
samples was also confirmed by the reproducibility of the consecutive
scans in sequence to improve signal-to-noise ratio. The absorption spec-
tra were measured within the �250 to 900 eV region of the Cu K-edge
with an integration time of 2 s per step. The exact energy calibration was
established with a simultaneous measurement on a Cu metal foil (EK=
8979 eV) between the second and the third ionization cell.


Table 4. Environments of CuII in various fluorinated networks.


Compound Axial bond Equatorial Ref.
(chain direction) [F] bond [F]


compressed octahedra (2+4)
CuFAsF6 1.838 (2K) 2.143 (4K) [a]


KCuAlF6 1.873/188.1 2.12 (4K) [8]
CsCuAlF6 1.88/194 2.06 (4K) [a]


octahedral coordination (2+2+2)
KCuCrF6 1.872/1.878 2.239/2.26 [21]


1.999/2.007
CuAuF5 1.854 (2K)/2.021 (2K) 2.221 (2K) [1]
KCuF3 1.888 (2K)/1.962 (2K) 2.258 (2K) [22,23]


elongated octahedra (4+2)
CuF2 1.910 (2K)/1.929 (2K) 2.035 (2K) [22,24]
Ba2CuF6 1.862 (2K)/1.867 (2K) 2.320 (2K) [22,25]
Cs2CuF4 1.933 (2K)/1.961 (2K) 2.474 (2K) [22,26]
Na2CuGaF7 1.936 (2K)/1.945 (2K) 2.100 (2K) [15]


square planar coordination (4)
SrCuF4 1.858 (4K) [1,22,27]


[a] This work.
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Table 5. Crystal data and structure refinement for CuFAsF6
[a] and neutron diffraction crystal data and struc-


ture refinement of CsCuAlF6.


CuFAsF6 CsCuAlF6


formula CuFAsF6 formula CsCuAlF6
Mr [gmol


�1] 271.46 T [K] 4
T [K] 200 l [F] 2.522
l [F] 0.7107 crystal system orthorhombic
crystal system orthorhombic space group Pnma (No. 62)
space group Imma (No. 74) a [F] 7.055(1)
a [F] 10.732(5) b [F] 7.112(1)
b [F] 6.941(3) c [F] 10.153(1)
c [F] 6.814(3) V [F3] 509.4(2)
V [F3] 507.6(4) Z 4
Z 4 2q range [o] 4<2q<84
1calcd [gcm


�3] 3.552 angular step [o] 0.02
m [mm�1] 10.843 refinement program DBW 3.2S
F(000) 500 collected reflections 44
2q range [o] 7.0–60.1 refined parameters 25
index ranges �11<h<15 profile function Gauss


�7<k<9 FWHM evolution law H2=U tg2q+V tgq+W
�9< l<9 Rp 0.028


reflections collected 1835 Rwp 0.033
independent reflections 392 (Rint=0.0391) RI 0.023
observed reflections [I>2s(I)] 328
refinement method full-matrix


least-squares on F2


data/restraints/parameters 392/0/28
goodness-of-fit on F2 1.115
final R indices [I>2s(I)] R1=0.027/wR2=0.071
R indices (all data) R1=0.033/wR2=0.073
largest diff. peak/hole [eF�3] 0.720/�1.342


[a] Crystal structure of CuFAsF6 was first determined on our single crystals with a help of Dr. H. Borrmann,
Max-Planck Institut fSr Chemische Physik fester Stoffe, Dresden (Germany). To obtain better data the deter-
mination was repeated on new crystals by one of us (P.B). All crystallographic data presented in this paper are
from repeated crystal structure determination.
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Helical Structures of Conjugate Polymers Created by Oxidative
Polymerization Using Synthetic Lipid Assemblies as Templates


Tsukasa Hatano,[a] Ah-Hyun Bae,[a] Masayuki Takeuchi,[a] Norifumi Fujita,[a]


Kenji Kaneko,[b] Hirotaka Ihara,[c] Makoto Takafuji,[c] and Seiji Shinkai*[a]


Introduction


Recently, oriented polymers and/or polymer nanostructures
have attracted wide attention.[1] Of particular interest have
been structures that consist of conjugate polymers because
of their potential application as electrochemical switches,
electric devices, sensors, and so forth.[2,3] Poly(ethylenedi-
oxythiophene) (poly(EDOT)), poly(pyrrole), and poly(ani-
line) (poly(ANI)) are conjugate polymers easily obtained by
electrochemical or chemical polymerization of the corre-
sponding monomers. So far, several attempts have been
made to construct oriented polymers and/or polymer nano-
structures, for example, deposition of monomers in the ori-


ented environments such as LB membranes,[4] surfactant ag-
gregates,[5,6] and liquid crystals,[7] among others.[8,9] It is
known, however, that the prediction of the resultant super-
structures and the fine-tuning of the molecular assemblies in
these systems are nearly impossible and in fact these super-
structures are created, in most cases, just by accident.


Recently, we and others have explored a new method to
transcribe a variety of organic superstructures into inorganic
materials by a sol–gel reaction of metal alkoxides (“templat-
ing sol–gel reaction”), by which one can control the mor-
phology of inorganic compounds and create various new su-
perstructural inorganic materials.[10–18] The driving force op-
erating in this templating sol–gel reaction is considered to
be electrostatic and/or hydrogen-bonding interactions be-
tween silica nanoparticles and organic assemblies acting as
templates.[16] Thus, it occurred to us that the morphology of
these conjugate polymers would also be controllable by ap-
plying the concept of the templating method to the electro-
chemical polymerization process; that is, as oxidative poly-
merization of these monomers produces cationic intermedi-
ates, the anionic assemblies should act as a potential tem-
plate due to the mutual electrostatic attractive force. More
recently, we found that anionic polymers and assemblies,
such as DNA superstructures, [60]fullerene encapsulated in
p-sulfonatocalix[8]arene, J aggregates of 5,10,15,20-tetra-
kis(4-sulfonatophenyl)porphyrin, and single-walled carbon
nanotubes dispersed by sodium dodecyl sulfate (SDS) or
DNA, act as templates that can be readily deposited on the
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Abstract: The morphology of conjugate
polymers (such as poly(ethylenedioxy-
thiophene), poly(pyrrole), and poly(an-
iline)) can be controlled in their poly-
merization processes, by applying the
concept of the templating method to
oxidative polymerization. As oxidative
polymerization of these monomers pro-
duces cationic intermediates, the anion-
ic assemblies can act as potential tem-
plates due to the mutual electrostatic
attractive force. Oxidative polymer-


ization of ethylenedioxythiophene
(EDOT), pyrrole, and aniline was car-
ried out using helical superstructures of
synthetic lipid assemblies as templates.
Interestingly, we have found that oxi-
dative polymerization of these mono-
mers results in novel polymeric aggre-


gates, such as a helical-tape structure
and an intertwined helical structure,
and that both the right-handed and
left-handed helical structures can be
created by a change in the hydrophilic
head groups. This is the first example
of helical superstructures composed of
conjugate polymers that have been de-
signed utilizing a convenient templat-
ing method.


Keywords: conjugate polymers ·
helical structures · lipids · poly-
merization · template synthesis
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indium–tin oxide (ITO) electrode by electrochemical poly-
merization of these monomers.[19] Observation by scanning
electron microscopy (SEM) established that the resulting
conjugate-polymeric assemblies have superstructures similar
to those of the original organic templates. These findings
prompted us to apply this concept to some anionic organic
templates bearing a helical superstructure. In this paper, we
report that the helical superstructures are created from the
assembly of conjugate polymers using chiral synthetic lipids
as the templates.


Results and Discussion


Characterization of the morphology formed from anionic as-
semblies : Superstructures of synthetic lipid molecules 1[20]


and 2[21] were characterized by SEM and transmission elec-
tron microscopy (TEM) (Scheme 1).


Figure 1a shows SEM and TEM images of aggregate 1
(obtained from an aqueous solution, [1]=0.33mm, NaOH=


2mm). In both images, a fibrous structure with a right-
handed helical motif was observed. In contrast, it was found
that aggregate 2 (obtained from an aqueous solution, [2]=
0.3mm, 10 vol% methanol) resulted in a fibrous structure
with a left-handed helical motif (Figure 1b). These results
imply that the helical motif of these synthetic lipids is in-
verted by the difference in the acidic head groups. In the ag-
gregates prepared from 2, a huge sheet structure (more than


200 nm in width) was observed in addition to the left-
handed fibrous structure. This sheet structure also acts as a
template to create novel intertwined polymeric aggregates
by oxidative polymerization of ethylenedioxythiophene (see
later).


Electrochemical polymerization of EDOT, pyrrole, and ani-
line by a templating method : Polymerization solutions con-
taining EDOT and lipid aggregates were prepared as fol-
lows: a triethylene glycol solution (0.1 mL) containing
EDOT (10 mg) was mixed with water (10 mL) under sonica-
tion. Compound 1 (2.0 mg), NaOH aqueous solution (1m,
20 mL), and LiCl (21 mg) were then added to this solution.
Basic conditions were necessary to dissociate the proton of
the carboxylic acid group to form the carboxylate group in
1. In contrast, the sulfonate group in 2 can be dissociated
under neutral conditions; that is, compound 2 (2.1 mg),
EDOT (13 mg), and NaClO4 (61 mg) were dissolved in a
MeOH aqueous solution (10 vol%, 10 mL). The resultant
solutions were used for subsequent electrochemical experi-
ments. The cell consisted of an ITO electrode as the work-
ing electrode (working area=2.2 cm2), a Pt counter elec-
trode, and an Ag/AgCl reference electrode. In the electro-
chemical polymerization, the value of the electric current in-
creased during the successive potential sweeping in the pres-
ence of 1 or 2 (Figure 2). The results indicate that the


poly(EDOT) films are deposited onto the ITO electrode.
We found that to deposit the poly(EDOT) films, the redox
potential range for electrochemical polymerization in the
presence of 1 (0.4–1.3 V vs Ag/AgCl) should be more posi-
tive than that in the presence of 2 (�0.5–0.9 V vs Ag/AgCl).
It is known that the electrochemical properties of poly(pyr-
role) prepared in aqueous media (in particular, basic aque-
ous media) are inferior to those prepared in nonaqueous
media due to side reactions of poly(pyrrole).[22] The pres-
ence of water, OH� , and/or Cl� ions in the polymerization
solution has been suggested as the main reason for such side
reactions.[23] Presumably, this is why the poly(EDOT) film in
the presence of 1, the formation of which is carried out


Scheme 1. Structures of synthetic lipids 1 and 2 bearing an l-glutamic
segment.


Figure 1. TEM (top) and SEM (bottom) images of lipid aggregates of
a) 1 prepared from an aqueous solution containing 2mm NaOH and b) 2
prepared from a 10 vol% MeOH aqueous solution. TEM analyses were
performed after staining treatment with phosphotungstic acid.


Figure 2. Cyclic voltammograms for EDOT obtained on an ITO electrode
in the presence of a) 1 in an aqueous solution containing 2mm NaOH
(redox potential sweep between 0.4 and 1.3 V) and b) 2 in a 10 vol%
MeOH aqueous solution (redox potential sweep between �0.5 and
0.9 V) at 25 8C.
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under basic conditions, requires the more severe redox con-
ditions.


The oxidized and reduced states of the obtained poly-
(EDOT) films deposited onto the ITO electrode were char-
acterized by UV-visible absorption spectroscopy (Figure 3).


In the 2·poly(EDOT) film, the oxidized state showed a
weak absorption band in the visible region and a strong ab-
sorption band in the near-IR region, whereas the reduced
state showed a broad absorption band at 587 nm assigned to
the p–p* electronic transition (Figure 3b). The cyclic vol-
tammetry (CV) waves and the UV-visible spectral change
were very similar to those reported for an EDOT/SDS
(anionic micelle) system.[24] For the 1·poly(EDOT) film, the
oxidized state showed a broad absorption peak around
700 nm and a weak absorption band in the near-IR region,
whereas the reduced state showed a broad absorption peak
at 520 nm assigned to the p–p* electronic transition (Fig-
ure 3a). The absorption peaks in the 1·poly(EDOT) film
were shifted to a shorter wavelength than those in the 2·poly-
(EDOT) film. This result indicates that poly(EDOT) ob-
tained under basic conditions features a shorter conjugate
length than that obtained under neutral pH conditions,
which is attributed to the side reactions of EDOT with nu-
cleophiles during the polymerization process.


To obtain concrete evidence that these films were com-
posed of poly(EDOT) and lipid, attenuated total reflection
(ATR) IR spectra of the modified ITO electrodes were
measured. One can recognize new peaks (1571, 1675 (amide
C=O), and 1735 cm�1 (carboxylic acid C=O)) (shown by
arrows in Figure 4a) for the 1·poly(EDOT) composite film,
which are not present in the film of poly(EDOT) obtained
in the absence of 1 (dotted line). Similarly, a new peak ap-
pears at 1641 cm�1 (amide C=O) (shown by an arrow, (Fig-
ure 4b)) in the 2·poly(EDOT) composite film, which is not
present in the film of poly(EDOT) obtained in the absence
of 2.


To obtain visual images of these composite films, we took
SEM pictures (Figure 5). Electrochemical polymerization of
EDOT in the presence of 1 (after 4 and 7 cycles) resulted in
a right-handed helical structure (Figure 5a) whereas in the
presence of 2 it resulted in a left-handed helical structure
(Figure 5b). The helical motif of the resultant lipid·poly-
(EDOT) composites is in accordance with that of the lipid
aggregates (see Figure 1) which are expected to act as the
templates. It is also seen from these images that the size of
the helical tapes increases with the increase in the number
of redox cycles (Figure 5a). This implies that the incipient
1·conjugate-polymer composites are successively adsorbed


Figure 3. UV-visible absorption spectra of poly(EDOT) films in reduced
(c) and oxidized (b) states electrodeposited onto an ITO electrode
in the presence of a) 1 in a 50mm LiCl aqueous solution and b) 2 in a
50mm NaClO4 aqueous solution.


Figure 4. ATR IR spectra of electrochemically polymerized poly(EDOT)
films; a) 1·poly(EDOT) composite film (c) and poly(EDOT) film
(b) obtained under basic conditions; b) 2·poly(EDOT) composite film
(c) and poly(EDOT) film (b) obtained under neutral pH condi-
tions.


Figure 5. SEM images of electrochemically polymerized poly(EDOT)
films; a) 1·poly(EDOT) composite film obtained under basic conditions
after 4 (left) and 7 (right) redox cycles; b) 2·poly(EDOT) composite film
obtained under neutral pH conditions after 60 redox cycles.


Chem. Eur. J. 2004, 10, 5067 – 5075 www.chemeurj.org I 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5069


Controllable Morphology of Conjugate Polymers 5067 – 5075



www.chemeurj.org





onto the ITO electrode surface and then grow up to become
“fat” helical tapes on the surface. Here one must also con-
sider that the poly(EDOT) film may be initially formed on
the ITO electrode and the helical lipid aggregates may just
be adsorbed onto the film surface. To exclude this possibility
we conducted the following reference experiment. The
poly(EDOT) films were prepared in the absence of the lipid
molecule and then immersed in an aqueous solution con-
taining each lipid molecule. The SEM pictures of the resul-
tant modified ITO electrodes only showed pebble-like
masses, similar to those observed in the background under
the helical structure.


Figure 5b displays confirmation of the creation of left-
handed helical aggregates composed of poly(EDOT) poly-
mer bundles. The helical motif (pitch length=50–70 nm) is
in accordance with that of the template composed of the ag-
gregate of synthetic lipid 2 (pitch length=50–70 nm, esti-
mated from Figure 1b). In addition, one can clearly recog-
nize a unique superstructure consisting of two intertwined fi-
brils (shown by arrows). The creation of similar double-
stranded structures was also reported for the silica nanofi-
bers prepared by the sol–gel reaction of tetraethoxysilane
using a gemini surfactant as a template[15] and poly(pyrrole)
nanofibers prepared by chemical polymerization using a
zwitterionic lipid aggregate as a template.[25] EDOT poly-
merization proceeds preferentially along the two edges of
the sheet structure where the density of negative charges is
higher and the molecules are more exposed to the solvent
because of the sharp curvature.[25,26] It is reasonable to con-
sider, therefore, that the intertwined fibrils are created using
the huge sheet structure (Figure 1) as the template; so poly-
merization will proceed along the two edges of this sheet. In
fact, the distance between two fibrils (100–200 nm) is com-
parable with the sheet width of the original organic tem-
plate. To evaluate components of the fibrous structure, we
conducted energy dispersive X-ray (EDX) analyses of the
polymers formed in the electrochemical cell in the presence
of 1 (Figure 6), without staining treatment. It is seen from
Figure 6 that a network structure observed for the TEM
image (Figure 6 left) precisely overlaps with both a nitrogen
map (Figure 6 center) associated with 1 and a sulfur map
(Figure 6 right) associated with EDOT.


It occurred to us that electrochemical polymerization of
pyrrole, the mechanism of which is basically similar to that
of EDOT, would also proceed under the template effect.
The poly(pyrrole) film is more rigid than the poly(EDOT)
film and once formed, is scarcely soluble in any solvent; this


means that the morphology-controlled poly(pyrrole) synthe-
sis is highly significant. The concentrations of reactants for
the electrochemical polymerization of pyrrole were similar
to those for the electrochemical polymerization of EDOT
(see Experimental Section). Figure 7 shows SEM images of
the resultant 1·poly(pyrrole) and 2·poly(pyrrole) films.


As shown in Figure 7a, one can clearly recognize that the
bundle has a unique superstructure consisting of two inter-
twined fibrils, like those observed for the 2·poly(EDOT)
composite film (arrows in Figure 5b). Figure 7b shows that
poly(pyrrole) obtained in the presence of 2 features the fi-
brous structure with left-handed helical motif, which is con-
sistent with that observed for the 2·poly(EDOT) composite
film (see Figure 5b). These results indicate that templating
electrochemical polymerization of pyrrole was also achieved
by employing an anionic lipid aggregate as a template.


Poly(aniline) is also a kind of conjugate polymer. It can
be easily produced in acidic solution and its conducting
form is stable even in air or water. As an aniline monomer
is protonated under the acidic polymerization conditions,
one can expect that the electrostatic interaction between the
propagating polymer and the anionic template will operate
more efficiently than that between the EDOT or pyrrole
polymer and the anionic template. We conducted the oxida-
tive polymerization of aniline in the presence of 2 in an
aqueous solution of H2SO4 (50mm) containing 10 vol%
MeOH (see Experimental Section).[27] Electrochemical poly-
merization of aniline in the presence of 2 gave a redox-
active poly(ANI) film on the ITO electrode (Figure 8).


In SEM studies of the obtained poly(ANI) film
(Figure 9), one can recognize a left-handed helical super-
structure similar to that observed for the 2·poly(pyrrole)
composite film (see Figure 7b). The density of the fibrous
structure in this poly(ANI) film was higher than that in the
poly(EDOT) and poly(pyrrole) films, indicating that the
templating effect of protonated aniline is indeed more effi-
cient than that of EDOT and pyrrole.


The preceding findings establish that as a general princi-
ple, the morphology of conjugate polymers is controllable,


Figure 6. TEM image (left) and EDX pictures (center: nitrogen map,
right: sulfur map) of a 1·poly(EDOT) polymeric network created in the
polymerization solution after electrochemical polymerization under basic
conditions.


Figure 7. SEM images of a) 1·poly(pyrrole) film electrochemically poly-
merized under basic conditions after 40 redox cycles and b) 2·poly(pyr-
role) film after 60 redox cycles under neutral pH conditions.
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as in the case of the “templating sol–gel reaction” of cation-
ic templates,[10–18] by employing anionic lipid aggregates as
templates.


Chemical polymerization of pyrrole, EDOT, and aniline by
a templating method : To obtain a mechanistic insight into
the templating process, the TEM analysis of lipid·conjugate-
polymer composites is very helpful. To prepare the TEM
samples, however, one must peel the film off the ITO elec-
trode surface, and the superstructure can be destroyed by
this treatment. Thus, we prepared the lipid·conjugate-poly-
mer composites by chemical polymerization of the corre-
sponding monomer. Pyrrole, EDOT, and aniline can be
chemically polymerized with ammonium peroxodisulfate
(APS). Chemical polymerization of these monomers with
APS was therefore carried out in the presence of 1 or 2. The
concentrations of reactants used for chemical polymeriza-
tion were almost the same as those used for electrochemical
polymerization (see Experimental Section). APS was added
to the reaction solution to initiate the polymerization and
the mixture was kept at 25 8C (see Experimental Section).
The mixture was dialyzed (500 Da) to give lipid·poly(pyr-
role) composites as black precipitates. These precipitates
were subjected to TEM analysis without any staining treat-
ment. One may consider, therefore, that the observed con-
trast is due to the formation of conjugate polymers.


Figure 10 shows the TEM images of the 1·poly(pyrrole)
composites. Since these TEM pictures were taken without


staining treatment, the shadows are attributed to poly(pyr-
role) aggregates. One can recognize the coexistence of two
different types of helical fibers, large helical bundles (Fig-
ure 10a) and double-strand-like, intertwined fibers (Fig-
ure 10b). It is known, from a few preceding transcription
systems, that two different superstructures can be created
from the same template;[15,19,28] that is, when the polymeriza-
tion proceeds along the two edges of a helical-tape template
followed by elimination of the template, the double-strand-
ed superstructure is generated. In contrast, when the poly-
merization proceeds further, this tape template structure is
completely covered by polymers resulting in the large heli-
cal bundles. In the present system, we presume that the fab-
rication starting in the early reaction stages yields the large
helical bundles, whereas fabrication starting in the later re-
action stages yields the small double-stranded fibers. An
SEM image of 1·poly(pyrrole) composites (Figure S1 in the
Supporting Information) showed that the obtained precipi-
tates consisted mostly of fibrous structures. This result clear-
ly showed that the chemical polymerization method is better
for obtaining the 1·poly(pyrrole) composites with controlled
morphology than the electrochemical polymerization
method.


Figure 11 shows TEM images of 2·poly(pyrrole) compo-
sites. As mentioned above, 2 provides two different aggre-
gate morphologies useful for the templates, a left-handed fi-
brous structure and a huge sheet structure. As observed in
Figure 10 for the 1-templated system, the resultant polymer-
ic morphologies are also affected by the reaction period. It


Figure 8. Cyclic voltammograms for aniline obtained on an ITO electrode
in the presence of 2 in a 50mm H2SO4 aqueous solution containing
10 vol% MeOH.


Figure 9. SEM images of the poly(ANI) composite film obtained from
electrochemical polymerization in the presence of 2 after 100 redox
cycles.


Figure 10. TEM images of 1·poly(pyrrole) composites with a) large helical
bundles, b) small double-strand-like helical fibers obtained from chemical
polymerization. The TEM analysis was performed without staining treat-
ment.


Figure 11. TEM images of 2·poly(pyrrole) composites with a) a helical
hollow structure and a large helical fiber and b) double-strand-like aggre-
gates and a small structural size obtained from chemical polymerization.
TEM analysis was performed without staining treatment.
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can be expected, therefore, that four different polymeric ag-
gregates may be formed from the 2-templated system. One
of these is a large tubular fiber with a hollow of approxi-
mately 100 nm (Figure 11a). Careful examination of the
TEM image revealed that the helical structure of the tem-
plate is engraved on the inside wall of the tubular fiber. As
explained above, we presume that these large fibrous aggre-
gates are formed by the fabrication starting in the early
stages of the chemical polymerization using the left-hand fi-
brous structure as a template. In addition to these large fi-
brous aggregates, the smaller, double-strand-like aggregates
are also formed (Figure 11b). These aggregates should be
generated by the fabrication starting in the later stages of
the chemical polymerization. In contrast, sheet-like polymer-
ic aggregates are also observed (Figure 11c). It is undoubt-
able that this morphology is created by using the sheet-like
structure as a template. As the polymeric structure should
be fragile (compared with the fibrous structure), we consid-
er that it is produced only by the fabrication starting in the
early stage of the oxidative reaction.


TEM images of the 2·poly(EDOT) composites prepared
by chemical oxidation with APS are shown in Figure 12. As
mentioned above, 2 aggregates into two different morpholo-


gies. Complementary to the SEM pictures in Figure 5b,
chemical polymerization of EDOT also resulted in two dif-
ferent superstructures. One is a tubular structure that is cre-
ated by a template effect of the helical fiber (Figure 12a)
and the other is a double-strand-like, intertwined duplex
structure that is created by a template effect of the sheet
(Figure 12b). The result in Figure 12b also shows that chemi-
cal polymerization of EDOT allows the propagation along
the two edges of the sheet structure. The oxidative reactivity
of EDOT is much inferior to that of pyrrole. Because of this
difference in reactivity, neither a large hollow fiber nor a
sheet-like structure (as observed in Figure 11a and Fig-
ure 11c, respectively, for poly(pyrrole)) was produced from
EDOT.


Similarly, 2·poly(ANI) composites obtained by chemical
polymerization of aniline with APS also showed a tubular
structure, the size of the hollow being comparable with that
of the template aggregate (Figure 13).


These findings support the view, as a general concept, that
the two edges of anionic helical aggregates act as a nucleus


of the polymer growth and produce the transcribed polymer
composites, the apparent morphology of which differs de-
pending on conditions such as the reaction time and mono-
mer concentration.


A slightly turbid solution of the 2·poly(ANI) composite
was subjected to circular dichroism (CD) analysis. As shown
in Figure 14, a minimum in the CD signal was observed at


465 nm, which is assigned to the absorbance of chiral poly-
(ANI).[2,29] The CD spectrum, together with TEM and SEM
observations, indicates that the 2·poly(ANI) composite has a
factor of chirality even below the molecular level. Presum-
ably, the multipoint interaction between protonated aniline
and the chiral anionic template is strong enough to induce
the chiral twisting in the 2·poly(ANI) composite.


In situ conductivity measurements of 2·poly(EDOT) and
2·poly(ANI) films : Pt-coated interdigitated microelectrodes
were used for in situ conductivity measurements[30,31] of the
2·poly(EDOT) and 2·poly(ANI) composites. The polymers
were produced by electrochemical polymerization under the
same conditions as those for the ITO electrode. As shown in
atomic force microscopy (AFM) images of 2·poly(EDOT)
composites electrochemically deposited on interdigitated mi-
croelectrodes (Figure 15a), the bridge between two elec-
trodes is attained only by templated fibers composed of 2
and poly(EDOT). Figure 15a shows that nontemplating
poly(EDOT) random structures are adsorbed onto the sur-


Figure 12. TEM images of the 2·poly(EDOT) composites prepared by
chemical polymerization. TEM analysis was performed without staining
treatment.


Figure 13. TEM images of 2·poly(ANI) composites prepared from chemi-
cal polymerization with APS. TEM analysis was performed without stain-
ing treatment.


Figure 14. CD spectrum of the 2·poly(ANI) composite dispersed in a
50mm H2SO4 aqueous solution. A weak linear dichroism (LD) peak ap-
pears at around 500 nm, the intensity of which is much weaker than the
CD band at 465 nm.
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face of the microelectrodes and do not bridge the two elec-
trodes. It is seen from Figure 15b that the bridge between
the two electrodes is attained mostly by templated helical
fibers composed of 2 and poly(ANI). In other words, poly-
(ANI) random structures generated without the template
scarcely bridge the two electrodes.


The conductance measurements of the poly(EDOT) poly-
mer were carried out in an aqueous solution of NaClO4


(50mm) and those for the poly(ANI) polymer were carried
out in an aqueous solution of H2SO4 (50mm). The conduc-
tivity was estimated by holding one Pt line at a fixed poten-
tial, Vg, versus Ag/AgCl and the other at Vg+20 mV. The
potential difference between the electrodes results in a cur-
rent flow (drain current). In the poly(EDOT) film, the drain
current was scarcely observed below �0.5 V, then increased
above �0.5 V, and reached a plateau at +0.1 V (Fig-
ure 16a).[31] In the poly(ANI) film, the drain current was
scarcely observed below 0 V, then increased above 0 V, and
reached a plateau at +0.2 V (Figure 16b). These results are
basically similar to those reported in reference [30] and indi-
cate that the observed conductivity is due to the lipid·conju-
gate-polymer fibrous composites.


Conclusion


In conclusion, the present study has demonstrated, for the
first time to the best of our knowledge, that the morphology


of the poly(EDOT), poly(pyrrole), and poly(ANI) films ob-
tained by electrochemical polymerization of EDOT, pyrrole,
and aniline, respectively, can be controlled by using anionic,
synthetic lipid assemblies as templates. This novel templat-
ing process is shown schematically in Scheme 2. As demon-


strated in the present study, this templating method is appli-
cable to different lipid assemblies, different monomers, and
different oxidation procedures. One may therefore regard
the present templating method as a very general concept.
Until now, it was believed that in the oxidative polymeriza-
tion of these monomers the convenience of the preparative
method was an advantage, whereas the difficulty in the mor-
phology control was a serious disadvantage. This disadvant-
age, possibly bigger than the advantages so far, has ham-
pered the broad application of these conjugate polymers as
functional materials. Therefore, we now believe that as this
problem has been solved (at least partially), the present
study will stimulate further utilization of these polymers as
new functional materials. We consider that in principle, the
various polymeric superstructures can be created from
poly(EDOT), poly(pyrrole), and poly(ANI) as long as the
appropriate “anionic” assemblies suitable for the template
exist.


Experimental Section


The synthetic procedures for 1[20] and 2[21] were reported previously.


General methods : CV experiments were performed with a one-compart-
ment, three-electrode electrochemical cell driven by an electrochemical
analyzer (Autolab PGSTAT12 potentiostat/galvanostat or BAS 100B) in
aqueous solution. Conductivity measurements were carried out using Au-
tolab PGSTAT12 with BIPOT bipotentiostat. AFM studies were carried
out on a Topometrix TMX-2100 (noncontact mode). SEM studies were
carried out on a Hitachi S-5000. TEM and EDX studies were carried out
on a FEI tecnai-20 or a JEOL JEM-2010. ATR IR spectra were recorded
with a PerkinElmer Spectrum One.


Figure 15. AFM images of electrochemical polymerized a) 2·poly(EDOT)
composites on interdigitated microelectrodes after 50 redox cycles and
b) 2·poly(ANI) composites on interdigitated microelectrodes after
40 redox cycles.


Figure 16. Drain current versus gate voltage (Vg) plots for the a) 2·poly-
(EDOT) composite and b) 2·poly(ANI) composite.[32]


Scheme 2. Schematic illustration of a templating method for oxidative
polymerization.
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Materials : Pyrrole (Tokyo Kasei Kogyo) was used after distillation. Eth-
ylenedioxythiophene (Aldrich), aniline (Wako Chemicals), H2SO4 (Kishi-
da Chemicals) and sodium perchlorate (Tokyo Kasei Kogyo) were used
as received.


Preparation of 1·poly(EDOT) by electrochemical polymerization : A so-
lution of triethylene glycol (0.1 mL) containing EDOT (10 mg) was
mixed with water (10 mL) under sonication. To this solution, 1 (2.0 mg),
NaOH aqueous solution (1m, 20 mL), and LiCl (21 mg) were added. The
final concentrations were [EDOT]=7.1mm, [LiCl]=50mm, [NaOH]=
2.0 mm, and [1]=0.33mm. The cell consisted of an ITO electrode as the
working electrode (working area=2.2 cm2), a Pt counter electrode, and
an Ag/AgCl reference electrode. The redox was repeated in a voltage
range of 0.4–1.3 V (vs Ag/AgCl) with a scan rate of 0.05 Vs�1 at 25 8C.
After electrochemical polymerization, 5 redox cycles were performed in
the electrolyte solution in the absence of the lipid molecules to wash the
electrode.


Preparation of 2·poly(EDOT) by electrochemical polymerization : Com-
pound 2 (2.1 mg), EDOT (13 mg), and NaClO4 (61 mg) were dissolved in
10 vol% MeOH aqueous solution (10 mL). The final concentrations were
[EDOT]=9.4mm, [NaClO4]=50mm, and [2]=0.3mm. The cell consisted
of an ITO electrode as the working electrode (working area=2.2 cm2), a
Pt counter electrode, and an Ag/AgCl reference electrode. The redox
was repeated in a voltage range of �0.5–0.9 V (vs Ag/AgCl) with a scan
rate of 0.05 Vs�1 at 25 8C. After electrochemical polymerization, 5 redox
cycles were performed in the electrolyte solution in the absence of the
lipid molecules to wash the electrode.


Preparation of 2·poly(EDOT) by chemical polymerization : Compound 2
(2.1 mg), EDOT (13 mg), and NaClO4 (61 mg) were dissolved in 10 vol%
MeOH aqueous solution (10 mL). The final concentrations were
[EDOT]=9.4mm, [NaClO4]=50mm, and [2]=0.3mm. APS (4 mg) was
added to 1 mL of the solution. After 1 day at 25 8C, dialysis (500 Da) was
performed for 1 day.


Preparation of 1·poly(pyrrole) by electrochemical polymerization : A so-
lution of triethylene glycol (0.1 mL) containing pyrrole (10 mg) was
mixed with water (10 mL) under sonication. To this solution, 1 (2.0 mg),
NaOH aqueous solution (1m, 20 mL), and LiCl (21 mg) were added. The
final concentrations were [pyrrole]=15mm, [LiCl]=50mm, [NaOH]=
2.0mm, and [1]=0.33mm. The cell consisted of an ITO electrode as the
working electrode (working area=2.2 cm2), a Pt counter electrode, and
an Ag/AgCl reference electrode. The redox was repeated in a voltage
range of 0.4–1.15 V (vs Ag/AgCl) with a scan rate of 0.05 Vs�1 at 25 8C.
After electrochemical polymerization, 5 redox cycles were performed in
the electrolyte solution in the absence of the lipid molecules to wash the
electrode.


Preparation of 1·poly(pyrrole) by chemical polymerization : A solution of
triethylene glycol (0.1 mL) containing pyrrole (10 mg) was mixed with
water (10 mL) under sonication. To this solution, 1 (2.0 mg), NaOH
aqueous solution (1m, 20 mL), and LiCl (21 mg) were added. APS
(2.3 mg) was added to 1 mL of the solution. After 45 minutes at 25 8C, di-
alysis (500 Da) was performed for 1 day.


Preparation of 2·poly(pyrrole) by electrochemical polymerization : Com-
pound 2 (2.1 mg), pyrrole (10 mL), and NaClO4 (61 mg) were dissolved in
10 vol% MeOH aqueous solution (10 mL). The final concentrations were
[pyrrole]=14mm, [NaClO4]=50mm, and [2]=0.3mm. The cell consisted
of an ITO electrode as the working electrode (working area=2.2 cm2), a
Pt counter electrode, and an Ag/AgCl reference electrode. The redox
was repeated in a voltage range of �0.5–0.8 V (vs Ag/AgCl) with a scan
rate of 0.05 Vs�1 at 25 8C. After electrochemical polymerization, 5 redox
cycles were performed in the electrolyte solution in the absence of the
lipid molecules to wash the electrode.


Preparation of 2·poly(pyrrole) by chemical polymerization : Compound 2
(2.1 mg), pyrrole (10 mL), and NaClO4 (61 mg) were dissolved in 10 vol%
MeOH aqueous solution (10 mL). The final concentrations were [pyr-
role]=14mm, [NaClO4]=50mm, and [2]=0.3mm. APS (4.6 mg) was
added to 1 mL of the solution. After 30 minutes at 25 8C, dialysis
(500 Da) was performed for 1 day.


Preparation of 2·poly(ANI) by electrochemical polymerization : Com-
pound 2 (2.1 mg) and aniline (71 mg) were dissolved in water (9 mL)
containing MeOH (1 mL). To this solution, H2SO4 (0.5m, 1 mL) was
added. The final concentrations were [aniline]=50mm, [H2SO4]=50mm,


and [2]=0.3mm. The cell consisted of an ITO electrode as the working
electrode (working area=2.2 cm2), a Pt counter electrode, and an Ag/
AgCl reference electrode. The redox was repeated in a voltage range of
�0.2–0.8 V (vs Ag/AgCl) with a scan rate of 0.05 Vs�1 at 25 8C. After
electrochemical polymerization, 5 redox cycles were performed in the
electrolyte solution in the absence of the lipid molecules to wash the
electrode.


Preparation of 2·poly(ANI) by chemical polymerization : Compound 2
(2.1 mg) and aniline (71 mg) were dissolved in water (9 mL) containing
MeOH (1 mL). To this solution, H2SO4 (0.5m, 1 mL) was added. The
final concentrations were [aniline]=50mm, [H2SO4]=50 mm, and [2]=
0.3mm. APS (22 mg) was added to 2 mL of the solution. After 30 minutes
at 25 8C, dialysis (500 Da) was performed for 2 days.
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Polarity Effects on the Photophysics of Dendrimers with an
Oligophenylenevinylene Core and Peripheral Fullerene Units


Manuel Gutierrez-Nava,[a] Gianluca Accorsi,[b] Patrick Masson,[a] Nicola Armaroli,*[b] and
Jean-Fran)ois Nierengarten*[a, c]


Dedicated to Dr. Jean-Pierre Sauvage on the occasion of his 60th birthday


Introduction


The unique electronic properties of C60 have generated sig-
nificant research activities focused on its use as an electron
and/or energy acceptor in photoactive multicomponent sys-
tems.[1] Of particular interest is the combination of the
carbon sphere with p-conjugated oligomers for the construc-


tion of donor–fullerene arrays. On one hand, such deriva-
tives have been used as the active layer in organic photovol-
taic cells.[2–4] This molecular approach appears to be particu-
larly interesting since the behavior of a unique molecule in
a solar cell and the study of its electronic properties means
one can easily obtain structure/activity relationships leading
to a better understanding of the photovoltaic conversion.[4]


On the other hand, covalently linked fullerene–(p-conjugat-
ed oligomer) systems show excited state interactions making
them excellent candidates for fundamental photophysical
studies. Generally, the light energy absorbed by the p-conju-
gated system is promptly convoyed to the fullerene sphere
by an ultrafast singlet–singlet energy transfer process.[2–6] For
example, this particular behavior has been used for the
design of dendritic systems with light-harvesting proper-
ties.[7] In these compounds, a fullerene core unit acting as
terminal energy receptor has been functionalized with den-
dritic branches bearing an array of peripheral chromophores
collecting the light energy. It can be added that the initial
energy transfer event observed in fullerene–(p-conjugated
oligomer) ensembles populates the lowest fullerene singlet
excited state which is capable of promoting electron transfer
from the oligomer to the C60 unit.


[2–7] Actually, this is only
the case when the charge separated state is lower in energy
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Abstract: Highly soluble dendritic
branches with fullerene subunits at the
periphery and a carboxylic acid func-
tion at the focal point have been pre-
pared by a convergent approach. They
have been attached to an oligophenyle-
nevinylene (OPV) core bearing two al-
cohol functions to yield dendrimers
with two, four or eight peripheral C60


groups. Their photophysical properties
have been systematically investigated
in solvents of increasing polarity; that
is, toluene, dichloromethane, and ben-
zonitrile. Ultrafast OPV!C60 singlet


energy transfer takes place for the
whole series of dendrimers, whatever
the solvent. Electron transfer from the
fullerene singlet is thermodynamically
allowed in CH2Cl2 and benzonitrile,
but not in apolar toluene. For a given
solvent, the extent of electron transfer,
signaled by the quenching of the fuller-
ene fluorescence, is not the same along


the series, despite the fact that identical
electron transfer partners are present.
By increasing the dendrimer size, elec-
tron transfer is progressively more dif-
ficult due to isolation of the central
OPV core by the dendritic branches,
which hampers solvent induced stabili-
zation of charge separated couples.
Compact structures of the hydrophobic
dendrimers are favored in solvents of
higher polarity. These structural effects
are also able to rationalize the unex-
pected trends in singlet oxygen sensiti-
zation yields.


Keywords: dendrimers · electron
transfer · energy transfer ·
fullerenes · singlet oxygen
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than the fullerene singlet.
Thus, the cascade of photoin-
duced processes can be easily
modulated by changing the do-
nating ability of the conjugated
system.[2c] Interestingly, when
the energy level of the charge
separated state is close to the
fullerene singlet, the deactiva-
tion pathways are sensitive to
the polarity of the solvent.[2–7]


For example, Hummelen, Jans-
sen and co-workers have re-
ported the photophysical prop-
erties of an oligophenylenevi-
nylene (OPV)–C60 conjugate
in solvents of different polari-
ty.[3a] In apolar solvents such as
toluene, the charge separated
state is higher in energy than
the first fullerene singlet and
triplet excited states. There-
fore, the light energy absorbed
by the OPV fragment prompt-
ly conveyed to the fullerene
lowest singlet excited state via
energy transfer cannot yield
charge separation anymore. In
more polar solvents, the situa-
tion changes dramatically. Ef-
fectively, the energy of the
charge-separated state drops
below that of the first fullerene
singlet excited state allowing
occurrence of electron transfer
after the initial energy transfer event. The latter two-step
process was confirmed by kinetic studies revealing a close
correspondence of the experimental results with the relative
ordering of the various excited states as derived from theo-
retical calculations.[3a] Similar findings have been reported
by Martin, Guldi and co-workers[7b] for a series of oligo-
naphthylenevinylene–fullerene dyads and by us for fullerene
derivatives covalently linked to OPV simple fragments[2d] or
dendritic wedges.[7a]


In this paper, we report the synthesis and the photophysi-
cal properties of dendrimers 1–3 with an OPV central core
and C60 terminal units. Whereas the first generation com-
pound 1 shows the expected solvent dependent photophysi-
cal behavior, the last generation compound is almost not af-
fected by changes in polarity as a result of dendritic encap-
sulation.


Results and discussion


Synthesis : The synthesis of fullerodendrimers 1–3 was achiev-
ed by a convergent approach. To this end, dendritic branch-
es with peripheral fullerene subunits were prepared first
from G1CO2tBu (Scheme 1). This Cs symmetrical fullerene


bis-adduct was obtained in ten steps according to a previous-
ly reported procedure.[8] G1CO2tBu is actually easily pre-
pared on a multi-gram scale and is highly soluble in
common organic solvents owing to the presence of the four
dodecyl chains. Therefore, it appears to be an excellent can-
didate for the preparation of fullerene-containing dendrons
by using the synthetic strategy developed by some of us.[9]


The latest is based on the successive cleavage of a tert-butyl
ester moiety under acidic conditions followed by a N,N’-di-
cyclohexylcarbodiimide (DCC)-mediated esterification reac-
tion. Thus, treatment of G1CO2tBu with CF3CO2H in
CH2Cl2 gave G1CO2H in a quantitative yield and subse-
quent reaction with diol 4[8] under esterification conditions
using DCC, 1-hydroxybenzotriazole (HOBt) and 4-dimethy-
laminopyridine (DMAP) led to the tert-butyl protected den-
dron G2CO2tBu of second generation in 67% yield. The
structure of G2CO2tBu was easily established based on its
1H and 13C NMR spectra. In addition, the MALDI-TOF
mass spectrum showing the expected molecular ion peak
also confirmed the structure of G2CO2tBu.
The 1H NMR spectrum of G2CO2tBu is shown in Figure 1


together with the spectrum of the corresponding first gener-
ation derivative G1CO2tBu. Both spectra show the charac-
teristic features of Cs symmetrical 1,3-phenylenebis(methy-
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Scheme 1. i) CF3CO2H, CH2Cl2, rt (99%); ii) DCC, DMAP, HOBt, CH2Cl2, 0 8C to rt (67%); iii) CF3CO2H, CH2Cl2, rt (99%); iv) 4, DCC, DMAP,
HOBt, CH2Cl2, 0 8C to rt (85%); v) CF3CO2H, CH2Cl2, rt (96%).
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lene)-tethered fullerene cis-2 bis-adducts.[10] Effectively, in
addition to the signals arising from the 3,5-didodecyloxyben-
zyl units, an AB quartet is observed for the diastereotopic
benzylic CH2 group (HA-B) and an AX2 system for the aro-
matic protons of the 1,3,5-trisubstituted bridging phenyl ring
(H3-4). For G2CO2tBu, the signals corresponding to the cen-
tral tert-butyl [3,5-bis(methylene)phenoxy]acetate are clearly
observed: an AX2 system is revealed for the aromatic pro-
tons (H5-6), two singlets for the methylene units HF and HG


as well as a singlet for the methyl groups of the tert-butyl
moiety at d 1.51 ppm. Finally, it can be noted that the reso-
nance of the methylenic protons HE is slightly down-field
shifted when the corresponding acetate unit is connected to
a benzylic moiety (G2CO2tBu) rather to a tert-butyl subunit
(G1CO2tBu).
The preparation of the next generation compound was


achieved by repeating the same reaction sequence. Treat-
ment of G2CO2tBu with CF3CO2H in CH2Cl2 afforded
G2CO2H in high yield (99%) and subsequent esterification
with diol 4 (DCC/DMAP/HOBt) gave G3CO2tBu in 85%
yield. This compound was characterized by 1H and 13C NMR,
MALDI-TOF mass spectrometry and elemental analysis. As
shown in Figure 1, the 1H NMR spectrum of G3CO2tBu
clearly reveals the signals corresponding to three [3,5-bis-
(methylene)phenoxy]acetate subunits in a 4:2:1 ratio in full
agreement with the proposed dendritic structure. Finally, hy-
drolysis of the tert-butyl ester group under acidic conditions
afforded the third generation carboxylic acid G3CO2H.
The preparation of the central OPV core bearing two al-


cohol units[11] allowing further attachment of G1–3CO2H
under DCC-mediated esterification conditions is described
in Scheme 2. Treatment of tetraethyleneglycol (TEG) with


1 equiv tert-butyldimethylsilyl chloride
(TBDMSCl) afforded the mono-protected deriv-
ative 5 which after reaction with tosyl chloride
(TsCl) in the presence of pyridine and DMAP
yielded 6. 2,5-Diiodohydroquinone (7) was pre-
pared in two steps from 1,4-dimethoxybenzene
as previously described by Weder and Wright-
on.[12] Treatment of 7 with tosylate 6 in DMF at
80 8C in the presence of K2CO3 gave the alkyl-
ation product 8 in 76% yield. The preparation of
the OPV derivative 10 was then based on Heck-
type chemistry.[13] Thus, reaction of 8 with sty-
rene 9[14] in Et3N/xylene in the presence of tri-o-
tolylphosphine (POT) and a catalytic amount of
Pd(OAc)2 afforded 10 in 61% yield (Scheme 2).


Figure 1. 1H NMR spectra (CDCl3, 200 MHz) of G1CO2tBu (A); G2CO2tBu (B) and
G3CO2tBu (C).


Scheme 2. i) TBDMSCl (1 equiv), imidazole, DMF, 0 8C (48%); ii) TsCl,
pyridine, DMAP, CH2Cl2, 0 8C (60%); iii) K2CO3, DMF, 80 8C (76%);
iv) Pd(OAc)2, TOP, Et3N, xylene, 80 8C (61%); v) TBAF, THF, 0 8C
(90%); vi) GnCO2H, DCC, DMAP, HOBt, CH2Cl2, 0 8C to rt (1: 87%
from G1CO2H ; 2 : 59% from G2CO2H ; 3 : 70% from G3CO2H).
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Subsequent treatment with tetra-n-butylammonium fluoride
(TBAF) in THF gave diol 11 in 90% yield.
The first generation derivative 1 was obtained in 87%


yield by esterification of diol 11 with G1CO2H (Scheme 2).
Fullerodendrimer 1 was characterized by 1H and 13C NMR,
MALDI-TOF mass spectrometry and elemental analysis.
The mass spectrum of 1 displays only one peak at m/z 5978
corresponding to the expected molecular ion peak (calcd m/
z 5977.9). The 1H NMR spectrum of fullerodendrimer 1 re-
corded in CDCl3 is in full agreement with the proposed cen-
trosymmetric structure (Figure 2). Unambiguous assignment
was achieved on the basis of 2D-COSY and NOESY spectra
recorded at room temperature in CDCl3. The spectrum of 1
shows all the characteristic features of the G1CO2 moieties
already discussed for G1–3CO2tBu. The spectrum is also
characterized by three sets of signals for the aromatic pro-
tons of the central OPV core unit: an AA’XX’ system for
Hl-m and two singlets corresponding to Hi and Hp. Two AB
quartets are observed for the vinylic protons of the OPV
backbone (Hj-k and Hn-o). Importantly, coupling constants of
about 17 Hz confirmed the all-E stereochemistry of the p-
conjugated system in 1.
Fullerodendrimers 2 and 3 were prepared by DCC-medi-


ated esterification of diol 11 with G2CO2H and G3CO2H,
respectively. The structure of both 2 and 3 was confirmed by
mass spectrometry. The expected molecular ion peak is ob-
served at m/z 10368 for 2 (calcd m/z 10367.2) and m/z
19144 for 3 (calcd m/z 19145.7). In both cases, characteristic
fragments are also observed. In particular, hydrolysis of one
or two 3,5-didodecyloxybenzylic ester followed by a decar-
boxylation is observed, leading to signals at [M +�C32H55O4]
and [M +�2O(C32H55O4)]. However, no signals correspond-
ing to defected dendrimers could be detected, thus showing
the monodispersity of both 2 and 3. In spite of the high mo-
lecular weights of dendrimers 2 and 3, their 1H NMR spectra
are well resolved (Figure 3). For both compounds, complete


assignment was possible on the basis of 2D-COSY and
NOESY spectra. The spectrum of 2 reveals all the signals
arising from the OPV core unit as well as the typical reso-
nances of the G2CO2 groups. Similarly, the characteristic
signals of the core unit as well as those of the surrounding
dendrons are clearly seen in the 1H NMR spectrum of 3.


Photophysical properties


Reference compounds : The electronic absorption spectrum
of the bis-methanofullerene G1CO2tBu (Figure 4) shows
very intense bands in the UV side and much weaker fea-
tures in the Vis spectral region with the peak corresponding
to the lowest allowed singlet transition[15] at 437 nm (e =


3100m�1 cm�1). The shape of the absorption spectra of
G2CO2tBu and G3CO2tBu are identical to that of
G1CO2tBu with molar extinction coefficients two and four
times larger, respectively (Figure 4). Absorption shapes of
the dendronic fullerene reference units Gn-3CO2tBu are
substantially unchanged in toluene (PhMe) and benzonitrile
(PhCN), relative to CH2Cl2, over the whole spectral range.
In CH2Cl2 G1CO2tBu exhibits a fluorescence band


peaked, after correction for the instrumental response, at
the border between the Vis and the IR region (lmax=


778 nm, F=0.0003, t=1.6 ns), inset of Figure 4. Within ex-
perimental uncertainty (see Experimental Section), these
parameters are unaffected in G2CO2tBu and G3CO2tBu
even by changing to PhMe and PhCN solvents.
An intense triplet–triplet transient absorption spectrum is


recorded for G1–3CO2tBu in CH2Cl2, with a maximum at
720 nm. The spectral decay is monoexponential for
G1CO2tBu and biexponential for G2CO2tBu and
G3CO2tBu (Figure 5).
The intensity of the shorter-lived component (about


100 ns) increases with the laser energy and, at the same exci-
tation energy, is more pronounced for G3CO2tBu than for


Figure 2. 1H NMR spectrum (CDCl3, 400 MHz) of fullerodendrimer 1.
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G2CO2tBu. These observations suggest the occurrence of in-
tramolecular triplet–triplet annihilation processes[16] in
G2CO2tBu and G3CO2tBu which bear dimeric and tetra-
meric fullerene arms. The probability of such excited state
interactions, which are observable only under intense laser
light irradiation, is higher when the number of carbon
spheres per dendrimer molecule is larger. The long-lived
component of the triplet decays of G2CO2tBu and
G3CO2tBu are coincident and identical to that of
G1CO2tBu (t=600�30 ns and 18�1 ms in air-equilibrated
and air-free solution, respectively). Similar excitation inten-
sity dependent triplet-triplet annihilation processes have
been observed earlier in C60 fine particles.


[17]


The absorption and emission spectra in CH2Cl2 of the
OPV reference derivative 10 are depicted in Figure 4. As is
typical for OPV-type molecules, it exhibits intense and
short-lived fluorescence (lmax=483 nm, F=0.52, t=1.0 ns),
which can be conveniently used to monitor the occurrence
of OPV/C60 excited state interactions (see below).[2b,d, 3a,5,18, 19]


Dendrimers : The absorption spectra of 1–3 in CH2Cl2 solu-
tion are shown in Figure 6. Both the features of the fuller-
ene moiety (UV side and above 500 nm) and those of the
OPV chromophore (maximum or shoulder around 425 nm)


Figure 3. 1H NMR spectra (CDCl3, 400 MHz) of 2 (A) and 3 (B).


Figure 4. Absorption spectra of G1CO2tBu (G1); G2CO2tBu (G2) and
G3CO2tBu (G3) in CH2Cl2; in the region above 400 nm a multiplying
factor of 10 is applied. Inset: a) absorption and fluorescence spectra of 10
(lexc=425 nm); b) fluorescence spectrum of G1CO2tBu (lexc=530 nm)
and sensitized singlet oxygen luminescence band (lmax=1270 nm). Lumi-
nescence spectra are corrected for the instrumental response.


Figure 5. Transient absorption spectrum of G1CO2tBu at 298 K in CH2Cl2
air-purged solution upon laser excitation at 355 nm (2 mJpulse�1). The
spectra were recorded at delays of 2, 10, 20, 30, 50 ms following excita-
tion. The inset shows decay time profiles (720 nm) of G1CO2tBu,
G2CO2tBu and G3CO2tBu at high energy laser input (20 mJpulse�1, A=


0.50, air equilibrated samples). This evidences the size-dependent short-
lived component, in parallel with the decrease of the signal of the “regu-
lar” triplet decay, attributed to T–T annihilation processes.
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are observable. The spectra of the multicomponent arrays
are not well superimposed to the profiles obtained by sum-
ming the contribution of each chromophoric moiety. Specifi-
cally, the absorption of the OPV core is less than expected
and the effect is more and more pronounced by increasing
the dendrimer size. As an example, in Figure 6 the spectrum
of 3 is compared to the profile calculated for its component
subunits (2G3CO2tBu + 10). On the contrary, in the regions
where the absorption of the fullerene moiety is prevalent or
exclusive experimental and calculated spectra are in excel-
lent agreement. This trend may suggest a modification of
the solvation environment for the central OPV core by in-
creasing the dendrimers size. A similar effect has been
found for fullerodendrimers having the carbon sphere as
central unit.[10d,20,21]


Relative to the reference OPV, the fluorescence band of
the central chromophore is strongly quenched in dendrimers
1–3 (CH2Cl2, lexc=425 nm, c �5O10�6m). Excitation spectra
taken at 800 nm (fullerene fluorescence) exhibit the intense
fullerene band at 260 nm but also the contribution of the
OPV absorption at 425 nm indicating that the OPV quench-
ing is due to singlet–singlet (1OPV*!1C60*) energy transfer,
in line with previous reports on OPV–C60 hybrids.


[2b,d, 3a,5,18, 19]


Model calculations to evaluate the rate of energy transfer[2b]


are hampered by the fact that 1–3 are flexible structures
where the distance between the single central unit and the
multiple external carbon cages is hardly predictable. One
cannot exclude, especially in more polar solvents (see
below), that there is close vicinity (through space) between
OPV and C60 subunits. Quenching factors of the OPV fluo-
rescence in CH2Cl2 (Fref/F) are 125, 150, and 210 for 1,2,
and 3, respectively. In the latter case the quenching factor is
the highest despite the fact that in an ideal extended struc-
ture the OPV–C60 distance is the longest. This supports the
view of folded compact structures for the largest dendrimer
with short intercomponent distances between the energy
transfer couples.
For 2, the dendrimer exhibiting intermediate quenching


factor, we estimate a rate constant for the energy transfer
process of 1.5O1011 s�1 [Eq. (1)]. This corresponds to a


quenched lifetime of 6.7 ps, well below our instrumental
time resolution.[2b,18]


kEnT ¼


�
Fref


F �1
�


tref


ð1Þ


In Equation (1) F and Fref are, respectively, the OPV fluo-
rescence quantum yield of the dendrimers and of the refer-
ence compound, whereas tref is the singlet lifetime of the
latter.
Photoinduced electron transfer in OPV–C60 arrays has


been obtained in solution from the lowest fullerene singlet
excited state (~1.7 eV), directly or indirectly populated fol-
lowing light absorption.[2d,3a] On the contrary, population of
upper lying OPV singlet levels (>2.8 eV) does not result in
electron transfer since competitive ultrafast energy-transfer
prevails.[2b,3a,5] Thus electron transfer in OPV–C60 systems
can be conveniently signaled by the quenching of C60 fluo-
rescence and can be observed or not depending on the sol-
vent polarity (Figure 7).[2d,3a]


In Figures 8–10 (top) are reported the fluorescence spec-
tra of 1–3, compared with those of the corresponding refer-
ence fullerene systems G1–3CO2tBu under the same condi-
tions in solvent of increasing polarity. We used toluene
(PhMe), dichloromethane (CH2Cl2), and benzonitrile
(PhCN), which exhibit static relative permittivity e of 2.4,
8.9, and 25.2 respectively.[22]


In PhMe solution (Figure 8) the fullerene-type fluores-
cence is unquenched relative to the model compounds for
the whole 1–3 family. This signals the absence of OPV!C60


electron transfer upon population of the fullerene singlet
state in apolar toluene, as observed in OPV–C60 arrays in-
vestigated earlier.[2d,3a] It is interesting to note that, in any
solvent, the quantum yield of singlet oxygen sensitization of
the dendrimers is about 15% lower than that of the corre-
sponding reference compounds. In principle this could indi-
cate that, to some extent, electron transfer is promoted by
the fullerene triplet level. This process, never reported for


Figure 6. Absorption spectra in CH2Cl2 of 1–3 (c). The dotted spec-
trum represents the sum of (2OG3CO2tBu + 10); in the region above
350 nm a multiplying factor of 10 is applied.


Figure 7. Typical energy-level diagram of rigid OPV–C60 arrays describing
intrinsic and intercomponent processes following light excitation of the
OPV subunit. Electron transfer only occurs from the fullerene singlet
state and may be switched on/off by solvent polarity, which allows energy
tuning of the charge separated state below/above the fullerene singlet.
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rigid OPV–C60 systems, might take place in the present flexi-
ble arrays where interchromophoric distance is difficult to
predict and short distance between the carbon sphere and
the central OPV chromophore could be achieved, especially
in polar solvents. However this hypothesis is discarded since
electron transfer from the fullerene triplet is thermodynami-
cally not allowed (see below) and this is confirmed by the
absence of triplet lifetime quenching for 1–3 relative to the
fullerene model compounds, whatever the solvent. Thus we
attribute the decrease of the singlet oxygen sensitization
yield to peculiar intramolecular contacts occurring in the
dendrimer structures, which decrease the surface of the ful-
lerene cages available for dioxygen bimolecular interac-
tions.[23]


In CH2Cl2, from electrochemical potentials,[24] the energy
of the OPV+–C60


� charge separated state of 1 is estimated
to be 1.68 eV,[25] that is, almost isoenergetic to the fullerene
singlet (Figure 7). Similar energetics do not allow electron
transfer in rigid OPV–C60 arrays, owing to an activation bar-
rier of about 0.2 eV.[2d] Clearly, in the present flexible sys-
tems where electron transfer partners can get in tighter vi-
cinity, such barrier is lower and electron transfer can occur,
as suggested by the decrease of fullerene fluorescence for 1
(Figure 9, top left). A more marked effect on fullerene fluo-
rescence in polar PhCN supports this interpretation
(Figure 10, top left).[6] The lifetime of the fullerene moiety
of 1 is 750 ps, compared to 1600 ps of the reference moiety
G1CO2tBu, corresponding to an electron transfer rate con-
stant of 7.1O108 s�1 in benzonitrile.
Interestingly, for larger dendrimers 2 and 3 there is recov-


ery of fluorescence intensity in both in CH2Cl2 and in PhCN,
suggesting a decreased electron transfer efficiency, despite
the fact that electron transfer partners and thermodynamics


are identical to 1. Practically no electron transfer from ful-
lerene singlet occurs for 3 in CH2Cl2 (Figure 9, top right),
whereas some of it is still detected in the more polar PhCN
(Figure 10, top right). These trends can be rationalized by
considering increasingly compact dendrimer structures in
more polar solvents.[26] This implies that the actual polarity
experienced by the involved electron transfer partners, par-


Figure 8. Top, from left to right: Corrected emission spectra of 1–3 (a)
and their reference compounds G1–3CO2tBu (c) in PhCH3; lexc=


425 nm or lexc=530 nm. Bottom, in the same order: Sensitized singlet
oxygen emission in PhCH3 of 1–3 (*) and their reference compounds
G1–3CO2tBu (*) ; lexc=500 nm. A=0.30 for all compounds.


Figure 9. Top, from left to right: Corrected emission spectra of 1–3 (a)
and their reference compounds G1–3CO2tBu (c) in CH2Cl2; lexc=


425 nm or lexc=530 nm. Bottom, in the same order: Sensitized singlet
oxygen emission in CH2Cl2 of 1–3 (*) and their reference compounds
G1–3CO2tBu (*); lexc=500 nm. A=0.30 for all compounds.


Figure 10. Top, from left to right: Corrected emission spectra of 1–3
(a) and their reference compounds G1–3CO2tBu (c) in PhCN;
lexc=425 nm or lexc=530 nm. Bottom, in the same order: Sensitized sin-
glet oxygen emission in PhCN of 1–3 (*) and their reference compounds
G1–3CO2tBu (*); lexc=500 nm. A=0.30 for all compounds.
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ticularly the central OPV, is no longer that of the bulk sol-
vent. This strongly affects electron transfer thermodynamics
which, being reasonably located in the normal region of the
Marcus parabola,[2d,3a] becomes less exergonic and thus
slower and less competitive towards intrinsic deactivation of
the fullerene singlet state. This dendritic effect is in line
with the molecular dynamics studies which suggest that the
central OPV unit is more and more protected by the den-
dritic branches when the generation number is increased.
Actually, the calculated structure of 3 shows that the two
dendrons of third generation are able to fully cover the cen-
tral OPV core (Figure S1).
The trend of sensitized singlet oxygen luminescence re-


sembles that of fullerene fluorescence, since the detected
signal is more intense by increasing the dendrimer size, con-
firming the above mentioned polarity effects. However, as
in the case of PhMe solvent, the amount of fullerene triplet
(indirectly monitored via NIR singlet oxygen emission)[2d,23]


is comparably lower than that of singlet (probed by fuller-
ene fluorescence). This behavior is in contrast to what was
observed in rigid OPV–C60 arrays where the relative amount
of fullerene fluorescence intensity and sensitized singlet
oxygen are identical.[2d] Similarly to what discussed on
PhMe solvent (see above) we exclude that any electron
transfer from the triplet state occurs, since triplet lifetimes
of 1–3 are unchanged relative to the fullerene models G1–
3CO2tBu. Thus we attribute reduced singlet oxygen sensiti-
zation to structural factors which, in polar solvents where
the compactness of the dendrimers structure is probably en-
hanced, are expected to play an even major role.


Conclusion


A new series of dendrimers with an OPV core and peripher-
al fullerene subunits have been prepared. Their photophysi-
cal properties have been systematically investigated in dif-
ferent solvents and singular polarity effects resulting from
the dendritic structure evidenced. Actually, the photophysi-
cal properties of the first generation compound are similar
to those already reported for related OPV–fullerene sys-
tems.[2d,3a] Specifically, photoinduced electron transfer origi-
nating from the fullerene singlet excited state has been found
dramatically solvent dependent,[2d,3a] because the energy of
the charge separated state can be finely tuned around the
energy value exhibited by the fullerene singlet excited state
(~1.7 eV). In other words, solvent polarity can affect the
electron transfer energetics and transform an endoergonic
process in a moderately exergonic one, by switching from
apolar (e.g. PhMe) to more polar media (e.g. PhCN). In
contrast, for the highest generation dendrimer, the strong
solvent effects on the OPV–C60 charge separation processes
are severely limited. For a given solvent, the extent of elec-
tron transfer is reduced with dendrimers size because pro-
gressive isolation of the central OPV electron donor by the
surrounding dendrons tends to disfavor solvent induced sta-
bilization of the transient ionic species. The dendritic archi-
tecture is therefore not only able to isolate the central core
unit but it can also influence dramatically its properties.


Experimental Section


General : Reagents and solvents were purchased as reagent grade and
used without further purification. THF was distilled over sodium/benzo-
phenone. Compounds G1CO2tBu,


[8] G1CO2H,
[8] 4,[8] 7,[12] and 9[14] were


prepared according to previously reported procedures. The preparation
of G2–3CO2H and 11 is described in the Supporting Information. All re-
actions were performed in standard glassware under an inert Ar atmos-
phere. Evaporation and concentration were done at water aspirator pres-
sure and drying in vacuo at 10�2 Torr. Column chromatography: silica gel
60 (230–400 mesh, 0.040–0.063 mm) was purchased from E. Merck. Thin-
layer chromatography (TLC) was performed on glass sheets coated with
silica gel 60 F254 purchased from E. Merck, visualization by UV light.
NMR spectra were recorded on a Bruker AC 200 (200 MHz) or a Bruker
AM 400 (400 MHz) with solvent peaks as reference. Mass measurement
were carried out on a Bruker Biflex matrix-assisted laser desorption
time-of-flight mass spectrometer (MALDI-TOF) equipped with Scout
High Resolution Optics, an X–Y multi-sample probe and a gridless re-
flector. Ionization is accomplished with the 337 nm beam from a nitrogen
laser with a repetition rate of 3 Hz. All data were acquired at a maximum
accelerating potential of 20 kV in the linear positive ion mode. The
output signal from the detector was digitized at a sampling rate of
1 GHz. A saturated solution of 1,8,9-trihydroxyanthracene (dithranol
ALDRICH EC: 214-538-0) in CH2Cl2 was used as a matrix. Typically, a
1:1 mixture of the sample solution in CH2Cl2 was mixed with the matrix
solution and 0.5 mL of the resulting mixture was deposited on the probe
tip. Calibration was performed in the external mode with insulin
(5734.6 Da) and ACTH (2465.2 Da). Elemental analyses were performed
by the analytical service at the Institut Charles Sadron, Strasbourg.


Compound 1: DCC (58 mg, 0.28 mmol) was added to a stirred solution of
G1CO2H (300 mg, 0.145 mmol), 11 (140 mg, 0.07 mmol), DMAP (9 mg,
0.07 mmol) and HOBt (10 mg, 0.07 mmol) in CH2Cl2 (10 mL) at 0 8C.
After 1 h, the mixture was allowed to slowly warm to room temperature
(within 1 h), then stirred for 24 h, filtered and evaporated. Column chro-
matography (silica gel, CH2Cl2/0.2% MeOH) yielded 1 (369 mg, 87%) as
a dark orange glassy product. IR (CH2Cl2): ñ = 1745 (C=O); 1H NMR
(CDCl3, 400 MHz): d=0.89 (t, J=6 Hz, 42H), 1.26 (m, 252H), 1.70 (m,
16H), 1.83 (m, 12H), 3.64 (m, 8H), 3.66 (m. 8H), 3.79 (m, 4H), 3.83 (t,
J=6 Hz, 16H), 3.93 (m, 4H), 3.98 (t, J=6 Hz, 4H), 4.03 (t, J=6 Hz,
8H), 4.24 (t, J=5 Hz, 4H), 4,36 (t, J=5 Hz, 4H), 4.67 (s, 4H), 5.04 (d,
J=13 Hz, 4H), 5.28 (s, 8H), 5.72 (d, J=13 Hz, 4H), 6.34 (t, J=2 Hz,
4H), 6.45 (d, J=2 Hz, 8H), 6.72 (s, 4H), 6.77 (s, 4H), 6.99 (AB, J=
17 Hz, 4H), 7.10 (d, J=17 Hz, 2H), 7.12 (s, 2H), 7.17 (s, 2H), 7.46 (d,
J=17 Hz, 2H), 7.49 (AA’XX’, J=7 Hz, 8H); 13C NMR (CDCl3,
50 MHz): d=14.1, 22.6, 25.7, 26.0, 26.1, 29.2, 29.3, 29.4, 29.6, 29.7, 29.8,
30.4, 31.9, 49.0, 63.1, 64.3, 65.3, 66.8, 67.1, 68.0, 68.7, 68.8, 69.1, 69.9, 70.5,
70.6, 70.7, 70.9, 73.5, 101.6, 105.2, 107.1, 111.2, 112.5, 116.0, 122.9, 126.6,
126.9, 127.3, 128.7, 132.5, 134.3, 135.7, 136.0, 136.5, 136.6, 137.0, 137.7,
138.3, 139.9, 141.0, 141.1, 142.2, 142.6, 143.15, 143.5, 143.7, 143.9, 144.1,
144.2, 144.5, 144.8, 144.9, 145.1, 145.3, 145.5, 145.6, 145.7, 146.0, 147.3,
147.4, 148.6, 151.1, 153.3, 157.8, 160.3, 162.4, 162.5, 168.4; MALDI-TOF-
MS: calcd for C402H442O44: 5977.9; found: 5978; elemental analysis calcd
(%) for C402H442O44: C 80.77, H 7.45; found: C 80.54, H 7.54.


Compound 2 : DCC (36 mg, 0.17 mmol) was added to a stirred solution of
G2CO2H (401 mg, 0.095 mmol), 11 (85 mg, 0.043 mmol), DMAP (9 mg,
0.07 mmol) and HOBt (10 mg, 0.07 mmol) in CH2Cl2 (10 mL) at 0 8C.
After 1 h, the mixture was allowed to slowly warm to room temperature
(within 1 h), then stirred for 48 h, filtered and evaporated. Column chro-
matography (silica gel, CH2Cl2/0.2% MeOH) yielded 2 (264 mg, 59%) as
a dark orange glassy product. IR (CH2Cl2): ñ = 1745 (C=O); 1H NMR
(CDCl3, 400 MHz): d=0.89 (t, J=6 Hz, 66H), 1.26 (m, 396H), 1.70 (m,
32H), 1.83 (m, 12H), 3.64 (m, 8H), 3.70 (m, 8H), 3.78 (m, 4H), 3.83 (t,
J=6 Hz, 32H), 3.92 (m, 4H), 3.98 (t, J=6 Hz, 4H), 4.03 (t, J=6 Hz,
8H), 4.22 (m, 4H), 4.35 (m, 4H), 4.66 (s, 4H), 4.70 (s, 8H), 5.06 (d, J=
13 Hz, 8H), 5.21 (s, 8H), 5.28 (s, 16H), 5.71 (d, J=13 Hz, 8H), 6.34 (t,
J=2 Hz, 8H), 6.45 (d, J=2 Hz, 16H), 6.72 (s, 4H), 6.78 (s, 8H), 6.88 (s,
4H), 6.98 (s, 2H), 7.00 (d, J=17 Hz, 4H), 7.10 (d, J=17 Hz, 2H), 7.13 (s,
4H), 7.45 (d, J=17 Hz, 2H), 7.48 (AA’XX’, J=7 Hz, 8H); 13C NMR
(CDCl3, 50 MHz): d=14.0, 22.6, 26.0, 29.2, 29.3, 29.4, 29.6, 30.3, 31.8,
48.96, 63.0, 64.2, 65.1, 65.3, 66.3, 66.7, 67.0, 68.0, 68.6, 68.7, 69.1, 69.8,
70.4, 70.5, 70.6, 70.8, 73.4, 101.5, 105.1, 107.0, 111.1, 112.4, 114.5, 116.0,
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121.2, 122.9, 126.6, 126.8, 127.2, 128.7, 132.4, 134.3, 135.6, 135.9, 136.4,
136.6, 136.9, 137.2, 137.7, 138.3, 138.4, 138.8, 139.9, 140.9, 141.0, 142.1,
142.6, 143.0, 143.4, 143.6, 143.8, 144.0, 144.2, 144.5, 144.8, 144.9, 145.0,
145.2, 145.4, 145.6, 145.9, 147.2, 147.3, 148.5, 151.0, 153.2, 157.7, 158.1,
160.3, 162.4, 162.5, 168.2, 168.3; MALDI-TOF-MS: calcd for C698H698O80:
10367.2; found: 10368 [M +]; elemental analysis calcd (%) for
C698H698O80: C 80.87, H 6.79; found C 80.84, H 6.77.


Compound 3 : DCC (22 mg, 0.11 mmol) was added to a stirred solution of
G3CO2H (515 mg, 0.060 mmol), 11 (53 mg, 0.027 mmol), DMAP (9 mg,
0.07 mmol) and HOBt (10 mg, 0.07 mmol) in CH2Cl2 (10 mL) at 0 8C.
After 1 h, the mixture was allowed to slowly warm to room temperature
(within 1 h), then stirred for 48 h, filtered and evaporated. Column chro-
matography (silica gel, CH2Cl2/0.2% MeOH) yielded 3 (364 mg, 70%) as
a dark orange glassy product. IR (CH2Cl2): ñ=1745 (C=O); 1H NMR
(CDCl3, 400 MHz): d=0.89 (t, J=6 Hz, 114H), 1.27 (m, 684H), 1.70 (m,
64H), 1.82 (m, 12H), 3.65 (m, 8H), 3.70 (m, 8H), 3.77 (m, 4H), 3.82 (t,
J=6 Hz, 64H), 3.91 (m, 4H), 3.98 (t, J=6 Hz, 4H), 4.02 (t, J=6 Hz,
8H), 4.21 (m, 4H), 4.33 (m, 4H), 4.61 (s, 4H), 4.69 (s, 24H), 5,06 (d, J=
13 Hz, 16H), 5.17 (s, 8H), 5.20 (s, 16H), 5.28 (s, 32H), 5.71 (d, J=13 Hz,
16H), 6.33 (t, J=2 Hz, 16H), 6.44 (d, J=2 Hz, 32H), 6,72 (s, 4H), 6.78
(s, 16H), 6.86 (s, 4H), 6.88 (s, 8H), 6.92 (s, 2H), 6.97 (s, 4H), 7.00 (AB,
J=17 Hz, 4H), 7.12 (m, 10H), 7.47 (m, 10H); 13C NMR (CDCl3,
50 MHz): d=14.1, 22.6, 26.0, 29.2, 29.3, 29.4, 29.6, 31.9, 48.9, 65.3, 66.3,
66.7, 67.0, 68.0, 68.7, 69.1, 70.5, 70.8, 73.5, 101.5, 105.1, 107.1, 112.4, 114.5,
115.9, 121.3, 126.6, 126.8, 127.2, 128.7, 132.4, 134.3, 135.6, 135.9, 136.4,
136.6, 137.2, 137.3, 137.7, 138.4, 139.9, 140.9, 141.0, 142.1, 142.6, 143.1,
143.5, 143.6, 143.8, 144.0, 144.2, 144.5, 144.8, 144.9, 145.0, 145.2, 145.5,
145.6,; 145.9, 147.2, 147.3, 148.5, 151.0, 153.2, 157.7, 158.0, 160.3, 162.5,
162.6, 168.2; MALDI-TOF-MS: calcd for C1290H1210O152: 19145.7; found:
19144 [M +]; elemental analysis calcd for C1290H1210O152: C 80.93, H 6.37;
found: C 80.70, H 6.62.


Photophysical measurements : The photophysical investigations were car-
ried out in toluene, dichloromethane, and benzonitrile solutions (Carlo
Erba or Aldrich spectrofluorimetric grade). The path of fluorimetric cu-
vettes was 1 cm. Absorption spectra were recorded with a Perkin-Elmer
l 45 spectrophotometer. Uncorrected emission spectra were obtained
with a Spex Fluorlog II spectrofluorimeter (continuous 150 W Xe lamp),
equipped with Hamamatsu R-928 photomultiplier tube. The corrected
spectra were obtained via a calibration curve determined with a proce-
dure described earlier.[27] The steady-state NIR luminescence spectra
were obtained with an Edinburgh FLS920 spectrometer equipped with
Hamamatsu R5509-72 supercooled photomultiplier tube (193 K) and a
TM300 emission monochromator with NIR grating blazed at 1000 nm.
An Edinburgh Xe900 450 W Xenon arc amp was used as light source;
the emission calibration curve was supplied by the manufacturer. Emis-
sion lifetimes were determined with (i) an IBH single photon counting
spectrometer equipped with a thyratron gated nitrogen lamp (2–40 kHz,
lexc=337 nm, 500 ps time resolution) and a Hamamatsu 3237-01 photo-
multiplayer tube (185–850 nm) or ii) an Edinburgh FLS920 spectrometer
equipped with laser diode heads (1 MHz, lexc=407 or 635 nm, 100 ps
time resolution) and a peltier-cooled Hamamatsu R928 photomultiplayer
tube (185–850 nm). Transient absorption spectra in the nanosecond-mi-
crosecond time domain were obtained with a flash-photolysis system de-
scribed in detail earlier.[28] Excitation was performed with the second or
third harmonic (532/355 nm) of a Nd:YAG laser (J. K. Lasers Ltd.) with
20 ns pulse duration and 1–2 mJ of energy per pulse (up to 20 mJ for
energy-dependent triple-triplet annihilation processes). Triplet lifetimes
were obtained by averaging at least five different decays recorded
around the maximum of the absorption peak (720 nm). When necessary,
oxygen was removed by at least four freeze-thaw-pump cycles by means
of a diffusive vacuum pump at 10�6 Torr. Experimental uncertainties are
estimated to be 7% for lifetime determinations, �20% for emission
quantum yields, and 2% for absorption and emission peaks.


Acknowledgements


This work was supported by the CNR, the CNRS, the French Ministry of
Research (ACI Jeunes Chercheurs to J.-F.N.) and EU (RTN Contract
“FAMOUS”, HPRN-CT-2002-00171). G.A. thanks Italian MIUR (con-


tract FIRB RBNE019H9K, Molecular Manipulation for Nanometric Ma-
chines) and M.G.N. the CONACyT for their reasearch fellowships. We
further thank L. Oswald for technical help, Dr. C. Bourgogne for his help
for the molecular modeling, Prof. M. Gross and Dr. J.-P. Gisselbrecht for
the CV measurements, J.-M. Strub for the MALDI-TOF mass spectra
and M. Schmitt for high field NMR measurements.


[1] a) N. Armaroli, in Fullerenes: from synthesis to optoelectronic prop-
erties (Eds.: D. M. Guldi, N. Martin), Kluwer, Dordrecht, 2002,
pp. 137–162; b) P. J. Brecher, D. Schuster, in Fullerenes: from syn-
thesis to optoelectronic properties (Eds.: D. M. Guldi, N. Martin),
Kluwer, Dordrecht, 2002, pp. 163–212; c) D. M. Guldi, M. Prato,
Acc. Chem. Res. 2000, 33, 695–703; d) N. MartTn, L. SUnchez, B. Ill-
escas, I. P6rez, Chem. Rev. 1998, 98, 2527–2547; e) H. Imahori, Y.
Sakata, Eur. J. Org. Chem. 1999, 2445–2457; f) D. Gust, T. A.
Moore, A. L. Moore, Acc. Chem. Res. 2001, 34, 40–48.


[2] a) J.-F. Nierengarten, J.-F. Eckert, J.-F. Nicoud, L. Ouali, V. Krasni-
kov, G. Hadziioannou, Chem. Commun. 1999, 617–618; b) J.-F.
Eckert, J.-F. Nicoud, J.-F. Nierengarten, S.-G. Liu, L. Echegoyen, F.
Barigelletti, N. Armaroli, L. Ouali, V. Krasnikov, G. Hadziioannou,
J. Am. Chem. Soc. 2000, 122, 7467–7479; c) T. Gu, D. Tsamouras, C.
Melzer, V. Krasnikov, J.-P. Gisselbrecht, M. Gross, G. Hadziioannou,
J.-F. Nierengarten, ChemPhysChem 2002, 3, 124–127; d) N. Armaro-
li, G. Accorsi, J.-P. Gisselbrecht, M. Gross, V. Krasnikov, D. Tsamou-
ras, G. Hadziioannou, M. J. Gomez-Escalonilla, F. Langa, J.-F.
Eckert, J.-F. Nierengarten, J. Mater. Chem. 2002, 12, 2077–2087;
e) J.-F. Nierengarten, T. Gu, T. Aernouts, W. Geens, J. Poortmans,
G. Hadziioannou, D. Tsamouras, Appl. Phys. A 2004, 79, 47–49.


[3] a) E. Peeters, P. A. van Hal, J. Knol, C. J. Brabec, N. S. Sariciftci,
J. C. Hummelen, R. A. J. Janssen, J. Phys. Chem. B 2000, 104,
10174–10190; b) D. M. Guldi, C. Luo, A. Swartz, R. Gomez, J. L.
Segura, N. Martin, C. Brabec, S. Sariciftci, J. Org. Chem. 2002, 67,
1141–1152; c) M. Maggini, G. Possamai, E. Menna, G. Scorrano, N.
Camaioni, G. Ridolfi, G. Casalbore-Miceli, L. Franco, M. Ruzzi, C.
Corvaja, Chem. Commun. 2002, 2028–2029; d) N. Negishi, K.
Yamada, K. Takimiya, Y. Aso, T. Otsubo, Y. Harima, Chem. Lett.
2003, 404.


[4] For a review on fullerene–(p-conjugated oligomer) dyads as active
photovoltaic materials, see: J.-F. Nierengarten, Sol. Energy Mater.
Sol. Cells 2004, 83, 187–199.


[5] N. Armaroli, F. Barigelletti, P. Ceroni, J.-F. Eckert, J.-F. Nicoud, J.-F.
Nierengarten, Chem. Commun. 2000, 599–600.


[6] a) T. Gu, J.-F. Nierengarten, Tetrahedron Lett. 2001, 42, 3175–3178;
b) T. Yamashiro, Y. Aso, T. Otsubo, H. Tang, Y. Harima, K. Yama-
shita, Chem. Lett. 1999, 443–444; c) Y. Obara, K. Takimiya, Y. Aso,
T. Otsubo, Tetrahedron Lett. 2001, 42, 6877–6880; d) S.-G. Liu, L.
Shu, J. Rivera, H. Liu, J.-M. Raimundo, J. Roncali, A. Gorgues, L.
Echegoyen, J. Org. Chem. 1999, 64, 4884–4886; e) J. L. Segura, R.
Gomez, N. Martin, D. M. Guldi, Chem. Commun. 2000, 701–702;
f) F. Effenberger, G. Grube, Synthesis 1998, 1372–1379; g) for a
review on fullerene–(p-conjugated oligomer) dyad, see: J. L. Segura,
N. Martin, D. M. Guldi, Chem. Soc. Rev. 2004, in press.


[7] a) G. Accorsi, N. Armaroli, J.-F. Eckert, J.-F. Nierengarten, Tetrahe-
dron Lett. 2002, 43, 65–68; b) D. M. Guldi, A. Swartz, C. Luo, R.
Gomez, J. L. Segura, N. Martin, J. Am. Chem. Soc. 2002, 124,
10875–10886; c) F. Langa, M. J. Gomez-Escalonilla, E. Diez-Barra,
J. C. Garcia-Martinez, A. de la Hoz, J. Rodriguez-Lopez, A. Gonza-
lez-Cortes, V. Lopez-Arza, Tetrahedron Lett. 2001, 42, 3435–3438;
d) A. G. Avent, P. R. Birkett, F. Paolucci, S. Roffia, R. Taylor, N. K.
Wachter, J. Chem. Soc. Perkin Trans. 2 2000, 1409–1412.


[8] D. Felder, M. Guti6rrez Nava, M. P. Carreon, J.-F. Eckert, M. Lucci-
sano, C. Schall, P. Masson, J.-L. Gallani, B. Heinrich, D. Guillon, J.-
F. Nierengarten, Helv. Chim. Acta 2002, 85, 288–319.


[9] a) J.-F. Nierengarten, Top. Curr. Chem. 2003, 228, 87–110; b) J.-F.
Nierengarten, Chem. Eur. J. 2000, 6, 3667–3670; c) J.-F. Nierengart-
en, D. Felder, J.-F. Nicoud, Tetrahedron Lett. 1999, 40, 269–272;
d) J.-F. Nierengarten, D. Felder, J.-F. Nicoud, Tetrahedron Lett. 1999,
40, 273–276; e) J.-F. Nierengarten, D. Felder, J.-F. Nicoud, Tetrahe-
dron Lett. 2000, 41, 41–44; f) D. Felder, H. Nierengarten, J.-P. Gis-


Chem. Eur. J. 2004, 10, 5076 – 5086 www.chemeurj.org H 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5085


Photophysics of Dendrimers 5076 – 5086



www.chemeurj.org





selbrecht, C. Boudon, E. Leize, J.-F. Nicoud, M. Gross, A. Van Dors-
selaer, J.-F. Nierengarten, New J. Chem. 2000, 24, 687–695.


[10] a) Y. Rio, G. Enderlin, C. Bourgogne, J.-F. Nierengarten, J.-P. Gissel-
brecht, M. Gross, G. Accorsi, N. Armaroli, Inorg. Chem. 2003, 42,
8783–8793; b) S. Zhang, Y. Rio, F. Cardinali, C. Bourgogne, J.-L.
Gallani, J.-F. Nierengarten, J. Org. Chem. 2003, 68, 9787–9797; c) F.
Cardinali, J.-F. Nierengarten, Tetrahedron Lett. 2003, 44, 2673–2676;
d) Y. Rio, G. Accorsi, H. Nierengarten, C. Bourgogne, J.-M. Strub,
A. Van Dorsselaer, N. Armaroli, J.-F. Nierengarten, Tetrahedron
2003, 59, 3833–3844; e) M. Guti6rrez-Nava, S. Setayesh, A.
Rameau, P. Masson, J.-F. Nierengarten, New J. Chem. 2002, 26,
1584–1589.


[11] OPV derivative 11 has been used for the synthesis of linear poly-
mers alternating OPV moieties and C60 subunits and its preparation
has been briefly described in a preliminary communication: M. Gu-
ti6rrez-Nava, P. Masson, J.-F. Nierengarten, Tetrahedron Lett. 2003,
44, 4487–4490.


[12] C. Weder, M. S. Wrighton, Macromolecules 1996, 29, 5157–5165.
[13] F. H. Heck, Palladium Reagents in Organic Synthesis, Academic


Press, London, 1985.
[14] Compound 9 was obtained in six steps from methyl 3,4,5-trihydroxy-


benzoate as described in: T. Gu, P. Ceroni, G. Marconi, N. Armaroli,
J.-F. Nierengarten, J. Org. Chem. 2001, 66, 6432–6439.


[15] N. Armaroli, C. Boudon, D. Felder, J.-P. Gisselbrecht, M. Gross, G.
Marconi, J.-F. Nicoud, J.-F. Nierengarten, V. Vicinelli, Angew. Chem.
1999, 111, 3895–3899; Angew. Chem. Int. Ed. 1999, 38, 3730–3733.


[16] K. D. Ausman, R. B. Weisman, Res. Chem. Intermed. 1997, 23, 431–
451.


[17] M. Fujitsuka, H. Kasai, A. Masuhara, S. Okada, H. Oikawa, H. Na-
kanishi, O. Ito, K. Yase, J. Photochem. Photobiol. A 2000, 133, 45–
50.


[18] P. A. van Hal, R. A. J. Janssen, G. Lanzani, G. Cerullo, M. Zavelani-
Rossi, S. De Silvestri, Phys. Rev. B 2001, 64, 075206.


[19] A. Marcos Ramos, M. T. Rispens, J. K. J. van Duren, J. C. Humme-
len, R. A. J. Janssen, J. Am. Chem. Soc. 2001, 123, 6714–6715.


[20] Y. Murata, M. Ito, K. Komatsu, J. Mater. Chem. 2002, 12, 2009–
2020.


[21] Y. Rio, G. Accorsi, H. Nierengarten, J. L. Rehspringer, B. Honer-
lage, G. Kopitkovas, A. Chugreev, A. Van Dorsselaer, N. Armaroli,
J. F. Nierengarten, New J. Chem. 2002, 26, 1146–1154.


[22] S. L. Murov, I. Carmichael, G. L. Hug, Handbook of Photochemistry,
Marcel Dekker, New York, 1993.


[23] N. Armaroli, G. Accorsi, D. Felder, J. F. Nierengarten, Chem. Eur. J.
2002, 8, 2314–2323.


[24] V. Balzani, F. Scandola, Supramolecular Photochemistry, Ellis Hor-
wood, Chichester (UK), 1991, pp. 44–45.


[25] The electrochemical properties of 1, 2 and 3 have been investigated
by cyclic voltammetry in CH2Cl2/0.1m Bu4NBF4. For the three com-
pounds, the redox potential of the first reduction (centered on the
peripheral fullerene units) is observed at �1.10 V vs Fc+/Fc and the
redox potential of the first oxidation (centered on the OPV core
unit) at +0.58 V vs Fc+/Fc. M. Gross, J.-P. Gisselbrecht, unpublish-
ed results.


[26] J.-F. Nierengarten, N. Armaroli, G. Accorsi, Y. Rio, J.-F. Eckert,
Chem. Eur. J. 2003, 9, 37–41.


[27] N. Armaroli, G. Marconi, L. Echegoyen, J.-P. Bourgeois, F. Dieder-
ich, Chem. Eur. J. 2000, 6, 1629–1645.


[28] L. Flamigni, J. Phys. Chem. 1992, 96, 3331–3337.


Received: February 17, 2004
Revised: June 23, 2004


Published online: August 20, 2004


H 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 5076 – 50865086


FULL PAPER N. Armaroli, J. F. Nierengarten et al.



www.chemeurj.org






Transition-Metal-Mediated Synthesis of Novel Carbocyclic Nucleoside
Analogues with Antitumoral Activity


Juraj Velcicky,[a] Andreas Lanver,[a] Johann Lex,[a] Aram Prokop,[b] Thomas Wieder,[c] and
Hans-G*nther Schmalz*[a]


Introduction


Nucleosides and nucleotides are of fundamental importance
for all living systems, for example, as structural modules of
nucleic acids, cofactors, and messenger substances.[1] There-
fore, it is not surprising that nucleoside analogues play an
important role in pharmacology, mainly as antiviral and an-
titumoral drugs.[2]


While certain nucleoside analogues are incorporated into
nucleic acids as chain terminators, thereby interrupting the
replication of cancer cells or a virus,[3] others are designed to
block certain enzymes necessary for cancer or viral repro-
duction (for example, (S)-adenosyl-l-homocysteine hydro-
lase[4] or reverse transcriptase).[3,5]


The popularity of nucleoside analogues increased after
the Food and Drug Administration (FDA) approval of AZT
(Zidovudin, 1, Scheme 1) against HIV and of acyclovir (Zo-
virax, 2) against the Herpes Simplex virus. In the past two
decades, carbocyclic nucleoside analogues (CNAs) have also
attracted much attention since the natural products aristero-
mycin (3)[6] and neplanocin A (4)[7] were shown to exhibit
interesting biological activities. In the meantime, a large
number of CNAs have been synthesized and tested.[8] Prom-
inent synthetic CNAs are the anti-HIV compounds carbovir
(5)[9] and abacavir (Ziagen) (6).[10]


One advantage of the carbocyclic compounds (CNAs) in
comparison to the furanose-derived nucleoside analogues is
a generally increased resistance against enzymatic degrada-
tion, as well as a decreased toxicity.[8a, 11] Even though some
CNAs are already in clinical use, this class of compounds
still possesses a huge and largely unexploited potential for
the development of new pharmaceuticals. The elaboration
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Abstract: A diversity-oriented, enan-
tioselective synthesis of new (monopro-
tected) carbocyclic nucleoside ana-
logues (CNAs) with the nucleobase at-
tached to a 3-hydroxymethyl-4-trialkyl-
silyloxymethylcyclopent-2-en-1-yl scaf-
fold was developed. As a key interme-
diate, racemic (5SR,8RS)-8-allyloxy-2-
trimethylsilyl-7-oxa-bicyclo[3.3.0]-oct-1-
en-3-one was prepared from 1,1-dial-
lyloxy-3-trimethylsilyl-2-propyne in a
cobalt-mediated Pauson–Khand reac-
tion. The enantiomerically pure materi-
al was obtained through efficient kinet-
ic resolution (selectivity factor s�40 at
�78 8C) by means of an oxazaboroli-


dine-catalyzed borane reduction (CBS
reduction) with catecholborane. The
absolute configuration of the resolved
products was determined by CD spec-
troscopy, Mosher ester analysis, and
chemical correlation. Subsequent steps
involve diastereoselective ketone re-
duction and fully regio- and diastereo-
selective introduction of the nucleo-
base through Pd0-catalyzed allylic sub-


stitution. The generality of the method
was demonstrated by preparation of
CNAs in both enantiomeric series with
all five natural nucleobases, as well as
5-bromouracil, 5-fluorouracil, and 6-
chloropurine. Screening of the various
compounds in a cytotoxicity assay with
BJAB and ALL tumor cell lines re-
vealed that some of the compounds
possess pronounced antitumoral prop-
erties (LD50 values down to 9 mm, as
determined by lactate dehydrogenase
release after 48 h). By measuring DNA
fragmentation, it could be shown that
the activity results from induction of
apoptosis.


Keywords: antitumor agents ·
kinetic resolution · nucleosides ·
palladium catalysis · Pauson–Khand
reaction
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of efficient methods for the diversity-oriented synthesis of
new types of carbocyclic nucleoside analogues thus repre-
sents an important and challenging research task.


As already indicated in our preliminary communication,[12]


we recently became interested in 2’,3’-unsaturated CNAs,
such as 7 and 8 (Scheme 2), because these compounds might


exhibit interesting biological activities. In addition, such
structures would represent promising building blocks for the
preparation of artificial oligonucleotides[13] and other com-
plex molecules, for instance, hybrids with different pharma-
cophoric units, which would also be of pharmaceutical inter-
est.


In this article we describe an efficient synthesis of enan-
tiomerically pure CNAs of type 9 (see Scheme 3) by follow-
ing a novel strategy that is centrally based on transition-
metal–organic chemistry. Besides exploiting metal-mediated
reactions, the synthesis is characterized by the fact that it is
highly stereoselective and generally suited for the prepara-
tion of a broad variety of structurally diverse compounds (a
scaffold approach).[14] Furthermore, we report the initial re-
sults of the biological testing, which demonstrate that some
of the novel CNAs possess significant potential as antitu-
moral agents by inducing apoptosis of cancer cells.


Results and Discussion


Our retrosynthetic analysis (Scheme 3) was based on the
consideration that the target structures 9 could be derived


from a precursor of type 10, in which the two oxy-function-
alized side chains are jointly protected within an acetal func-
tion. This would also allow for their later differentiation (se-
lective preparation of monoprotected products) because
cleavage of the acetal would lead to a hydroxyaldehyde. We
predicted a bicyclic enone of type 11 to be a suitable precur-
sor of 10 ; 11 would be formally derived from the symmetric
(achiral) dienyne 12 through an intramolecular Pauson–
Khand reaction (PKR).[15]


While the intramolecular mode of the PKR would guar-
antee the desired regioselectivity, the (relative) configura-
tion at the acetal stereocenter would not be important be-
cause this stereocenter would disappear at a later stage of
the synthesis. A crucial issue, however, was the control of
the absolute configuration of the lasting stereocenter(s). In
order to obtain the target compounds in nonracemic form,
we could either try to perform the (chirogenic) PKR in an
enantioselective fashion[16] or we had to resolve a racemic
intermediate at the stage of rac-11 or beyond.


Synthesis of dienynes as PKR precursors : The synthesis of
the CNAs of type 9 began with the preparation of a suitable
substrate for the planned PKR, that is, a dienyne of type 12
(Scheme 4). By following a known protocol,[17] acrolein (13)
was converted in high yield into a dibrominated diethyl
acetal, from which the protected propargyl aldehyde 14 was
obtained by double elimination with KOH as a base in the
presence of [Oct4N


+Br�] (1 mol%) as a phase-transfer cata-
lyst.[18] The conversion of 14 into the desired diallyl acetal
12 a was achieved in 40% yield by acid-catalyzed transace-
talization[19] with azeotropic removal of EtOH.


Since the overall yield of the sequence for the synthesis of
12 a described above was unsatisfactory, an alternative
method was developed (Scheme 4, right). This new route
began with the conversion of propargyl alcohol (15) into the
TMS-protected derivative 16 by double silylation followed
by selective O-desilylation.[20] After PCC oxidation of 16,[21]


the resulting (sensitive) aldehyde was directly converted
into the stable diallyl acetal 12 b[22] by acid-catalyzed acetali-


Scheme 1. Some important synthetic and natural nucleoside analogues.


Scheme 2. Examples of projected target structures.


Scheme 3. Retrosynthetic analysis for CNAs of type 9. NB=nucleobase.
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zation. This second route provides a highly efficient and op-
erationally attractive synthesis of the C-silylated acetal 12 b
(86% over three steps), from which the desilylated dieneyne
12 a is obtained in high yield (88%) by treatment with
TBAF in allylic alcohol/H2O (2:1).[23]


The Pauson–Khand reaction : The PKR is one of the oldest
and synthetically most valuable transition-metal-mediated
reactions, as it allows the construction of substituted cyclo-
pentenones from an alkyne, an alkene, and carbon monox-
ide in a formal [2+2+1] cycloaddition.[15] While the “classi-
cal” PKR involves the thermal reaction of a preformed
alkyne–[Co2(CO)6] complex with an olefin (thus requiring
stoichiometric amounts of the metal), some catalytic meth-
ods for Pauson–Khand-type reactions employing different
metals (such as Ti, Rh, Ir, and Ru) have recently been de-
veloped.[24]


Initial attempts to prepare
the bicyclic intermediates rac-
11 a/b from the dienynes 12 a/b,
respectively, (Scheme 5) under
standard literature condi-
tions[25] afforded the expected
products in low yields (Table 1,
entries 1–4). We therefore had
to optimize the conditions for
this particular PKR.


As the first experiments had
shown that TMANO gave
better results than NMO and
that the silylated compound
12 b gave rise to somewhat
better yields and higher dia-
stereoselectivities (d.r. up to


>98:2) than those with 12 a, the further optimization was
carried out employing 12 b and TMANO. While variation of
the solvent had some effect (Table 1, entries 5 and 6), a
greatly improved yield (72%) was obtained in dichlorome-
thane when the reaction mixture was exposed to the air
once the promoter had been added (entry 8).[25a] A further
improvement was finally achieved by adding molecular
sieves (4 Q).[26] In this way, the conversion of 12 b into the
bicyclic product rac-11 b could be performed in up to 76%
yield, even on a 60 mmol scale. Under the same conditions,
the desilylated substrate 12 a afforded the corresponding
PKR product in only 45% yield and with significantly lower
diastereoselectivity (Table 1, entry 10). From a variety of
other conditions screened for the cobalt-mediated PKR of
substrates 12 a/b, only the Sugihara method,[27] which uses
nBuSMe as a promoter, afforded the desired product (rac-
11 b from 12 b) in a reasonable yield (Table 1, entry 11).


All our attempts to convert enynes 12 a and 12 b in cata-
lytic Pauson–Khand-type reactions[24] failed, although con-
trol experiments with 1-allyloxy-3-phenyl-2-propyne as a lit-
erature-known model substrate proceeded successfully. For
instance, by using [RhCl(cod)]2 (5 mol%; cod=cycloocta-
1,5-diene) and BINAP (10 mol%; BINAP=2,2’-bis(diphe-
nylphosphanyl)-1,1’-binaphthyl) as a catalyst and cinnamal-
dehyde (2 equiv) as a CO source[16f,g] (no solvent, 120 8C,
16 h), the product was obtained in 90% yield and 81% ee in
the model series, while none of the desired product could be


Scheme 4. Synthesis of the precursors of the Pauson–Khand reaction, 12 a
and 12 b. a) Br2, 0–5 8C; then HC(OEt)3, EtOH, RT, 99%; b) KOH
(excess), [Oct4N


+Br�] (cat.), CyHex, reflux, 67%; c) allyl-OH (excess),
TsOH (cat.), C6H6 (azeotropic removal of EtOH), 40%; d) nBuLi
(2.3 equiv), THF/n-hexane, �78 8C!RT, 4 h; then TMSCl (2.3 equiv),
�78 8C!RT, 18 h; then aq. HCl (1.3 equiv), RT, 1 h, 98%; e) PCC
(1.5 equiv), CH2Cl2, RT, 3 h; f) allyl-OH (excess), TsOH (cat.), C6H6, D,
15 h, 88% over 2 steps; g) TBAF (1 equiv) in THF, H2O/allyl-OH (2:1),
RT, 1 h, 88%. CyHex=cyclohexane, Oct=octyl, PCC=pyridinium chloro-
chromate, TBAF= tetrabutylammonium fluoride, THF= tetrahydrofuran,
TMS= trimethylsilyl, Ts= toluene-4-sulfonyl.


Scheme 5. Preparation of bicyclic intermediates of type 11 by the
Pauson–Khand reaction. Optimized conditions: a) [Co2(CO)8]
(1.1 equiv), CH2Cl2, molecular sieves (4 Q, 8 equiv by weight), RT, 2 h;
then TMANO (8.8 equiv), air, 0 8C!RT, 15 h. For yields, see Table 1.


Table 1. Optimization of the Pauson–Khand reaction according to Scheme 5.[a]


Entry R Solvent Promoter T [8C] Conditions[b] Yield [%] dr


1 H CH2Cl2 NMO 20 A 18 80:20
2 H CH2Cl2 TMANO 0!20 A 28 90:10
3 TMS CH2Cl2 NMO 20 A 28 93:7
4 TMS CH2Cl2 TMANO 0!20 A 31 >98:2
5 TMS pentane TMANO 0!20 A 0 –
6 TMS THF TMANO 0!20 A 50 >98:2
7 TMS THF TMANO 0!20 B 27 >98:2
8 TMS CH2Cl2 TMANO 0!20 B 72 >98:2
9 TMS CH2Cl2 TMANO 0!20 C 76 >98:2
10 H CH2Cl2 TMANO 0!20 C 45 72:28
11 TMS 1,2-DCE nBuSMe reflux D 57 >98:2


[a] 1,2-DCE=1,2-dichloroethane, NMO=N-methylmorpholine N-oxide, TMANO= trimethylamine N-oxide.
[b] A: [Co2(CO)8] (1.1 equiv), 2 h, RT, then addition of promoter (6 equiv), 15 h at specified temperature; B:
same as A, except that the flask was left open to the air after addition of the promoter; C: same as B except
that molecular sieves (4 Q, 8 equiv by weight) were added to the reaction mixture in the beginning and
8 equivalents of promoter were used; D: same as A except that 3.5 equivalents of promoter were used.
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detected when 12 a or 12 b were used. Also, cationic rhodi-
um species generated in situ from [RhCl(cod)]2 and AgOTf
(Tf= triflate= trifluoromethanesulfonyl) in the presence of
various ligands (including propane-1,3-diylbis(diphenylphos-
phane) (dppp) and BINAP)[16d] were not able to catalyze
this particular reaction. Therefore, compounds of type 12
represent particularly difficult substrates, especially for cata-
lytic variants of the PKR. Nevertheless, the stoichiometric
method with [Co2(CO)8] and TMANO in the presence of
4 Q molecular sieves and air (Table 1, entry 9) provides a
convenient and highly diastereoselective access to multigram
amounts of the bicyclic intermediate rac-11 b.[28]


The relative configuration of rac-11 a and rac-11 b was ini-
tially assigned based on 2D NMR spectroscopy experiments
(NOESY) and later confirmed by X-ray crystal structure
analysis of 11 b (Figure 1 and Supporting Information).[29]


Kinetic resolution of the PKR product rac-11 b : After the
synthesis of CNAs of type 9 had been achieved in the race-
mic series in the course of our preliminary investigation,[12] a
major task was to develop an enantioselective access to the
target compounds. Since the chirogenic step[30] of the synthe-
sis, that is, the PKR described above, could not be per-
formed in an enantioselective fashion (so far), resolution of
the PKR product rac-11 b was the earliest possibility to
enter the nonracemic series. We envisioned that this task


could possibly be achieved through ki-
netic resolution (KR)[31] by means of
an asymmetric reduction. As a prom-
ising method for this purpose, the oxa-
zaborolidine-catalyzed borane reduc-
tion (CBS reduction)[32,33] employing
chiral catalysts of type 17 was investi-
gated (Scheme 6).


In order to prevent any hydrobora-
tion of a C�C double-bond in the sub-
strate rac-11 b by borane, catecholbor-
ane (CB) was used as a less reactive


reducing agent (Scheme 7).[34] In an initial experiment, treat-
ment of rac-11 b in toluene with (neat) CB (50 mol%) in
the presence of the B-methyl CBS catalyst 17 a (20 mol%)
at �78 8C afforded the enantiomerically enriched ketone
11 b (90% ee) and the alcohol ent-18 (76% ee) after 45%
conversion. When CB (0.85 equiv) was added as a solution


in THF (which is easier to handle) to rac-11 b in toluene in
the presence of 17 a (20 mol%), approximately 60% conver-
sion was observed at �50 8C after 16 h, and the slower react-
ing enantiomer, 11 b, was isolated in virtually pure form
(99% ee) according to GC analysis on a chiral column.[35]


Lowering the amount of catalyst 17 a led to decreased enan-
tioselectivities (after comparable conversions) while larger
amounts gave no improvement. The B-butyl catalyst 17 b be-
haved in a similar manner to 17 a, while the B-phenyl cata-
lyst 17 c showed no significant enantioselectivity at all in this
reaction.


By carefully monitoring the KR of rac-11 b at two temper-
atures (�78 8C and �50 8C), the high efficiency and the tem-
perature dependence of these reactions were shown
(Figure 2). While the KR of rac-11 b at �78 8C requires only
56% conversion to leave behind the slower reacting enan-
tiomer 11 b in greater 99% ee (after 3 days), the reaction at
�50 8C needs 61% conversion to obtain 11 b in such a high
enantiopurity (after 16 h). To express the high efficiency of
these kinetic resolutions in numbers, the so-called selectivity
factors (s�kent-11b/k11 b, in which k is the rate of reaction)
were determined.[31d,e] The values calculated (s�40 for
�78 8C and s�25 for �50 8C) are remarkably high; they are
actually comparable to those obtained in typical enzymat-
ic[31e] or particularly efficient chemical[31c,36] kinetic resolu-
tions.


The most convenient protocol for the KR of rac-11 b
(Scheme 7) on a preparative scale (50 mmol) involves
adding a solution of CB in THF at �78 8C to a solution of
17 a and rac-11 b in toluene and then allowing the mixture to
slowly warm up to room temperature (6 h) before the reac-
tion is quenched by addition of MeOH. In this way, ketone
11 b (>99% ee) could be obtained in 34% yield along with
58% of the alcohol ent-18 (approximately 83% ee ; d.r.=
83:17). As shown in Scheme 7, this material could be effi-
ciently converted into the enantiomerically pure ketone ent-
11 b by MnO2 oxidation and a second kinetic-resolution step
employing the enantiomeric CBS catalyst ent-17 a.


The stereochemical assignments of the reaction products
were carefully proven: While the relative configuration of
the main alcohol diastereomer (18/ent-18) was secured by


Figure 1. Structure of 11b in the crystalline state.


Scheme 6. Oxazaboro-
lidine catalysts used
for the reduction.


Scheme 7. Preparation of enantiomerically pure 11b and ent-11b through
kinetic resolution of the ketone rac-11b by means of a CBS reduction.
a) 17a (20 mol%), CB (0.85 equiv), THF/toluene, �78 8C!RT, 6 h, 34%
of 11b (>99% ee), 58% of ent-18 (83% ee, d.r.=83:17); b) MnO2,
CH2Cl2, 0 8C, 2 h, 89%; then ent-17a (20 mol%), CB (0.85 equiv), THF/
toluene, �78 8C!RT, 3 h, 72% of ent-11b.
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X-ray crystal structure analysis of the corresponding (race-
mic) acetate (Figure 3),[37] the absolute configurations of the
reaction products were determined by CD and NMR spec-
troscopic techniques and confirmed by chemical correlation
(as described below in a separate section).


The stereochemical outcome of the CBS kinetic resolu-
tion of rac-11 b by using the oxazaborolidine 17 a as a cata-
lyst can be nicely rationalized by applying the Corey
model[32b] with the assumption of strong catalyst control[33a]


(Scheme 8). In the case of the substrate enantiomer 11 b the
resulting transition structure (A) represents a “mismatched”
case, because the natural preference of the substrate (sub-
strate control, that is, attack of the hydride from the convex


face) to give diastereomer 19 (epi-18) is frustrated and this
results in a slower reaction. In contrast, the other substrate
enantiomer (ent-11 b) can participate in transition structure
B, in which catalyst and substrate control work synergistical-
ly (“matched” case) to form ent-18 in a fast process. There-
fore, ent-11 b is rapidly consumed and 11 b is left behind.


Planning the further synthesis : Once we had developed an
efficient access to the key intermediate 11 b in both racemic
and enantiopure forms, the next goal was to elaborate a se-
quence for the conversion of PKR products 11 into com-
pounds of type 10 according to the general strategic concept
(Scheme 3). We envisioned that an allylic ester of type 21
(obtainable from 11 b by reduction, desilylation, and esterifi-
cation) could be used for the diastereoselective introduction
of a nucleobase by means of Pd0-catalyzed allylic substitu-
tion (Scheme 9). Such reactions are known to proceed with
retention of configuration via cationic p-allyl intermediates
of type 22.[38,39] The further synthesis was first developed in
the racemic series[12] and then applied to the preparation of
various enantiomerically pure nucleoside analogues in both
enantiomeric forms. For reasons of clarity, however, we will
describe only the details for compounds with “natural” ste-
reochemistry in the following sections.


Preparation of the precursor for nucleobase introduction :
The conversion of enone 11 b into the allylic esters 21 a or
21 b (Scheme 9) started with its reduction to the allylic alco-
hol 18. It was found that this transformation was best ach-
ieved by using NaBH4 in the presence of CeCl3 in MeOH[40]


at 0 8C. Under these conditions, 18 was obtained in virtually
quantitative yield as a single diastereomer. A fully diaste-
reoselective reduction was also achieved with l-Selectride
(THF, �78 8C). However, the yield of isolated 18 was only
83% in this case. The presence of the hydroxy group now al-
lowed for a particularly facile, oxygen-assisted[41] removal of
the TMS group under basic conditions. Indeed, when 18 was
treated with KH in THF or, better, with tBuOK in DMSO,
the desilylated product 20 was isolated in 87% yield. Desi-


Figure 2. Kinetic resolution of ketone rac-11b at �78 8C (top) and at
�50 8C (bottom).


Figure 3. Structure of the acetate derived from rac-18 in the crystalline
state.


Scheme 8. Two competing transition structures in the kinetic resolution
of rac-11b by CBS reduction with catalyst 17a. Catalyst control is as-
sumed: A) mismatched case (violation of substrate preference);
B) matched case.
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lylation with TBAF in THF afforded only impure material
in significantly lower yield (66%). In contrast to the silylat-
ed alcohol 18, the desilylated analogue 20 was found to be
highly sensitive towards hydrolysis of the acetal function.
Therefore, it was usually directly converted into the acetate
21 a under standard acetylation conditions[42] (99% yield).
Alternatively, the methyl carbonate 21 b was obtained by
treatment of 20 with methyl chloroformate in the presence
of pyridine (92% yield).


Pd-catalyzed nucleobase introduction : Compounds 21 a and
21 b proved to be perfectly suited substrates for the intro-
duction of various pyrimidine and purine nucleobases by
means of Pd-catalyzed allylic substitution (Scheme 10 and
Table 2).


When 21 a was treated with preformed salts of nucleobas-
es in the presence of catalytic amounts of a Pd catalyst at
elevated temperatures (50–70 8C) in a DMSO/THF solvent
mixture, the allylic substitution products of type 10 were
formed in good yields with virtually complete regio- and di-


astereoselectivity (d.r.>99:1; Table 2). While NaH was used
to deprotonate the pyrimidine nucleobases, Cs2CO3 proved
superior in the case of adenine (!10 g) due to the better
solubility of the resulting amide in organic solvents.[43] The
direct introduction of cytosine and guanine failed. However,
the N4-benzoyl derivative of cytosine[44] afforded 10 e in up
to 84% yield. For the introduction of guanine, the N2-
acetyl-O-diphenylcarbamoyl derivative was employed ac-
cording to the method of Robins and co-workers[45] to give
10 f as a single regioisomer in 76% yield. In this case,
1,2,2,6,6-pentamethylpiperidine (pempidine) was used as the
base.


An important parameter in these reactions was, of course,
the Pd catalyst. Initially, we used [Pd(PPh3)4] with two addi-
tional equivalents of PPh3 (Method A),[46] a method that
was successful for the introduction uracil, bromouracil, thy-
mine, N-benzoylthymine, and adenine.[12] However, the for-
mation of Ph3P=O (as a result of Ph3P oxidation during
workup) caused severe separation problems and isolated
products 10 were often contaminated with significant
amounts of Ph3P=O.[47] Therefore, a different catalyst system
consisting of [Pd(dba)2] (2 mol%) and (iPrO)3P (14 mol%)
was applied (Method B).[44] While the yields were compara-
ble to those obtained with [Pd(PPh3)4], chromatographic
product purification was generally easier. However, some of
the less polar compounds tended to retain traces of
(iPrO)3P as an impurity.


The introduction of chloropurine onto the allylic acetate
21 a under the catalytic conditions decribed above (Methods
A and B) turned out to be difficult (approximately 5%
yield). However, the product 10 h was obtained in up to
61% yield when the carbonate 21 b was used as the sub-
strate. The catalyst system consisted of [Pd2(dba)3]
(2.5 mol%) and dppp (10.5 mol%) in DMF at RT (Method
C). Here, dppp was a superior ligand to ethane-1,2-diylbis-
(diphenylphosphane) (dppe), 1,1’-bis(diphenylphosphanyl)-
butane (dppb), PPh3, and (iPrO)3P, which afforded 10 h in
yields of 8, 0, 51, and 55%, respectively.


The constitution of 10 e and 10 f (and thus the regioselec-
tivity of N-alkylation at the heterocycles) was confirmed by
NMR spectroscopy exploiting long-range coupling. Nuclear
overhouser effects (NOEs) between the H-3 and H-5 pro-
tons confirmed the relative configuration of the products
10 a–g. In addition, the structure of rac-10 h was unequivo-
cally proven by X-ray crystal structure analysis (Figure 4).[48]


Thus, the Pd-catalyzed allylic aminations had proceeded
with (complete) retention of configuration, as expected.[38,39]


Completing the synthesis of the carbocyclic nucleoside ana-
logues : As shown in Scheme 10, the remaining steps in the
synthesis of CNAs of type 9 were the hydrolysis of the
acetal function in compounds of type 10, the subsequent si-
lylation of the free alcohol group, and the final reduction.


The hydrolysis of the bicyclic acetals 10 was best per-
formed by using catalytic amounts of PPTS in refluxing wet
acetone.[49] While the resulting hydroxyaldehydes[50] could, in
principle, be isolated in pure form by solvent evaporation
and chromatography, the crude products were usually con-
verted directly into the corresponding silylethers by treat-


Scheme 9. Conversion of 11b into nucleoside precursors of type 10.
a) NaBH4, CeCl3, MeOH, 0 8C, 30 min, 100%; b) tBuOK, DMSO/H2O
(19:1), RT, 1 h, 87%; c) Ac2O, Et3N, DMAP (cat.), CH2Cl2, RT, 1 h,
99%; d) ClCO2Me, pyridine, CH2Cl2, 0 8C!RT, 1.5 h, 92%; e) nucleo-
base, Pd0 (cat.), see Table 2 for further details. DMAP=4-dimethylami-
nopyridine, DMSO=dimethylsulfoxide.


Scheme 10. Final steps of the synthesis of CNAs of type 9. a) Nucleobase
or derivative, Pd0 (cat.), see Table 2 for further details; b) PPTS, acetone,
reflux, 3 h; c) R3Si�Cl (1.5 equiv), pyridine, RT, 16 h; d) NaBH4, MeOH/
CH2Cl2, �78 8C, 1 h; then RT, 30 min. For details, see Tables 2 and 3.
PPTS=pyridinium p-toluenesulfonate.


J 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 5087 – 51105092


FULL PAPER H.-G. Schmalz et al.



www.chemeurj.org





Table 2. Preparation of various TDS-protected CNAs of type 9 by Pd-catalyzed nucleobase introduction, acetal hydrolysis/silylation, and final reduction
according to Scheme 10.[a]


Entry Method[b] Product 10 Yield [%] Product 23 Yield [%] Product 9 Yield [%]


1 A 56 82 78


2 A ent-10a 65 ent-23 a 70 ent-9 a 95
3 A rac-10 a 66 rac-23a 80 – –


4 B 73 74 99


5 B ent-10 b 74 ent-23b 73 ent-9b 93


6 A 82 83 99


7 A ent-10 c 71 ent-23c 75 ent-9c 93
8 A rac-10c 74 rac-23 c 83 – –
9 C rac-10c 72 – – – –


10 A 63 64 88


11 A ent-10 d 47 ent-23d 60 ent-9d 99
12 A rac-10d 56 rac-23 d 65 – –


13 B 84 67 85[c]


14 A ent-10e 65 ent-23 e 75 ent-9 e 95[c]


15 B 76 68 71[c]


16 B ent-10 f 76 ent-23 f 67 ent-9 f 76[c]


17 B 52 40 93


18 A ent-10g 54 ent-23 g 38 ent-9 g 99
19 A rac-10 g 73 rac-23g 45 – –


20 C 63 72 97


21 A rac-10h 61 rac-23 h 75 rac-9 h 99%


[a] Bz=benzoyl, dba= trans,trans-dibenzylideneacetone, DMF=N,N-dimethylformamide, TDS= thexyldimethylsilyl. [b] Method A: nucleobase, base
(NaH for pyrimidine derivatives; Cs2CO3 for adenine), DMSO, 70 8C (50 8C for adenine), 30 min, then addition of [Pd(PPh3)4] (5 mol%), PPh3


(11 mol%), and 21a in THF, 70 8C (50 8C for adenine), 16 h; Method B: nucleobase, base (NaH for pyrimidines; Cs2CO3 for adenine; pempidine for the
guanine derivative), DMSO, 70 8C (50 8C for adenine; RT for the guanine derivative), 5–30 min, then [Pd(dba)2] (2 mol%), P(OiPr)3 (14 mol%), THF,
70 8C (50 8C for adenine), 16 h; Method C: [Pd2(dba)3] (2.5 mol%), dppp (10.5 mol%), DMF, 10 min, RT, then 21 b, nucleobase, RT, 16 h. [c] Yield of the
deprotected product after treatment of the primary reduction product with NH3 in MeOH at RT for 16 h.
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ment with a chlorosilane in pyridine. Thus, compounds 23 a–
f and 23 h–l (Tables 2 and 3) were obtained in satisfactory
yields (60–82% over two steps). Only for the hydrolysis of
the adenine derivative 10 g were two equivalents of PPTS
necessary. In addition, DMAP was employed in this case as
a catalyst in the silylation step to give 23 g in acceptable
yields (38–45%).


While the TDS group was chosen in most cases as a pro-
tecting group for the 5’-OH group (Table 2), intermediates
10 b, 10 c, 10 e, and 10 f were also converted into the corre-
sponding TBDPS ethers 23 i–l (Table 3).


The final reduction of the a,b-unsaturated aldehydes of
type 23 to the corresponding CNAs of type 9 (Scheme 10)
was initially tried under the Luche conditions (NaBH4/
CeCl3),


[40] but the yields were rather low (46–67%).[12] Much
better results, however, were obtained with NaBH4 in the


absence of CeCl3 at �78 8C in a solvent mixture of MeOH/
CH2Cl2.


[51] Under these conditions the products of type 9
were formed in 78–99% yields (Tables 2 and 3). When the
protected cytosine or guanine derivatives 23 e, 23 f, 23 k, and
23 l were subjected to these conditions, the protecting
groups were already partially removed. By exposing the re-
sulting crude product mixtures to ammonolysis[39b,52] the de-
sired products were obtained in high yields (Table 2 en-
tries 13–16 and Table 3 entries 3,4).


Determination of the absolute configuration : As an impor-
tant part of this work, the absolute configuration of the
products obtained from the CBS kinetic resolution of rac-
11 b was carefully determined. As the X-ray crystal structure
analysis of the optically active ketone 11 b (Figure 1) did not
provide information about the absolute stereochemistry,
other methods for the configurational assignment had to be
applied.


As a first technique, we used CD spectroscopy, which is
particularly suitable for cyclic ketones.[53] The CD spectra of
ketones 11 b and ent-11 b (Figure 5) show three Cotton ef-
fects (CEs): a weak CE at 330 nm corresponding to the car-
bonyl n!p* transition, a strong CE at 232 nm characteristic
for the p!p* band, and a CE at 211 nm.


As the empirical octant rule cannot simply be applied to
the analysis of CD spectra of a,b-unsaturated ketones,[53c]


the so-called enone helicity rule was established.[53b, c] Howev-
er, cyclohexenones and in particular cyclopentenones with a
virtually planar enone chromophore (such as 11 b) obey the
inverse enone helicity rule.[53b] According to this rule, the
sign of the octant sector where the substituent at the “satu-
rated part” of the cyclopentenone is located equals that of
the CE for the p!p* transition (230–260 nm). The CE con-


Figure 4. Structure of rac-10 h in the crystalline state.


Table 3. Preparation of TBDPS-protected CNAs 9 i–l from intermediates of type 10 according to Scheme 10.[a]


Entry Starting material 10 Product 23 Yield [%] Product 9 Yield [%]


1 59 99


2 63 99


3 57 76[b]


4 37 99[b]


[a] TBDPS= tert-butyldiphenylsilyl. [b] Yield of the deprotected product after treatment of the primary reduction product with NH3.
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nected to the n!p* transition (at approximately 330 nm)
will then have an opposite sign.[53b] As shown in Scheme 11,
the respective analysis for enone 11 b allows a clear assign-


ment of the two enantiomorphic CD spectra to the enan-
tiomers. The g-allyloxy substituent should additionally con-
tribute to the (�) character of the CE at approximately
230 nm.[53c] This analysis is also supported by comparison of
the CD spectrum of 11 b with that of a structurally related
compound of known configuration.[54]


As a second independent technique for the determination
of the absolute configuration, the empirical Mosher ester
analysis[55] was applied to the alcohols 18 and 20. This
method is based on the com-
parison by NMR spectroscopy
of pairs of diastereomeric
esters obtained from a chiral
alcohol by esterification with
methoxytrifluoromethylphenyl-
acetic acid (MTPA) of known
absolute configuration. As
both enantiomers of the alco-
hols to be investigated (18 and
its desilylated analogue 20)
were available, only one form


of the chiral reagent (S)-
MTPA had to be used. The
four Mosher esters 24 a, 24 b,
25 a, and 25 b were obtained in
good yields under the standard
N,N’-dicyclohexylcarbidiimide
(DCC) coupling conditions[56]


(Scheme 12).
Based on the 1H NMR spec-


troscopic data of the four
MTPA esters prepared, the
configurational assignments
were drawn as follows:


1) One can assume that the
esters adopt a preferred
conformation, which is


characterized by a horseshoe-type arrangement of the
carbinol hydrogen atom and the carbonyl group as well
as an antiperiplanar position of the CF3 group with re-
spect to the ester CO single bond (Scheme 13).[55]


2) According to the established rules,[55] the signals of pro-
tons on the phenyl side of the plane defined by the ester
moiety undergo an upfield shift, while those of the pro-
tons on the methoxy side are shifted downfield
(Scheme 13).


Figure 5. CD-spectra of ketones 11 b and ent-11 b in cyclohexane.


Scheme 11. Application of the inverse helicity rule to ketones 11b and
ent-11b, thereby allowing the prediction of the sign of the Cotton effects.


Scheme 12. Preparation of the Mosher (MTPA) esters from alcohols 18,
ent-18, 20, and ent-20. a) (S)-MTPA (1.1 equiv), DCC (1.1 equiv), DMAP
(12 mol%), CH2Cl2, 0 8C!RT, 16 h.


Scheme 13. Effects of the (S)-MTPA ester group (in its preferred conformation) on the 1H NMR chemical
shift of the signals of the adjacent substituents R and H-4exo. See also Table 4.
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3) By comparing the 1H NMR spectroscopic data, the two
pairs of diastereomers (24 a/24 b and 25 a/25 b) could be
clearly assigned. Most characteristic effects were ob-
served for the substituent R at the olefinic position C2
and for the endo-hydrogen atom at C4 (Table 4). In ac-


cordance with Scheme 13, the signal for substituent R
(TMS or H) showed a relative upfield shift (Dd<0 ppm)
in the spectra of 24 a and 25 a as compared to that in
their diastereomers, while the signal of H-4endo was shift-
ed downfield (Dd>0 ppm) at the same time. Figure 6 il-
lustrates the significant shift (Dd=�0.07 ppm) of the H-
2 signal in the spectra of 25 a and 25 b.


4) As the configuration of the MTPA ester moiety was
known (S), the absolute configuration of the bicyclic al-
cohols (18/ent-18 and 20/ent-20) could be directly de-
duced. It is in agreement with the earlier assignment
based on CD spectroscopy.


After the absolute stereochemistry predicted by the
Corey model (see above) had been confirmed by two empir-
ical methods (CD spectroscopy and Mosher ester analysis)
the correctness of our assignment was additionally support-
ed by chemical correlation. For this purpose, the silylated
compounds 9 f and 9 g were converted into the unprotected
CNAs 26 a and 26 b by fluoride-induced desilylation
(Scheme 14). These compounds had been independently
synthesized before by Samuelsson and co-workers in a “ste-
reorational” manner.[57]


The comparison of the specific rotations of 26 a ([a]20D =


�11.8; c=0.34 in H2O) and 26 b ([a]20D =�30.3; c=0.33 in
H2O) with those reported by Samuelsson and co-workers
([a]20D =�12.8 for 26 a and [a]20D =�25.8 for 26 b)[57] con-
firmed the configurational assignments of all chiral nonrace-
mic compounds described in this work.


Biological investigations : The cytotoxic activity of some of
the synthesized CNAs of type 9 was evaluated in vitro by
using BJAB cells (Burkitt-like lymphoma cells).[58] The re-
sults summarized in Figure 7 indicate that some of the com-
pounds possess a cytotoxic activity in the lower micromolar
range. While the TDS-protected compounds 9 a–h showed
moderate activity (LD50=40–100 mm) in both enantiomeric
series, the TBDPS-protected compounds 9 i–l were generally
more active (LD50=9–35 mm). Evidently, apart from the ex-
pected influence of the nucleobase on the activity, the silyl
protecting group has a significant impact. Among the tested
compounds the TBDPS-protected bromouracil and cytosine
derivatives, 9 j (LD50=9 mm) and 9 k (LD50=15 mm), were
the most active. As a general trend, the pyrimidine-based
compounds exhibited a stronger activity than their purine-
based relatives. One exception is the chloropurine derivative
rac-9 h with an LD50 value of 22 mm.


By using the most active compounds (9 i–l), further ex-
periments assessed whether the observed cell death was due
to apoptosis or necrosis. The first evidence for apoptosis[59]


was provided by microscopy, which showed a characteristic
membrane blebbing and cell shrinkage of the tumor cells
(not shown).


As an additional indicator of apoptotic cell death, the
ability of compounds 9 i–l to induce DNA fragmentation
(hypoploidity) was investigated.[60] As shown in Table 5, in-
cubation with compounds 9 i–l led to substantial hypoploidi-
ty in BJAB cells as well as in primary, leukemic lympho-
blasts of patients suffering from childhood acute lympho-
blastic leukemia (ALL). Consistent with their high cytotoxic
potential, compounds 9 j and 9 k were also particularly
active in the DNA fragmentation assay. Further evidence
for apoptosis was obtained by probing the activation of cas-
pases 3, 8, and 9, which are principal effectors of apoptotic
signal transduction and execution. Their activation by pro-
teolytic cleavage after treatment of BJAB cells with com-
pounds 9 b (50 mm) and 9 i–l (30 mm) was investigated by
means of Western blot analysis.[61] As shown in Figure 8,
compounds 9 b and 9 i–l induced specific processing of pro-
caspase-3 (p32), procaspase-8 (p55), and procaspase-9 (p47)
with concomitant appearance of the active subunits of the
caspases (p17, p18, and p37, respectively). Interestingly, 9 j


Table 4. 1H NMR chemical shifts (d in ppm) of selected signals in the
MTPA esters.


24 a 25a 24 b 25 b Dd(24 a/24b) Dd(25 a/25b)


H-2 – 5.71 – 5.78 – �0.07
H-4endo 1.40 1.62 1.27 1.52 +0.13 +0.10
TMS �0.14 – 0.03 – �0.17 –


Figure 6. Section of the 1H NMR spectra of MTPA esters 25a (top) and
25b (bottom).


Scheme 14. Deprotection of 9 f and 9 g. a) TBAF (2 equiv), THF, RT,
16 h.
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induced complete processing of procaspase-8 and procas-
pase-9, a result which again demonstrated the high potency
of this compound.


Conclusion


We have developed a convergent and enantioselective syn-
thesis of monoprotected, 2’,3’-unsaturated carbocyclic nu-
cleoside analogues of type 9 with a hydroxymethyl substitu-
ent in the 3’ position (according to normal nucleoside num-
bering). Numerous new CNAs were prepared from proparg-
yl alcohol and were fully characterized.


The synthesis in the racemic series involves only 10 linear
steps with an average overall yield of approximately 25%.
The synthesis centrally exploits transition-metal–organic
chemistry, that is, a Co-mediated Pauson–Khand reaction
(PKR) and a Pd-catalyzed allylic substitution, with the latter
allowing the introduction of various nucleobases with virtu-
ally complete regio- and diastereocontrol.


While the chirogenic step, the Pauson–Khand reaction,
cannot be directly performed in an enantioselective manner
at the moment, an efficient kinetic resolution (s�30) of the
PKR product through CBS reduction opened an operation-
ally convenient access to the enantiomerically pure com-
pounds in both absolute configurations.


The absolute stereochemistry of the chiral products was
carefully determined by three independent methods (CD
spectroscopy, Mosher ester analysis, and chemical correla-
tion) and is in accordance with the predictions drawn from
the Corey model.


Figure 7. Cytotoxicity data for CNAs of type 9 in BJAB cells after incubation for 48 h. LD50 values are given in mm. Light gray is used for the TDS-pro-
tected compounds and darker gray for the TBDPS-protected compounds.


Table 5. Additional biological data for compounds 9 i–l.


Entry Compound Cytotoxicity[a] Cell death Hypoploidity [%]
LD50 [mm] [%][a] ALL BJAB


10 mm 20 mm cells[b] cells[c]


1 9 i 35 1 4 28 55
2 9j 9 61 69 44 54
3 9 k 15 14 72 33 66
4 9 l 21 2 44 31 59


[a] Measured in BJAB cells after incubation for 48 h. [b] DNA fragmen-
tation after incubation for 60 h at a nucleoside concentration of 20 mm.
The hypoploidity of control cells in the presence of the vehicle alone
(0.5% ethanol) was 15%. [c] DNA fragmentation after incubation for
72 h at a nucleoside concentration of 30 mm. The hypoploidity of control
cells in the presence of the vehicle alone (0.5% ethanol) was 4%.


Figure 8. Western blot analysis of CNA-treated BJAB cells after incuba-
tion for 36 h. After incubation with 30 mm 9 i–l or with 50 mm 9 b, cells
were collected, cellular protein was extracted, and processing of procas-
pase-3 (upper panel; procaspase: 32 kDa; cleavage products: 20, 18, and
17 kDa), procaspase-8 (middle panels; procaspase: 55 kDa; cleavage
products: 43 and 18 kDa), and procaspase-9 (lower panel; procaspase:
47 kDa; cleavage product: 37 kDa) was detected by Western blot analy-
sis. Arrows indicate the positions of procaspases-3, -8, and -9 and the re-
spective cleavage products.
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The potential of the new class of compounds as antitu-
moral agents was shown in a first series of biological assays
with a Burkitt-like lymphoma cell line model as well as pri-
mary lymphoblastic tumor cells ex vivo. Cytotoxic activities
at concentrations in the lower micromolar range specifically
result from apoptosis induction and encourage further struc-
tural variation and screening in the future.


Indeed, the option of flexibly varying the structural mod-
ules (that is, the nucleobase and the substituents at both hy-
droxy groups) in a late stage of the synthesis provides ample
opportunity for a broad structural variation (a diversity-ori-
ented approach).[14] This includes the possibility of using the
monoprotected compounds of type 9 as building blocks for
the synthesis of oligonucleotides or conjugates with other
pharmacophoric units (for example, natural-product hy-
brids).[62] Furthermore, the allylic alcohol unit in compounds
of type 9 provides an anchor for additional structural modi-
fication.


Experimental Section


General : Anhydrous solvents were obtained by distillation from sodium/
benzophenone (THF), from CaH2 (CH2Cl2), from KOH (pyridine, Et3N),
or by storage over 4 Q MS (DMSO). Reagents (generally 99%) were
used as purchased unless otherwise stated. The concentration of organo-
lithium reagents was determined by titration against menthol in THF
with 1,10-phenanthroline as an indicator.[63] TMANO was dried by azeo-
tropic removal of water with toluene. Water- and/or air-sensitive com-
pounds were handled under an atmosphere of argon by using Schlenk
techniques. Reactions were monitored by analytical TLC with Merck
silica gel 60F 254 aluminum plates. Chromatograms were visualized
either with UV light, by staining with iodine, or with a “cerium reagent”
(prepared by dissolving phosphomolybdic acid (2 g) and Ce(SO4)2 (1 g)
in 100 mL of 10% aqueous H2SO4) and subsequent heating. Flash chro-
matography[64] was performed over silica gel 60 (230–400 mesh) from
Merck. Gas chromatography was performed on an HP-6890 apparatus
with H2 as the carrier gas and flame ionization detector. NMR spectro-
scopy was carried out on Bruker DPX 300, DRX 500, and AC 250 instru-
ments. Chemical shifts (d) are given in ppm relative to the solvent refer-
ence. 13C NMR spectra were measured under proton decoupling and the
number of bound protons (multiplicities) was determined by DEPT
methods. IR spectroscopy was carried out on a Perkin-Elmer FTIR Para-
gon 1000 apparatus by using the ATR technique. Mass spectrometry was
performed on a Finnigan MAT Incos 50 Galaxy system (DIP-MS) or a
Finnigan MAT 900 spectrometer; high-resolution MS was performed on
Finnigan HSQ-30 (HR-EI-MS) or Finnigan MAT 900 (HR-ESI-MS) in-
struments. The method of ionization is given in parentheses. Melting
points were measured on a B<chi B-545 apparatus and are uncorrected.
Specific optical rotations ([a]) were recorded on a Perkin-Elmer 343 ap-
paratus plus polarimeter; concentrations c are given in g per 100 mL and
the cell length was 100 mm. CD spectroscopy was performed on a
Jasco J-810 spectrometer. Elemental analyses were recorded on an Ele-
mentar Vario EL instrument.


3-Trimethylsilyl-2-propyn-1-ol (16):[20] A solution of propargyl alcohol
(15 ; 24.5 mL, 413 mmol) in dry THF (500 mL) was cooled to �78 8C
before a 1.6m solution of nBuLi in hexane (600 mL) was added over a
period of 1 h. The yellow-colored suspension was allowed to warm to RT
for 3 h and then cooled to �78 8C before TMSCl (121 mL, 960 mmol)
was added within a period of 5 min. The cooling bath was removed and
stirring was continued for 10 h before 1.4n HCl (385 mL, 1.3 equiv) was
added within a period of 5 min. The resulting clear mixture was stirred at
RT for 1 h. The water layer was separated and extracted with tert-butyl
methyl ether (MTBE, 3V200 mL). The combined organic layers were
washed with brine (2V200 mL), dried (MgSO4), and concentrated under
reduced pressure to give alcohol 16 (73.66 g, 98%) as a colorless liquid.


The product thus obtained was pure according to 1H NMR spectroscopy.
For analytical purposes a sample was further purified by vacuum distilla-
tion. B.p. 90–92 8C/22 mm Hg (literature value:[20a] 76 8C/20 mm Hg);
1H NMR (250 MHz, CDCl3): d=4.24 (s, 2H; CH2), 1.70 (s, 1H; OH),
0.15 ppm (s, 9H; Si(CH3)3);


13C NMR (63 MHz, CDCl3): d=103.8/90.7
(C=C), 51.7 (CH2OH), �0.2 ppm (CH3Si); IR (ATR): ñ=3320 (m, O�
H), 2956 (m, C�H), 2174 (m, C=C), 1248 (s), 1038 (s), 980 (s), 844 (s),
759 (s), 698 cm�1 (s); MS (EI, 70 eV): m/z (%): 113 (75) [M�15]+ , 85
(100), 75 (91), 73 (76).


3,3-Diallyloxy-1-propynyltrimethylsilane (12 b):[21,22] A solution of alcohol
16 (61.15 g, 336 mmol) in dry CH2Cl2 (100 mL) was added dropwise to a
stirred suspension of pyridinium chlorochromate (111 g, 504 mmol) in
dry CH2Cl2 (450 mL) at 0 8C. The mixture was allowed to warm to RT
for 2 h and then carefully filtered through a plug of silica. (Note: to pre-
vent the filtration being blocked, the black oily residue should not be
poured onto the silica.) After evaporation of the solvent, the residue was
purified by flash chromatography (EtOAc/CyHex 1:19) to give sensitive
3-trimethylsilyl-2-propyne-1-al as a light-yellow liquid, which was imme-
diately further converted as follows. The crude aldehyde (336 mmol),
allyl alcohol (230 mL, 3.36 mol), and pTsOH (3.2 g, 16.8 mmol) were dis-
solved in benzene (500 mL) and the mixture was heated to reflux for
15 h with azeotropic removal of water (Dean–Stark trap). After cooling
to RT, the mixture was neutralized by addition of NaHCO3 before it was
filtered through a plug of silica and concentrated under reduced pressure.
The residue was purified by flash chromatography (EtOAc/CyHex 1:19)
to afford the acetal 12 b as a light-yellow oil (66.34 g, 88% over two
steps). An analytical sample was further purified by vacuum distillation
through a Vigreux column (103–105 8C, 8 mbar). Rf=0.48 (EtOAc/
CyHex 1:4); 1H NMR (250 MHz, CDCl3): d=5.91 (tdd, J1=5.4, J2=17.2,
J3=10.3 Hz, 2H; CH=CH2), 5.30 (s, 1H; H-3), 5.29 (tdd, J1=1.6, J2=3.3,
J3=17.2 Hz, 2H; CH=CH�Htrans), 5.18 (tdd, J1=1.6, J2=2.9, J3=10.3 Hz,
2H; CH=CH�Hcis), 4.20 (tdd, J1=1.4, J2=12.6, J3=5.4 Hz, 2H; CH2�
CH=CH2), 4.06 (tdd, J1=1.4, J2=12.6, J3=6.1 Hz, 2H; CH2�CH=CH2),
0.17 ppm (s, 9H; SiCH3);


13C NMR (63 MHz, CDCl3): d=133.9 (CH=


CH2), 117.6 (CH=CH2), 99.5 (C3), 91.1 (C2), 90.3 (C1), 66.2 (CH2CH=


CH2), �0.4 ppm (SiCH3); IR (ATR): ñ=2959 (m, C�H), 1647 (w, C=C),
1250 (s, C�O), 1098 (s), 1027 (s), 922 (s), 841 (s), 760 cm�1 (s); MS (EI,
70 eV): m/z (%): 167 (27) [M�C3H5O]+ , 73 (100), 57 (57), 55 (74).


1,1-Diallyloxy-2-propyne (12 a)


A) By transacetalization of 1,1-diethoxy-2-propyne (14):[19] A solution of
1,1-diethoxy-2-propyne (14)[17, 18] (2.56 g, 20 mmol), allyl alcohol
(13.7 mL, 200 mmol), and pTsOH (190 mg, 1 mmol) in benzene (60 mL)
was heated to reflux. By using a distillation head, the benzene/ethanol
azeotrope (b.p.�69 8C) was constantly removed from the system until no
further azeotrope formed. The mixture was cooled to RT and neutralized
by addition of K2CO3. The solvent and excess of allyl alcohol were re-
moved under reduced pressure and the residue was purified by flash
chromatography (CyHex!CyHex/MTBE 9:1) to give the product 12 a as
a colorless oil (1.23 g, 40%).


B) By desilylation of 12b :[23] A 1m solution of TBAF in THF (10 mL)
was added dropwise to a solution of 12b (2.24 g, 10 mmol) in a mixture
of allyl alcohol (8 mL) and H2O (4 mL) at 0 8C. After stirring for 1 h at
RT, H2O (30 mL) and MTBE (30 mL) were added and the water phase
was extracted with MTBE (2V20 mL). The combined organic layers
were washed with water (3V30 mL) and brine (30 mL) and then dried
(MgSO4). The solvent was removed to give the product 12a as a colorless
oil (1.33 g, 88%). The product was pure according to 1H NMR spec-
troscopy and TLC. Rf=0.35 (EtOAc/CyHex 1:4); 1H NMR (250 MHz,
CDCl3): d=5.92 (tdd, J1=5.4, J2=17.2, J3=10.3 Hz, 2H; CH=CH2), 5.33
(d, J=1.6 Hz, 1H; H-1), 5.29 (tdd, J1=1.6, J2=17.2, J3=3.3 Hz, 2H;
CH=CH�Htrans), 5.19 (tdd, J1=1.6, J2=10.3, J3=2.9 Hz, 2H; CH=CH�
Hcis), 4.21 (tdd, J1=1.4, J2=12.6, J3=5.4 Hz, 2H; CH2�CH=CH2), 4.08
(tdd, J1=1.4, J2=12.6, J3=6.1 Hz, 2H; CH2�CH=CH2), 2.55 ppm (d, J=
1.6 Hz, 1H; H-3); 13C NMR (63 MHz, CDCl3): d=133.7 (CH=CH2),
117.6 (CH=CH2), 90.1 (C3) 78.5 (C2); 74.0 (C1), 66.2 ppm (CH2CH=


CH2); IR (ATR): ñ=2922 (m, C�H), 2123 (w, C=C), 1667 (w, C=C),
1246 (m, C�O), 1091 (s), 1033 (s), 839 (s), 737 (s), 727 (s), 697 cm�1 (s);
MS (EI, 70 eV): m/z (%): 151 (1) [M�H]+, 95 (60), 41 (100).


(5SR,8RS)-8-Allyloxy-2-trimethylsilyl-7-oxa-[3.3.0]-bicyclooct-1-ene-3-
one (rac-11b): A 2 L 2-necked flask was charged with dry, degassed
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CH2Cl2 (1.5 L), activated 4 Q molecular sieves (108 g), and [Co2(CO)8]
(25 g, 69 mmol) under argon. (Note: the [Co2(CO)8] must be of high
quality, that is, red and nonsticky crystals, to obtain good yields.) The di-
eneyne 12b (13.52 g, 60 mmol) was then added all at once and the mix-
ture was stirred at RT for 2 h under argon. After the mixture was cooled
to �20 8C, dry TMANO (39.6 g, 528 mmol) was added in small portions
over a period of 10 min. A stream of air was bubbled through the dark
solution for 10 min before stirring was continued for 15 h at RT (open
flask). The mixture was filtered through a plug of silica (in order to
remove blue- and violet-colored cobalt byproducts) before the solvent
was evaporated and the residue purified by flash chromatography
(EtOAc/CyHex 1:4). The PKR product rac-11 b was obtained as a light-
yellow oil (11.56 g, 76%, d.r.>98:2), which solidified on standing in a
fridge at 4 8C. An analytical sample was further purified by Kugelrohr
distillation (128–130 8C oven temperature, 14 mbar). M.p. 31.5–32.5 8C;
Rf=0.13 (EtOAc/CyHex 1:4); 1H NMR (250 MHz, CDCl3): d=5.93 (tdd,
J1=5.4, J2=17.2, J3=10.3 Hz, 1H; CH=CH2), 5.58 (s, 1H; H-8), 5.31
(tdd, J1=1.6, J2=17.2, J3=1.6 Hz, 1H; CH=CH�Htrans), 5.22 (tdd, J1=
1.2, J2=10.3, J3=1.8 Hz, 1H; CH=CH�Hcis), 4.38 (dd, J1=6.6, J2=
7.2 Hz, 1H; H-6a), 4.29 (tdd, J1=12.2, J2=5.6, J3=1.4 Hz, 1H; CHHa�
CH=CH2), 4.10 (tdd, J1=12.5, J2=6.4, J3=1.3 Hz, 1H; CHHb�CH=


CH2), 3.46 (m, 1H; H-5), 3.42 (dd, J1=6.2, J2=6.7 Hz, 1H; H-6b), 2.66
(dd, J1=17.6, J2=6.4 Hz, 1H; H-4a), 2.10 (dd, J1=17.6, J2=3.6 Hz, 1H;
H-4b), 0.21 ppm (s, 9H; SiCH3);


13C NMR (63 MHz, CDCl3): d=213.4
(C3), 184.9 (C1), 137.6 (C2), 133.8 (CH=CH2), 118.2 (CH=CH2), 96.7
(C8), 71.0 (C6), 68.8 (CH2CH=CH2), 42.6 (C5), 41.8 (C4), �1.5 ppm
(SiC); IR (ATR): ñ=2954 (m, C�H), 1703 (s, C=O), 1640 (s, C=C), 1247
(s, C�O), 1126 (s), 1073 (s), 997 (s), 838 (s), 762 cm�1 (s); MS (EI,
70 eV): m/z (%): 253 (1) [M+H]+ , 237 (2) [M�CH3]


+ , 211 (15)
[M�C3H5]


+ , 195 (20) [M�C3H5O]+ , 73 (100); HRMS (EI): calcd for
C12H17O3Si: 237.095 [M�CH3]


+ ; found: 237.095.


Alternative method for the preparation of rac-11 b by using nBuSMe as
a promoter :[27] A solution of dieneyne 12 b (757 mg, 3 mmol) in 1,2-di-
chloroethane (30 mL, freshly filtered through ALOX-B) was added to
[Co2(CO)8] (1.30 g, 3.6 mmol) all at once under argon. After the mixture
was stirred for 1 h at RT, nBuSMe (1.31 mL, 10.5 mmol) was added and
the resulting mixture was refluxed for 18 h. The solvent was evaporated
and the residue was purified by flash chromatography (EtOAc/CyHex
1:9!1:4!1:2) to afford the product rac-11b as a light-yellow oil
(435 mg, 57%, d.r.=24:1).


(5SR,8RS)-8-Allyloxy-7-oxa-[3.3.0]-bicyclooct-1-ene-3-one (rac-11 a): By
following the protocol described above for the preparation of rac-11b,
acetal 12 a (760 mg, 5 mmol) was treated with [Co2(CO)8] (with TMANO
as a promoter) to afford an inseparable mixture of rac-11 a and rac-epi-
11a (d.r.=2.6:1) as a colorless oil (333 mg, 45%). Rf=0.16 (EtOAc/
CyHex 1:4).


rac-11a : 1H NMR (250 MHz, CDCl3): d=6.09 (d, J=2.4 Hz, H-2), 5.98–
5.85 (m, 1H; CH=CH2), 5.58 (s, 1H; H-8), 5.30 (tdd, J1=J2=1.4, J3=
17.1 Hz, 1H; CH=CH�Hcis), 5.21 (tdd, J1=J2=1.4, J3=10.0 Hz, 1H;
CH=CH�Htrans), 4.39 (dd, J1=J2=7.8 Hz, 1H; H-6a), 4.27 (tdd, J1=12.6,
J2=5.3, J3=1.5 Hz, 1H; CHHa�CH=CH2), 4.10 (tdd, J1=12.6, J2=6.2,
J3=1.3 Hz, 1H; CHHb�CH=CH2), 3.59–3.50 (m, 1H; H-5), 3.44 (dd, J1=
7.6, J2=8.8 Hz, 1H; H-6b), 2.69 (dd, J1=17.9, J2=6.3 Hz, 1H; H-4a),
2.16 ppm (dd, J1=17.9, J2=3.5 Hz, 1H; H-4b); 13C NMR (63 MHz,
CDCl3): d=209.3 (C3), 178.3 (C1), 133.7 (CH=CH2), 124.8 (C2), 117.9
(CH=CH2), 96.4 (C8), 71.2 (C6), 68.7 (CH2CH=CH2), 41.1 (C5),
40.8 ppm (C4).


rac-epi-11a : 1H NMR (250 MHz, CDCl3): d=6.23 (m, 1H; H-2), 5.98–
5.85 (m, 1H; CH=CH2), 5.78 (s, 1H; H-8), 5.30 (tdd, J1=J2=1.4, J3=
17.1 Hz, 1H; CH=CH�Hcis), 5.21 (tdd, J1=J2=1.4, J3=10.0 Hz, 1H;
CH=CH�Htrans), 4.29 (m, 1H; CHHa�CH=CH2), 4.23 (dd, J1=J2=
7.8 Hz, 1H; H-6a), 4.13 (tdd, J1=1.3, J2=6.2, J3=12.6 Hz, 1H; CHHb�
CH=CH2), 3.53 (dd, J1=7.8, J2=10.8 Hz, 1H; H-6b), 3.34–3.25 (m, 1H;
H-5), 2.60 (dd, J1=17.9, J2=6.2 Hz, 1H; H-4a), 2.21 ppm (dd, J1=17.9,
J2=3.5 Hz, 1H; H-4b); 13C NMR (63 MHz, CDCl3): d=208.7 (C3), 182.5
(C1), 133.7 (CH=CH2), 127.6 (C2), 117.9 (CH=CH2), 98.2 (C8), 70.7
(C6), 69.7 (CH2CH=CH2), 45.2 (C5), 39.8 ppm (C4).


Analytical data for the mixture : IR (ATR): ñ=2917 (w, C�H), 1713 (s,
C=O), 1660 (s, C=C), 1069 (s), 996 cm�1 (s); MS (EI, 70 eV): m/z (%):


180 (6) [M]+, 163 (8), 151 (11), 147 (15), 139 (28), 123 (100), 109 (36), 95
(24); HRMS (EI): calcd for C10H12O3: 180.078 [M]+ ; found: 180.078.


CBS kinetic resolution of rac-11 b : A Schlenk flask was charged with the
azeotropically dried ketone rac-11b (12.60 g, 50 mmol) and an approxi-
mately 0.05m solution of freshly prepared (R)-Me-oxazaborolidine 17a[65]


in toluene (200 mL) was added at RT. The mixture was cooled to �78 8C
and after 30 min a solution of catecholborane (42.5 mL, 1m in THF) was
added over a period of 5 min. The mixture was allowed to warm to RT
and stirred for another 6 h. GC analysis showed that the slower reacting
enantiomer (11b) was obtained in >99% ee while the conversion was
59%. (Note: When ketone 11b was not obtained in enantiomerically
pure form, additional catecholborane was added at �78 8C.) The reaction
was quenched by addition of a 2m solution of KOH (300 mL). After stir-
ring for 30 min at RT, the mixture was extracted with EtOAc (4V
150 mL) and the combined organic layers were washed with a 2m solu-
tion of KOH (2V200 mL) and saturated solutions of NH4Cl (200 mL)
and CuSO4 (2V200 mL). After the washing process was repeated, the
mixture was finally washed with brine (2V200 mL) and dried (MgSO4).
After evaporation of the solvent, the residue was purified by flash chro-
matography (EtOAc/CyHex 1:4) to afford ketone 11b (4.24 g, 34%,
>99% ee) and alcohol ent-18 (7.00 g, 58%, 83% ee, 65% de). Ketone
11b : [a]20D =�290.7 (c=1.185 in CHCl3), [a]20546=�342.5; CD: V (l)=
+64809 (210.9 nm), �148828 (232.0 nm), +10071 mdegnm�1 (329.7 nm)
(c=0.148 mgdL�1 in cyclohexane); the ee and de were determined by
chiral GC (Hydrodex b-PM, 130 8C, isotherm, 15 psi H2): retention times:
11b : 24.70; ent-11b : 25.44; epi-18 : 35.09, 37.56; ent-18 : 41.15; 18 :
44.35 min.


Oxidation of alcohol ent-18 : A solution of alcohol ent-18 (83% ee, 65%
de, 6.10 g, 24 mmol) in dry CH2Cl2 (20 mL) was added to a stirred sus-
pension of MnO2 (68 g, 90% purity) in dry CH2Cl2 (90 mL) at 0 8C under
argon. The mixture was allowed to warm to RT and stirred for 2 h. The
suspension was filtered through a plug of celite and the solvent was
evaporated to give the product ent-11 b (5.37 g, 89%, 83% ee). The
purity was >98% according to GC analysis and therefore no further pu-
rification was performed.


Repeated CBS kinetic resolution–Preparation of ketone ent-11 b in enan-
tiomerically pure form : An approximately 0.1m solution of (S)-Me-CBS-
catalyst ent-17 a in PhMe (128 mL, 20 mol%) was added to a solution of
the azeotropically dried ketone ent-11b (16.13 g, 64 mmol, 83% ee)
under argon and the resulting mixture was cooled to �78 8C. After stir-
ring for 30 min, a 1m solution of catecholborane in THF (9.25 mL) was
added within a period of 5 min. The mixture was allowed to warm to RT
and stirred for 3 h. When the ketone ent-11 b was obtained in the desired
purity (>99% ee), the reaction was quenched by addition of a 2m solu-
tion of KOH (300 mL) and the workup was carried out in the same
manner as that described previously (for 11b). After flash chromatogra-
phy (EtOAc/CyHex 1:4), the ketone ent-11b (11.56 g, 72%, >99% ee)
and the alcohol 18 (3.34 g, 21%) were isolated. ent-11b : [a]20D =++290.0
(c=1.29 in CHCl3); CD: V (l)=�73076 (210.1), +168312 (232.0),
�11831 mdegnm�1 (330.8) (c=0.308 mgdL�1 in cyclohexane).


(�)-(3R,5S,8R)-8-Allyloxy-2-trimethylsilyl-7-oxa-[3.3.0]-bicyclooct-1-ene-
3-ol (18) (Luche reduction):[40b] NaBH4 (3.23 g, 85 mmol) was added por-
tionwise to a solution of 11 b (8.57 g, 34 mmol) and CeCl3·7H2O (12.88 g,
34 mmol) in MeOH (340 mL) at �20 8C (ice/salt bath) over a period of
30 min. After stirring the mixture at RT for 10 min, the reaction was
quenched by addition of a saturated solution of NaHCO3 (100 mL). The
mixture was extracted with MTBE (4V100 mL) and the combined organ-
ic layers were washed with saturated NaHCO3 (2V100 mL) and brine
(100 mL), then dried (MgSO4). The solvents were evaporated and the al-
cohol 18 was obtained as a colorless oil (8.62 g, 99%, d.r.>98:2) that was
pure according to 1H NMR spectroscopy and GC analysis. Rf=0.39
(EtOAc/CyHex 1:1); [a]20D =�247.5 (c=1.69 in CHCl3);


1H NMR
(250 MHz, CDCl3): d=5.90 (tdd, J1=17.2, J2=10.3, J3=5.4 Hz, 1H; CH=


CH2), 5.38 (s, 1H; H-8), 5.26 (tdd, J1=17.2, J2=1.5, J3=1.3 Hz, 1H;
CH=CH�Htrans), 5.17/5.16 (m/tdd, J1=10.3, J2=1.8, J3=1.1 Hz, 2H; H-3/
CH=CH�Hcis), 4.20 (dd, J1=J2=8.2 Hz, 1H; H-6a), 4.19 (tdd, J1=12.4,
J2=5.3, J3=1.4 Hz, 1H; CHHa�CH=CH2), 4.00 (tdd, J1=12.4, J2=6.4,
J3=1.3 Hz, 1H; CHHb�CH=CH2), 3.42 (dd, J1=J2=7.9 Hz, 1H; H-6b);
3.20 (m, 1H; H-5), 2.69 (ddd, J1=12.1, J2=6.5, J3=6.0 Hz, 1H; H-4a),
1.64 (br s, 1H; OH), 1.22 (ddd, J1=12.0, J2=J3=8.6 Hz, 1H; H-4b),
0.21 ppm (s, 9H; SiCH3);


13C NMR (63 MHz, CDCl3): d=156.8 (C1),
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140.3 (C2), 134.3 (CH=CH2), 117.7 (CH=CH2), 97.3 (C8), 87.61 (C3),
72.1 (C6), 68.3 (CH2CH=CH2), 46.4 (C5), 43.9 (C4), �0.6 ppm (SiC); IR
(ATR): ñ=3437 (m, O�H), 2952 (s, C�H), 1657 (m, C=C), 1324 (s), 1245
(s, C�O), 1107 (s), 1064 (s), 989 (s), 834 (s), 753 cm�1 (s); MS (EI,
70 eV): m/z (%): 253 (1) [M�H]+ , 197 (22) [M�C3H5O]+ , 73 (100); ele-
mental analysis: calcd (%) for C13H22O3Si: C 61.38, H 8.72; found: C
61.37, H 8.57.


Alternative method for the reduction of ketone 11 b (l-Selectride reduc-
tion): A 1m solution of l-Selectride in THF (750 mL) was added dropwise
at �78 8C under argon to a solution of ketone 11 b (126 mg, 0.5 mmol) in
dry THF (3 mL) and the mixture was stirred for 6 h at �78 8C followed
by 15 h at RT. The reaction was quenched by addition of MeOH (2 mL),
2m NaOH (6 mL), 30% H2O2 (aq, 12 mL), and finally MTBE (20 mL).
The resulting mixture was stirred at RT for 1.5 h. The aqueous phase was
extracted with MTBE (2V30 mL) and the combined organic phases were
washed with saturated NaHCO3 (20 mL) and brine (20 mL). After drying
(MgSO4) and removal of the solvent the residue was purified by flash
chromatography (EtOAc/CyHex 1:2) to give the alcohol 18 as a colorless
oil (105 mg, 83%, d.r.>98:2).


(+)-(3S,5R,8S)-8-Allyloxy-2-trimethylsilyl-7-oxa-[3.3.0]-bicyclooct-1-ene-
3-ol (ent-18): By following the reduction method described above (Luche
conditions), ketone ent-11b (10.08 g, 40 mmol) was converted into alco-
hol ent-18 (10.2 g, 99%). [a]20D =++250.2 (c=0.59 in CHCl3).


(�)-(3R,5S,8R)-8-Allyloxy-7-oxa-[3.3.0]-bicyclooct-1-ene-3-ol (20):
tBuOK (4.6 g, 40.7 mmol) was added to a solution of 18 (8.62 g,
33.9 mmol) in DMSO/H2O (19:1, 100 mL) at RT and the color of the
mixture turned immediately to brown. After stirring for 30 min at RT the
mixture was diluted by addition of water (200 mL) and extracted with
EtOAc (4V100 mL). The combined organic phases were washed with
water (3V100 mL) and brine (100 mL), then dried (MgSO4). The solvent
was removed under reduced pressure. The product 20, obtained as a col-
orless oil (5.03 g, 82%), was pure according to 1H NMR spectroscopy
and TLC and therefore no further purification was necessary. Rf=0.20
(EtOAc/CyHex 1:1); [a]20D =�236.4 (c=0.77 in CHCl3), [a]20546=�282.1;
1H NMR (250 MHz, CDCl3): d=5.85 (tdd, J1=17.2, J2=10.3, J3=5.4 Hz,
1H; CH=CH2), 5.70 (m, 1H; H-2), 5.36 (s, 1H; H-8), 5.22 (tdd, J1=17.2,
J2=1.6, J3=1.2 Hz, 1H; CH=CH�Htrans), 5.13/5.12 (m/tdd, J1=10.3, J2=
1.6, J3=1.2 Hz, 2H; H-3/CH=CH�Hcis), 4.18 (dd, J1=J2=8.2 Hz, 1H; H-
6a), 4.12 (tdd, J1=12.6, J2=5.3, J3=1.6 Hz, 1H; CHHa�CH=CH2), 3.96
(tdd, J1=12.6, J2=6.1, J3=1.6 Hz, 1H; CHHb�CH=CH2), 3.38 (dd, J1=
J2=7.1 Hz, 1H; H-6b), 3.20 (m, 1H; H-5), 2.66 (ddd, J1=12.4, J2=6.3,
J3=6.1 Hz, 1H; H-4a), 2.11 (br s, 1H; OH), 1.29 ppm (ddd, J1=12.3, J2=
J3=8.0 Hz, 1H; H-4b); 13C NMR (63 MHz, CDCl3): d=147.9 (C1), 134.0
(CH=CH2), 126.8 (C2), 117.3 (CH=CH2), 96.8 (C8), 82.2 (C3), 72.7 (C6),
67.8 (CH2CH=CH2), 44.9 (C5), 42.9 ppm (C4); IR (ATR): ñ=3396 (w,
O�H), 2920 (s, C�H), 1646 (w, C=C), 1295 (m, C�O), 1033 (s), 985 (s),
823 cm�1 (s); MS (EI, 70 eV): m/z (%): 183 (4) [M+H]+ , 125 (13)
[M�C3H5O]+ , 95 (82), 83 (64), 69 (60), 66 (98), 55 (100).


(+)-(3S,5R,8S)-8-Allyloxy-7-oxa-[3.3.0]-bicyclooct-1-ene-3-ol (ent-20): By
following the desilylation method described for alcohol 20, alcohol ent-18
(4.32 g, 17 mmol) was converted into alcohol ent-20 (2.49 g, 81%). [a]20D =


+231.5 (c=0.69 in CHCl3), [a]
20
546=++276.1.


(�)-(3R,5S,8R)-Acetic acid 8-allyloxy-7-oxa-[3.3.0]-bicyclooct-1-ene-3-yl
ester (21 a): Ac2O (4.2 mL, 44 mmol) was added at RT to a stirred solu-
tion of 20 (3.64 g, 20 mmol), Et3N (3.6 mL, 24 mmol), and DMAP
(300 mg, 2.4 mmol) in CH2Cl2 (80 mL). The resulting mixture was stirred
for 1 h at RT and was then quenched by addition of saturated NaHCO3


(50 mL). The water phase was extracted with CH2Cl2 (3V50 mL) and the
combined organic layers were washed with saturated NaHCO3 (2V
50 mL) and brine (50 mL), dried (MgSO4), and concentrated. The residue
was purified by flash chromatography (EtOAc/CyHex 1:4) to give the
product 21a as a colorless oil (4.42 g, 99%). Rf=0.53 (EtOAc/CyHex
1:1); [a]20D =�183.6 (c=1.375 in CHCl3), [a]20546=�218.6; 1H NMR
(250 MHz, CDCl3): d=5.95 (m, 1H; H-3), 5.87 (ddt, J1=17.2, J2=10.3,
J3=5.4 Hz, 1H; CH=CH2), 5.73 (m, 1H; H-2), 5.41 (s, 1H; H-8), 5.26
(ddt, J1=17.2, J2=1.6, J3=1.2 Hz, 1H; CH=CH�Htrans), 5.17 (ddt, J1=
10.3, J2=1.6, J3=1.3 Hz, 1H; CH=CH�Hcis), 4.25 (dd, J1=J2=8.0 Hz,
1H; H-6a), 4.18 (ddt, J1=12.4, J1=5.4, J1=1.6 Hz, 1H; CHHa�CH=


CH2), 3.96 (ddt, J1=12.4, J2=6.1, J3=1.4 Hz, 1H; CHHb�CH=CH2),
3.44 (dd, J1=J2=7.91 Hz, 1H; H-6b), 3.32 (m, 1H; H-5), 2.77 (ddd, J1=


12.7, J2=J3=6.8 Hz, 1H; H-4a), 2.03 (s, 1H; CH3COO), 1.50 ppm (ddd,
J1=12.7, J2=J3=7.7 Hz, 1H; H-4b); 13C NMR (63 MHz, CDCl3): d=


170.0 (C=O), 150.2 (C1), 134.2 (CH=CH2), 122.6 (C2), 117.4 (CH=CH2),
96.8 (C8), 84.1 (C3), 72.6 (C6), 68.0 (CH2CH=CH2), 45.0 (C5), 39.0 (C4),
21.1 ppm (CH3COO); IR (ATR): ñ=2973 (m, C�H), 1732 (s, C=O),
1362 (s), 1232 (s, C�O), 1152 (s), 1065 (s), 1023 (s), 991 (s), 891 cm�1 (s);
MS (EI, 70 eV): m/z (%): 225 (2) [M+H]+ , 167 (42) [M�C3H5O]+ , 94
(100), 66 (74); elemental analysis: calcd (%) for C12H16O4: C 64.27, H
7.19; found: C 64.12, H 7.13.


(+)-(3S,5R,8S)-Acetic acid 8-allyloxy-7-oxa-[3.3.0]-bicyclooct-1-ene-3-yl
ester (ent-21 a): By following the method described for ester 21a, alcohol
ent-20 (2.37 g, 13 mmol) was converted into ester ent-21a, which was ob-
tained as a colorless oil (2.77 g, 95%). [a]20D =++179.1 (c=0.45 in CHCl3),
[a]20546=++205.6.


(�)-(3R,5S,8R)-Carbonic acid 8-allyloxy-7-oxa-[3.3.0]-bicyclooct-1-ene-3-
yl ester methyl ester (21 b): Pyridine (5 mL) and methyl chloroformate
(1.27 mL, 16.5 mmol) were added to a solution of alcohol 20 (1.00 g,
5.48 mmol) in CH2Cl2 (75 mL) at 0 8C and the mixture was stirred for 1 h
under argon. The reaction was quenched with water (50 mL) and stirred
for an additional 30 min. The phases were separated and the aqueous
phase was extracted with CH2Cl2 (3V50 mL). The combined organic
phases were washed with brine (50 mL) and dried (MgSO4), then the sol-
vent was removed under reduced pressure. After purification by flash
chromatography (CyHex/EtOAc 4:1), compound 21b was obtained in
92% yield (1.21 g, 5.05 mmol). Rf=0.40 (EtOAc/CyHex 1:4); [a]20D =


�141.6 (c=0.820 in CHCl3), [a]
20
546=�168.8; 1H NMR (250 MHz, CDCl3):


d=5.95–5.84 (m, 2H; H-3, CH=CH2), 5.76 (m, 1H; H-2), 5.40 (s, 1H; H-
8), 5.25 (ddt, J1=17.2, J2=3.2, J3=1.2 Hz, 1H; CH=CH�Htrans), 5.15
(ddt, J1=10.4, J2=3.0, J3=1.5 Hz, 1H; CH=CH�Hcis), 4.23 (dd, J1=J2=
8.1 Hz, 1H; H-6a), 4.16 (ddt, J1=12.7, J2=5.4, J3=1.4 Hz, 1H; CHHa�
CH=CH2), 3.99 (ddt, J1=12.7, J2=6.0, J3=1.3 Hz, 1H; CHHb�CH=


CH2), 3.75 (s, 1H; CH3OCO2), 3.43 (dd, J1=J2=7.9 Hz, 1H; H-6b), 3.34–
3.28 (m, 1H; H-5), 2.79 (ddd, J1=12.7, J2=J3=6.7 Hz, 1H; H-4a),
1.57 ppm (ddd, J1=12.7, J2=J3=7.6 Hz, 1H; H-4b); 13C NMR (63 MHz,
CDCl3): d=155.0 (C=O), 150.6 (C1), 134.1 (CH=CH2), 122.1 (C2), 117.4
(CH=CH2), 96.7 (C8), 87.6 (C3), 72.4 (C6), 68.0 (CH2CH=CH2), 54.7
(CH3OCO2), 45.0 (C5), 38.6 ppm (C4); IR (ATR): ñ=2952 (m, C�H),
1740 (s, C=O), 1687 (m), 1441 (s), 1256 (s, C�O), 1153 (m), 1064 (m), 975
(s), 791 cm�1 (m); MS (EI, 70 eV): m/z (%): 240 (3) [M]+ , 239 (13), 183
(57), 134 (36), 119 (23), 107 (28), 95 (23), 79 (100), 67 (39), 59 (58);
HRMS (EI): calcd for C12H16O5: 240.100 [M]+ ; found: 240.100.


Pd-catalyzed introduction of nucleobases


Protocol A : A suspension of a pyrimidine nucleobase (3.3 mmol) and
NaH (120 mg, 3 mmol, 60% dispersion in mineral oil) in dry, degassed
DMSO (20 mL) was heated to 70 8C for 30 min under argon to give a
clear solution. After cooling to RT, [Pd(PPh3)4] (116 mg, 100 mmol,
5 mol%), PPh3 (58 mg, 220 mmol, 11 mol%) and 21a (448 mg, 2 mmol,
unless stated otherwise) in dry, degassed THF (4 mL) were added under
argon and the resulting mixture was stirred at 70 8C (50 8C for adenine)
for 16 h. After cooling to RT, the black mixture was filtered and washed
with CH2Cl2. The filtrate was washed with brine (4V25 mL) and dried
(MgSO4), then the solvent was evaporated. The residue was purified by
flash chromatography (EtOAc/CyHex 1:4!4:1). The purity of products
10 was measured by 1H NMR spectroscopy.


Modifications : For cytosine: N4-benzoylcytosine (2.2 equiv) and NaH
(2 equiv) were used. For adenine: adenine (1.5 equiv) and Cs2CO3


(1.5 equiv) were utilized with heating to 50 8C for 30 min. For guanine:
N2-acetyl-O-diphenylcarbamoylguanine[45] (1.2 equiv) and pempidine
(2.3 equiv) were dissolved in dry, degassed DMSO and stirred at RT for
5 min before use.


Protocol B : P(iPrO)3 (68 mL, 95%, 280 mmol, 14 mol%) was added to a
solution of [Pd(dba)2] (23 mg, 40 mmol, 2 mol%) in dry, degassed THF
(4 mL) at RT under argon. (The color of mixture changed from red to
green.) The prepared solution of the nucleobase salt (see protocol A) in
dry, degassed DMSO (20 mL) and a solution of acetate 21a (448 mg,
2 mmol, unless stated otherwise) in dry, degassed THF (4 mL) were
added to the catalyst mixture at RT under argon. The resulting mixture
was heated to 70 8C (50 8C for adenine) for 16 h. After cooling to RT, the
same workup as that described in protocol A was carried out.
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Protocol C : dppp (87 mg, 0.210 mmol, 10.5 mol%) was added to a solu-
tion of [Pd2(dba)3] (46 mg, 0.05 mmol, 2.5 mol%) in dry, degassed DMF
(10 mL) at RT under argon. The solution was stirred for 5 min. Carbon-
ate 21 b (481 mg, 2 mmol, unless otherwise stated) in DMF (2 mL) and
the nucleobase (1.5 equiv) in DMF (2 mL) were added to the mixture.
After stirring at RT for 16 h, the reaction was quenched by addition of
water (40 mL). The layers were separated and the aqueous phase was ex-
tracted with EtOAc (5V30 mL). The combined organic layers were
washed with water (3V30 mL) and brine (30 mL), then dried. Finally, the
solvent was removed under reduced pressure. The residue was purified
by flash chromatography.


Synthesis of compounds of type 10 (Scheme 15)


(�)-(3’R,5’S,8’R)-1-(8’-Allyloxy-7’-oxa-[3.3.0]-bicyclooct-1’-ene-3’-yl)-1H-
pyrimidine-2,4-dione (10 a): When the general protocol A for the Pd-cat-
alyzed introduction of nucleobases was followed, uracil and 21a afforded


10a (330 mg, 56%, 94% purity) as a white solid. M.p. 146–150 8C; Rf=


0.08 (EtOAc/CyHex 4:1); [a]20D =�247.0 (c=0.495 in CHCl3), [a]20546=
�297.8; 1H NMR (250 MHz, CDCl3): d=10.09 (br s, 1H; NH), 7.17 (d,
J=8.0 Hz, 1H; H-6), 6.04 (dd, J1=7.2, J2=8.7 Hz, 1H; H-3’), 5.86 (tdd,
J1=5.4, J2=17.2, J3=10.4 Hz, 1H; CH=CH2), 5.70 (d, J=8.0 Hz, 1H; H-
5), 5.57 (m, 1H; H-2’), 5.43 (s, 1H; H-8’), 5.23 (tdd, J1=1.2, J2=17.2, J3=
1.6 Hz, 1H; CH=CH�Htrans), 5.13 (tdd, J1=1.1, J2=10.3, J3=1.6 Hz, 1H;
CH=CH�Hcis), 4.24 (dd, J1=J2=7.4 Hz, 1H; H-6’a), 4.05 (tdd, J1=1.6,
J2=12.7, J3=5.4 Hz, 1H; CHHa�CH=CH2), 4.04 (tdd, J1=1.3, J2=12.6,
J3=6.1 Hz, 1H; CHHb�CH=CH2), 3.47 (dd, J1=J2=7.6 Hz, 1H; H-6’b),
3.44 (m, 1H; H-5’), 2.84 (ddd, J1=12.5, J2=7.0, J3=6.8 Hz, 1H; H-4’a),
1.37 ppm (ddd, J1=12.5, J2=8.3, J3=7.6 Hz, 1H; H-4’b); 13C NMR
(63 MHz, CDCl3): d=163.5 (C4), 152.4 (C1’), 150.8 (C2), 140.4 (C6),
133.8 (CH=CH2), 120.6 (C2’), 117.5 (CH=CH2), 103.0 (C5), 96.2 (C8’),
71.8 (C6’), 67.9 (CH2CH=CH2), 65.5 (C3’), 45.4 (C5’), 40.4 ppm (C4’); IR
(ATR): ñ=3180/3051 (w, N�H), 2970 (m, C�H), 1681 (s, C=O), 1626 (w,
C=C), 1242 cm�1 (m, C�O); MS (EI, 70 eV): m/z (%): 277 (8) [M+H]+ ,
276 (5) [M]+ , 219 (78) [M�C3H5O]+ , 205 (100), 134 (52), 79 (57).


(+)-(3’S,5’R,8’S)-1-(8’-Allyloxy-7’-oxa-[3.3.0]-bicyclooct-1’-ene-3’-yl)-1H-
pyrimidine-2,4-dione (ent-10 a): When the general protocol A for the Pd-
catalyzed introduction of nucleobases was followed, uracil and ent-21 a
afforded ent-10a (379 mg, 65%, 94% purity) as a white solid. [a]20D =


+230.7 (c=0.59 in CHCl3), [a]
20
546=++278.2.


(�)-(3’R,5’S,8’R)-1-(8’-Allyloxy-7’-oxa-[3.3.0]-bicyclooct-1’-ene-3’-yl)-5-
fluoro-1H-pyrimidine-2,4-dione (10 b): When the general protocol B for
the Pd-catalyzed introduction of nucleobases was followed, 5-fluorouracil
and 21a afforded 10 b (460 mg, 73%, 93% purity) as a white solid. The
product 10b was obtained in 99% purity after crystallization from
EtOAc/Hex. M.p. 155–157 8C; Rf=0.35 (EtOAc/CyHex 4:1); [a]20D =


�254.5 (c=0.41 in CHCl3), [a]
20
546=�306.9; 1H NMR (250 MHz, CDCl3):


d=8.47 (br s, 1H; NH), 7.24 (d, J=4.8 Hz, 1H; H-6), 6.04 (dd, J1=J2=
7.5 Hz, 1H; H-3’), 5.91 (tdd, J1=5.6, J2=17.2, J3=10.3 Hz, 1H; CH=


CH2), 5.59 (s, 1H; H-2’), 5.49 (s, 1H; H-8’), 5.28 (dd, J1=17.2, J2=
1.6 Hz, 1H; CH=CH�Htrans), 5.20 (dd, J1=10.3, J2=1.2 Hz, 1H; CH=


CH�Hcis), 4.30 (dd, J1=J2=7.7 Hz, 1H; H-6’a), 4.22 (dd, J1=12.6, J2=
5.3 Hz, 1H; CHHa�CH=CH2), 4.04 (dd, J1=12.6, J2=6.1 Hz, 1H;
CHHb�CH=CH2), 3.52 (dd, J1=J2=7.6 Hz, 1H; H-6’b), 3.50 (m, 1H; H-
5’), 2.90 (ddd, J1=12.7, J2=J3=6.6 Hz, 1H; H-4’a), 1.41 ppm (ddd, J1=
12.7, J2=J3=8.5 Hz, 1H; H-4’b); 13C NMR (63 MHz, CDCl3): d=156.4
(d, J(C,F)=27 Hz, C4), 153.5 (C1’), 149.0 (C2), 140.9 (d, J(C,F)=238 Hz,
C5), 133.9 (CH=CH2), 124.5 (d, J(C,F)=33 Hz, C6), 119.8 (C2’), 117.7
(CH=CH2), 96.3 (C8’), 71.9 (C6’), 68.1 (CH2CH=CH2), 66.1 (C3’), 45.6


(C5’), 40.3 ppm (C4’); IR (ATR): ñ=3155 (w, N�H), 3016 (m, N�H),
2890 (w, C�H), 1730 (s), 1704 (s, C=O), 1686 (s, C=O), 1653 (s, C=C),
1243 (s, C�O), 987 cm�1 (s); MS (EI, 70 eV): m/z (%): 709 (82), 677
(100), 655 (13) [2M+Na]+ , 317 (58) [M+H]+ , 237 (80); elemental analy-
sis: calcd (%) for C13H22O3Si: C 57.14, H 5.14, N 9.52; found: C 57.36, H
5.26, N 9.50.


(+)-(3’S,5’R,8’S)-1-(8’-Allyloxy-7’-oxa-[3.3.0]-bicyclooct-1’-ene-3’-yl)-5-
fluoro-1H-pyrimidine-2,4-dione (ent-10 b): When the general protocol B
for the Pd-catalyzed introduction of nucleobases was followed, 5-fluo-
rouracil and ent-21 a afforded ent-10 b (468 mg, 74%, 93% purity) as a
white solid. The product ent-10b was obtained in 99% purity after crys-
tallization from EtOAc/Hex. [a]20D =++259.4 (c=0.48 in CHCl3), [a]


20
546=


+314.4.


(�)-(3’R,5’S,8’R)-1-(8’-Allyloxy-7’-oxa-[3.3.0]-bicyclooct-1’-ene-3’-yl)-5-
bromo-1H-pyrimidine-2,4-dione (10 c): When the general protocol A for
the Pd-catalyzed introduction of nucleobases was followed, 5-bromoura-
cil and 21 a afforded 10c (590 mg, 83%, 99% purity) as a white solid.
M.p. 144–146 8C, Rf=0.43 (EtOAc/CyHex 4:1); [a]20D =�160.6 (c=0.36 in
CHCl3), [a]


20
546=�194.0; 1H NMR (250 MHz, CDCl3): d=8.81 (br s, 1H;


NH), 7.47 (s, 1H; H-6), 6.03 (m, 1H; H-3’), 5.89 (tdd, J1=5.4, J2=17.1,
J3=10.2 Hz, 1H; CH=CH2), 5.60 (m, 1H; H-2’), 5.51 (s, 1H; H-8’), 5.28
(tdd, J1=1.2, J2=17.1, J3=1.5 Hz, 1H; CH=CH�Htrans), 5.18 (tdd, J1=
1.2, J2=10.2, J3=1.5 Hz, 1H; CH=CH�Hcis), 4.29 (dd, J1=J2=7.8 Hz,
1H; H-6’a), 4.21 (tdd, J1=1.5, J2=12.7, J3=5.4 Hz, 1H; CHHa�CH=


CH2), 4.18 (tdd, J1=1.3, J2=12.7, J3=5.4 Hz, 1H; CHHb�CH=CH2),
3.54 (dd, J1=7.8, J2=7.6 Hz, 1H; H-6’b), 3.45 (m, 1H; H-5’), 2.90 (ddd,
J1=12.4, J2=J3=6.8 Hz, 1H; H-4’a), 1.42 ppm (ddd, J1=12.4, J2=8.3,
J3=8.8 Hz, 1H; H-4’b); 13C NMR (63 MHz, CDCl3): d=159.0 (C4), 152.6
(C1’), 150.0 (C2), 140.0 (C6), 133.7 (CH=CH2), 120.2 (C2’), 117.3 (CH=


CH2), 97.1 (C5), 96.1 (C8’), 71.6 (C6’), 67.7 (CH2CH=CH2), 65.8 (C3’),
45.3 (C5’), 40.4 ppm (C4’); IR (ATR): ñ=3167/3046 (w, N�H), 2975 (w,
C�H), 1691 (s, C=O), 1615 (m, C=C), 1242 cm�1 (m, C�O); MS (EI,
70 eV): m/z (%): 356 (4) [81BrM]+ , 354 (4) [79BrM]+ , 135 (55), 119 (51),
79 (100); HRMS (EI): calcd for C14H15BrN2O5: 354.022 [79BrM]+ ; found:
354.021.


(+)-(3’S,5’R,8’S)-1-(8’-Allyloxy-7’-oxa-[3.3.0]-bicyclooct-1’-ene-3’-yl)-5-
bromo-1H-pyrimidine-2,4-dione (ent-10 c): When the general protocol A
for the Pd-catalyzed introduction of nucleobases was followed, 5-bro-
mouracil and ent-21 a afforded ent-10c (501 mg, 71%, 99% purity) as a
white solid. [a]20D =++158.8 (c=0.56 in CHCl3), [a]


20
546=++192.5.


(�)-(3’R,5’S,8’R)-1-(8’-Allyloxy-7’-oxa-[3.3.0]-bicyclooct-1’-ene-3’-yl)-5-
methyl-1H-pyrimidine-2,4-dione (10 d): When the general protocol A for
the Pd-catalyzed introduction of nucleobases was followed, thymine and
21a afforded 10 d (140 mg in 99% purity and 250 mg in 89% purity, 63%
total yield) as a white solid. M.p. 155–157 8C; Rf=0.15 (EtOAc/CyHex
4:1); [a]20D =�234.2 (c=0.47 in CHCl3), [a]20546=�282.8; 1H NMR
(250 MHz, CDCl3): d=8.63 (br s, 1H; NH), 6.96 (dq, J1=1.3, J2=1.0 Hz,
1H; H-6), 6.04 (dddd, J1=2.2, J2=1.3, J3=6.8, J4=8.5 Hz, 1H; H-3’),
5.91 (tdd, J1=5.4, J2=17.2, J3=10.3 Hz, 1H; CH=CH2), 5.60 (m, 1H; H-
2’), 5.50 (s, 1H; H-8’), 5.29 (tdd, J1=1.2, J2=17.2, J3=1.6 Hz, 1H; CH=


CH�Htrans), 5.20 (tdd, J1=1.3, J2=10.3, J3=1.7 Hz, 1H; CH=CH�Hcis),
4.30 (dd, J1=J2=8.1 Hz, 1H; H-6’a), 4.20 (tdd, J1=1.6, J2=12.6, J3=
5.4 Hz, 1H; CHHa�CH=CH2), 4.04 (tdd, J1=1.3, J2=12.6, J3=6.1 Hz,
1H; CHHb�CH=CH2), 3.53 (dd, J1=J2=7.8 Hz, 1H; H-6’b), 3.45 (m,
1H; H-5’), 2.86 (ddd, J1=12.4, J2=7.0, J3=6.8 Hz, 1H; H-4’a), 1.91 (d,
J=1.0 Hz, 1H; CH3), 1.42 ppm (ddd, J1=12.4, J2=J3=7.7 Hz, 1H; H-
4’b); 13C NMR (63 MHz, CDCl3): d=163.4 (C4), 152.3 (C1’), 150.5 (C2),
136.1 (C6), 134.0 (CH=CH2), 120.9 (C2’), 117.7 (CH=CH2), 111.7 (C5),
96.4 (C8’), 72.0 (C6’), 68.1 (CH2CH=CH2), 65.4 (C3’), 45.5 (C5’), 40.5
(C4’), 12.5 ppm (CH3); IR (ATR): ñ=3171/3052 (w, N�H), 2923 (w, C�
H), 1682 (s, C=O), 1246 cm�1 (m, C�O); MS (EI, 70 eV): m/z (%): 207
(20), 98 (21), 97 (42), 91 (23), 83 (35), 71 (23), 70 (28), 69 (48), 57 (62),
55 (100).


(+)-(3’S,5’R,8’S)-1-(8’-Allyloxy-7’-oxa-[3.3.0]-bicyclooct-1’-ene-3’-yl)-5-
methyl-1H-pyrimidine-2,4-dione (ent-10 d): When the general protocol A
for the Pd-catalyzed introduction of nucleobases was followed, thymine
and ent-21a afforded ent-10d (295 mg, 47%, 92% purity) as a white
solid. [a]20D =++197.4 (c=0.49 in CHCl3), [a]


20
546=++237.9.


(�)-(3’R,5’S,8’R)-N-[1-(8’-Allyloxy-7’-oxa-[3.3.0]-bicyclooct-1’-ene-3’-yl)-
2-oxo-1,2-dihydro-pyrimidin-4-yl]-benzamide (10 e): When the general


Scheme 15. Numbering used for compounds of type 10, NB=various nu-
cleobases.
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protocol A for the Pd-catalyzed introduction of nucleobases was fol-
lowed, N4-benzoylcytosine and 21a (114 mg, 0.5 mmol) afforded 10e
(98 mg, 52%, 99% purity) as a white solid. M.p. 162–164 8C; Rf=0.22
(EtOAc/CyHex 4:1); [a]20D =�205 (c=0.065 in CHCl3), [a]20546=�256;
1H NMR (250 MHz, CDCl3): d=7.64–7.31 (m, 7H; H-Ph, H-5, H-6), 6.12
(m, 1H; H-3’), 5.89 (dddd, J1=5.4, J2=6.1, J3=17.1, J4=10.2 Hz, 1H;
CH=CH2), 5.62 (m, 1H; H-2’), 5.43 (s, 1H; H-8’), 5.20 (tdd, J1=1.1, J2=
17.1, J3=1.6 Hz, 1H; CH=CH�Htrans), 5.10 (tdd, J1=1.2, J2=10.2, J3=
1.6 Hz, 1H; CH=CH�Hcis), 4.21 (dd, J1=7.1, J2=5.7 Hz, 1H; H-6’a), 4.12
(tdd, J1=1.5, J2=12.7, J3=5.4 Hz, 1H; CHHa�CH=CH2), 4.18 (tdd, J1=
1.4, J2=12.7, J3=6.0 Hz, 1H; CHHb�CH=CH2), 3.45 (dd, J1=7.1, J2=
7.5 Hz, 1H; H-6’b), 3.40 (m, 1H; H-5’), 2.93 (ddd, J1=12.5, J2=J3=
6.5 Hz, 1H; H-4’a), 1.35 ppm (ddd, J1=12.5, J2=J3=8.8 Hz, 1H; H-4’b);
13C NMR (63 MHz, CDCl3): d=161.8 (PhC=O), 153.0 (C1’), 145.1 (C2),
136.1 (C6), 134.0 (CH=CH2), 133.2/130.0/129.0/127.6 (all Ph), 120.7 (C2’),
117.7 (CH=CH2), 111.7 (C5), 96.4 (C8’), 72.0 (C6’), 68.1 (CH2CH=CH2),
67.3 (C3’), 45.9 (C5’), 41.5 ppm (C4’); IR (ATR): ñ=3215/3144/3061 (w,
N�H), 2942 (w, C�H), 1690 (s, C=O), 1658 (s, C=N), 1620 (s, C=C), 1556
(s), 1483 (s), 1382 (s), 1301 (s), 1244 cm�1 (s, C�O); MS (EI, 70 eV): m/z
(%): 379 (10) [M]+ , 322 (32) [M�C3H5O]+ , 216 (27), 105 (100), 79 (21),
77 (43); HRMS (ESI): calcd for C21H22N3O4: 380.161 [M+H]+; found:
380.161.


(+)-(3’S,5’R,8’S)-N-[1-(8’-Allyloxy-7’-oxa-[3.3.0]-bicyclooct-1’-ene-3’-yl)-
2-oxo-1,2-dihydro-pyrimidin-4-yl]-benzamide (ent-10 e): When the gener-
al protocol A for the Pd-catalyzed introduction of nucleobases was fol-
lowed, N4-benzoylcytosine and ent-21a afforded ent-10e (490 mg, 65%,
99% purity) as a white solid. [a]20D =++229.1 (c=0.43 in CHCl3), [a]


20
546=


+280.5.


(�)-(3’R,5’S,8’R)-Diphenylcarbamic acid 2-acetylamino-9-(8’-allyloxy-7’-
oxa-[3.3.0]-bicyclooct-1’-ene-3’-yl)-9H-purin-6-yl ester (10 f): When the
general protocol B for the Pd-catalyzed introduction of nucleobases was
followed, the N2-acetyl-O-diphenylcarbamoylguanine derivative and 21a
(896 mg, 4 mmol) afforded 10 f (1.67 g, 76%, 99% purity) as a pale-
yellow solid. M.p. 90–94 8C; Rf=0.68 (EtOAc/MeOH 4:1); [a]20D =�75.1
(c=0.58 in CHCl3), [a]


20
546=�90.1; 1H NMR (250 MHz, CDCl3): d=8.02


(s, 1H; NH), 7.94 (s, 1H; H-8), 7.40–7.22 (m, 10H; 2VPh), 5.99–5.86 (m,
2H; H-3’, CH=CH2), 5.81 (s, 1H; H-2’), 5.51 (s, 1H; H-8’), 5.30 (tdd, J1=
1.7, J2=17.1, J3=3.2 Hz, 1H; CH=CH�Htrans), 5.20 (tdd, J1=1.3, J2=
10.3, J3=2.5 Hz, 1H; CH=CH�Hcis), 4.32 (dd, J1=J2=6.4 Hz, 1H; H-
6’a), 4.22 (tdd, J1=1.3, J2=12.5, J3=5.3 Hz, 1H; CHHa�CH=CH2), 4.06
(tdd, J1=1.3, J2=12.7, J3=6.3 Hz, 1H; CHHb�CH=CH2), 3.58 (dd, J1=
J2=7.7 Hz, 1H; H-6’b), 3.55 (m, 1H; H-5’), 2.96 (ddd, J1=13.0, J2=J3=
6.4 Hz, 1H; H-4’a), 2.51 (s, 3H; CH3), 1.87 ppm (ddd, J1=13.2, J2=J3=
8.6 Hz, 1H; H-4’b); 13C NMR (63 MHz, CDCl3): d=170.8 (CH3C=O),
156.3/152.0/150.4 (C2/C6/O�C=O), 154.6 (C4), 152.1 (C1’), 142.1 (C8),
141.7/129.2/127.0 (br, all Ph), 134.0 (CH=CH2), 121.0 (C5), 120.8 (C2’),
117.7 (CH=CH2), 96.5 (C8’), 72.0 (C6’), 68.2 (CH2CH=CH2), 65.0 (C3’),
45.9 (C5’), 41.3 (C4’), 25.2 ppm (CH3); IR (ATR): ñ=3262/3095 (w, N�
H), 2977 (w, C�H), 1739 (s, C=O), 1687 (m, C=O), 1619 (s, C=C), 1491
(s), 1293 (s), 1186 cm�1 (s); MS (ESI, 70 eV): m/z (%): 575 (100)
[M+Na]+ , 553 (6) [M+H]+ ; HRMS (ESI): calcd for C30H28N6NaO5:
575.202 [M+Na]+ ; found: 575.201.


(+)-(3’S,5’R,8’S)-Diphenylcarbamic acid 2-acetylamino-9-(8’-allyloxy-7’-
oxa-[3.3.0]-bicyclooct-1’-ene-3’-yl)-9H-purin-6-yl ester (ent-10 f): When
the general protocol B for the Pd-catalyzed introduction of nucleobases
was followed, the N2-acetyl-O-diphenylcarbamoylguanine derivative and
ent-21a (896 mg, 4 mmol) afforded ent-10 f (1.31 g in 99% purity and
388 mg in 84% purity, 76% total yield) as a pale-yellow solid. [a]20D =


+82.8 (c=0.43 in CHCl3), [a]
20
546=++99.5.


(�)-(3’R,5’S,8’R)-9-(8’-Allyloxy-7’-oxa-[3.3.0]-bicyclooct-1’-ene-3’-yl)-9H-
purin-6-ylamine (10 g): When the general protocol B for the Pd-catalyzed
introduction of nucleobases was followed, adenine and 21 a afforded 10g
(313 mg, 52%, 99% purity) as a pale-yellow solid. M.p. 170–172 8C; Rf=


0.32 (EtOAc/MeOH 4:1); [a]20D =�164.9 (c=0.45 in CHCl3), [a]20546=
�196.6; 1H NMR (250 MHz, CDCl3): d=8.29 (s, 1H; H-2), 7.47 (s, 1H;
H-8), 6.42 (br s, 2H; NH2), 6.04 (tdd, J1=2.0, J2=7.3, J3=8.6 Hz, 1H; H-
3’), 5.90 (dddd, J1=5.4, J2=6.1, J3=17.1, J4=10.2 Hz, 1H; CH=CH2),
5.83 (m, 1H; H-2’), 5.51 (s, 1H; H-8’), 5.26 (tdd, J1=1.4, J2=17.1, J3=
1.8 Hz, 1H; CH=CH�Htrans), 5.17 (tdd, J1=1.2, J2=10.2, J3=1.8 Hz, 1H;
CH=CH�Hcis), 4.29 (dd, J1=J2=7.1 Hz, 1H; H-6’a), 4.19 (tdd, J1=1.5,
J2=12.6, J3=5.4 Hz, 1H; CHHa�CH=CH2), 4.03 (tdd, J1=1.2, J2=12.6,


J3=6.1 Hz, 1H; CHHb�CH=CH2), 3.56 (dd, J1=7.1, J2=7.5 Hz, 1H; H-
6’b), 3.51 (m, 1H; H-5’), 2.99 (ddd, J1=12.4, J2=7.1, J3=6.6 Hz, 1H; H-
4’a), 1.75 ppm (ddd, J1=12.4, J2=8.6, J3=9.1 Hz, 1H; H-4’b); 13C NMR
(63 MHz, CDCl3): d=155.8 (C6), 152.9 (C2), 151.9 (C1’), 149.5 (C4),
138.2 (C8), 133.9 (CH=CH2), 121.3 (C2’), 119.6 (C5), 117.6 (CH=CH2),
96.5 (C8’), 72.0 (C6’), 68.1 (CH2CH=CH2), 64.1 (C3’), 45.9 (C5’),
41.9 ppm (C4’); IR (ATR): ñ=3315/3162 (m, N�H), 2970 (w, C�H), 1644
(s, C=C), 1596 (s), 1247 cm�1 (m, C�O); MS (EI, 70 eV): m/z (%): 299
(3) [M]+ , 258 (61) [M�C3H5]


+ , 242 (57) [M�C3H5O]+ , 164 (63), 136
(100), 135 (63), 79 (39); HRMS (EI): calcd for C15H17N5O2: 299.138
[M]+ ; found: 299.139.


(+)-(3’S,5’R,8’S)-9-(8’-Allyloxy-7’-oxa-[3.3.0]-bicyclooct-1’-ene-3’-yl)-9H-
purin-6-ylamine (ent-10 g): When the general protocol A for the Pd-cata-
lyzed introduction of nucleobases was followed, adenine and ent-21a af-
forded ent-10 g (324 mg, 54%, 99% purity) as a yellow waxy solid (73%
yield was achieved for a racemic version on a 5 mmol scale[12]). [a]20D =


+164.0 (c=0.45 in MeOH), [a]20546=++195.0.


(�)-(3’R,5’S,8’R)-9-(8’-Allyloxy-7’-oxa-[3.3.0]-bicyclooct-1’-ene-3’-yl)-9H-
6-chloropurine (10 h): When the general protocol C for the Pd-catalyzed
introduction of nucleobases was followed, 6-chloropurine and 21b
(1.06 g, 4.4 mmol) afforded 10h (880 mg, 63%, >99% purity) as a white,
crystalline solid. M.p. 147–149 8C; Rf=0.50 (EtOAc); [a]20D =�92.2 (c=
0.60 in MeOH), [a]20546=�99.5; 1H NMR (250 MHz, CDCl3): d=8.73 (s,
1H; H-2), 8.17 (s, 1H; H-8), 6.15–6.09 (m, 1H; H-3’), 5.92 (dddd, J1=5.4,
J2=6.0, J3=17.3, J4=10.3 Hz, 1H; CH=CH2), 5.85 (m, 1H; H-2’), 5.54 (s,
1H; H-8’), 5.29 (tdd, J1=1.5, J2=17.3, J3=1.6 Hz, 1H; CH=CH�Htrans),
5.20 (tdd, J1=1.2, J2=10.3, J3=1.6 Hz, 1H; CH=CH�Hcis), 4.33 (dd, J1=
J2=6.8 Hz, 1H; H-6’a), 4.23 (tdd, J1=1.5, J2=12.7, J3=5.4 Hz, 1H;
CHHa�CH=CH2), 4.06 (tdd, J1=1.3, J2=12.7, J3=6.0 Hz, 1H; CHHb�
CH=CH2), 3.62 (dd, J1=J2=7.6 Hz, 1H; H-6’b), 3.60 (m, 1H; H-5’), 3.04
(ddd, J1=12.5, J2=J3=6.5 Hz, 1H; H-4’a), 1.91–1.80 ppm (m, 1H; H-
4’b); 13C NMR (63 MHz, CDCl3): d=151.9 (C2), 151.3/151.1/150.5 (C4/
C6/C1’), 143.2 (C8), 133.9 (CH=CH2), 128.8 (C5), 120.3 (C2’), 117.7
(CH=CH2), 96.4 (C8’), 71.9 (C6’), 68.2 (CH2CH=CH2), 65.0 (C3’), 46.0
(C5’), 41.5 ppm (C4’); IR (ATR): ñ=3361 (m), 2870 (m, C�H), 1684 (m,
C=C), 1588 (s), 1556 (s), 1332 (s), 1202 (s), 1039 (s), 951(s), 635 cm�1


(m); MS (EI, 70 eV): m/z (%): 318 (15) [M]+ , 317 (19), 261 (50)
[M�C3H5O]+ , 219 (23), 164 (94), 155 (51), 135 (38), 79 (100), 65 (41);
HRMS (EI): calcd for C15H15ClN4O2: 318.088 [M]+ ; found: 318.088.


General one-pot procedure for hydrolysis and silylation : A solution of
10a–f or 10 h–l (1 mmol, unless otherwise stated) and PPTS (76 mg,
300 mmol) in wet acetone (10 mL) was stirred under reflux for 3 h. The
solvent was evaporated and the flask was flushed with argon (3 times).
Dry pyridine (3 mL) was added and, after stirring at RT for 5 min,
ThxMe2SiCl (310 mL, 1.5 mmol; used for 10a–f and 10h) or tBuPh2SiCl
(79 mL, 300 mmol; used for 200 mmol of 10 i–l) was added. After stirring
at RT for 16 h, the reaction was quenched by addition of saturated
NaHCO3 (20 mL). After stirring the resulting mixture at RT for 30 min,
the water phase was extracted with EtOAc (4V20 mL) and the combined
organic layers were washed with 10% HCl (3V20 mL), saturated
NaHCO3 (20 mL), and brine (40 mL), dried (MgSO4), and concentrated.
The residue was then purified by flash chromatography to yield to 23a–f
and 23 h–l.


Modifications: For adenine derivative 23g : 10g (0.8 mmol) and PPTS
(2 equiv) were used for the hydrolysis ; ThxMe2SiCl (3.3 equiv) and
DMAP (33 mg, 260 mmol, 33 mol%) in a solvent mixture consisting of
Et3N (0.4 mL) and CH2Cl2 (4 mL) were used for the silylation step.


Synthesis of compounds of type 23 (Scheme 16)


Scheme 16. Numbering used for compounds of type 23, NB=various nu-
cleobases.
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(+)-(3R,5S)-3-(2’,4’-Dioxo-3’,4’-dihydro-2H-pyrimidin-1’-yl)-5-[dimethyl-
(1,1,2-trimethylpropyl)-silanyloxymethyl]-cyclopent-1-enecarbaldehyde
(23 a): When the general hydrolysis/silylation procedure was followed,
10a (294 mg, 1 mmol, 94% purity) afforded the aldehyde 23a (309 mg,
82%) as a white solid. M.p. 115–116 8C; Rf=0.24 (EtOAc/CyHex 4:1);
[a]20D =++59.3 (c=0.62 in CHCl3), [a]20546=++72.2; 1H NMR (250 MHz,
CDCl3): d=9.85 (s, 1H; HC=O), 8.78 (br s, 1H; NH), 7.47 (d, J1=8.0 Hz,
1H; H-6’), 5.56 (dd, J1=J2=2.2 Hz, 1H; H-2), 5.90 (dddd, J1=9.5, J2=
7.1, J3=J4=2.2 Hz, 1H; H-3), 5.71 (dd, J1=8.0, J2=2.4 Hz, 1H; H-5’),
4.27 (dd, J1=10.0, J2=3.0 Hz, 1H; SiOCHa), 3.58 (dd, J1=10.0, J2=
2.5 Hz, 1H; SiOCHb), 3.18 (m, 1H; H-5), 2.79 (ddd, J1=14.2, J2=J3=
9.5 Hz, 1H; H-4a), 1.82 (ddd, J1=14.2, J2=J3=7.5 Hz, 1H; H-4b), 1.56
(septet, J=6.8 Hz, 1H; Me2CH), 0.81 (d, J=6.8 Hz, 6H; (CH3)2CH),
0.788/0.786 (2s, 6H; C(CH3)2), 0.042/0.036 ppm (2s, 6H; SiCH3);
13C NMR (63 MHz, CDCl3): d=188.9 (CH=O), 163.2 (C4’), 150.8 (C2’),
150.3 (C1), 147.8 (C2), 141.4 (C6’), 103.2 (C5’), 62.2 (CH2OSi), 58.9 (C3),
44.3 (C5), 34.0 (Me2CH), 33.3 (C4), 25.4 (Me2CSi), 20.3/20.2 ((CH3)2CH),
18.5/18.4 ((CH3)2CSi), �3.5/�3.6 ppm ((CH3)2Si); IR (ATR): ñ=3038 (w,
N�H), 2955 (m, C�H), 1697 (s, C=O), 1680 (s, C=O), 1649 (s, C=C),
1248 cm�1 (m, C�O); MS (EI, 70 eV): m/z (%): 293 (100) [M�C6H13]


+ ,
201 (55), 181 (62); HRMS (EI): calcd for C13H17N2O4Si: 293.096
[M�C6H13]


+ ; found: 293.096.


(�)-(3S,5R)-3-(2’,4’-Dioxo-3’,4’-dihydro-2H-pyrimidin-1’-yl)-5-[dimethyl-
(1,1,2-trimethylpropyl)-silanyloxymethyl]-cyclopent-1-enecarbaldehyde
(ent-23a): When the general hydrolysis/silylation procedure was fol-
lowed, ent-10a (294 mg, 1 mmol, 94% purity) afforded the aldehyde ent-
23a (264 mg, 70%) as a white solid. [a]20D =�55.5 (c=0.45 in CHCl3),
[a]20546=�67.7.


(+)-(3R,5S)-3-(5’-Fluoro-2’,4’-dioxo-3’,4’-dihydro-2H-pyrimidin-1’-yl)-5-
[dimethyl-(1,1,2-trimethylpropyl)-silanyloxymethyl]-cyclopent-1-enecarb-
aldehyde (23 b): When the general hydrolysis/silylation procedure was
followed, 10b (176 mg, 0.6 mmol) afforded the aldehyde 23 b (173 mg,
74%) as a white solid. M.p. 148–149 8C; Rf=0.50 (EtOAc/CyHex 4:1);
[a]20D =++53.6 (c=0.50 in CHCl3), [a]20546=++65.2; 1H NMR (250 MHz,
CDCl3): d=9.86 (s, 1H; HC=O), 9.06 (br s, 1H; NH), 7.55 (d, J=5.6 Hz,
1H; H-6’), 6.56 (dd, J1=J2=2.1 Hz, 1H; H-2), 5.90 (m, 1H; H-3), 4.29
(dd, J1=10.1, J2=2.9 Hz, 1H; SiOCHa), 3.58 (dd, J1=10.1, J2=2.2 Hz,
1H; SiOCHb), 3.18 (m, 1H; H-5), 2.79 (ddd, J1=14.2, J2=J3=9.4 Hz,
1H; H-4a), 1.82 (ddd, J1=14.3, J2=J3=6.7 Hz, 1H; H-4b), 1.57 (septet,
J=6.8 Hz, 1H; Me2CH), 0.82 (d, J=7.4 Hz, 6H; (CH3)2CH), 0.798/0.794
(2s, 6H; C(CH3)2), 0.06 ppm (s, 6H; SiCH3);


13C NMR (63 MHz, CDCl3):
d=188.7 (CH=O), 156.6 (d, J(C,F)=27 Hz, C4’), 150.6 (C2’), 149.3 (C1),
147.0 (C2), 145.0 (d, J(C,F)=269 Hz, C5’), 125.2 (d, J(C,F)=32 Hz, C6’),
62.3 (CH2OSi), 59.4 (C3), 44.3 (C5), 34.0 (Me2CH), 32.9 (C4), 25.5
(Me2CSi), 20.4/20.2 ((CH3)2CH), 18.44/18.37 ((CH3)2CSi), �3.4/�3.6 ppm
(CH3Si); IR (ATR): ñ=3160 (w, N�H), 3049 (m, N�H), 2955 (m, C�H),
1720 (s, C=O), 1711 (s, C=O), 1685 (s, C=O), 1657 (s, C=C), 1248 (s, C�
O), 1110 (s), 830 (s), 780 cm�1 (s); MS (EI, 70 eV): m/z (%): 397 (49)
[M+H]+ , 251 (25), 237 (14).


(�)-(3S,5R)-3-(5’-Fluoro-2’,4’-dioxo-3’,4’-dihydro-2H-pyrimidin-1’-yl)-5-
[dimethyl-(1,1,2-trimethylpropyl)-silanyloxymethyl]-cyclopent-1-enecarb-
aldehyde (ent-23 b): When the general hydrolysis/silylation procedure
was followed, ent-10 b (176 mg, 0.6 mmol) afforded the aldehyde ent-23 b
(171 mg, 73%) as a white solid. [a]20D =�53.3 (c=0.52 in CHCl3), [a]


20
546=


�65.2.


(+)-(3R,5S)-3-(5’-Bromo-2’,4’-dioxo-3’,4’-dihydro-2H-pyrimidin-1’-yl)-5-
[dimethyl-(1,1,2-trimethylpropyl)-silanyloxymethyl]-cyclopent-1-enecarb-
aldehyde (23 c): When the general hydrolysis/silylation procedure was fol-
lowed, 10c (355 mg, 1 mmol) afforded the aldehyde 23c (350 mg, 77%)
as a white solid. M.p. 80–83 8C; Rf=0.55 (EtOAc/CyHex 4:1); [a]20D =


+62.6 (c=0.58 in CHCl3), [a]
20
546=++76.3; 1H NMR (250 MHz, CDCl3):


d=9.87 (s, 1H; HC=O), 8.52 (br s, 1H; NH), 7.54 (s, 1H; H-6’), 6.57 (m,
1H; H-2), 5.85 (dddd, J1=J2=2.3, J3=8.7, J4=7.6 Hz, 1H; H-3), 4.25
(dd, J1=10.0, J2=3.2 Hz, 1H; SiOCHa), 3.52 (dd, J1=10.0, J2=2.3 Hz,
1H; SiOCHb), 3.17 (m, 1H; H-5), 2.75 (ddd, J1=13.7, J2=J3=8.8 Hz,
1H; H-4a), 1.85 (ddd, J1=13.7, J2=J3=7.7 Hz, 1H; H-4b), 1.55 (septet,
J=6.8 Hz, 1H; Me2CH), 0.83 (d, J=6.8 Hz, 6H; (CH3)2CH), 0.810/0.805
(2s, 6H; C(CH3)2), 0.06 ppm (s, 6H; SiCH3);


13C NMR (63 MHz, CDCl3):
d=188.9 (CH=O), 159.2 (C4’), 150.5 (C2’), 150.4 (C1), 147.3 (C2), 140.2
(C6’), 97.7 (C5’), 61.5 (CH2OSi), 59.9 (C3), 44.3 (C5), 34.0 (Me2CH), 33.5
(C4), 25.3 (Me2CSi), 20.4/20.3 ((CH3)2CH), 18.5/18.4 ((CH3)2CSi), �3.5/


�3.7 ppm (CH3Si); IR (ATR): ñ=3177/3046 (w, N�H), 2954 (m, C�H),
1704 (s, C=O), 1684 (s, C=O), 1617 (m, C=C), 1249 cm�1 (m, C�O); MS
(EI, 70 eV): m/z (%): 373 (95), 372 (28), 371 (100) [M�C6H13]


+ , 355 (34),
353 (32), 281 (92), 279 (89), 182 (58), 181 (90), 75 (31); HRMS (EI):
calcd for C13H16BrN2O4Si: 371.006 [M�C6H13]


+ ; found: 371.005.


(�)-(3S,5R)-3-(5’-Bromo-2’,4’-dioxo-3’,4’-dihydro-2H-pyrimidin-1’-yl)-5-
[dimethyl-(1,1,2-trimethylpropyl)-silanyloxymethyl]-cyclopent-1-enecarb-
aldehyde (ent-23 c): When the general hydrolysis/silylation procedure was
followed, ent-23c (355 mg, 1 mmol) afforded the aldehyde ent-23 c
(342 mg, 75%) as a white solid. [a]20D =�67.6 (c=0.53 in CHCl3), [a]


20
546=


�82.7.


(+)-(3R,5S)-3-(5’-Methyl-2’,4’-dioxo-3’,4’-dihydro-2H-pyrimidin-1’-yl)-5-
[dimethyl-(1,1,2-trimethylpropyl)-silanyloxymethyl]-cyclopent-1-enecarb-
aldehyde (23 d): When the general hydrolysis/silylation procedure was
followed, 10d (290 mg, 1 mmol) afforded the aldehyde 23d (252 mg,
64%) as a white solid. M.p. 58–61 8C; Rf=0.26 (EtOAc/CyHex 4:1);
[a]20D =++28.8 (c=0.53 in CHCl3), [a]20546=++35.4; 1H NMR (250 MHz,
CDCl3): d=10.06 (br s, 1H; NH), 9.81 (s, 1H; HC=O), 6.99 (q, J=
1.2 Hz, 1H; H-6’), 6.58 (m, 1H; H-2), 5.83 (dddd, J1=J2=8.6, J3=J4=
2.4 Hz, 1H; H-3), 4.18 (dd, J1=10.0, J2=3.4 Hz, 1H; SiOCHa), 3.53 (dd,
J1=10.0, J2=2.4 Hz, 1H; SiOCHb), 3.10 (m, 1H; H-5), 2.65 (ddd, J1=
13.4, J2=J3=8.8 Hz, 1H; H-4a), 1.85 (d, J=1.2 Hz, 3H; CH3), 1.80 (ddd,
J1=13.4, J2=J3=8.4 Hz, 1H; H-4b), 1.51 (septet, J=7.1 Hz, 1H;
Me2CH), 0.83 (d, J=7.1 Hz, 6H; (CH3)2CH), 0.793/0.790 (2s, 6H;
C(CH3)2), 0.058/0.057 ppm (2s, 6H; SiCH3);


13C NMR (63 MHz, CDCl3):
d=188.9 (CH=O), 164.1 (C4’), 151.1 (C2’), 149.8 (C1), 148.4 (C2), 136.2
(C6’), 111.8 (C5’), 61.4 (CH2OSi), 59.0 (C3), 44.2 (C5), 34.0 (Me2CH),
33.4 (C4), 25.1 (Me2CSi), 20.2/20.2 ((CH3)2CH), 18.4/18.4 ((CH3)2CSi),
12.3 (CH3), �3.5/�3.7 ppm (SiCH3); IR (ATR): ñ=3177/3050 (w, N�H),
2954/2864 (m, C�H), 1683 (s, C=O), 1249 cm�1 (m, C�O); MS (EI,
70 eV): m/z (%): 393 (4) [M+H]+ , 307 (100) [M�C6H13]


+ , 215 (52), 181
(73); HRMS (ESI): calcd for C20H33N2O4Si: 393.221 [M+H]+ ; found:
393.221.


(�)-(3S,5R)-3-(5’-Methyl-2’,4’-dioxo-3’,4’-dihydro-2H-pyrimidin-1’-yl)-5-
[dimethyl-(1,1,2-trimethylpropyl)-silanyloxymethyl]-cyclopent-1-enecar-
baldehyde (ent-23 d): When the general hydrolysis/silylation procedure
was followed, ent-10d (290 mg, 1 mmol) afforded the aldehyde ent-23d
(235 mg, 60%) as a white solid. [a]20D =�23.6 (c=0.54 in CHCl3), [a]


20
546=


�29.4.


(+)-(3R,5S)-N-(1-{4-[Dimethyl-(1,1,2-trimethylpropyl)-silanyloxymethyl]-
3-formyl-cyclopent-2-enyl}-2’-oxo-1’,2’-dihydro-pyrimidin-4’-yl)-benza-
mide (23 e): When the general hydrolysis/silylation procedure was fol-
lowed, 10 e (403 mg, 1 mmol, 94% purity) afforded the aldehyde 23e
(324 mg, 67%) as a yellow solid. M.p. 78–81 8C; Rf=0.28 (EtOAc/CyHex
4:1); [a]20D =++59.5 (c=0.59 in CHCl3), [a]20546=++70.5; 1H NMR
(250 MHz, CDCl3): d=9.88 (s, 1H; HC=O), 8.23 (br s, 1H; NH), 7.89 (d,
J=6.3 Hz, 3H; H-6’, 2H-Ph), 7.63–7.46 (m, 4H; H-5’, 3H-Ph), 6.63 (t,
J=2.1 Hz, 1H; H-2), 6.10 (m, 1H; H-3), 4.26 (dd, J1=10.0, J2=3.2 Hz,
1H; SiOCHa), 3.59 (dd, J1=10.0, J2=2.3 Hz, 1H; SiOCHb), 3.22 (m,
1H; H-5), 2.90 (ddd, J1=14.0, J2=J3=9.3 Hz, 1H; H-4a), 1.84 (ddd, J1=
14.0, J2=J3=6.7 Hz, 1H; H-4b), 1.57 (septet, J=6.8 Hz, 1H; Me2CH),
0.82 (d, J=6.9 Hz, 6H; (CH3)2CH), 0.80 (s, 6H; C(CH3)2), 0.05 ppm (s,
6H; SiCH3);


13C NMR (63 MHz, CDCl3): d=188.9 (CH=O), 161.9 (C=O
(Bz)), 150.4 (C2’), 147.9 (C6’) 146.1 (C2), 133.3/129.0/127.6 (all Ph), 62.3
(CH2OSi), 60.6 (C3), 44.5 (C5), 34.3 (C4), 33.0 (Me2CH), 25.4 (Me2CSi),
20.4/20.2 ((CH3)2CH), 18.5/18.4 ((CH3)2CSi), �3.47/�3.49 ppm
(Si(CH3)2); IR (ATR): ñ=3230/3142/3061 (w, N�H), 2954/2864 (m, C�
H), 1684 (s, C=O), 1661 (s, C=N), 1622 (s, C=C), 1484 (s), 1249 cm�1 (s,
C�O); MS (ESI, 70 eV): m/z (%): 1177 (11) [2M+Na]+ , 632 (49), 610
(100) [M+Na]+ , 578 (27) [M+H]+ , 216 (57).


(�)-(3S,5R)-N-(1-{4-[Dimethyl-(1,1,2-trimethylpropyl)-silanyloxymethyl]-
3-formyl-cyclopent-2-enyl}-2’-oxo-1’,2’-dihydro-pyrimidin-4’-yl)-benza-
mide (ent-23 e): When the general hydrolysis/silylation procedure was fol-
lowed, ent-10e (379 mg, 1 mmol) afforded the aldehyde ent-23e (316 mg,
66%) as a yellow solid. [a]20D =�47.1 (c=0.32 in CHCl3), [a]


20
546=�56.3.


(+)-(3R,5S)-Diphenylcarbamic acid 2’-acetylamino-9’-{4-[dimethyl-(1,1,2-
trimethylpropyl)-silanyloxymethyl]-3-formyl-cyclopent-2-enyl}-9H-purin-
6’-yl ester (23 f): When the general hydrolysis/silylation procedure was
followed, 10 f (1.104 g, 2 mmol) afforded the aldehyde 23 f (895 mg,
68%) as a light-yellow solid. M.p. 79–84 8C; Rf=0.33 (EtOAc/CyHex
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4:1); [a]20D =++5.7 (c=0.37 in CHCl3), [a]
20
546=++5.7; 1H NMR (250 MHz,


CDCl3): d=9.88 (s, 1H; HC=O), 8.06 (s, 1H; H-8’), 7.99 (s, 1H; NH),
7.40–6.72 (m, 10H; 2VPh), 6.72 (s, 1H; H-2), 5.82 (m, 1H; H-3), 4.17
(dd, J1=8.5, J2=3.5 Hz, 1H; SiOCHa), 3.69 (dd, J1=8.3, J2=2.3 Hz, 1H;
SiOCHb), 3.27 (m, 1H; H-5), 2.89 (ddd, J1=11.5, J2=J3=7.5 Hz, 1H;
H-4a), 2.52 (s, 3H; CH3CO), 2.12 (ddd, J1=11.5, J2=J3=6.0 Hz, 1H; H-
4b), 1.56 (septet, J=6.8 Hz, 1H; Me2CH), 0.81 (d, J=6.9 Hz, 6H;
(CH3)2CH), 0.79 (s, 6H; C(CH3)2), 0.05 ppm (s, 6H; SiCH3);


13C NMR
(63 MHz, CDCl3): d=189.1 (CH=O), 170.6 (CH3C=O), 154.7 (C4’),
156.3/152.1/150.4 (C4’, C6’, Ph2NC=O), 149.7 (C1), 146.8 (C2), 142.1
(C8’), 141.7/129.1/127.0 (br, all Ph), 120.6 (C5’), 62.2 (CH2OSi), 57.9 (C3),
44.7 (C5), 35.0 (C4), 34.0 (Me2CH), 25.3 (Me2CSi), 25.0 (CH3C=O),
20.35/20.29 ((CH3)2CH), 18.45/18.43 ((CH3)2CSi), �3.55 ppm (Si(CH3)2);
IR (ATR): ñ=3272/3060 (w, N�H), 2954/2864 (m, C�H), 1740 (s, C=O);
1685 (s, C=O), 1617 (s, C=C), 1586 (s), 1490 (s), 1374 (s), 1334 (s), 1280
(s, C�O), 1214 (s), 1186 (s), 1167 (s), 1059 (s), 1002 (s), 830 (s), 699 cm�1


(s).


(�)-(3S,5R)-Diphenylcarbamic acid 2’-acetylamino-9’-{4-[dimethyl-(1,1,2-
trimethylpropyl)-silanyloxymethyl]-3-formyl-cyclopent-2-enyl}-9H-purin-
6’-yl ester (ent-23 f): When the general hydrolysis/silylation procedure
was followed, ent-10 f (1.104 g, 2 mmol) afforded the aldehyde ent-23 f
(877 mg, 67%) as a light-yellow solid. [a]20D =�7.0 (c=0.60 in CHCl3),
[a]20546=�7.4.


(+)-(3R,5S)-3-(6’-Aminopurin-9’-yl)-5-[dimethyl-(1,1,2-trimethylpropyl)-
silanyloxymethyl]-cyclopent-1-enecarbaldehyde (23 g): When the modi-
fied protocol for the hydrolysis/silylation procedure was followed, 10 g
(150 mg, 0.5 mmol) afforded the aldehyde 23g (79 mg, 40%) as a yellow
solid. M.p. 148–152 8C; Rf=0.43 (EtOAc/CyHex 4:1); [a]20D =++40.8 (c=
0.40 in MeOH), [a]20546=++50.1; 1H NMR (250 MHz, CDCl3): d=9.86 (s,
1H; HC=O), 8.30 (s, 1H; H-2’), 7.93 (s, 1H; H-8’), 6.75 (dd, J1=J2=
2.2 Hz, 1H; H-2), 6.40 (s, 2H; NH2), 5.84 (dddd, J1=9.1, J2=6.8, J3=J4=
2.2 Hz, 1H; H-3), 4.14 (dd, J1=10.0, J2=3.8 Hz, 1H; SiOCHa), 3.66 (dd,
J1=10.0, J2=2.4 Hz, 1H; SiOCHb), 3.24 (m, 1H; H-5), 2.89 (ddd, J1=
14.0, J2=J3=9.1 Hz, 1H; H-4a), 2.10 (ddd, J1=14.0, J2=J3=6.8 Hz, 1H;
H-4b), 1.53 (septet, J=6.8 Hz, 1H; Me2CH), 0.78 (d, J=6.8 Hz, 6H;
(CH3)2CH), 0.77 (s, 6H; C(CH3)2), 0.02 ppm (s, 6H; CH3Si);


13C NMR
(63 MHz, CDCl3): d=189.2 (CH=O), 155.7 (C4’), 152.8 (C2’), 149.5 (C1),
149.5 (C6’), 147.4 (C2), 138.5 (C8’), 119.2 (C5’), 62.2 (CH2OSi), 57.5 (C3),
44.7 (C5), 35.1 (C4), 34.0 (Me2CH), 25.3 (Me2CSi), 20.3/20.2 ((CH3)2CH),
18.4/18.4 ((CH3)2CSi), �3.6 ppm (CH3Si); IR (ATR): ñ=3318/3168 (w,
N�H), 2953/2864 (m, C�H), 1683 (s, C=O), 1645 (s, C=C), 1598 (s),
1250 cm�1 (s, C�O); MS (EI, 70 eV): m/z (%): 401 (2) [M]+ , 316 (100)
[M+C6H13]


+ ; HRMS (ESI): calcd for C20H31N5O2Si: 402.2325 [M+H]+ ;
found: 402.2327.


(�)-(3S,5R)-3-(6’-Aminopurin-9’-yl)-5-[dimethyl-(1,1,2-trimethylpropyl)-
silanyloxymethyl]-cyclopent-1-enecarbaldehyde (ent-23 g): When the the
modified protocol for the hydrolysis/silylation procedure was followed,
ent-10g (239 mg, 0.8 mmol) afforded the aldehyde ent-23g (123 mg,
38%) as a yellow solid. [a]20D =�25 (c=0.30 in MeOH), [a]20546=�30.


(+)-(3R,5S)-3-(6’-Chloropurin-9’-yl)-5-[dimethyl-(1,1,2-trimethylpropyl)-
silanyloxymethyl]-cyclopent-1-enecarbaldehyde (23 h): When the general
protocol for the hydrolysis/silylation procedure was followed, 10 h
(638 mg, 2 mmol) afforded the aldehyde 23h (628 mg, 72%) as a pale-
yellow solid. M.p. 130–131 8C; Rf=0.67 (EtOAc); [a]20D =++43.9 (c=0.65
in MeOH), [a]20546=++53.8; 1H NMR (250 MHz, CDCl3): d=9.91 (s, 1H;
HC=O), 8.74 (s, 1H; H-2’), 8.29 (s, 1H; H-8’), 6.76 (dd, J1=J2=2.1 Hz,
1H; H-2), 5.96 (dddd, J1=9.3, J2=6.9, J3=J4=2.1 Hz, 1H; H-3), 4.22
(dd, J1=10.0, J2=3.8 Hz, 1H; SiOCHa), 3.66 (dd, J1=10.0, J2=2.6 Hz,
1H; SiOCHb), 3.30 (m, 1H; H-5), 2.94 (ddd, J1=14.0, J2=J3=9.1 Hz,
1H; H-4a), 2.16 (ddd, J1=14.0, J2=J3=6.8 Hz, 1H; H-4b), 1.55 (septet,
J=6.9 Hz, 1H; Me2CH), 0.80 (d, J=6.8 Hz, 6H; (CH3)2CH), 0.79 (s, 6H;
C(CH3)2), 0.05 ppm (s, 6H; CH3Si);


13C NMR (63 MHz, CDCl3): d=


188.9 (CH=O), 151.9 (C2’), 151.4/151.2/150.1 (C4’, C6’, C3), 146.1 (C2),
143.5 (C8’), 131.5 (C5’), 62.1 (CH2OSi), 58.2 (C1), 44.8 (C4), 34.9 (C5),
34.0 (Me2CH), 25.4 (Me2CSi), 20.4/20.3 ((CH3)2CH), 18.4 ((CH3)2CSi),
�3.5 ppm (CH3Si); IR (ATR): ñ=2954/2868 (m, C�H), 1674 (s, C=O),
1589 (s), 1563 (s), 1396 (m), 1205 (m), 1109 (s), 826 cm�1 (s); MS (EI,
70 eV): m/z (%): 420 (7) [M]+ , 335 (82) [M�C6H13]


+ , 243 (24), 181 (53),
167 (16), 151 (16), 75 (100); HRMS (EI): calcd for C20H29ClN4O2Si:
335.073 [M�C6H13]


+ ; found: 335.073; elemental analysis: calcd (%) for


C20H29ClN4O2Si: C 57.06, H 6.94, N 13.31; found: C 57.01, H 6.95, N
13.25.


(+)-(3R,5S)-3-(5’-Fluoro-2’,4’-dioxo-3’,4’-dihydro-2H-pyrimidin-1’-yl)-5-
(tert-butyldiphenylsilanyloxymethyl)-cyclopent-1-enecarbaldehyde (23 i):
When the general protocol for the hydrolysis/silylation procedure was
followed, 10b (29 mg, 0.1 mmol) afforded the aldehyde 23 i (29 mg, 59%)
as a white solid. Rf=0.49 (EtOAc/CyHex 4:1); [a]20D =++63.0 (c=0.56 in
CHCl3), [a]20546=++76.5; 1H NMR (250 MHz, CDCl3): d=9.88 (s, 1H;
HC=O), 9.67 (br s, 1H; NH), 7.56 (d, J=5.9 Hz, 4H; Ph), 7.45–7.31 (m,
6H; Ph), 7.29 (d, J=5.5 Hz, 1H; H-6’), 6.61 (dd, J1=J2=2.1 Hz, 1H; H-
2), 5.86 (dd, J1=J2=7.7 Hz, 1H; H-3), 4.23 (dd, J1=10.3, J2=4.1 Hz, 1H;
SiOCHa), 3.74 (dd, J1=10.3, J2=2.7 Hz, 1H; SiOCHb), 3.19 (m, 1H; H-
5), 2.76 (ddd, J1=13.9, J2=J3=9.0 Hz, 1H; H-4a), 1.85 (ddd, J1=13.9,
J2=J3=7.7 Hz, 1H; H-4b), 1.02 ppm (s, 9H; SiCH3);


13C NMR (63 MHz,
CDCl3): d=188.6 (CH=O), 156.8 (d, J(C,F)=27 Hz, C4’), 150.6 (C2’),
149.5 (C1), 146.8 (C2), 140.9 (d, J(C,F)=241 Hz, C5’), 135.6/135.4/133.1/
132.8/129.9/127.78/127,76 (all Ph), 124.8 (d, J(C,F)=33 Hz, C6’), 62.9
(CH2OSi), 59.8 (C3), 44.3 (C5), 33.3 (C4), 26.9 ((CH3)3CSi), 19.3 ppm
(Me2CSi); IR (ATR): ñ=3181/3166 (w, N�H), 3065 (m, N�H), 2952/2927
(m, C�H), 1714 (s, C=O), 1683 (s, C=O), 1243 (s, C�O), 1107 (s),
702 cm�1 (s); MS (EI, 70 eV): m/z (%): 1023 (2) [2M+K]+ , 1007 (1)
[2M+Na]+ , 547 (100), 515 (14) [M+Na]+ , 493 (2) [M+H]+ .


(+)-(3R,5S)-3-(5’-Bromo-2’,4’-dioxo-3’,4’-dihydro-2H-pyrimidin-1’-yl)-5-
(tert-butyldiphenylsilanyloxymethyl)-cyclopent-1-enecarbaldehyde (23 j):
When the general protocol for the hydrolysis/silylation procedure was
followed, 10c (71 mg, 0.2 mmol) afforded the aldehyde 23 j (55 mg, 50%)
as a white solid (76% yield was achieved in a racemic version of the re-
action on a 1 mmol scale). M.p. 121–123 8C; Rf=0.53 (EtOAc/CyHex
4:1); [a]20D =++101.4 (c=0.31 in CHCl3), [a]20546=++122.4. 1H NMR
(250 MHz, CDCl3): d=9.90 (s, 1H; HC=O), 8.50 (br s, 1H; NH), 7.59–
7.32 (m, 10H; Ph), 7.46 (s, 1H; H-6’), 6.62 (dd, J1=J2=2.1 Hz, 1H; H-2),
5.81 (dddd, J1=J2=2.5, J3=J4=8.4 Hz, 1H; H-3), 4.20 (dd, J1=10.3, J2=
4.4 Hz, 1H; SiOCHa), 3.74 (dd, J1=10.3, J2=2.6 Hz, 1H; SiOCHb), 3.18
(m, 1H; H-5), 2.74 (ddd, J1=13.4, J2=J3=8.7 Hz, 1H; H-4a), 1.85 (ddd,
J1=13.6, J2=J3=8.2 Hz, 1H; H-4b), 1.03 ppm (s, 9H; SiCH3);


13C NMR
(63 MHz, CDCl3): d=188.8 (CH=O), 159.3 (C4’), 150.40/150.35 (C1,
C2’), 147.1 (C2), 139.9 (C6’), 135.5/135.3/133.0/132.8/129.8/129.4/127.7/
127.6 (all Ph), 97.8 (C5’), 62.5 (CH2OSi), 60.1 (C3), 44.3 (C5), 34.0 (C4),
26.9 ((CH3)3CSi), 19.3 ppm (Me2CSi); IR (ATR): ñ=3177/3067/3048 (w,
N�H), 2953/2928/2888 (m, C�H), 1704 (s, C=O), 1683 (s, C=O), 1619 (m,
C=C), 1110 cm�1 (s).


(+)-(3R,5S)-N-{1-[4-(tert-Butyldiphenylsilanyloxymethyl)-3-formyl-cyclo-
pent-2-enyl]-2’-oxo-1’,2’-dihydro-pyrimidin-4’-yl}-benzamide (23 k): When
the general hydrolysis/silylation procedure was followed, 10e (64 mg,
0.16 mmol, 94% purity) afforded the aldehyde 23k (52 mg, 57%) as a
pale-yellow solid. M.p. 104–108 8C; Rf=0.25 (EtOAc/CyHex 4:1); [a]20D =


+45.1 (c=0.32 in CHCl3), [a]
20
546=++52.6; 1H NMR (250 MHz, CDCl3):


d=9.89 (s, 1H; HC=O), 7.88 (d, J=7.2 Hz, 2H; H-6’, 1H-Ph), 7.63 (d,
J=7.4 Hz, 1H; H-5’), 7.60–7.33 (m, 14H; Ph), 6.66 (s, 1H; H-2), 6.07 (m,
1H; H-3), 4.28 (dd, J1=10.3, J2=3.9 Hz, 1H; SiOCHa), 3.74 (dd, J1=
10.1, J2=2.7 Hz, 1H; SiOCHb), 3.24 (m, 1H; H-5), 2.92 (ddd, J1=14.2,
J2=J3=9.3 Hz, 1H; H-4a), 1.90 (ddd, J1=14.2, J2=J3=7.1 Hz, 1H; H-
4b), 1.04 ppm (s, 9H; SiCH3);


13C NMR (63 MHz, CDCl3): d=188.8
(CH=O), 161.9 (NHC=O), 150.4 (C2’), 147.7 (C6’) 145.7 (C2), 135.6/
135.4/135.2/133.3/133.2/132.8/130.3/130.0/129.1/128.0/127.8/127.6 (all Ph),
97.8 (C5’), 63.2 (CH2OSi), 60.8 (C3), 44.5 (C5), 34.4 (C4), 27.0
(SiC(CH3)3), 19.4 ppm (SiC(CH3)3).


(+)-(3R,5S)-Diphenylcarbamic acid 2’-acetylamino-9’-[4-(tert-butyldiphe-
nylsilanyloxymethyl)-3-formyl-cyclopent-2-enyl]-9H-purin-6’-yl ester
(23 l): When the general hydrolysis/silylation procedure was followed,
10 f (228 mg, 0.4 mmol) afforded the aldehyde 23 l (112 mg, 37%) as a
white solid. Rf=0.41 (EtOAc/CyHex 4:1); [a]20D =++12.1 (c=0.75 in
CHCl3), [a]20546=++13.7; 1H NMR (250 MHz, CDCl3): d=9.84 (s, 1H;
HC=O), 8.46 (s, 1H; NH), 7.92 (s, 1H; H-8’), 7.99 (s, 1H; NH), 7.56–7.18
(m, 20H; 4VPh), 6.76 (s, 1H; H-2), 5.74 (m, 1H; H-3), 4.05 (dd, J1=10.3,
J2=6.0 Hz, 1H; SiOCHa), 3.85 (dd, J1=10.1, J2=3.2 Hz, 1H; SiOCHb),
3.25 (m, 1H; H-5), 2.85 (ddd, J1=13.7, J2=J3=8.5 Hz, 1H; H-4a), 2.43
(s, 3H; CH3CO), 2.06 (ddd, J1=13.2, J2=J3=5.8 Hz, 1H; H-4b),
1.00 ppm (s, 9H; SiCH3);


13C NMR (63 MHz, CDCl3): d=188.9 (CH=O),
170.5 (CH3C=O), 156.2 (C4’), 154.6/152.1/150.3 (C2’, C6’, Ph2NC=O),
149.4 (C1), 146.7 (C2), 141.75 (C8’), 141.64/135.5/135.3/133.1/132.9/129.75/
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129.772/129.1/127.65/127.60/126.9 (br, all 4VPh), 120.6 (C5’), 63.2
(CH2OSi), 58.2 (C3), 44.7 (C5), 35.3 (C4), 26.9 (SiC(CH3)3), 25.0 (CH3C=
O), 19.2 ppm (SiC(CH3)3); IR (ATR): ñ=3217/3064 (w, N�H), 2929/2854
(w, C�H), 1741 (s, C=O); 1684 (s, C=O), 1617 (s, C=C), 1281 (s), 1213
(s), 1185 (s), 1167 (s), 700 cm�1 (s); MS (ESI, 70 eV): m/z (%): 773 (47)
[M+Na]+ , 411 ppm (100); HRMS (ESI): calcd for C43H42N6NaO5Si:
773.288 [M+Na]+ ; found: 773.288.


General procedure for the reduction of aldehydes of type 23 : A mixture
of MeOH (6 mL) and CH2Cl2 (12 mL) was added to NaBH4 (76 mg,
2 mmol) and the resulting mixture was stirred at RT for 3 min and then
cooled to �78 8C. A solution of 23 (200 mmol) in CH2Cl2 (2 mL) was
added dropwise. After the mixture was stirred at �78 8C for 1 h, acetone
(5 mL) was added and the mixture was allowed to warm to RT and stir-
red for 30 min. The mixture was poured through a plug of silica and
washed with EtOAc. The solvents were then removed under reduced
pressure to give the allylic alcohols of type 9 in a high purity according to
1H NMR spectroscopy and TLC.


(�)-(1’R,4’S)-1-{4’-[Dimethyl-(1,1,2-trimethylpropyl)-silanyloxymethyl]-
3’-hydroxymethyl-cyclopent-2’-enyl}-1H-pyrimidine-2,4-dione (9 a): When
the general protocol for the reduction was followed, 23 a (76 mg,
0.2 mmol) afforded the alcohol 9a (59 mg, 78%) as a white solid. M.p.
60–62 8C; Rf=0.17 (EtOAc/CyHex 4:1); [a]20D =�84.6 (c=0.33 in CHCl3),
[a]20546=�101.3; 1H NMR (250 MHz, CDCl3): d=9.00 (br s, 1H; NH), 7.34
(d, J=8.0 Hz, 1H; H-6), 5.67 (dd, J1=8.0, J2=2.2 Hz, H-5), 5.62 (ddd,
J1=8.5, J2=J3=1.9 Hz, 1H; H-1’), 5.52 (s, 1H; H-2’), 4.26 (s, 2H;
CH2OH), 3.79 (dd, J1=10.5, J2=3.6 Hz, 1H; SiOCHa), 3.52 (dd, J1=
10.5, J2=6.1 Hz, 1H; SiOCHb), 2.86 (m, 1H; H-4’), 2.71 (ddd, J1=13.5,
J2=J3=8.5 Hz, 1H; H-5’a), 1.59 (septet, J=6.8 Hz, 2H; OH, Me2CH),
1.39 (ddd, J1=13.5, J2=J3=6.9 Hz, 1H; H-5’b), 0.85 (d, J=6.8 Hz, 6H;
(CH3)2CH), 0.83 (s, 6H; C(CH3)2), 0.10/0.09 ppm (2s, 6H; CH3Si);
13C NMR (63 MHz, CDCl3): d=163.3 (C4), 152.7 (C3’), 151.0 (C2), 141.2
(C6), 124.7 (C2’), 102.4 (C5), 64.1 (CH2OSi), 60.5 (CH2OH), 59.6 (C1’),
46.9 (C4’), 34.1 (C5’), 34.0 (Me2CH), 25.3 (Me2CSi), 20.3/20.2
((CH3)2CH), 18.5/18.4 ((CH3)2CSi), �3.49/�3.51 ppm (CH3Si); IR (ATR):
ñ=3406 (w, O�H), 3178 (w, N�H), 3043 (m, N�H), 2951/2862 (m, C�H),
1693 (s, C=O), 1687 (s, C=O), 1666 (s, C=N), 1651 (m, C=C), 1461 (s),
1248 (s, C�O), 828 (s), 775 cm�1 (s); MS (EI, 70 eV): m/z (%): 295 (10)
[M�C6H13]


+ , 91 (100); HRMS (ESI): calcd for C19H32N2NaO4Si: 403.203
[M+Na]+ ; found: 403.204.


(+)-(1’S,4’R)-1-{4’-[Dimethyl-(1,1,2-trimethylpropyl)-silanyloxymethyl]-
3’-hydroxymethyl-cyclopent-2’-enyl}-1H-pyrimidine-2,4-dione (ent-9a):
When the general protocol for the reduction was followed, ent-23 a
(76 mg, 0.2 mmol) afforded the alcohol ent-9a (72 mg, 95%) as a white
solid. [a]20D =++61 (c=0.26 in CHCl3), [a]


20
546=++76.


(�)-(1’R,4’S)-5-Fluoro-1-{4’-[dimethyl-(1,1,2-trimethylpropyl)-silanyloxy-
methyl]-3’-hydroxymethyl-cyclopent-2’-enyl}-1H-pyrimidine-2,4-dione
(9 b): When the general protocol for the reduction was followed, 23b
(48 mg, 0.1 mmol) afforded the alcohol 9b (48 mg, 99%) as a colorless
oil. Rf=0.40 (EtOAc/CyHex 4:1); [a]20D =�77.0 (c=0.46 in CHCl3),
[a]20546=�95.3; 1H NMR (250 MHz, CDCl3): d=9.92 (br s, 1H; NH), 7.42
(d, J(H,F)=5.9 Hz, 1H; H-6), 5.62 (m, 1H; H-1’), 5.53 (s, 1H; H-2’), 4.31
(d, J=14.6 Hz, 1H; CHaOH), 4.23 (d, J=15.0 Hz, 1H; CHbOH), 3.80
(dd, J1=10.4, J2=3.4 Hz, 1H; SiOCHa), 3.53 (dd, J1=10.4, J2=5.2 Hz,
1H; SiOCHb), 2.86 (m, 1H; H-4’), 2.70 (ddd, J1=13.6, J2=J3=8.6 Hz,
1H; H-5’a), 1.58 (septet, J=6.8 Hz, 1H; Me2CH), 1.43 (ddd, J1=13.7,
J2=J3=6.6 Hz, 1H; H-5’b), 0.84 (d, J=7.0 Hz, 6H; (CH3)2CH), 0.82 (s,
6H; C(CH3)2), 0.10/0.08 ppm (2s, 6H; CH3Si);


13C NMR (63 MHz,
CDCl3): d=157.1 (d, J(C,F)=26 Hz, C4), 153.2 (C3’), 149.8 (C2), 140.6
(d, J(C,F)=236 Hz, C6), 125.3 (d, J(C,F)=32 Hz, C5), 124.2 (C2’), 63.7
(CH2OSi), 60.4 (CH2OH), 60.1 (C1’), 46.8 (C4’), 34.0 (Me2CH), 33.7
(C5’), 25.3 (Me2CSi), 20.3/20.1 ((CH3)2CH), 18.41/18.36 ((CH3)2CSi),
�3.5/�3.6 ppm (CH3Si); IR (ATR): ñ=3416 (w, O�H), 3178/3056 (w, N�
H), 2954/2864 (m, C�H), 1692 (s, C=O), 1659 (s, C=C), 1239 (s, C�O),
830 cm�1 (s); MS (ESI, 70 eV): m/z (%): 835 (4) [2M+K]+ , 819 (4)
[2M+Na]+ , 421 (100) [M+Na]+ , 399 (2) [M+H]+ ; HRMS (ESI): calcd
for C19H31FN2NaO4Si: 421.194 [M+Na]+ ; found: 421.194.


(+)-(1’S,4’R)-5-Fluoro-1-{4’-[dimethyl-(1,1,2-trimethylpropyl)-silanyloxy-
methyl]-3’-hydroxymethyl-cyclopent-2’-enyl}-1H-pyrimidine-2,4-dione
(ent-9b): When the general protocol for the reduction was followed, ent-
23b (48 mg, 0.1 mmol) afforded the alcohol ent-9b (45 mg, 94%) as a


yellow solid. M.p. 165–167 8C; [a]20D =++71.1 (c=0.68 in CHCl3), [a]
20
546=


+88.3.


(�)-(1’R,4’S)-5-Bromo-1-{4’-[dimethyl-(1,1,2-trimethylpropyl)-silanyloxy-
methyl]-3’-hydroxymethyl-cyclopent-2’-enyl}-1H-pyrimidine-2,4-dione
(9 c): When the general protocol for the reduction was followed, 23 c
(92 mg, 0.2 mmol) afforded the alcohol 9 c (92 mg, 99%) as a yellow
solid. M.p. 79–82 8C; Rf=0.39 (EtOAc/CyHex 4:1); [a]20D =�25 (c=0.30
in CHCl3);


1H NMR (250 MHz, CDCl3): d=9.01 (br s, 1H; NH), 7.55 (s,
1H; H-6), 5.59 (dddd, J1=8.6, J2=7.3, J3=J4=2.0 Hz, 1H; H-1’), 5.55 (d,
J=1.7 Hz, 1H; H-2’), 4.29 (br s, 2H; CH2OH), 3.78 (dd, J1=10.6, J2=
3.7 Hz, 1H; SiOCHa), 3.52 (dd, J1=10.0, J2=5.8 Hz, 1H; SiOCHb), 2.87
(m, 1H; H-4’), 2.69 (ddd, J1=13.4, J2=J3=8.2 Hz, 1H; H-5’a), 1.68 (br s,
1H; OH), 1.60 (septet, J=6.8 Hz, 1H; Me2CH), 1.40 (ddd, J1=13.4, J2=
J3=7.6 Hz, 1H; H-5’b), 0.86 (d, J=6.8 Hz, 6H; (CH3)2CH), 0.84 (s, 6H;
C(CH3)2), 0.12/0.10 ppm (2s, 6H; CH3Si);


13C NMR (63 MHz, CDCl3):
d=159.1 (C4), 153.6 (C3’), 150.3 (C2), 140.4 (C6), 124.0 (C2’), 96.7 (C5),
63.8 (CH2OSi), 60.5 (CH2OH), 60.4 (C1’), 46.9 (C4’), 34.3 (C5’), 34.0
(Me2CH), 25.2 (Me2CSi), 20.3/20.2 ((CH3)2CH), 18.4 ((CH3)2CSi), �3.4/
�3.5 ppm (CH3Si); IR (ATR): ñ=3427 (w, O�H), 3171/3048 (w, N�H),
2953/2862 (m, C�H), 1693 (s, C=O), 1682 (s, C=O), 1615 (m, C=C),
1249 cm�1 (m, C�O); MS (EI, 70 eV): m/z (%): 375 (48), 373 (58), 183
(100); HRMS (EI): calcd for C13H18BrN2O4Si: 373.022 [M�C6H13]


+ ;
found: 373.020.


(+)-(1’S,4’R)-5-Bromo-1-{4’-[dimethyl-(1,1,2-trimethylpropyl)-silanyloxy-
methyl]-3’-hydroxymethyl-cyclopent-2’-enyl}-1H-pyrimidine-2,4-dione
(ent-9c): When the general protocol for the reduction was followed, ent-
23c (92 mg, 0.2 mmol) afforded the alcohol ent-9 c (85 mg, 93%) as a
yellow solid. [a]20D =++20.7 (c=0.34 in CHCl3), [a]


20
546=++26.1.


(�)-(1’R,4’S)-1-{4’-[Dimethyl-(1,1,2-trimethylpropyl)-silanyloxymethyl]-
3’-hydroxymethyl-cyclopent-2’-enyl}-5-methyl-1H-pyrimidine-2,4-dione
(9 d): When the general protocol for the reduction was followed, 23d
(78 mg, 0.2 mmol) afforded the alcohol 9d (69 mg, 88%) as a white solid.
M.p. 108–109 8C; Rf=0.21 (EtOAc/CyHex 4:1); [a]20D =�67.9 (c=0.50 in
CHCl3), [a]20546=�83.6; 1H NMR (250 MHz, CDCl3): d=8.62 (br s, 1H;
NH), 7.05 (d, J=1.2 Hz, 1H; H-6), 5.59 (dddd, J1=7.8, J2=7.6, J3=J4=
2.1 Hz, 1H; H-1’), 5.53 (s, 1H; H-2’), 4.27 (d, J=5.8 Hz, 2H; CH2OH),
3.77 (dd, J1=10.3, J2=3.7 Hz, 1H; SiOCHa), 3.52 (dd, J1=10.3, J2=
6.3 Hz, 1H; SiOCHb), 2.87 (m, 1H; H-4’), 2.65 (ddd, J1=13.3, J2=J3=
8.4 Hz, 1H; H-5’a), 1.88 (d, J=1.2 Hz, 3H; CH3), 1.67 (br s, 1H; OH),
1.60 (septet, J=6.9 Hz, 1H; Me2CH), 1.35 (ddd, J1=13.6, J2=J3=7.7 Hz,
1H; H-5’b), 0.86 (d, J=6.9 Hz, 6H; (CH3)2CH), 0.83 (s, 6H; C(CH3)2),
0.11/0.10 ppm (2s, 6H; CH3Si);


13C NMR (63 MHz, CDCl3): d=163.8
(C4), 152.3 (C3’), 150.1 (C2), 136.6 (C6), 125.2 (C2’), 110.1 (C5), 64.1
(CH2OSi), 60.6 (CH2OH), 59.4 (C1’), 46.7 (C4’), 34.2 (C5’), 34.1
(Me2CH), 25.2 (Me2CSi), 20.2 ((CH3)2CH), 18.5 ((CH3)2CSi), 12.4 (CH3),
�3.5/�3.6 ppm (CH3Si); IR (ATR): ñ=3404 (w, O�H), 3173/3042 (w, N�
H), 2953/2863 (m, C�H), 1681 (s, C=O), 1249 (s), 1222 (m, C�O),
829 cm�1 (s); MS (EI, 70 eV): m/z (%): 216 (87), 183 (34), 105 (100), 91
(28), 77 (29), 75 (50), 73 (30); HRMS (ESI): calcd for C20H34N2NaO4Si:
417.2186 [M+Na]+ ; found: 417.219.


(+)-(1’S,4’R)-1-{4’-[Dimethyl-(1,1,2-trimethylpropyl)-silanyloxymethyl]-
3’-hydroxymethyl-cyclopent-2’-enyl}-5-methyl-1H-pyrimidine-2,4-dione
(ent-9d): When the general protocol for the reduction was followed, ent-
23d (78 mg, 0.2 mmol) afforded the alcohol ent-9d (79 mg, 99%) as a
white solid. [a]20D =++70 (c=0.16 in CHCl3), [a]


20
546=++87.


(+)-(1’R,4’S)-4-Amino-1-{4’-[dimethyl-(1,1,2-trimethylpropyl)-silanyloxy-
methyl]-3’-hydroxymethyl-cyclopent-2’-enyl}-1H-pyrimidin-2-one (ent-
9e): When the general protocol for the reduction was followed, ent-23 e
(96 mg, 0.2 mmol) afforded the corresponding protected alcohol (97 mg,
99%; Rf=0.55, EtOAc/CyHex 4:1) as a yellow foam. The resulting inter-
mediate (48 mg, 100 mmol) was treated under argon with a 2m solution of
ammonia in MeOH (2 mL, 4 mmol) and the resulting mixture was stirred
for 16 h at RT. The solvent and the ammonia were evaporated and the
residue was purified by flash chromatography (EtOAc/CyHex 4:1, then
EtOAc/MeOH 4:1). The product ent-9 e was obtained as a yellow oil
(36 mg, 95%). Rf=0.27 (EtOAc/MeOH 4:1); [a]20D =++91.6 (c=0.31 in
MeOH), [a]20546=++112.1; 1H NMR (250 MHz, [D4]MeOH): d=7.49 (d,
J=6.0 Hz, 1H; H-6), 5.79 (d, J=6.0 Hz, 1H; H-5), 5.50 (br s, 2H; NH2),
4.25 (d, J=13.0 Hz, 1H; CHaOH), 4.10 (d, J=13.0 Hz, 1H; CHbOH),
3.71 (dd, J1=8.8, J2=3.5 Hz, 1H; SiOCHa), 3.51 (m, 1H; SiOCHb), 3.29
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(s, 1H; H-2’), 3.23 (m, 1H; H-1’), 2.81 (m, 1H; H-4’), 2.64 (ddd, J1=11.5,
J2=J3=7.3 Hz, 1H; H-5’a), 1.54 (septet, J=5.5 Hz, 1H; Me2CH), 1.46
(ddd, J1=11.5, J2=J3=5.5 Hz, 1H; H-5’b), 0.80 (d, J=5.5 Hz, 6H;
(CH3)2CH), 0.78 (s, 6H; C(CH3)2), 0.03/0.01 ppm (2s, 6H; CH3Si);
13C NMR (63 MHz, [D4]MeOH): d=167.3 (C4), 158.9 (C2), 154.1 (C3’),
143.8 (C6), 124.9 (C2’), 96.0 (C5), 64.4 (CH2OSi), 62.2 (C1’), 60.9
(CH2OH), 48.0 (C4’), 35.9 (C5’), 35.4 (Me2CH), 26.3 (Me2CSi), 21.0/20.8
((CH3)2CH), 19.05/18.98 ((CH3)2CSi), �3.3 ppm (CH3Si); IR (ATR): ñ=
3330 (brm, O�H), 3199 (m, N�H), 2954/2863 (m, C�H), 1714 (w, C=O),
1640 (s, C=N), 1613 (s, C=C), 1250 cm�1 (m, C�O); MS (ESI, 70 eV): m/z
(%): 402 (100) [M+Na]+ , 134 (39), 112 (43); HRMS (ESI): calcd for
C19H33N3O3NaSi: 402.219 [M+Na]+ ; found: 402.218.


(�)-(1’S,4’R)-4-Amino-1-{4’-[dimethyl-(1,1,2-trimethylpropyl)-silanyloxy-
methyl]-3’-hydroxymethyl-cyclopent-2’-enyl}-1H-pyrimidin-2-one (9 e):
When the general protocol for the reduction was followed, 23 e (96 mg,
0.2 mmol) afforded a mixture of the protected and the deprotected alco-
hols. This mixture was used directly for the deprotecting step. By follow-
ing the deprotection method described for ent-9e, the product 9e was ob-
tained as a white solid (59 mg, 85% yield). M.p. 189–193 8C; [a]20D =�97.9
(c=0.33 in MeOH), [a]20546=�120.6.


(�)-(1’R,4’S)-2-Amino-9-{4’-[dimethyl-(1,1,2-trimethylpropyl)-silanyloxy-
methyl]-3’-hydroxymethyl-cyclopent-2’-enyl}-1,9-dihydro-purin-6-one
(9 f): Alcohol 9 f (97 mg, 99% yield) was obtained as a white solid from
23 f (65 mg, 0.1 mmol) by following the general procedure for the reduc-
tion, except that the solvents were evaporated and the residue was direct-
ly subjected to the ammonolysis as described for ent-9 e. M.p. 230 8C;
Rf=0.58 (EtOAc/MeOH 4:1); [a]20D =�55.4 (c=0.31 in MeOH), [a]20546=
�66.7; 1H NMR (250 MHz, [D4]MeOH): d=7.66 (s, 1H; H-8), 5.80 (s,
1H; H-2’), 5.42 (m, 1H; H-1’), 4.37 (d, J=15.0 Hz, 1H; CHaOH), 4.21
(d, J=15.0 Hz, 1H; CHbOH), 3.77 (dd, J1=10.3, J2=4.9 Hz, 1H;
SiOCHa), 3.66 (dd, J1=10.2, J2=4.4 Hz, 1H; SiOCHb), 2.95 (m, 1H; H-
4’), 2.76 (ddd, J1=13.7, J2=J3=8.5 Hz, 1H; H-5’a), 1.83 (ddd, J1=13.6,
J2=J2=5.9 Hz, 1H; H-5’b), 1.60 (septet, J=6.9 Hz, 1H; Me2CH), 0.87
(d, J=6.9 Hz, 6H; (CH3)2CH), 0.84 (s, 6H; C(CH3)2), 0.08/0.07 ppm (2s,
6H; CH3Si);


13C NMR (63 MHz, [D4]MeOH): d=159.4 (C6), 155.2 (C2),
153.8 (C4), 152.7 (C3’), 137.3 (C8), 128.8 (C5), 124.4 (C2’), 64.8
(CH2OSi), 60.9 (CH2OH), 59.3 (C1’), 48.6 (C4’), 36.7 (C5’), 35.5
(Me2CH), 26.3 (Me2CSi), 20.93/20.84 ((CH3)2CH), 19.00/18.96
((CH3)2CSi), �3.4 ppm ((CH3)2Si); IR (ATR): ñ=3364 (m, O�H), 3191
(m, N�H), 2954/2865 (m, C�H), 1686 (s, C=O), 1638 (s, C=N), 1608 (m,
C=C), 1251 cm�1 (m, C�O); MS (ESI, 70 eV): m/z (%): 861 (55)
[2M+Na]+ , 442 (100) [M+Na]+ ; HRMS (ESI): calcd for C20H33N5NaO3-
Si: 442.225 [M+Na]+ ; found: 442.225.


(+)-(1’S,4’R)-2-Amino-9-{4’-[dimethyl-(1,1,2-trimethylpropyl)-silanyloxy-
methyl]-3’-hydroxymethyl-cyclopent-2’-enyl}-1,9-dihydro-purin-6-one
(ent-9 f): When the protocol for the reduction and deprotection as de-
scribed for 9 f was followed, ent-23 f (65 mg, 0.1 mmol) afforded the alco-
hol ent-9 f (32 mg, 76%) as a white solid. [a]20D =++68.1 (c=0.42 in
MeOH).


(�)-(1’R,4’S)-9-{4’-[Dimethyl-(1,1,2-trimethylpropyl)-silanyloxymethyl]-
3’-hydroxymethyl-cyclopent-2’-enyl}-9H-purin-6-ylamine (9 g): When the
general protocol for the reduction was followed, 23g (40 mg, 0.1 mmol)
afforded the alcohol 9g (37 mg, 93%) as a pale-yellow solid. M.p. 203–
205 8C; Rf=0.33 (EtOAc/MeOH 4:1); [a]20D =�27.2 (c=0.34 in MeOH),
[a]20546=�31.4; 1H NMR (250 MHz, [D4]MeOH): d=8.21 (s, 1H; H-2),
8.06 (s, 1H; H-8), 5.85 (dd, J1=J2=1.8 Hz, 1H; H-2’), 5.59 (m, 1H; H-
1’), 4.38 (d, J=15.3 Hz, 1H; CHaOH), 4.23 (d, J=15.3 Hz, 1H;
CHbOH), 3.76 (dd, J1=10.3, J2=4.7 Hz, 1H; SiOCHa), 3.66 (dd, J1=
10.3, J2=4.1 Hz, 1H; SiOCHb), 2.99 (m, 1H; H-4’), 2.84 (ddd, J1=13.4,
J2=J3=8.6 Hz, 1H; H-5’a), 1.85 (ddd, J1=13.4, J2=J2=5.4 Hz, 1H; H-
5’b), 1.57 (septet, J=6.8 Hz, 1H; (Me2CH), 0.84 (d, J=6.8 Hz, 6H;
(CH3)2CH), 0.82 (s, 6H; C(CH3)2), 0.06/0.04 ppm (2s, 6H; CH3Si);
13C NMR (63 MHz, [D4]MeOH): d=155.2/153.7/152.7 (C2, C4, C6), 152.0
(C3’), 137.3 (C8), 136.68/136.64/134.50/134.42/131.00/130.96 (all Ph), 124.4
(C2’), 117.9 (C5), 66.2 (CH2OSi), 61.0 (CH2OH), 59.9 (C1’), 48.5 (C4’),
36.7 (C5’), 35.4 ((CH3)2CH), 26.3 (Me2CSi), 20.95/20.83 ((CH3)2CH),
18.99/18.93 ((CH3)2CSi), �3.4 ppm (CH3Si); IR (ATR): ñ=3357 (s, O�
H), 3304 (s, N�H), 2956/2865 (m, C�H), 1643 (m, C=C), 1606 (s),
1250 cm�1 (m, C�O); MS (EI, 70 eV): m/z (%): 318 (28) [M�C6H13]


+ ,
136 (100); HRMS (ESI): calcd for C20H33N5O2Si: 404.248 [M+H]+ ;
found: 404.248.


(+)-(1’S,4’R)-9-{4’-[Dimethyl-(1,1,2-trimethylpropyl)-silanyloxymethyl]-
3’-hydroxymethyl-cyclopent-2’-enyl}-9H-purin-6-ylamine (ent-9 g): When
the general protocol for the reduction was followed, ent-23g (40 mg,
0.1 mmol) afforded the alcohol ent-9 g (40 mg, 99%) as a yellow solid.
[a]20D =++16 (c=0.20 in MeOH), [a]20546=++18.


(�)-(1’R,4’S)-9-{4’-[Dimethyl-(1,1,2-trimethylpropyl)-silanyloxymethyl]-
3’-hydroxymethyl-cyclopent-2’-enyl}-9H-6-chloropurine (9 h): When the
general protocol for the reduction was followed, 23h (422 mg, 1 mmol)
afforded the alcohol 9h (412 mg, 97%) as a white solid. M.p. 112–113 8C;
Rf=0.48 (EtOAc); [a]20D =�50.8 (c=0.665 in CHCl3), [a]20546=�62.1;
1H NMR (250 MHz, CDCl3): d=8.71 (s, 1H; H-2), 8.18 (s, 1H; H-8),
5.80 (m, 1H; H-2’), 5.73 (m, 1H; H-1’), 4.37 (d, J=15.0 Hz, 1H;
CHaOH), 4.32 (d, J=15.0 Hz, 1H; CHbOH), 3.76 (dd, J1=10.3, J2=
4.1 Hz, 1H; SiOCHa), 3.57 (dd, J1=10.3, J2=6.6 Hz, 1H; SiOCHb), 3.01
(m, 1H; H-4’), 2.88 (ddd, J1=13.5, J2=J3=8.5 Hz, 1H; H-5’a), 2.74 (s,
1H; OH), 1.85 (ddd, J1=13.5, J2=J2=6.4 Hz, 1H; H-5’b), 1.57 (septet,
J=6.9 Hz, 1H; (CH3)2CH), 0.83 (d, J=6.9 Hz, 6H; (CH3)2CH), 0.81 (s,
6H; C(CH3)2), 0.09/0.07 ppm (2s, 6H; CH3Si);


13C NMR (63 MHz,
CDCl3): d=153.3 (C3’), 151.7 (C2), 151.5/150.9 (C4, C6), 143.4 (C8),
131.8 (C5), 123.5 (C2’), 64.5 (CH2OSi), 60.5 (CH2OH), 58.6 (C1’), 47.4
(C4’), 35.6 (C5’), 34.0 ((CH3)2CH), 25.2 (Me2CSi), 20.3/20.2 ((CH3)2CH),
18.43/18.41 ((CH3)2CSi), �3.5 ppm (CH3Si); IR (ATR): ñ=3382 (s, O�
H), 2953/2863 (m, C�H), 1588 (s), 1557 (s), 1395 (m), 1194 (s), 831 (s),
777 cm�1 (s); MS (EI, 70 eV): m/z (%): 318 (28) [M�C6H13]


+ , 136 (100);
HRMS (ESI): calcd for C20H31ClN4O2Si: 445.180 [M+Na]+ ; found:
445.181; elemental analysis: calcd (%) for C20H31ClN4O2Si: C 56.78, H
7.39, N 13.24; found: C 56.63, H 7.41, N 13.18.


(�)-(1’R,4’S)-5-Fluoro-1-[4’-(tert-butyldiphenylsilanyloxymethyl)-3’-hy-
droxymethyl-cyclopent-2’-enyl]-1H-pyrimidine-2,4-dione (9 i): When the
general protocol for the reduction was followed, 23 i (25 mg, 50 mmol) af-
forded the alcohol 9 i (25 mg, 99%) as a colorless oil. Rf=0.43 (EtOAc/
CyHex 4:1); [a]20D =�42.1 (c=0.44 in CHCl3), [a]20546=�51.5; 1H NMR
(250 MHz, CDCl3): d=9.20 (br s, 1H; NH), 7.64–7.58 (m, 4H; Ph), 7.46–
7.35 (m, 6H; Ph), 7.31 (d, J(H,F)=5.9 Hz, 1H; H-6), 5.56 (m, 2H; H-1’,
H-2’), 4.35 (d, J=14.7 Hz, 1H; CHaOH), 4.25 (d, J=14.8 Hz, 1H;
CHbOH), 3.73 (dd, J1=10.5, J2=4.4 Hz, 1H; SiOCHa), 3.64 (dd, J1=
10.5, J2=5.9 Hz, 1H; SiOCHb), 2.88 (m, 1H; H-4’), 2.63 (ddd, J1=14.0,
J2=J3=8.7 Hz, 1H; H-5’a), 1.37 (ddd, J1=14.0, J2=J3=7.3 Hz, 1H; H-
5’b), 1.06 ppm (s, 9H; (CH3)CSi);


13C NMR (63 MHz, CDCl3): d=153.6
(C3’), 149.5 (C2), 135.54/135.48/132.6/130.11/130.08/128.0 (all Ph), 125.0
(d, J(C,F)=33 Hz, C6), 123.9 (C2’), 65.1 (CH2OSi), 60.7 (CH2OH), 60.3
(C1’), 46.8 (C4’), 34.0 (C5’), 26.9 (SiC(CH3)3), 19.2 ppm (SiC(CH3)3); IR
(ATR): ñ=3399 (w, O�H), 3176/3065 (m, N�H), 2927/2890/2854 (m, C�
H), 1696 (s, C=O), 1659 (s, C=N), 1239 (s, C�O), 1109 (s), 702 cm�1 (s);
MS (EI, 70 eV): m/z (%): 437 (14) [M�C4H9]


+ , 229 (41), 199 (100);
HRMS (EI): calcd for C23H22FN2O4Si: 437.133 [M�C4H9]


+ ; found:
437.133.


(+)-(1’R,4’S)-5-Bromo-1-[4’-(tert-butyldiphenylsilanyloxymethyl)-3’-hy-
droxymethyl-cyclopent-2’-enyl]-1H-pyrimidine-2,4-dione (9 j): When the
general protocol for the reduction was followed, 23j (55 mg, 0.1 mmol)
afforded the alcohol 9 j (56 mg, 99%) as a colorless oil. Rf=0.39
(EtOAc/CyHex 4:1); [a]20D =++18.5 (c=0.52 in CHCl3), [a]20546=++21.7;
1H NMR (250 MHz, CDCl3): d=9.74 (s, 1H; NH), 7.64–7.58 (m, 4H;
Ph), 7.52 (s, 1H; H-6), 7.43–7.34 (m, 6H; Ph), 5.58 (d, J=1.7 Hz, 1H; H-
2’), 5.55 (dd, J1=J2=8.2 Hz, 1H; H-1’), 4.37 (d, J=14.6 Hz, 1H;
CHaOH), 4.27 (d, J=14.7 Hz, 1H; CHbOH), 3.71 (dd, J1=10.5, J2=
4.6 Hz, 1H; SiOCHa), 3.63 (dd, J1=10.5, J2=6.0 Hz, 1H; SiOCHb), 2.87
(m, 2H; H-4’, OH), 2.61 (ddd, J1=13.7, J2=J3=8.2 Hz, 1H; H-5’a), 1.33
(ddd, J1=13.6, J2=J3=7.4 Hz, 1H; H-5’b), 1.06 ppm (s, 9H; (CH3)3CSi);
13C NMR (63 MHz, CDCl3): d=159.2 (C4), 153.6 (C3’), 150.4 (C2), 140.3
(C6), 135.50/135.48/132.61/132.58/130.07/130.03/127.9 (all Ph), 123.7 (C2’),
96.7 (C5), 65.0 (CH2OSi), 61.0 (CH2OH), 60.6 (C1’), 46.8 (C4’), 34.5
(C5’), 26.9 ((CH3)3CSi), 19.2 ppm ((CH3)3CSi); IR (ATR): ñ=3425 (w,
O�H), 3173 (w, N�H), 3065 (m, N�H), 2927/2854 (m, C�H), 1691 (s, C=
O), 1683 (s, C=O), 1615 (m, C=C), 702 cm�1 (s); MS (ESI, 70 eV): m/z
(%): 583 (100), 581 (92), 579 (46), 577 (42) [M+Na]+ , 501 (67); HRMS
(ESI): calcd for C27H31BrN2NaO4Si: 577.113 [M+Na]+ ; found: 577.114.


(�)-(1’R,4’S)-4-Amino-1-[4’-(tert-butyldiphenylsilanyloxymethyl)-3’-hy-
droxymethyl-cyclopent-2’-enyl]-1H-pyrimidin-2-one (9 k): When the gen-
eral protocol for the reduction was followed, 23k (29 mg, 50 mmol) af-
forded the corresponding protected alcohol (23 mg, 79%) as a light-
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yellow solid (m.p. 190–193 8C; Rf=0.54, EtOAc/MeOH 4:1). By using the
ammonolysis method described for ent-9 e, the protected alcohol (20 mg,
35 mmol) was converted into the alcohol 9k (16 mg, 96%), which was ob-
tained as a white solid. M.p. 198–201 8C; Rf=0.33 (EtOAc/MeOH 4:1);
[a]20D =�54.5 (c=0.31 in MeOH), [a]20546=�67.6; 1H NMR (250 MHz,
CDCl3): d=7.60–7.56 (m, 4H; Ph-H), 7.42–7.33 (m, 7H; H-6, Ph-H),
5.61–5.48 (m, 3H; H-1’, H-2’, H-5), 4.34 (d, J=14.6 Hz, 1H; CHaOH),
4.24 (d, J=14.6 Hz, 1H; CHbOH), 3.74–3.52 (m, 4H; SiOCH2, NH2),
2.84 (m, 1H; H-4’), 2.64 (m, 1H; H-5’a), 1.28 (m, 1H; H-5’b), 1.03 ppm
(s, 9H; Si(CH3)3);


13C NMR (63 MHz, CDCl3): d=153.4 (C3’), 142.8
(C6), 135.53/135.48/132.9/132.6/130.06/129.94/127.89/127.83 (all Ph), 125.1
(C2’), 94.6 (C5), 65.5 (CH2OSi), 61.7 (C1’), 60.8 (CH2OH), 46.9 (C4’),
34.8 (C5’), 26.9 (SiC(CH3)3), 19.2 ppm (SiC(CH3)3); IR (ATR): ñ=3338
(br s, O�H/N�H), 2953/2928/2854 (m, C�H), 1714 (w, C=O), 1640 (s, C=
N), 1486 (s), 778 (s), 738 cm�1 (s); MS (ESI, 70 eV): m/z (%): 973 (14)
[2M+Na]+ , 951 (3) [2M+H]+ , 498 (100) [M+Na]+ ; HRMS (ESI): calcd
for C27H33N3NaO3Si: 498.219 [M+Na]+ ; found: 498.219.


(�)-(1’R,4’S)-2-Amino-9-[4’-(tert-butyldiphenylsilanyloxymethyl)-3’-hy-
droxymethyl-cyclopent-2’-enyl]-1,9-dihydro-purin-6-one (9 l): When the
one-pot procedure described for 9 f was followed, 23 l (38 mg, 50 mmol)
afforded the alcohol 9 l (26 mg, 99% over 2 steps) as a white solid. M.p.
>260 8C (decomp.); Rf=0.50 (EtOAc/MeOH 4:1); [a]20D =�34.8 (c=0.72
in MeOH), [a]20546=�40.6; 1H NMR (250 MHz, [D4]MeOH): d=7.60–7.32
(m, 11H; Ph, H-8), 5.84 (s, 1H; H-2’), 5.39 (m, 1H; H-1’), 4.37 (d, J=
15.6 Hz, 1H; CHaOH), 4.19 (d, J=15.7 Hz, 1H; CHbOH), 3.79 (dd, J1=
10.3, J2=4.9 Hz, 1H; SiOCHa), 3.69 (dd, J1=10.3, J2=5.7 Hz, 1H;
SiOCHb), 2.99 (m, 1H; H-4’), 2.72 (ddd, J1=13.7, J2=J3=8.5 Hz, 1H;
H-5’a), 1.81 (ddd, J1=13.3, J2=J2=6.2 Hz, 1H; H-5’b), 1.02 ppm (s, 9H;
Si(CH3)3);


13C NMR (63 MHz, [D4]MeOH): d=155.2/153.7/152.7 (C2,
C4, C6), 152.0 (C3’), 137.1 (C8), 136.68/136.64/134.50/134.42/131.00/
130.96 (all Ph), 124.4 (C2’), 117. 9 (C5), 66.2 (CH2OSi), 61.0 (CH2OH),
59.9 (C1’), 48.5 (C4’), 36.7 (C5’), 27.4 (SiC(CH3)3), 20.1 ppm (SiC(CH3)3);
IR (ATR): ñ=3350 (m, O�H), 3317/3191 (m, N�H), 2934/2891 (m, C�
H), 1683 (s, C=O), 1603 (m, C=C), 701 cm�1 (s); MS (ESI, 70 eV): m/z
(%): 339 (100).


(�)-(2S,3’R,5’S,8’R)-3,3,3-Trifluoro-2-methoxy-2-phenyl propionic acid
(8’-allyloxy-2’-trimethylsilyl-7’-oxa-[3.3.0]-bicyclooct-1’-ene-3’-yl) ester
(24 a): A solution of DCC (46 mg, 220 mmol) in dry CH2Cl2 (0.5 mL) was
added at 0 8C to a solution of alcohol 18 (51 mg, 200 mmol), (S)-MTPA
(52 mg, 97% ee, 220 mmol), and DMAP (3 mg, 98%, 24 mmol) in dry
CH2Cl2 (0.5 mL). The formation of a white suspension was observed. The
mixture was allowed to warm to RT and was stirred for 16 h. The mixture
was purified directly by flash chromatography (EtOAc/CyHex 1:9) to
afford the ester 24a as a colorless oil (84 mg, 89%). Rf=0.72 (EtOAc/
CyHex 1:1); [a]20D =�154.6 (c=0.875 in CHCl3), [a]


20
546=�184.4; 1H NMR


(250 MHz, CDCl3): d=7.53 (m, 2H; Ph), 7.37 (m, 3H; Ph), 6.08 (tdd,
J1=7.8, J2=5.9, J3=1.7 Hz, 1H; H-3), 5.89 (tdd, J1=16.8, J2=10.3, J3=
J4=6.6 Hz, 1H; CH=CH2), 5.38 (s, 1H; H-8), 5.26 (ddd, J1=17.1, J2=1.7,
J3=1.5 Hz, 1H; CH=CH�Htrans), 5.17 (tdd, J1=10.3, J2=1.7, J3=1.0 Hz,
1H; CH=CH�Hcis), 4.22 (dd, J1=J2=8.1 Hz, 1H; H-6a), 4.12 (ddd, J1=
12.5, J2=5.4, J3=1.2 Hz, 1H; CHHa�CH=CH2), 3.99 (ddd, J1=12.5, J2=
6.6, J3=1.2 Hz, 1H; CHHb�CH=CH2), 3.58 (d, J(H,F)=1.5 Hz, 3H;
CH3O), 3.45 (dd, J1=J2=7.8 Hz, 1H; H-6b), 3.33 (m, 1H; H-5), 3.03
(ddd, J1=12.2, J2=6.8, J3=5.9 Hz, 1H; H-4a), 1.40 (ddd, J1=12.2, J2=
J3=8.5 Hz, 1H; H-4b), �0.14 ppm (s, 9H; SiCH3);


13C NMR (63 MHz,
CDCl3): d=177.5 (C=O), 158.8 (C1), 135.4 (C2), 134.1 (CH=CH2), 132.4/
129.5/128.3/126.9 (all Ph), 123.3 (d, J(C,F)=289 Hz, CF3), 118.0 (CH=


CH2), 97.0 (C8), 91.3 (C3), 84.7 (d, J(C,F)=28 Hz, CF3C), 71.7 (C6), 68.4
(CH2CH=CH2), 55.7 (OCH3), 46.8 (C5), 40.7 (C4), �1.4 ppm (SiC); IR
(ATR): ñ=2947 (s, C�H), 2892/2849 (w, C�H), 1742 (C=O), 1662 (w, C=
C), 1268 (s), 1246 (s, C�O), 1165 (s), 1118 (s), 1077 (s), 1020 (s), 987 (s),
941 (s), 837 (s), 762 (s), 720 (s), 696 cm�1 (s); MS (EI, 70 eV): m/z (%):
189 (41) [CF3C(Ph)OMe]+ , 91 (100), 77 (11) [Ph]+ ; GC (HP-5 column,
50!300 8C over 2 min, gradient: 25 8Cmin�1): Rt=9.20 min.


(+)-(2S,3’S,5’R,8’S)-3,3,3-Trifluoro-2-methoxy-2-phenyl propionic acid
(8’-allyloxy-2’-trimethylsilyl-7’-oxa-[3.3.0]-bicyclooct-1’-ene-3’-yl) ester
(24 b): Ester 24b (89 mg, 95%) was obtained from the alcohol ent-18
(51 mg, 200 mmol) as a colorless oil, by using the DCC method described
for the preparation of 24a. Rf=0.56 (EtOAc/CyHex 1:1); [a]20D =++106.1
(c=0.90 in CHCl3), [a]


20
546=++125.7; 1H NMR (250 MHz, CDCl3): d=7.48


(m, 2H; Ph), 7.39 (m, 3H; Ph), 6.16 (dddd, J1=J2=7.6, J3=5.9, J4=


2.0 Hz, 1H; H-3), 5.89 (tdd, J1=17.1, J2=10.3, J3=6.3 Hz, 1H; CH=


CH2), 5.37 (s, 1H; H-8), 5.26 (ddd, J1=17.1, J2=1.5, J3=1.2 Hz, 1H;
CH=CH�Htrans), 5.17 (ddd, J1=10.3, J2=J3=1.2 Hz, 1H; CH=CH�Hcis),
4.20 (dd, J1=J2=7.8 Hz, 1H; H-6a), 4.18 (m, 1H; CHHa�CH=CH2),
3.99 (dd, J1=12.2, J2=6.3 Hz, 1H; CHHb�CH=CH2), 3.43 (d, J=0.7 Hz,
3H; CH3O), 3.40 (dd, J1=J2=7.3 Hz, 1H; H-6b), 3.31 (m, 1H; H-5), 3.00
(ddd, J1=12.7, J2=J3=6.6 Hz, 1H; H-4a), 1.27 (ddd, J1=12.2, J2=J3=
8.1 Hz, 1H; H-4b), 0.03 ppm (s, 9H; SiCH3);


13C NMR (63 MHz, CDCl3):
d=177.3 (C=O), 159.1 (C1), 135.0 (C2), 134.1 (CH=CH2), 131.6/129.7/
128.5/127.6 (all Ph), 123.4 (d, J(C,F)=289 Hz, CF3), 118.0 (CH=CH2),
97.0 (C8), 91.5 (C3), 84.9 (d, J(C,F)=27 Hz, CF3C), 71.7 (C6), 68.4
(CH2CH=CH2), 55.2 (OCH3), 46.7 (C5), 40.1 (C4), �1.1 ppm (SiC); IR
(ATR): ñ=2945/2891/2851 (m, C�H), 1742 (C=O), 1662 (m, C=C), 1268
(s), 1248 (s), 1167 (s), 1117 (s), 1077 (s), 1021 (s), 941 (s), 838 (s), 762 (s),
721 (s), 697 cm�1 (s); MS (EI, 70 eV): m/z (%): 455 (2) [M�CH3]


+ , 189
(100) [CF3C(Ph)OMe]+ , 170 (64), 126 (42), 83 (87), 77 (29) [Ph]+ .


(�)-(2S,3’R,5’S,8’R)-3,3,3-Trifluoro-2-methoxy-2-phenyl propionic acid
(8’-allyloxy-7’-oxa-[3.3.0]-bicyclooct-1’-ene-3’-yl) ester (25 a): Ester 25a
(53 mg, 67%) was obtained from alcohol 20 (36 mg, 200 mmol) as a color-
less oil by using the DCC method described for the preparation of 24 a.
Rf=0.59 (EtOAc/CyHex 1:1); [a]20D =�123.1 (c=0.99 in CHCl3), [a]


20
546=


�146.5; 1H NMR (250 MHz, CDCl3): d=7.51 (m, 2H; Ph), 7.39 (m, 3H;
Ph), 6.18 (dddd, J1=J2=7.1, J3=6.6, J4=1.5 Hz, 1H; H-3), 5.89 (dddd,
J1=17.1, J2=10.3, J3=5.9, J4=5.4 Hz, 1H; CH=CH2), 5.71 (s, 1H; H-2),
5.40 (s, 1H; H-8), 5.27 (ddt, J1=17.1, J2=1.7, J3=1.5 Hz, 1H; CH=CH�
Htrans), 5.17 (ddt, J1=10.3, J2=1.5, J3=1.2 Hz, 1H; CH=CH�Hcis), 4.25
(dd, J1=J2=7.6 Hz, 1H; H-6a), 4.18 (ddt, J1=12.7, J2=5.4, J3=1.5 Hz,
1H; CHHa�CH=CH2), 4.01 (ddt, J1=6.1, J2=2.7, J3=1.5 Hz, 1H;
CHHb�CH=CH2), 3.52 (d, J=1.0 Hz, 3H; CH3O), 3.45 (dd, J1=J2=
7.6 Hz, 1H; H-6b), 3.36 (m, 1H; H-5), 2.87 (ddd, J1=12.9, J2=J3=
6.8 Hz, 1H; H-4a), 1.62 ppm (ddd, J1=12.7, J2=J3=7.6 Hz, 1H; H-4b);
13C NMR (63 MHz, CDCl3): d=166.0 (C=O), 151.1 (C1), 134.1 (CH=


CH2), 132.0/129.6/128.4/127.3 (all Ph), 123.2 (d, J(C,F)=289 Hz, CF3),
121.3 (C2), 117.5 (CH=CH2), 96.6 (C8), 86.1 (C3), 84.3 (CF3C), 72.2 (C6),
68.1 (CH2CH=CH2), 55.4 (OCH3), 45.0 (C5), 38.7 ppm (C4); IR (ATR):
ñ=2977/2926/2848 (w, C�H), 1743 (s, C=O), 1664 (w, C=C), 1251 (s, C�
O), 1166 (s), 1018 (s), 993 cm�1 (s); MS (EI, 70 eV): m/z (%): 398 (2)
[M]+ , 190 (42), 189 (100) [CF3C(Ph)OMe]+ , 170 (45), 105 (51), 83 (91),
77 [Ph]+ (35).


(+)-(2S,3’S,5’R,8’S)-3,3,3-Trifluoro-2-methoxy-2-phenyl propionic acid
(8’-allyloxy-7’-oxa-[3.3.0]-bicyclooct-1’-ene-3’-yl) ester (25 b): Ester 25b
(57 mg, 72%) was obtained from alcohol ent-20 (36 mg, 200 mmol) as a
colorless oil by using the DCC method described for preparation of 24 a.
Rf=0.48 (EtOAc/CyHex 1:1); [a]20D =++33.2 (c=1.05 in CHCl3), [a]


20
546=


+39.4; 1H NMR (250 MHz, CDCl3): d=7.50 (m, 2H; Ph), 7.39 (m, 3H;
Ph), 6.18 (dddd, J1=J2=6.8, J3=J4=1.5 Hz, 1H; H-3), 5.90 (ddt, J1=
17.3, J2=10.5, J3=6.1 Hz, 1H; CH=CH2), 5.78 (s, 1H; H-2), 5.41 (s, 1H;
H-8), 5.27 (ddd, J1=17.3, J1=1.7, J3=1.5 Hz, 1H; CH=CH�Htrans), 5.18
(tdd, J1=10.3, J2=J3=1.2 Hz, 1H; CH=CH�Hcis), 4.24 (dd, J1=J2=
7.6 Hz, 1H; H-6a), 4.19 (ddt, J1=12.7, J2=5.4, J3=1.5 Hz, 1H; CHHa�
CH=CH2), 4.01 (ddt, J1=12.7, J2=6.1, J3=1.5 Hz, 1H; CHHb�CH=


CH2), 3.54 (d, J(H,F)=1.2 Hz, 3H; CH3O), 3.42 (dd, J1=J2=7.1 Hz, 1H;
H-6b), 3.36 (m, 1H; H-5); 2.83 (ddd, J1=12.9, J2=J3=6.8 Hz, 1H; H-
4a), 1.52 ppm (ddd, J1=12.7, J2=J3=7.6 Hz, 1H; H-4b); 13C NMR
(63 MHz, CDCl3): d=166.0 (C=O), 151.3 (C1), 134.1 (CH=CH2), 132.1/
129.7/128.5/127.2 (all Ph), 123.2 (d, J(C,F)=289 Hz, CF3), 121.2 (C2),
117.5 (CH=CH2), 96.6 (C8), 86.2 (C3), 84.5 (d, J(C,F)=28 Hz, CF3C),
72.2 (C6), 68.1 (CH2CH=CH2), 55.4 ppm (OCH3), 45.0 (C5), 38.5 (C4);
IR (ATR): ñ=2976/2944/2848 (w, C�H), 1743 (s, C=O), 1250 (s, C�O),
1180 (s), 1166 (s), 1018 (s), 993 cm�1 (s); MS (EI, 70 eV): m/z (%): 341
(19) [M�C3H5O]+ , 189 (100) [CF3C(Ph)OMe]+ , 119 (55), 105 (41), 91
(42), 79 (49), 77 (34) [Ph]+ .


(�)-(1’R,4’S)-2-Amino-9-[3’,4’-bis(hydroxymethyl)-2’-cyclopenten-1’-yl]-
9H-purine-6-one (26 a): A 1m solution of TBAF in THF (150 mL) was
added to a solution of alcohol 9 f (33 mg, 75 mmol) in THF (0.5 mL) at
RT and the mixture was stirred for 16 h. The solvent was evaporated and
the residue purified by flash chromatography (EtOAc!EtOAc/MeOH
4:1!3:2!2:3). The diol 26 a was obtained as a white solid (14 mg, 67%
yield over 3 steps from aldehyde 23 f). Rf=0.22 (EtOAc/MeOH 1:1);
[a]20D =�11.8 (c=0.34 in H2O; literature value:[57a] [a]20D =�12.8 (c=0.25
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in H2O)); the spectral data were in accordance with those reported in the
literature.[57a]


(�)-(1’R,4’S)-9-[3’,4’-Bis(hydroxymethyl)-2’-cyclopenten-1’-yl]-9H-
purine-6-ylamine (26 b): When the desilylation procedure described for
the preparation of 26a was followed, 9g (10.5 mg, 25 mmol) afforded the
diol 26 b (6.5 mg, 99%) as a white solid. For purification, flash chroma-
tography (EtOAc/MeOH 4:1) was used. Rf=0.40 (EtOAc/MeOH 1:1);
[a]20D =�30.3 (c=0.33 in H2O; literature value:[57a] [a]20D =�25.8 (c=0.66
in H2O)); the spectral data were in accordance with those reported in the
literature.[57a]


Materials and methods for the biological investigations


Materials : Polyclonal rabbit anti-human-caspase-3 antibody (developed
against the human recombinant protein) was from PharMingen (Ham-
burg, Germany), murine monoclonal anti-human-caspase-8 antibody has
been described previously,[58] and polyclonal goat anti-human-caspase-9
antibody was from R&D Systems (Wiesbaden, Germany). Primary anti-
bodies were used at 1:2000. Secondary anti-mouse and anti-rabbit anti-
bodies conjugated with horseradish peroxidase (HRP) were from Prome-
ga (Mannheim, Germany) and secondary anti-goat HRP-conjugated anti-
bodies were from Santa Cruz (Heidelberg, Germany) and were used at
1:5000. RNase A was from Roth (Karlsruhe, Germany).


Cell culture : Leukemic lymphoblasts were obtained from bone marrow
aspirations of patients with childhood acute lymphoblastic leukemia
(ALL) and were separated by centrifugation over Ficoll (Biochrom KG,
Berlin, Germany). ALL cells or BJAB cells were grown in RPMI 1640
medium (RPMI=Rosewell Park Memorial Institute) supplemented with
10% fetal calf serum, 0.56 gL�1


l-glutamine, 100000 UL�1 penicillin, and
0.1 gL�1 streptomycin. Media and culture reagents were from Life Tech-
nologies GmbH (Karlsruhe, Germany). BJAB cells were subcultured
every 3–4 days by dilution of the cells to a concentration of 1V
105 cellsmL�1.


Microscopy : BJAB cell suspensions (100 mL) were applied to a slide and
centrifuged for 5 min at 200 g. The cytospins were Haemalaun–Eosin
stained and then analyzed under a microscope.


Measurement of cell death : Cytotoxicity was measured by release of
LDH as described previously.[58] After incubation with different concen-
trations of the nucleosides, LDH activity released by BJAB cells was
measured in the cell-culture supernatants by using a Cytotoxicity Detec-
tion Kit from Boehringer-Mannheim (Mannheim, Germany). The super-
natants were centrifuged at 300 g for 5 min. Cell-free supernatants
(20 mL) were diluted with phosphate-buffered saline (PBS, 80 mL) and a
reaction mixture containing 2-[4-iodophenyl]-3-[4-nitrophenyl]-5-phenyl-
tetrazolium chloride (INT), sodium lactate, oxidized nicotinamide ade-
nine dinucleotide (NAD+), and diaphorase (100 mL) was added. Time-
dependent formation of the reaction product was then quantified photo-
metrically at 490 nm. The maximum amount of LDH activity released by
the cells was determined by lysis of the cells by using 0.1% Triton X-100
in culture medium; this value was set as 100% cell death.


Measurement of DNA fragmentation : DNA fragmentation was measured
essentially as described.[60] After treatment with different concentrations
of the nucleosides for 48 h, cells were collected by centrifugation at 300 g
for 5 min. Cells were washed with PBS at 4 8C. Cells were fixed in 0.74%
formaldehyde in PBS on ice for 30 min, pelleted, incubated with ethanol/
PBS (2:1) for 15 min, pelleted, and resuspended in PBS containing
40 mgmL�1 RNase A. The RNA was digested for 30 min at 37 8C. Cells
were pelleted again and finally resuspended in PBS containing
50 mgmL�1 propidium iodide. Nuclear DNA fragmentation was quanti-
fied by flow-cytometric determination of hypodiploid DNA (Fluores-
cence-activated cell sort, FACS). Data were collected and analyzed by
using a FACScan (Becton Dickinson; Heidelberg, Germany) apparatus
equipped with CELLQuest software. Data are given in %hypoploidy
(subG1), a value which reflects the number of apoptotic cells.


Western blot analysis : Cytosolic protein (15 mg) was loaded in each lane
and was separated by sodium dodecylsulfate (SDS) PAGE as previously
described in detail.[61] After blotting of proteins onto nitrocellulose mem-
branes (Schleicher and Schuell, Dassel, Germany), the membrane was
blocked for 1 h in PBST (PBS containing 0.05% Tween-20) containing
3% nonfat dry milk and incubated with primary antibody for 1 h. After
the membrane had been washed three times in PBST, secondary antibody
in PBST was applied for 1 h. Finally, the membrane was washed in PBST


again and the ECL (enhanced chemiluminescence) system from Amer-
sham Buchler (Braunschweig, Germany) was used to visualize the pro-
tein bands in question.
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Abstract: Systematic series of indium
tin oxide (ITO) electrodes modified co-
valently with self-assembled monolay-
ers (SAMs) of ferrocene–porphyrin–
fullerene triads and porphyrin–fuller-
ene dyads were designed to gain valu-
able insight into the development of
molecular photovoltaic devices. The
structures of SAMs on ITO have been
investigated by UV/Vis absorption
spectroscopy, atomic force microscopy,
and cyclic voltammetry. The photoelec-
trochemical and photophysical (fluores-


cence lifetime and time-resolved tran-
sient absorption) properties were also
determined. The highest quantum yield
of photocurrent generation (11%)
among donor–acceptor linked systems
which are covalently attached to the
surface of ITO electrodes was achieved
with SAMs of ferrocene–zinc porphy-


rin–fullerene linked triad on ITO elec-
trodes. The quantum yields of photo-
current generation correlate well with
the charge-separation efficiency and
the lifetime of the charge-separated
state of the porphyrin–fullerene linked
systems in solution. These results pro-
vide valuable information for the con-
struction of photonic molecular devices
and artificial photosynthetic systems on
ITO electrodes.
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Introduction


Understanding photoinduced electron transfer (ET) in
donor (D)–acceptor (A) linked systems under well-defined
conditions is essential for the rational design and develop-
ment of photovoltaic devices, photonic devices, photocataly-
sis, and artificial photosynthesis.[1] In this context coupling of
a porphyrin donor and a fullerene acceptor has emerged
rapidly in D–A linked systems, since the D–A couples ex-
hibit excellent ET properties owing to small reorganization
energies as compared to conventional aromatic D–A sys-
tems.[2,3] For example, in porphyrin–fullerene linked dyads
photoinduced ET from the porphyrin excited singlet state to
the C60 moiety occurs nearly at the top region of the Marcus
parabolic curve, whereas the charge-recombination process
is shifted deeply into the inverted region of the Marcus par-
abolic curve, which is a key strategy for efficient ET in pho-
tosynthesis. Thus, photoexcitation leads to the formation of
a long-lived charge-separated state with a high quantum
yield in solution by photoinduced ET. This methodology has
allowed us to construct a variety of porphyrin–fullerene
linked systems which exhibit efficient charge separation
(CS) and slow charge recombination (CR).[2] However, the
structures and photophysical properties of D–A linked sys-
tems in solution are in a sharp contrast with those in molec-
ular assemblies, where the intermolecular interaction and
surrounding environment significantly influence their prop-
erties. Thus, research on D–A linked systems in molecular
assemblies is of utmost importance to gain further insight
into their photophysical and photochemical applications.


Self-assembled monolayers (SAMs) are highly promising
for constructing molecular architectures on metal and semi-
conductor surfaces.[4] Self-assembled monolayers of photoac-
tive chromophores on flat gold surfaces have attracted spe-
cial attention as photonic molecular devices and artificial
photosynthetic materials.[5–17] In particular, donor–acceptor
linked molecules or mixtures of donor–acceptor components
self-assembled on gold electrodes exhibit photosynthetic ET
and energy transfer (EN), and generate a photocurrent as
macroscopic output.[7,8, 11,16,17] However, a high quantum
yield for photocurrent generation on the electrode, as at-
tained in photosynthesis, has been hampered by strong EN
quenching of the excited states of chromophores by the gold
surface.[11c] Indium tin oxide (ITO) with high optical trans-
parency and electrical conductivity seems to be a promising
alternative as an electrode which may reduce the quenching
of the excited states of chromophores on the surface. De-
spite these advantages, development of SAMs on ITO elec-
trodes has been restricted because their chemical modifica-
tion requires carefully controlled conditions which are diffi-
cult to achieve.[18] As such, the synthetic approach to SAMs
on gold electrodes is not applicable to SAMs on ITO, which
has hydroxyl groups on the surface and exhibits high rough-
ness as opposed to the atomically flat Au(111) surface. Thus,
no systematic studies on the structures and photophysical
properties of SAMs of donor–acceptor linked molecules on
ITO have hitherto been reported.[19–25]


We report herein a series of SAMs of porphyrin–fullerene
linked triads and dyads on ITO electrodes designed to study


this issue. Ferrocene–porphyrin–fullerene triads and por-
phyrin–fullerene dyads were selected as donor–acceptor
linked systems because of their pronounced CS in solution.
The investigated systems are shown in Schemes 1 and 2. The
series are SAMs of ferrocene–porphyrin (P)–C60 triads on
ITO electrodes [denoted as Fc-P-CONH-C60/ITO (P=ZnP
or H2P)], SAMs of P–C60 dyads with a diphenylamido
spacer on ITO electrodes [denoted as P-CONH-C60/ITO
(P=ZnP or H2P)], SAMs of P–C60 dyads with a phenyl
spacer on ITO electrodes [denoted as P-S1-C60/ITO (P=
ZnP or H2P)], a C60 SAM without porphyrin [denoted as
C60-ref/ITO],[26] and porphyrin SAMs without C60 [denoted
as P-ref/ITO (P=ZnP or H2P)].


[27] The photoelectrochemi-
cal and photophysical (fluorescence lifetime and time-re-
solved transient absorption) properties of the ITO systems
were examined. Their photodynamic properties are com-
pared with those of ferrocene–porphyrin–fullerene triads
[Fc-P-CONH-C60 (P=ZnP or H2P)]


[28c] and porphyrin–ful-
lerene dyads (P-CONH-C60 (P=ZnP or H2P)


[28] and P-S1-
C60 (P=ZnP or H2P)


[29]) in solution. The surface structures
were investigated by atomic force microscopy (AFM). The
photoelectrochemical properties were also compared with
those of a SAM of porphyrin–fullerene dyad in which the
chromophores are arranged in reverse direction on ITO [de-
noted as C60-NHCO-P/ITO (P=ZnP)[27]] . Thus, the present
study provides the first comprehensive data on a series of
ITO electrodes modified with SAMs of porphyrin–fullerene
dyads and ferrocene–porphyrin–fullerene triads.


Results and Discussion


Preparation : The general strategy employed for the synthe-
sis of SAMs is summarized in Scheme 3. The ITO electrodes
[ca. 100 nm ITO on transparent glass slides (Evers, Inc.,
Japan)] were treated with (3-aminopropyl)trimethoxysilane
by refluxing in toluene under N2. The aminopropylsilylated
ITO electrode was then immersed in a 1 mmolL�1 toluene
solution of C60 for two days under reflux to give C60-ref/
ITO.[26] Porphyrin aldehydes 1–3[28b,29,30] were coupled to C60-
ref/ITO by refluxing in the presence of N-methylglycine for
three days in toluene to give Fc-P-CONH-C60/ITO (P=ZnP
or H2P), P-CONH-C60/ITO (P=ZnP or H2P), and P-S1-C60/
ITO (P=ZnP or H2P), respectively.


[31] The 1,3-dipolar cyclo-
addition of azomethine ylides to C60 affording fulleropyroli-
dines occurs exclusively across [6,6] bonds.[31] One would
expect different proportions of isomeric bis-adducts on the
ITO surface due to the less chemoselective Prato bis-addi-
tion. However, trans-1,2,3,4 positions relative to the [6,6]
bond undergoing the first addition may be preferable for
the second addition because of the steric hindrance around
a C60 moiety self-assembled on the ITO surface.[32,33] Por-
phyrin SAMs on ITO electrodes [P-ref/ITO (P=ZnP or
H2P)],


[27] ferrocene–porphyrin–fullerene triads [Fc-P-
CONH-C60 (P=ZnP or H2P)


[28c]], and porphyrin–fullerene
dyads [P-CONH-C60 (P=ZnP or H2P)


[28] and P-S1-C60 (P=
ZnP or H2P)


[29]] were obtained by following the same proce-
dures as described previously. Structures of all new com-
pounds were confirmed by spectroscopic analysis including
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1H NMR and MALDI-TOF mass spectra (see Experimental
Section).


Spectroscopic and electrochemical studies and surface char-
acterization : Figure 1 displays the absorption spectra of Fc-
ZnP-CONH-C60/ITO and reference Fc-ZnP-CONH-C60 in
THF. The Soret band of Fc-ZnP-CONH-C60/ITO is broader
than that of Fc-ZnP-CONH-C60 in THF. The lmax value of


the Soret band of Fc-ZnP-CONH-C60/ITO (435 nm) is red-
shifted by 9 nm relative to that of Fc-ZnP-CONH-C60 in
THF (426 nm[16d]). The peak position of the Q band of Fc-
ZnP-CONH-C60/ITO is also red-shifted relative to that of
Fc-ZnP-CONH-C60 in THF. Similar red shifts and broaden-
ing of the Soret band were observed for Fc-H2P-CONH-C60/
ITO (8 nm), ZnP-CONH-C60/ITO (6 nm), H2P-CONH-C60/
ITO (4 nm), ZnP-S1-C60/ITO (5 nm), and H2P-S1-C60/ITO
(4 nm) relative to Fc-H2P-CONH-C60, ZnP-CONH-C60,
H2P-CONH-C60, ZnP-S1-C60, and H2P-S1-C60 in THF (see
Supporting Information S1). The lmax values of the Soret
bands, listed in Table 1, indicate that the porphyrin environ-
ments on ITO are similar and perturbed moderately within
the monolayers, as compared to the reference systems in
THF, due to aggregation.[11c] Fluorescence spectra of Fc-P-
CONH-C60/ITO (P=ZnP or H2P), P-CONH-C60/ITO (P=
ZnP or H2P), and P-S1-C60/ITO (P=ZnP or H2P) were re-
corded by photoexcitation at 420 nm for free-base porphyr-
ins and 427 nm for zinc porphyrins (see Supporting Informa-
tion S2). For example, the emission maxima of Fc-ZnP-
CONH-C60/ITO (611, 657 nm) are red-shifted by 5–6 nm rel-
ative to Fc-ZnP-CONH-C60 in THF (605, 652 nm[16d]). Simi-
lar behavior is seen for Fc-H2P-CONH-C60/ITO, ZnP-
CONH-C60/ITO, H2P-CONH-C60/ITO, ZnP-S1-C60/ITO, and
H2P-S1-C60/ITO. This also suggests that the porphyrin envi-
ronments on ITO are perturbed moderately within the mon-
olayers due to aggregation.[34]


Cyclic voltammetry measurements on Fc-P-CONH-C60/
ITO, P-CONH-C60/ITO, P-S1-C60/ITO, C60-ref/ITO, Fc-P-
CONH-C60, P-CONH-C60, and P-S1-C60 (P=ZnP or H2P) in


Scheme 1. Self-assembled monolayers of ferrocene–porphyrin–fullerene triads and porphyrin–fullerene dyads on ITO.


Figure 1. UV/Vis absorption spectra of Fc-ZnP-CONH-C60/ITO (solid
line), Fc-ZnP-CONH-C60 in THF (dashed line), and action spectrum of
ITO/Fc-ZnP-CONH-C60/AsA/Pt system (solid line with filled circles);
input power: 500 mWcm�2; applied potential: +0.15 V versus Ag/AgCl
(saturated KCl); argon-saturated 0.1 molL�1 aqueous solution of Na2SO4


containing 50 mmolL�1 AsA. The spectra are normalized at the Soret
band for comparison.
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CH2Cl2 containing 0.2 molL�1 nBu4NPF6 were performed
with a sweep rate of 0.10 Vs�1 (electrode area 0.48 cm�2) to
estimate the surface coverage (Figure 2 and Table 1). For in-
stance, the cyclic voltammogram of C60-ref/ITO is character-
ized by a cathodic wave showing a well-defined current
maximum, but by a small anodic wave on the reverse scan
at 0.10 Vs�1 [�0.69 V versus Ag/AgCl (saturated KCl)] due
to the instability of the radical anion (Figure 2a). The linear
increase of the anodic current with increasing scan rate im-
plies that the fullerene is a surface-confined electroactive
molecule. The adsorbed amount G of C60 on C60-ref/ITO
were calculated from the first cathodic peak current of C60


as 2.0M10�10 molcm�2 (83 N2molecule�1) by using the rough-
ness factor of 1.3 for ITO electrodes from atomic force mi-


croscopy (vide infra). This
value is in a good agreement
with the well-packed surface
coverage of C60 SAM on ITO
and gold electrodes [(1.9–2.0)M
10�10 molcm�2] ,[7,26] although
the modified ITO surface is not
atomically smooth due to
rather complex surface modifi-
cation with the silane-coupling
reagent and the intrinsically
rough surface (ca. 50 nm). On
the other hand, the cyclic vol-
tammogram of Fc-ZnP-CONH-
C60/ITO exhibits a reversible
oxidation wave due to the first
oxidation of the zinc porphyrin
moiety [0.88 V versus Ag/AgCl
(saturated KCl)] and the first
oxidation of the ferrocene
moiety [0.56 V versus Ag/AgCl
(saturated KCl)], as shown in
Figure 2b.[35,36] Similar oxida-
tion behavior due to the first
oxidation of the porphyrin and
ferrocene moieties is noted for
Fc-H2P-CONH-C60/ITO (Fig-
ure 2c), ZnP-CONH-C60/ITO,
H2P-CONH-C60/ITO, ZnP-S1-
C60/ITO, and H2P-S1-C60/ITO.
The first oxidation potentials of
the porphyrin moieties for Fc-
ZnP-CONH-C60 and Fc-H2P-
CONH-C60 in CH2Cl2 were re-
ported to be E0


ox=0.86 and
1.02 V versus Ag/AgCl (saturat-
ed KCl),[16d] which are virtually
the same as those of Fc-ZnP-
CONH-C60/ITO (0.88 V versus
Ag/AgCl) and Fc-H2P-CONH-
C60/ITO (1.08 V versus Ag/
AgCl).[37] Similar matching is
noted for the first oxidation po-
tentials of the ferrocene moiet-
ies for Fc-P-CONH-C60/ITO


and Fc-P-CONH-C60 in CH2Cl2 (P=ZnP or H2P). The ad-
sorbed amounts G of porphyrin on Fc-ZnP-CONH-C60/ITO
and Fc-H2P-CONH-C60/ITO were calculated from the first
anodic peak currents of the ferrocene moieties as 9.0M
10�11 molcm�2 (190 N2molecule�1) and 9.3M10�11 molcm�2


(180 N2molecule�1),[8c] respectively. The G values and redox
potentials are listed in Table 1. The relative molar ratio of
the ferrocene–porphyrin dyad and C60 moieties is about 1:2
for Fc-ZnP-CONH-C60/ITO and Fc-H2P-CONH-C60/ITO.
The occupied area per molecule of the ferrocene–porphyrin
dyad moiety would vary depending on whether they are
well-packed on the electrode surface in a parallel (ca.
800 N2molecule�1) or vertical (ca. 100 N2molecule�1) orien-
tation to the surface plane. Since the relative molar ratio of


Scheme 2. Self-assembled monolayers of porphyrin and fullerene references and porphyrin–fullerene dyads on
ITO and porphyrin–fullerene references used in this study.
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the ferrocene–porphyrin dyad to the C60 moiety is 1:2, the
ferrocene-porphyrin dyad moiety may have a vertical orien-
tation to the electrode surface rather than a parallel orienta-
tion. Such a packing structure is consistent with the UV/Vis
and fluorescence spectroscopic data, which reveal considera-
ble interactions between porphyrin moieties on ITO (vide
infra).


To obtain further information on the surface structures of
Fc-ZnP-CONH-C60/ITO, C60-ref/ITO, and ITO itself, we per-
formed tapping-mode AFM measurements in air (Nano-


Scope IIIa, Digital Instru-
ments). The ITO surface exhib-
its domain structures with a di-
ameter of 50–100 nm and a
height of about 50 nm (Fig-
ure 3a). After modification
with C60, the ITO surface re-
veals a similar image that indi-
cates uniform coverage with C60


molecules (Figure 3b). Howev-
er, the surface of ZnP-CONH-
C60/ITO exhibits additional
small domain structures with a
diameter of 20–40 nm and an
average height of 3.1 nm, which
corresponds to aggregates of
the porphyrin moiety (Fig-
ure 3c and Supporting Informa-
tion S3). The surface of Fc-
ZnP-CONH-C60/ITO also
shows additional small domain
structures with diameters of 20–
40 nm and an average height of
3.9 nm, which correspond to ag-
gregates of the ferrocene–por-
phyrin dyad moiety (Figure 3d).
These results are consistent
with the electrochemical data.


Photoelectrochemical measure-
ments : Photoelectrochemical
measurements were carried out
in an argon-saturated
0.1 molL�1 aqueous solution of
Na2SO4 containing 50 mmolL�1


ascorbic acid (AsA) as an elec-
tron sacrificer with Fc-P-
CONH-C60/ITO (P=ZnP or
H2P), P-CONH-C60/ITO (P=
ZnP or H2P), or P-S1-C60/ITO
(P=ZnP or H2P) as working
electrode, a platinum countere-
lectrode, and an Ag/AgCl (satu-
rated KCl) reference electrode
(hereafter represented by Pt/
AsA/Fc-P-CONH-C60/ITO, Pt/
AsA/P-CONH-C60/ITO, Pt/
AsA/P-S1-C60/ITO, respectively,
where a slash denotes an inter-


face). When Fc-ZnP-CONH-C60/ITO electrode was irradiat-
ed with l=430�5.0 nm light with a power density of
500 mWcm�2 at an applied potential of +0.15 V versus Ag/
AgCl (saturated KCl), a stable anodic photocurrent from
the electrolyte to the ITO electrode appeared, as shown in
Figure 4a. The photocurrent dropped instantly when the il-
lumination was cut off. There is a good linear relationship
between the photocurrent and the light intensity at each
wavelength (from 0.10 to 6.0 mWcm�2). In the absence of
AsA, the anodic photocurrent was negligible under other-


Scheme 3. General strategy employed for the synthesis of SAMs.


Table 1. Spectral data, redox potentials, and surface coverage.


System Absorbance[a] lmax [nm][b] Redox potential [V][c] G [10�11molcm�2][d]


Fc/Fc+ P/PC+


Fc-ZnP-CONH-C60/ITO 0.035 435 0.56 0.88 9.0
Fc-H2P-CONH-C60/ITO 0.037 428 0.57 1.08 9.3
ZnP-CONH-C60/ITO 0.024 432 0.91 4.8
H2P-CONH-C60/ITO 0.028 424 1.08 5.3
ZnP-S1-C60/ITO 0.012 431 0.91 4.6
H2P-S1-C60/ITO 0.015 424 1.06 5.1
ZnP-ref/ITO 0.030[e] 434 0.81 7.0
H2P-ref/ITO 0.030[e] 426[e] 1.05[e] 14[e]


Fc-ZnP-CONH-C60 426[f,g] 0.52[f] 0.86[f]


Fc-H2P-CONH-C60 420[f,g] 0.56[f] 1.02[f]


ZnP-CONH-C60 426[f,g] 0.86[f]


H2P-CONH-C60 420[f,g] 1.04[f]


ZnP-S1-C60 426[g] 0.87
H2P-S1-C60 420[g] 1.04


[a] Absorbance at the Soret band. [b] lmax at the Soret band. [c] Measured in CH2Cl2 containing 0.2 molL�1


nBu4NPF6 with a sweep rate of 0.1 Vs�1 and Ag/AgCl (saturated KCl) as reference. [d] Obtained from the
area of the anodic peak due to the first porphyrin oxidation by cyclic voltammetry. [e] From ref. [27]. [f] From
ref. [16d]. [g] Measured in THF.
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wise the same experimental conditions. Further addition of
AsA (>50 mmolL�1) to the electrolyte solution did not in-
crease the photocurrent significantly (see Supporting Infor-
mation S4).[38] The anodic photocurrent increases monotoni-
cally with increasing positive bias to the ITO electrode
[from �0.10 to +0.20 V versus Ag/AgCl (saturated KCl)],
whereas the dark current remains constant, as shown in Fig-
ure 4b. The agreement of the action spectrum (filled circles
in Figure 1) with the absorption spectrum of Fc-ZnP-
CONH-C60/ITO in 380–600 nm (solid line in Figure 1) dem-
onstrates clearly that porphyrins are the photoactive species
responsible for photocurrent generation and that the photo-
current flows from the electrolyte to the ITO electrode via
the excited state of the porphyrin SAM.


Similar photoelectrochemical behavior was observed for
the corresponding porphyrin–fullerene SAMs on the ITO
electrode, denoted as Pt/AsA/Fc-H2P-CONH-C60/ITO, Pt/
AsA/ZnP-CONH-C60/ITO, Pt/AsA/H2P-CONH-C60/ITO, Pt/
AsA/ZnP-S1-C60/ITO, and Pt/AsA/H2P-S1-C60/ITO (see
Supporting Information S5). The quantum yields of photo-
current generation were compared for Pt/AsA/Fc-P-CONH-
C60/ITO, Pt/AsA/P-CONH-C60/ITO, and Pt/AsA/P-S1-C60/
ITO at an applied potential of +0.15 V versus Ag/AgCl (sa-
turated KCl), for which the dark current is negligible. The
quantum yields f based on the number of photons absorbed
by the chromophores were calculated from the input power
(l=419�5.3 nm for free-base porphyrins and l=430�
5.0 nm for zinc porphyrins, light intensity of 500 mWcm�2),
the photocurrent density, and the absorbance on the electro-
des. The f values decrease in the order of Pt/AsA/Fc-ZnP-
CONH-C60/ITO (11%), Pt/AsA/ZnP-CONH-C60/ITO
(8.0%), Pt/AsA/H2P-CONH-C60/ITO (5.1%), Pt/AsA/Fc-


Figure 2. Cyclic voltammograms of a) C60-ref/ITO, b) Fc-ZnP-CONH-C60/
ITO, and c) Fc-H2P-CONH-C60/ITO in CH2Cl2 containing 0.2 molL�1


nBu4NPF6 at a sweep rate of 0.10 Vs�1; electrode area: 0.48 cm2; counter-
electrode: Pt wire; reference electrode: Ag/AgCl (saturated KCl).


Figure 3. Tapping-mode atomic force micrographs of a) ITO (Z range:
50 nm), b) C60-ref/ITO (Z range: 50 nm), and c) ZnP-CONH-C60/ITO (Z
range: 50 nm), d) Fc-ZnP-CONH-C60/ITO (Z range: 50 nm) in air. The
color scale represents the height topography, with bright and dark repre-
senting the highest and lowest features, respectively.


Figure 4. a) Photoelectrochemical response of Pt/AsA/Fc-ZnP-CONH-
C60/ITO; applied potential: +0.15 V versus Ag/AgCl (saturated KCl).
b) Photocurrent versus applied potential curves for Pt/AsA/Fc-ZnP-
CONH-C60/ITO (solid line with filled circles). The dark current is shown
as a dashed line with filled circles. l=430�5.0 nm (500 mWcm�2); argon-
saturated 0.1 molL�1 aqueous solution of Na2SO4 containing 50 mmolL�1


AsA.
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H2P-CONH-C60/ITO (4.5%), Pt/AsA/H2P-S1-C60/ITO
(3.4%), and Pt/AsA/ZnP-S1-C60/ITO (1.7%), as summar-
ized in Table 2. The f value of Pt/AsA/Fc-ZnP-CONH-C60/
ITO system (11%) is the highest ever reported for photo-
current generation by using donor–acceptor linked mole-


cules covalently tethered to an ITO surface.[27] The IPCE
values of the present systems were also determined
(Table 2). Despite the improved f value, the IPCE value of
Pt/AsA/Fc-ZnP-CONH-C60/ITO system (0.7%) is still small
because of the poor light-collecting property inherent to the
monolayer system.


Fluorescence lifetime and transient absorption measure-
ments : Remarkable differences in the quantum yields of
photocurrent generation may stem from differences in the
photophysical properties of Fc-P-CONH-C60/ITO, P-
CONH-C60/ITO, and P-S1-C60/ITO (P=ZnP or H2P). Thus,
we performed time-correlated, single-photon counting fluo-
rescence measurements on Fc-P-CONH-C60/ITO, P-CONH-
C60/ITO, and P-S1-C60/ITO (P=ZnP or H2P) to compare the
fluorescence lifetimes with those reported for P-ref/ITO, Fc-
P-CONH-C60, P-CONH-C60, and P-S1-C60 (P=ZnP or H2P)
in solution with photoexcitation at 435 nm. In each case the
fluorescence decays of the excited singlet states of zinc por-
phyrin and free-base porphyrin (1P*) were monitored at 605
and 655 nm, respectively. The decay curves can be well
fitted by double exponentials, as shown in Figure 5, and the
fluorescence lifetimes t are summarized in Table 2. The
weighted average fluorescence lifetimes of Fc-ZnP-CONH-
C60/ITO (0.10 ns), ZnP-CONH-C60/ITO (0.082 ns), Fc-H2P-
CONH-C60/ITO (0.58 ns), and H2P-CONH-C60/ITO


(0.49 ns) are shorter than those of ZnP-ref/ITO (0.13 ns)
and H2P-ref/ITO (3.1 ns), respectively (see Supporting In-
formation S6).[39,40] The weighted average fluorescence life-
time of H2P-S1-C60/ITO (0.32 ns) is also shorter than that of
H2P-ref/ITO.[40] This can be ascribed to the strong quenching


of the porphyrin singlet excited
states by the attached C60


moiety via intramolecular ET
on the ITO surface. Note that
the fluorescence lifetimes of the
major components for Fc-P-
CONH-C60/ITO, P-CONH-C60/
ITO, and P-S1-C60/ITO (P=
ZnP or H2P) are much shorter
than those in THF, that is, ET
rate constants in SAMs are
larger than those in solution.[41]


The femtosecond time-re-
solved transient absorption
spectrum of Fc-ZnP-CONH-
C60/ITO with photoexcitation at
400 nm was recorded to confirm
photoinduced ET from the por-
phyrin excited singlet state to
the C60 moiety on ITO. The
decay of transient absorbance
at 430 nm from the porphyrin
excited singlet state is clearly
observed (Figure 6). Unfortu-
nately, however, the rise in ab-
sorbance due to the porphyrin
radical cation could not be de-
tected clearly because of the


low signal-to-noise ratio. The temporal profile in Figure 6
can be fitted by a double exponential decay [50 ps (81%),


Table 2. Fluorescence lifetimes, quantum yields of charge separation and photocurrent generation, IPCE
values, and lifetimes of charge-separated states.


System Fluorescence lifetime t [ns][a] Quantum yield f [%] Lifetime t


(relative amplitude/%) (IPCE/%) [ns]


Fc-ZnP-CONH-C60/ITO 0.053 (69), 0.21 (31) 11[f] (0.70[g])
Fc-H2P-CONH-C60/ITO 0.30 (65), 1.1 (35) 4.5[f] (0.45[g])
ZnP-CONH-C60/ITO 0.053 (92), 0.42 (8) 8.0[f] (0.31[g])
H2P-CONH-C60/ITO 0.31 (80), 1.2 (20) 5.1[f] (0.070[g])
ZnP-S1-C60/ITO 0.086 (79), 1.3 (21) 1.7[f] (0.026[g])
H2P-S1-C60/ITO 0.16 (83), 1.1 (17) 3.4[f] (0.033[g])
ZnP-ref/ITO 0.089 (77), 0.31 (23)[b] 0.38[b,f]


H2P-ref/ITO 1.2 (43), 4.6 (57)[b] 0.21[b,f]


Fc-ZnP-CONH-C60 0.095 (100)[c,d] 99[c,d] 7500[c,d]


Fc-H2P-CONH-C60 0.66 (100)[d] 25[c,d] 8300[c,d]


ZnP-CONH-C60 0.10 (100)[c,d] 99[c,d] 770[c,d]


H2P-CONH-C60 1.3 (100)[d] 88[d] 45[c,d]


ZnP-S1-C60 0.002 (100)[d,e] 18[d] 300[d]


H2P-S1-C60 0.027 (100)[d,e] 100[d,e] 0.91[d,e]


[a] Obtained by a single-photon counting technique for samples excited at 435 nm and monitored at 655 nm
for free-base porphyrins and 605 nm for zinc porphyrins. [b] From ref. [27]. [c] From ref. [28c]. [d] In benzoni-
trile. [e] From ref. [29]. [f] Obtained in the standard three-electrode system. The quantum yields of photocur-
rent generation were obtained by the following equation: f= (i/e)/[I(1�10�A)], where I=Wl/hc, i is the photo-
current density, e the elementary charge, I the number of photons per unit area and unit time, l the wave-
length of light irradiation, A the absorbance of the adsorbed dyes at l, W the light power irradiated at l, c the
velocity of light, and h the Planck constant. [g] IPCE/%=100M1240M i/(Wl), where W the incident light inten-
sity [W] and l the excitation wavelength [nm]. Argon-saturated 0.1 molL�1 aqueous solution of Na2SO4 con-
taining 50 mmolL�1 AsA; excitation with light at l=419�5.3 nm for free-base porphyrins and l=430�
5.0 nm for zinc porphyrins with 500 mWcm�2 at a bias of +0.15 V versus Ag/AgCl (saturated KCl).


Figure 5. Fluorescence decay curves of a) Fc-ZnP-CONH-C60/ITO and
b) ZnP-ref/ITO observed at 605 nm by the single-photon counting
method. The excitation wavelength was 435 nm.
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205 ps (19%)], which is in a
good agreement with the fluo-
rescence lifetimes of Fc-ZnP-
CONH-C60/ITO [53 ps (69%),
210 ps (31%)]. These results in-
dicate the occurrence of photo-
induced ET from the porphyrin
excited singlet state to the C60


moiety on ITO.[42] Similar good
matching between the fluores-
cence lifetimes [53 ps (92%),
420 ps (8%)] and the decay
rate constants of transient ab-
sorbance at 430 nm [53 ps
(46%), 300 ps (54%)] was
found for ZnP-CONH-C60/ITO
(see Supporting Information
S7).


Comparison of photoelectrochemical and photodynamic
properties : Based on the above results together with the
well-established photodynamics of porphyrin–fullerene
linked systems on electrodes[16,17,27] and those of Fc-P-
CONH-C60, P-CONH-C60, and P-S1-C60 in solution,[28] the
mechanisms of photocurrent generation in Pt/AsA/Fc-P-
CONH-C60/ITO, Pt/AsA/P-CONH-C60/ITO, and Pt/AsA/P-
S1-C60/ITO systems are summarized in Schemes 4 and 5.
First, the mechanism of photocurrent generation of the dyad
systems is presented for better understanding of the more
complex triad systems. Intramolecular ET takes place from
1P* [H2P: �0.82 V; ZnP: �1.14 V versus Ag/AgCl (saturated
KCl)] to C60, followed by intermolecular ET from AsA [+
0.29 V versus Ag/AgCl (saturated KCl)] to porphyrin radical
cation [H2P: +1.08 V; ZnP: +0.91 V versus Ag/AgCl (satu-
rated KCl)], yielding C60 radical anion (C60C�) and AsA radi-
cal cation (AsAC+ ; Scheme 4). Photogenerated C60C�


[�0.69 V versus Ag/AgCl (saturated KCl)] gives an electron
to the ITO electrode, leading to anodic photocurrent gener-
ation. The quantum yields of CS of ZnP-CONH-C60


(99%)[28c] and H2P-CONH-C60 (88%) in benzonitrile are


much higher than that of ZnP-S1-C60 (18%) on the basis of
results obtained by picosecond[29,43] and nanosecond transi-
ent absorption measurements (Figure 7 and Table 2). In the
latter case, a stronger interaction between porphyrin and


Figure 6. Time profile of Fc-ZnP-CONH-C60/ITO at 430 nm after photo-
excitation at 400 nm.


Scheme 4. Mechanism of photocurrent generation in dyad systems.


Scheme 5. Mechanism of photocurrent generation in triad systems.


Figure 7. Time profiles of a) ZnP-CONH-C60 and b) ZnP-S1-C60 in ben-
zonitrile at 1000 nm after photoexcitation at 530 nm.
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fullerene for the charge-separated state of ZnP-S1-C60 re-
sults in the smaller quantum yield of CS, probably because
of the rapid decay of the exciplex, formed initially by photo-
exitation, to the ground state rather than to the charge-sepa-
rated state.[29,43,44] The initial absorption spike at 1000 nm
observed in Figure 7 may correspond to the formation and
decay of the exciplex state. The subsequent slow rise in ab-
sorbance at 1000 nm is ascribed to ET from the porphyrin
moiety to the excited triplet state (3C*60) and from the excit-
ed triplet state (3ZnP*) to C60 to produce C60C� (lmax=


1000 nm), or conversion of the exciplex state to the CS
state, followed by decay due to back-ET to the ground state.
In the case of ZnP-CONH-C60, weak interaction between
porphyrin and fullerene for the CS state would result in a
high quantum yield of CS, owing to the relatively rapid con-
version of the exciplex state to the CS state rather than
direct decay of the exciplex state to the ground state.[29,43,44]


A large degree of delocalization within the three-dimension-
al framework of porphyrin and fullerene would stabilize the
less polar exciplex state relative to the conventional donor–-
acceptor linked systems to generate the exciplex state, even
when the donor and the acceptor are linked by a relatively
long spacer. The lifetimes of charge-separated states of
ZnP-CONH-C60 (770 ns)[28] become longer than that of H2P-
CONH-C60 (45 ns).[28] This clearly demonstrates that the
long-lived charge-separated state and the charge-separation
efficiency are important controlling factors for achieving
high quantum yields of photocurrent generation in donor–
acceptor linked systems which are covalently attached to
ITO surface. It is intriguing to compare the present photo-
electrochemical systems with Pt/HV2+/C60-NHCO-P/ITO
systems (P=ZnP or H2P, HV2+ =hexylviologen),[27] in which
the same porphyrin–fullerene dyads (i.e., ZnP-CONH-C60)
are covalently linked to the ITO surface in reverse order.
The quantum yield of Pt/HV2+/C60-NHCO-P/ITO is 3.9%,
which is smaller than that of Pt/AsA/ZnP-CONH-C60/ITO
(8.0%). This may result from the fact that the spacer be-
tween the ITO electrode and the porphyrin moiety in Pt/
HV2+/C60-NHCO-P/ITO is longer than that between the
ITO electrode and the C60 moiety in Pt/AsA/ZnP-CONH-
C60/ITO. In other words, a long spacer between the porphyr-
in moiety and the ITO electrode makes the ET rate constant
small and results in poor photocurrent generation.


Taking into accounts the mechanism of photocurrent gen-
eration in porphyrin–fullerene dyad systems, the mechanism
of photocurrent generation in ferrocene-porphyrin-fullerene
triad systems shown in Scheme 5 is proposed. Intramolecu-
lar ET from 1P* [H2P: �0.79 V; ZnP: �1.16 V versus Ag/
AgCl (saturated KCl)] to C60 is followed by intramolecular
ET from ferrocene to porphyrin radical cation [H2P: 1.08 V;
ZnP: 0.88 V versus Ag/AgCl (saturated KCl)], to generate
ferricenium ion (Fc+) and the C60 radical anion (C60C�). In-
termolecular ET from AsA [+0.29 V versus Ag/AgCl (satu-
rated KCl)] to Fc+ ion [Fc-ZnP-CONH-C60/ITO: 0.56 V;
Fc-H2P-CONH-C60/ITO: 0.57 V versus Ag/AgCl (saturated
KCl)] yields neutral ferrocene and AsA radical cation
(AsAC+). Photogenerated C60C� [�0.69 V versus Ag/AgCl
(saturated KCl)] gives an electron to the ITO electrode,
leading to the anodic photocurrent generation. The quantum


yields of CS of Fc-ZnP-CONH-C60 (99%),[28c] ZnP-CONH-
C60 (99%),[28c] and H2P-CONH-C60 (88%) in benzonitrile
are much higher than that of Fc-H2P-CONH-C60 (25%)[28c]


on the basis of previous results. However, the lifetimes of
the charge-separated states in benzonitrile are in the order
of H2P-CONH-C60 (45 ns)[28c]<ZnP-CONH-C60


(770 ns)[28c]<Fc-ZnP-CONH-C60 (7.7 ms)[28c]�Fc-H2P-
CONH-C60 (8.3 ms).[28c] These results also reveal that long-
lived charge-separated states and high charge-separation ef-
ficiency are responsible for realizing high quantum yields of
photocurrent generation in donor–acceptor linked systems
on ITO surface.


It is noteworthy that the highest internal quantum yield
(11%) of photocurrent generation for the ITO electrodes is
much lower than the efficiencies (20–25%) for gold electro-
des with similar ferrocene–porphyrin–fullerene triads chemi-
cally attached to the surface.[16d,e] First, the structures of
SAMs of the ferrocene–porphyrin–fullerene triads on the
rough ITO surface is more complex than that on the atomi-
cally flat gold surface. In addition, a silane coupling reagent
with three functional methoxyl groups usually polymerizes
three-dimensionally with formation of complex structures.
Such polymerization would make the surface modification
with the triads complex. This may explain the low efficiency
of photocurrent generation in the ITO electrode system.
Thus, the internal quantum yield of photocurrent generation
would be improved when donor–acceptor linked molecules
exhibiting a high CS efficiency with a long lifetime are well-
organized on the semiconductor electrode surface, which
suppresses the energy-wasting EN quenching of the excited
state of the sensitizers by the electrode surface.


Conclusion


We have successfully constructed systematic series of photo-
electrochemical devices consisting of self-assembled mono-
layers of porphyrin–fullerene triads and dyads on ITO elec-
trodes. The highest quantum yield of photocurrent genera-
tion (up to 11%) among donor–acceptor linked systems co-
valently attached to the surface of ITO electrodes was ach-
ieved with SAMs of ferrocene–zinc porphyrin–fullerene
linked molecules on ITO electrodes. The mechanism of pho-
tocurrent generation was clarified by fluorescence lifetime
measurements together with time-resolved transient absorp-
tion studies on the ITO systems. The quantum yields of pho-
tocurrent generation are well correlated with the charge-
separation efficiency as well as the lifetime of the charge-
separated state for ferrocene–porphyrin–fullerene triads and
porphyrin–fullerene dyads in solution. These results provide
valuable information for the construction of photonic molec-
ular devices and artificial photosynthetic systems on ITO
electrodes.


Experimental Section


General : Melting points were recorded on a Yanagimoto micro-melting
apparatus and are not corrected. 1H NMR spectra were measured on a
JEOL EX-270. Matrix-assisted laser desorption/ionization (MALDI)
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time of flight (TOF) mass spectra were measured on a Kratos Compact
MALDI I (Shimadzu). UV/Vis spectra were obtained on a Shimadzu
UV-3100 spectrometer. AFM measurements were performed in air in
tapping mode using a NanoScope IIIa (Veeco metrology group/Digital
Instruments). The roughness factor of the ITO surface (R=1.3) was de-
termined by AFM measurements. All solvents and chemicals were of re-
agent grade, purchased commercially, and used without further purifica-
tion unless otherwise noted. Tetrabutylammonium hexafluorophosphate
used as a supporting electrolyte for the electrochemical measurements
was obtained from Tokyo Kasei Organic Chemicals and recrystallized
from methanol. Dry toluene and dry methylene chloride were heated to
reflux and distilled from CaH2. Thin-layer chromatography and flash
column chromatography were performed with Alt. 5554 DC-Alufolien
Kieselgel 60 F254 (Merck) and Fujisilica BW300, respectively. ITO elec-
trodes (190–200 nm ITO on transparent glass slides) were obtained com-
mercially from Evers, Inc. (Japan).


1a : A saturated solution of zinc acetate dihydrate in methanol (8 mL)
was added to a solution of 1b[28c] (64 mg, 50 mmol) in chloroform (50 mL)
and refluxed for 5 h. After cooling, the reaction mixture was washed suc-
cessively with a saturated aqueous solution of sodium bicarbonate and
water, dried over anhydrous sodium sulfate, and then the solvent was re-
moved under reduced pressure. 1a was obtained as a deep purple solid
from chloroform/methanol (64 mg, 47 mmol, 95% yield): m.p.>300 8C;
1H NMR (CDCl3): d=1.53 (s, 36H), 4.10 (s, 5H), 4.35 (s, 2H), 4.69 (s,
2H), 7.58 (d, J=7 Hz, 2H), 7.75 (d, J=7 Hz, 2H), 7.82 (s, 2H), 8.02 (s,
4H), 8.09 (d, J=2 Hz, 4H), 8.13 (s, 1H), 8.28 (d, J=7 Hz, 2H), 8.29 (d,
J=7 Hz, 2H), 8.33 (s, 1H), 8.38 (d, J=7 Hz, 2H), 8.40 (d, J=7 Hz, 2H),
8.91 (d, J=5 Hz, 2H), 8.94 (d, J=5 Hz, 2H), 9.04 (d, J=5 Hz, 2H),
10.02 ppm (s, 1H); MALDI-TOF MS (positive mode): m/z : 1352
[M+H+].


2a : This compound was synthesized from 2b[28b] by the same method as
described for 1a. (83% yield): m.p.>300 8C; 1H NMR (CDCl3): d=1.52
(s, 54H), 7.79 (t, J=8 Hz, 2H), 8.00 (s, 4H), 8.08 (d, J=2 Hz, 2H), 8.09
(d, J=2 Hz, 4H), 8.26 (d, J=8 Hz, 2H), 8.33 (br s, 1H), 8.41 (d, J=8 Hz,
2H), 8.90 (d, J=5 Hz, 2H), 9.02 (s, 4H), 9.04 (d, J=5 Hz, 2H),
10.01 ppm (s, 1H); MALDI-TOF MS (positive mode): m/z : 1161
[M+H+].


Cyclic voltammetry : All electrochemical studies were performed on a Bi-
oanalytical Systems, Inc. CV-50W voltammetric analyzer using a standard
three-electrode cell with a modified ITO working electrode (electrode
area 0.48 cm2), a platinum wire counterelectrode, and an Ag/AgCl (satu-
rated KCl) reference electrode in CH2Cl2 containing 0.2 molL�1


nBu4NPF6 as supporting electrolyte with a sweep rate of 0.10 Vs�1. The
adsorbed amounts of compounds were determined from the charge of
the anodic peak of the porphyrin first oxidation or the cathodic peak of
the C60 first reduction.


Photoelectrochemical measurements : Photoelectrochemical measure-
ments were performed in a one-compartment Pyrex UV cell (5 mL). The
cell was illuminated with monochromatic excitation light through inter-
ference filters (MIF-S, Vacuum Optics Corporation of Japan) by a 180 W
UV lamp (Sumida LS-140 V) or through a monochromator (Ritsu MC-
10N) by a 500 W xenon lamp (Ushio XB-50101AA-A) on an SAM of
area 0.48 cm2. The photocurrent was measured in a three-electrode ar-
rangement (Bioanalytical Systems, Inc. CV-50W) with a modified ITO
working electrode (electrode area, 0.48 cm2), a platinum wire countere-
lectrode (distance between electrodes 0.3 mm), and a Ag/AgCl (saturated
KCl) reference electrode. The light intensity was monitored by an optical
power meter (Anritsu ML9002A) and corrected. Internal quantum yields
and IPCE values were calculated based on the number of photons absor-
bed by the chromophore and those incident photons on the ITO electro-
des at each wavelength from the input power, the photocurrent density,
and the absorbance determined from the absorption spectrum on the
ITO electrode.


Fluorescence lifetime measurements : Fluorescence decays were meas-
ured by using femtosecond pulse laser excitation and a single-photon
counting system for fluorescence decay measurements.[45] The laser
system was a mode-locked Ti:sapphire laser (Coherent, Mira 900)
pumped by an argon ion laser (Coherent, Innova 300). The repetition
rate of laser pulses was 2.9 MHz with a pulse picker (Coherent, model
9200). The third harmonic generated by an ultrafast harmonic system


(Inrad, model 5050) was used as excitation source. The excitation wave-
length was set at 435 nm, and temporal profiles of fluorescence decay
and rise were recorded with a microchannel plate photomultiplier (Ha-
mamatsu R3809U). Full-width at half-maximum (fwhm) of the instru-
ment response function was 36 ps when the time interval of the multi-
channel analyzer (CANBERRA, model 3501) was 2.6 ps in the channel
number. Criteria for the best fit were the values of c2 and the Dubrin–
Watson parameters, obtained by nonlinear regression.


Femtosecond transient absorption measurements : The dual-beam femto-
second time-resolved transient absorption spectrometer consisted of a
self-mode-locked femtosecond Ti:sapphire laser (Coherent, MIRA), a
Ti:sapphire regenerative amplifier (Clark MXR, CPA-1000) pumped by a
Q-switched Nd:YAG laser (ORC-1000), a pulse stretcher/compressor, an
optical parametric generation and optical parametric amplification
(OPG-OPA) system, and an optical detection system.[46] A femtosecond
Ti:sapphire oscillator pumped by a cw Nd:YVO4 laser (Coherent, Verdi)
produced a train of 60 fs mode-locked pulses with an averaged power of
600 mW at 800 nm. The seed pulses from the oscillator were stretched
(ca. 250 ps) and sent to a Ti:sapphire regenerative amplifier pumped by a
Q-switched Nd:YAG laser operating at 1 kHz. The femtosecond seed
pulses and Nd:YAG laser pulses were synchronized by adjusting an elec-
tronic delay between the Ti:sapphire oscillator and Nd:YAG laser. Then,
the amplified pulse train inside the Ti:sapphire regenerative amplifier
cavity was cavity-dumped by the Q-switching technique, and about
30000-fold amplification at 1 kHz was obtained. After recompression,
the amplified pulses were color-tuned by OPG-OPA. The resulting laser
pulses had a pulse width of about 150 fs and an average power of
5–30 mW at 1 kHz repetition rate in the range 550–700 nm. The pump
beam was focused to a 1 mm diameter spot, and laser fluence was adjust-
ed less than about 1.0 mJcm�2 by using a variable neutral-density filter.
The fundamental beam remaining in the OPG-OPA system was focused
onto a flowing water cell to generate a white-light continuum, which was
again split into two parts, one part of which was overlapped with the
pump beam at the sample to probe the transient, while the other was
passed through the sample without overlapping the pump beam. The
time delay between pump and probe beams was controlled by making
the pump beam travel along a variable optical delay. The white-light con-
tinuum beams after the sample were sent to a 15 cm focal length spectro-
graph (Acton Research) through each optical fiber and then detected by
dual 512-channel photodiode arrays (Princeton Instruments). The intensi-
ty of the white light of each 512-channel photodiode array was processed
to calculate the absorption difference spectrum at the desired time delay
between pump and probe pulses. To obtain the time-resolved transient
absorption difference signal at the specific wavelength, the monitoring
wavelength was selected by using an interference filter. By chopping the
pump pulses at 43 Hz, the modulated probe pulses and reference pulses
were detected by two separate photodiodes. The output current was am-
plified with a homemade fast preamplifier, and then the resultant voltage
signals of the probe pulses were gated and processed by a boxcar averag-
er. The resultant modulated signal was measured by a lock-in amplifier
and then fed into a PC for further signal processing.


Nanosecond transient absorption measurements : Nanosecond transient
absorption measurements were carried with the SHG (530 nm) of an
Nd:YAG laser (Spectra-Physics, Quanta-Ray GCR-130, fwhm 6 ns) as ex-
citation source. For transient absorption spectra in the near-IR region
(600–1600 nm), monitoring light from a pulsed Xe-lamp was detected
with a Ge avalanche photodiode (Hamamatsu Photonics, B2834). Photo-
induced events in nano- and microsecond time regimes were estimated
by using a continuous Xe lamp (150 W) and an InGaAs PIN photodiode
(Hamamatsu Photonics, G5125-10) as probe light and detector, respec-
tively. Details of the transient absorption measurements are described
elsewhere.[28c] All the samples (10�4 to 10�5 molL�1) in a quartz cell (1M
1 cm) were deaerated by bubbling argon through the solution for 15 min.
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Enhancement of the Solubilization Capacity of Water in Triton X-100/
Cyclohexane/Water System by Compressed Gases


Dong Shen, Rui Zhang, Buxing Han,* Yu Dong, Weize Wu, Jianling Zhang, Junchun Li,
Tao Jiang, and Zhimin Liu[a]


Introduction


In nonpolar media certain surfactants assemble to form re-
verse micelles in which the polar head groups of the amphi-
philes cluster to form a micelle core and hydrophobic tails
are extended into the organic bulk phase. The reverse mi-
celles so-formed can solubilize a large quantity of water to
form water pool in the center of the micelles.[1] Reverse mi-
celles of various kinds have been studied extensively,[2] in-
cluding those formed in supercritical solvents,[3] and those
with non-aqueous polar domains.[4] Reverse micelles can be
used in many processes, such as in chemical and biological
reactions,[5] extraction and fractionations,[6] and preparation
of fine particles.[7] It is not surprising that many excellent
papers have been published in the literature.


It is well known that some compressed gases, such as CO2


and ethylene, are quite soluble in a number of organic sol-
vents, and that they can reduce the solvent strength of the


solvents to such a degree that the solutes can be precipitat-
ed. This process is usually referred to as a gas antisolvent
process (GAS).[8] GAS techniques have been used in differ-
ent fields, for example, fractionation,[9] recrystallization,[10]


particle generation,[11] formation of reverse micelles of the
copolymer (EO)27(PO)61(EO)27 (P104) in p-xylene by reduc-
ing the solvent power when the temperature is above the
phase inversion temperature,[12] and precipitation of the
nanoparticles and biomolecules from sodium bis(2-ethylhex-
yl) sulfosuccinate (AOT) reverse micelles.[13]


Stabilization of reverse micelles and controlling water-to-
surfactant molar ratio (W0) of reverse micelles are crucial
for various applications. This can be achieved by adding co-
surfactants such as short-chain alcohols[14] or esters.[15] Scien-
tists and engineers have used co-surfactants and studied the
mechanism for many years. However, the mechanism is still
not completely clear. In this paper, we find a novel function
of compressed CO2 and ethylene. They have the functions
of co-surfactants in that they can stabilize the reverse mi-
celles of Triton X-100 (CH3C(CH3)2CH2C(CH3)2C6H4-
(OCH2CH2-)9.5OH), which is a typical nonionic surfactant,
in cyclohexane and enhance the solubilization of water sig-
nificantly. We expect that this new way to stabilize micro-
emulsion can apply to more nonpolar solvent–surfactant sys-
tems. Meanwhile, we think the results of this work provide
some useful information to gain insight into the mechanism


[a] Dr. D. Shen, Dr. R. Zhang, Prof. Dr. B. Han, Dr. Y. Dong,
Dr. W. Wu, Dr. J. Zhang, Dr. J. Li, Dr. T. Jiang, Dr. Z. Liu
The Center for Molecular Sciences
Institute of Chemistry, Chinese Academy of Sciences
Beijing 100080 (China)
Fax: (+86)10-62559373
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Abstract: The effect of compressed
CO2 and ethylene on the properties of
Triton X-100/cyclohexane/water sys-
tems was studied at different tempera-
tures and pressures. Surprisingly, it was
discovered that the compressed gases
had the functions of co-surfactants. At
suitable pressures, the water-to-surfac-
tant molar ratio (W0) was enhanced
significantly by the dissolution of the
gas in the solution. The microenviron-
ment in the reverse micelles was inves-
tigated by UV-visible spectroscopy by
using methyl orange (MO) as a probe.


The influence of n-hexane, Na2CO3,
NaHCO3, H2C2O4, and CaCl2 at vari-
ous concentrations on the solubiliza-
tion of water in the absence of com-
pressed gases was also investigated in
order to obtain some information
about the mechanism of the interesting
phenomenon. This new route to stabi-
lize reverse micelles may have poten-


tial applications to other similar sys-
tems. Moreover, the results of this
work provide some useful information
to get insight into the mechanism of
co-surfactants, because a conventional
co-surfactant usually contains both
polar group and hydrocarbon chain,
and it is very difficult to clarify the
functions these two groups, while the
gases used in this work are small non-
polar molecules, which solely have the
function of the hydrocarbon chain in a
co-surfactant.


Keywords: carbon dioxide · cyclo-
hexane · micelles · surfactants ·
Triton X-100
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of cosurfactants, because the conventional co-surfactants
usually contain both polar group and hydrocarbon chain,
and it is very difficult to clarify the functions of these
groups, while the gases used in this work are small nonpolar
molecules. Therefore, we get some clearer evidence about
the function of nonpolar chain of co-surfactants.


Experimental Section


Materials : Triton X-100 was obtained from Farco Chemical, Hong Kong.
Cyclohexane and methyl orange (MO) were produced by Beijing Chemi-
cal Reagent Factory (A.R. Grade). CO2 (99.995% purity) and ethylene
(99.9%) were supplied by Beijing Analytical Instrument Factory. All the
reagents were used without further purification. Double distilled water
was used.


Determination of water solubilization : The experiments were based on
the fact that the solution is clear and transparent if the water was com-
pletely solubilized, otherwise the solution was hazy or milky.[16] The appa-
ratus and procedures were similar to those reported previously for study-
ing polymer solutions.[12] It consisted mainly of a high-pressure view cell
with a volume of 40 cm3, a constant temperature water bath, a high-pres-
sure syringe pump (DB-80), a pressure gauge, a magnetic stirrer, and a
gas cylinder. The temperature of the water bath was controlled by a
HAAKE D8 temperature controller. The pressure gauge was composed
of a pressure transducer (FOXBORO/ICT, Model 93) and an indicator,
which was accurate to �0.025 MPa in the pressure range of 0–20 MPa.


In a typical experiment, the air in the view cell was replaced by CO2 (or
ethylene, depending on which of them was used). The solution of Triton
X-100 in cyclohexane (5 mL) and the desired amount of double distilled
water were loaded into the high-pressure view cell. The cell was placed
into the constant temperature water bath. After thermal equilibrium had
been reached, the stirrer was started and solution was hazy and milky.
CO2 was charged into the cell slowly until the hazy and milky liquid so-
lution became transparent and completely clear, which was an indication
of the solubilization of all the water,[12,16] and the bluish translucent ap-
pearance of a system was not considered as the onset of solubilization. It
was estimated that the uncertainties of phase separation pressure mea-
surement was �0.1 MPa.


UV-visible measurements : The absorption spectra of MO in the reverse
micelles was studied by UV spectroscopy. The apparatus and procedures
were similar to those reported previously.[12,17] It consisted of a gas cylin-
der, a high-pressure pump, a pressure gauge, an UV-visible spectrometer,
a temperature-controlled high-pressure UV sample cell, and valves and
fittings. The UV-visible spectrophotometer was produced by Beijing Gen-
eral Instrument Company (Model TU-1201, resolution: 0.1 nm). The
sample cell was composed mainly of a stainless steel body, two quartz
windows, a stirrer, and a temperature controlling system. The optical
path length and the inner volume of the cell were 1.32 cm and 1.74 cm3,
respectively. In the experiment, the sample cell was flushed with CO2 to
remove the air. The desired amounts of MO aqueous solution of suitable
concentration and Triton X-100 in cyclohexane were charged into the
sample cell. After thermal equilibrium had been reached, CO2 was com-
pressed into the UV cell to the desired pressure. The UV spectrum at
equilibrium condition was recorded, which was confirmed by the fact
that the UV spectra recorded were independent of equilibration time.
Generally, about 30 minutes were required for the system to reach equi-
librium after suitable pressure was reached, and the spectrum of each so-
lution was recorded four times.


Results and Discussion


Volume expansion coefficient : It is well known that the sol-
ubility of a gas in a liquid depends on pressure and tempera-
ture, and the liquid is expanded by the gas dissolved. The
volume expansion can be characterized by volume expan-


sion coefficient DV= (V�V0)V0, in which V and V0 are the
volumes of the CO2-saturated and CO2-free solutions, re-
spectively. The dependence of DV of Triton X-100/cyclohex-
ane on the pressure of CO2 and ethylene is demonstrated in
Figure 1. As expected, DV increases with pressure, because
the concentration of CO2 in the liquid is increased.


The effect of CO2 pressure on the solubilization of water :
Other authors have described the phase diagram of Triton
X-100/cyclohexane/water systems at 20 8C[18] and 30 8C.[15]


The solubilization of water into the organic phase by the
nonionic surfactant was very poor, although the uptake of
water became appreciable when alcohols were added.[14]


In our experiments, W0 is below 1.0 at 20.0 8C, which
agrees with that reported by other authors.[14] However, the
value of W0 can reach about 10.5 when appropriate amount
of compressed CO2 was added. Figure 2 shows the value of


W0 as a function of pressure at 20.0 8C. In this work, the
trace amount of water dissolved in the solvent (cyclohexane/
CO2) was corrected when calculating W0; that is, the amount
of water in the solvent was subtracted. Stable microemul-
sions are formed between the two curves. The system sepa-
rates into two phases outside this microemulsion region.


It can be seen from Figure 2 that the surfactant can form
reverse micelles with various W0 values in the suitable CO2


pressure range, although the W0 is very small in the absence


Figure 1. Dependence of volume expansion coefficient DV of Triton
X-100/cyclohexane mixture on pressure of the gases (* CO2 cTX=


0.31 molL�1 T=20.08C; * ethylene cTX=0.31 molL�1 T=25.0 8C).


Figure 2. W0 as a function of CO2 pressure at 20.0 8C (cTX=0.31 molL�1).
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of CO2. This indicates that an
evident increase of the solubili-
zation capacity of the reverse
micelle can be achieved by
adding compressed CO2. The
pressure range is relatively
narrow as the amount of the solubilized water is very large
(W0=10.5). The instability of the reverse micelle above the
upper pressure boundary results mainly from the fact that
the solvent power of the solvent is too weak to dissolve the
surfactant at the higher pressure, because CO2 is very poor
solvent for Triton X-100 and its solubility in cyclohexane in-
creases with increasing of CO2 pressure, as can be seen from
Figure 1. This argument was confirmed by our experiments.
The precipitation of the surfactant was observed at the
higher pressures. The effect of compressed CO2 on the solu-
bilization of water at a lower Triton X-100 concentration
(0.16 molL�1) was also investigated at this temperature.
Similarly, pronounced increase of W0 was observed, and the
maximum value of W0 could reach 6.0 at 20.0 8C.


Figure 2 also shows clearly that the W0 and phase separa-
tion in Triton X-100/cyclohexane systems can be controlled
by CO2 pressure. In our experiments, as expected, the mi-
croemulsion could be separated into two phases simply by
decreasing or increasing pressure of CO2, and a homoge-
neous one-phase microemulsion was formed again by adjust-
ing CO2 pressure. Therefore, formation and breakage of the
reverse micelles could be easily controlled by tuning pres-
sure of CO2.


Effect of temperature on the solubilization of water : For
nonionic surfactants, temperature affects the solubility of
surfactant in oil, due in part to the break of hydrogen bonds
between surfactant head groups,[19] and the hydrophilic inter-
actions of nonionic surfactant are more profoundly influ-
enced by temperature than are the lipophilic interactions.[20]


In this work, the effect of temperature on the solubilization
of water in water/Triton X-100/cyclohexane systems without
and with compressed CO2 was also investigated; the results
are shown in Figure 3 and Table 1 lists the pressure range in
which stable reverse micelles can be formed at different W0


values. In a wide temperature range, the maximum W0 is


much higher in the presence of compressed CO2 than that in
the absence of compressed CO2.


Solvatochromic probe studies : The absorption maximum
(lmax) of methyl orange (MO) is sensitive to the polarity of
its local environment, and the lmax shifts to longer wave-
length as the polarity increases. It is one of the commonly
used solvatochromic probes to study the properties of polar
cores of reverse micelles.[21, 22] The absorption spectra of MO
in a dry Triton X-100/cyclohexane reverse micelle system
has been determined by Zhu et al.[21] They reported that the
absorption maximum (lmax) of MO remained at 417 nm in a
wide range of surfactant concentration, which was slightly
lower compared to that in pure Triton X-100 (422.5 nm).
This suggests that cyclohexane penetrates the interior of the
micelle aggregates. Moreover, lmax of MO in the dry reverse
micelle of Triton X-100 and hexanol in cyclohexane is much
lower (411 nm).[23] This indicates that the property of the
solvent may affect the micropolarity of reverse micelle con-
siderably.


MO is insoluble in cyclohexane.[21] Our experiments indi-
cated that it was not soluble in cyclohexane/CO2 mixture
either, as evidenced by the fact that the absorbance of MO
in the mixed solvent was negligible. The absorption spectra
of MO in a dry Triton X-100/cyclohexane (here “dry” means
that no water is added to the system) reverse micelle system
as a function of CO2 pressure were firstly observed and the
lmax values are given in Table 2. The lmax determined in the


dry micelle in the absence of CO2 is the same as that report-
ed by other authors.[21] It can be seen from Table 2 that the
lmax of MO move to shorter wavelength with the increasing
pressure of CO2. This indicates that the interior micropolari-
ty of the dry micelle decreases with the increase of the CO2


pressure. A possible explanation for this phenomenon is
that more CO2 can penetrate into the aggregates with the in-
crease of CO2 pressure. In other words, with the increasing
of CO2 pressure, more and more CO2 enter the polar cores
of the dry reverse micelles, which reduces the polarity of the
cores.


The lmax of MO in the Triton X-100/cyclohexane/water
system with various W0 and at 1.6 MPa are listed in Table 3.


Figure 3. Effect of temperature on the solubilization of water in water/
Triton X-100/cyclohexane systems with (*) and without (*) compressed
CO2 (cTX=0.31 molL�1).


Table 1. Pressure range of CO2 at maximum W0 (cTX=0.31 molL�1).


T [8C] 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0
P [MPa] 2.3–3.3 2.9–3.4 3.1–3.5 3.4–3.8 3.8–4.1 3.9–4.3 4.0–4.4 4.8–5.1
W0max 9.5 10.5 11.0 11.5 12.5 13.0 14.5 18.0


Table 2. The lmax of MO in Triton X-100/cyclohexane dry reverse mi-
celles vesrus CO2 pressure at 20.0 8C (cTX=0.31 molL�1).


P [MPa] 0 1.0 2.0
lmax [nm] 417.0 414.0 410.5


Table 3. The lmax of MO in 0.31 molL�1 Triton X-100 solution as a func-
tion of W0 at 20.0 8C (P=1.6 MPa).


W0 0.5 1.0 2.0 3.0 5.0 6.0
lmax [nm] 415.0 417.0 418.5 421.0 421.0 421.0
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The lmax of MO increases from 415 nm to 421 nm as W0


varied from 0.5 to 3.0. However, when W0 is in the range of
3.0–6.0, lmax is independent of W0. The possible explanation
of these phenomena is that formation of a water pool in the
aggregates starts at W0=3.0. The MO probe is located in
the polar core of Triton X-100 reverse micelle and embed-
ded between the oxyethylene chains, but outside the water
pool. Water added to the reverse micelles first hydrates the
oxyethylene chains of Triton X-100 and then forms water
pool. Similar mechanism has been discussed by different au-
thors for various reverse micelles.[23,24]


Our experiments demonstrated that the lmax of MO de-
creased from 421 nm to 419 nm as the CO2 pressure in-
creased from 1.6 MPa to 3.0 MPa at W0=5.0. In addition,
lmax at W0=10 and 3.0 MPa was also 419.0 nm, which is
shorter than 421 nm. These results further suggest that MO
is mainly embedded between the oxyethylene chains and
the penetration of CO2. Therefore, increasing the size of the
water core does not change the local environment of the
probe considerably.


Possible mechanism : Generally, the solubilization capacity
of water in reverse micelles can be interpreted based on a
consideration of the R ratio, which compares the balance of
the individual cohesive energies of the functional groups
present at the interface.[20] Addition of compressed CO2 will
decrease the solvent power of an organic solvent,[8,25] which
should result in a decrease of the value of R ratio. As a
result, the single-phase region will shift to higher tempera-
ture and thus decrease the solubilization of water in this
system, because the experimental temperatures are well
below the phase-inversion temperature in cyclohexane.[26] In
other words, the solubilization capacity should be reduced if
CO2 solely weakens the solvent strength. In order to further
provide evidence for this argument, we studied the effect of
n-hexane, which is a poor solvent for Triton X-100[27] and
can reduce the solvent power of cyclohexane for Triton X-


100, with the maximum W0 at 30.0 8C; the results are listed
in Table 4. Evidently, the maximum W0 decreases with addi-
tion of n-hexane. This further suggests that enhancement of
solubilization ability by CO2 does not originate from an anti-
solvent effect, because addition of a poor solvent reduces
the W0.


On the basis of thermodynamic principles, it can be de-
duced that CO2 distributes between organic continuous
phase and the micelle phase. Dissolution of CO2 in the
water core can change its pH and ionic strength, because
CO2 can be ionized in water. To obtain some information
about whether this factor affects the solubilization capacity
or not, we conducted some experiments to study the effect


of Na2CO3, NaHCO3, H2C2O4, and CaCl2 at various concen-
trations on the solubilization of water in the absence of
compressed CO2. The results showed that these electrolytes
could not increase the solubilization capacity of water, al-
though they could vary the pH and ionic strength of the
water cores. This is similar to the conclusion that weak acid
(CH3COOH) hardly influenced the solubility diagram in tet-
rachloroethylene solution of a polyoxyethylene nonylphenyl
ether (n=8).[28] Therefore, it is likely that the enhancement
of water solubilization in Triton X-100/cyclohexane reverse
micelles by CO2 does not result from the change of pH or
ionic strength of the water cores.


The ability of reverse micelles to solubilize water depends
on droplet size and the interdroplet interaction.[29] However,
in the system studied in this work the phase separation is
mainly caused by the micelle–micelle interactions, because
the experimental temperatures are lower than the phase-in-
version temperature.[30] Therefore, it is likely that the de-
crease of the attractive interdroplet interaction by addition
of CO2 is the dominant factor for the enhancement of solu-
bilization capacity.


Effect of CO2 on the properties is very complex, because
it distributes between the organic continuous phase, the in-
terfacial film of the reverse micelles, and the polar cores. To
our knowledge, it is very difficult to explain the interesting
and anomalous phenomenon above. However, on the basis
of the above experimental results and discussions, and the
information extracted from the related papers and books by
other authors, we deduce that CO2 influences the stability of
the reverse micelles in several ways:


1) The CO2 in the organic phase reduces the solvent
strength of the solvent, which should reduce the ability
to solubilize water as discussed above.


2) The CO2 in the organic phase reduces the viscosity of
the solvent, which may stabilize the reverse micelles be-
cause micelle–micelle collision times are shorter at the
lower viscosity.


3) CO2 is a small molecule and it can insert itself between
surfactant tails ; this leads to a more rigid, hardened in-
terfacial film, and consequently to stabilize the micelles
due to reduction of tail–tail interaction


4) CO2 may reduce the interfacial tension, because it exists
in the organic phase, in the film of the reverse micelles,
and on interface of the surfactant and solvent, which
promotes the formation of the reverse micelles.


The first factor is not favorable to the solubilization of
water as discussed above, while all the others favor the en-
hancement of the stability of the reverse micelles. In a suit-
able pressure range, the last three factors are dominant, and
W0 becomes larger. Therefore, the compressed gas has the
functions of cosurfactants at suitable pressures.


To further aid evidences for the above arguments, the
same type of experiment was performed with compressed
ethylene, and the results are shown in Figure 4. Evidently,
ethylene can also enhance the ability of the reverse micelle
to solubilize water at room temperature. We believe the
mechanism is similar.


Table 4. The solubilization of water in the reverse micelle of Triton X-
100 in mixed solvent of cyclohexane and n-hexane (cTX=0.31 molL�1,
T=30.0 8C).


Vhex/Vcyclo 0:100 1:99 1:39 1:19 1:9 1:4 1:3 1:1
W0 3.4 3.4 3.1 2.5 1.0 0.5 0.3 0
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Conclusions


In this work, we have studied the effect of compressed CO2


and ethylene on the properties of Triton X-100/cyclohexane/
water systems, and the main results are summarized as
follow.


In a wide temperature range, the maximum W0 is much
higher in the presence of compressed CO2 at suitable pres-
sures than that in the gas-free solution. The microemulsion
could be separated into two phases simply by decreasing or
increasing pressure of CO2, and a homogeneous one-phase
microemulsion can be formed again by adjusting CO2 pres-
sure. At 1.6 MPa, the lmax of methyl orange gradually in-
creases from 415 nm to 421 nm with an increase in the W0


value from 0.5 to 3.0, while lmax is independent of W0 at
higher W0 values. At a fixed W0 the lmax decreases with in-
creasing pressure. These results suggest that formation of
water pool in the aggregates starts at W0=3.0 and the probe
is located in the polar core of Triton X-100 reverse micelle
and embedded between the oxyethylene chains, but outside
the water pool, and that CO2 can penetrate into the reverse
micelles. Compressed ethylene can also enhance the ability
of the reverse micelle to solubilize water at room tempera-
ture. They both have the function of co-surfactants in that
they can stabilize the reverse micelles In contrast, n-hexane,
a poor solvent for Triton X-100 with larger size, reduces the
W0 considerably.


The stability of the Triton X-100/cyclohexane reverse mi-
celles depends mainly on the interdroplet interaction, be-
cause the experimental temperatures are well below the
phase-inversion temperature. It is likely that compressed
CO2 or ethylene could enhance the stability of the micelles
by decreasing the attractive interaction between the drop-
lets.
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Acid–Base Properties of Xanthosine 5’-Monophosphate (XMP) and of Some
Related Nucleobase Derivatives in Aqueous Solution:
Micro Acidity Constant Evaluations of the (N1)H versus the (N3)H
Deprotonation Ambiguity**


Salah S. Massoud,[a, b] Nicolas A. Corf/,[a] Rolf Griesser,[a] and Helmut Sigel*[a]


Introduction


Xanthosine 5’-monophosphate (XMP2�) and its nucleobase
xanthine are both important intermediates in the metabo-
lism of purines and their nucleotides,[1] and only recently the
production of XMP in dependence on the cellular energetic
status was studied for a microorganism.[2] The structure of
XMP2�, together with its related guanosine 5’-monophos-


phate (GMP2�) is shown in Figure 1.[3–6] The xanthosine resi-
due is unique among the common purine-type nucleosides
due to the presence of two ionizable protons in the pyrimi-
dine ring, that is, the (N1)H and the (N3)H sites (see
Figure 1). Indeed, different conclusions exist concerning the
relative acidities of the (N1)H and (N3)H units: In some
studies the (N1)H site is considered as being the more
acidic,[7–9] in analogy to the situation in guanosine and its de-
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Prof. Dr. H. Sigel
Departement Chemie, Anorganische Chemie
Universit9t Basel, Spitalstrasse 51, 4056 Basel (Switzerland)
Fax: (+41)61-267-1017
E-mail : helmut.sigel@unibas.ch


[b] Prof. Dr. S. S. Massoud
Department of Chemistry
University of Louisiana at Lafayette
P. O. Box 44370, Lafayette, LA 70504–4370 (USA)


[**] Abbreviations and definitions used throughout this paper (see also
Figures 1 and 4): AMP2�, adenosine 5’-monophosphate; 7,9Di-
MeUrA, 7,9-dimethyluric acid; 1,7DiMeXan, 1,7-dimethylxanthine;
1,9DiMeXan, 1,9-dimethylxanthine; 3,7DiMeXan, 3,7-dimethylxan-


thine; 3,9DiMeXan, 3,9-dimethylxanthine; Gua, guanine; Guo, gua-
nosine; GMP2�, guanosine 5’-monophosphate; I, ionic strength;
IMP2�, inosine 5’-monophosphate; Ka, general acidity constant;
7MeXan, 7-methylxanthine; 9MeXan, 9-methylxanthine; NMP2�, nu-
cleoside 5’-monophosphate; RibMP2�, d-ribose 5-monophosphate;
1,7,9TriMeUrA, 1,7,9-trimethyluric acid; 3,7,9TriMeUrA, 3,7,9-trime-
thyluric acid; UMP2�, uridine 5’-monophosphate; UrA, uric acid;
Xan, xanthine; Xao, xanthosine; XMP2�, xanthosine 5’-monophos-
phate (see legend of Figure 1). Species written without a charge (e.g.,
XMP) either do not carry one or represent the species in general
(i.e., independent of their protonation degree); which of the two pos-
sibilities applies is always clear from the context. A formula like
(XMP�H)3� means that the compound has lost a further proton and
is to be read as XMP minus H+ .


Abstract: The first acidity constant of
fully protonated xanthosine 5’-mono-
phosphate, that is, of H3(XMP)+ , was
estimated by means of a micro acidity
constant scheme and the following
three deprotonations of the H2(XMP)�


(pKa=0.97), H(XMP)� (5.30), and
XMP2� (6.45) species were determined
by potentiometric pH titrations; fur-
ther deprotonation of (XMP�H)3� is
possible only with pKa>12. The most
important results are that the xanthine
residue is deprotonated before the
P(O)2(OH)� group loses its final
proton; that is, twofold negatively
charged XMP carries one negative


charge in the pyrimidine ring and one
at the phosphate group. Micro acidity
constant evaluations reveal that this
latter mentioned species occurs with a
formation degree of 88%, whereas its
tautomer with a neutral xanthine
moiety and a PO3


2� group is formed
only to 12%; this distinguishes XMP
from its related nucleoside 5’-mono-
phosphates, like guanosine 5’-mono-
phosphate. At the physiological pH of


about 7.5 mainly (XMP�H)3� exists.
The question, which of the purine sites,
(N1)H or (N3)H, is deprotonated in
this species cannot be answered un-
equivocally, though it appears that the
(N3)H site is more acidic. By applica-
tion of several methylated xanthine
species intrinsic micro acidity constants
are calculated and it is shown that, for
example, for 7-methylxanthine the N1-
deprotonated tautomer occurs with a
formation degree of about 5%; a small
but significant amount that, as is dis-
cussed, may possibly be enhanced by
metal ion coordination to N7, which is
known to occur preferably to this site.


Keywords: acidity · micro acidity
constants · nucleotides · tautomer-
ism · xanthosine monophosphate
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rivatives,[10–13] whereas in others (N3)H is favored;[14–17] it ap-
pears that now some agreement exists regarding the acidity
order (N3)H> (N1)H.[18,19] In fact, a crystal structure analy-
sis[20] of the sodium salt of xanthine shows that deprotona-
tion takes place at N3.


However, in a study evaluating the binding modes in
metal ion complexes formed with xanthosine, deprotonation
at (N3)H is favored, yet application of logKcomplex stability


versus pKa straight-line plots for N1-type nitrogen ligands
yields reasonable results.[19] Similarly irritating are the re-
sults of a study[21] that presents NMR evidence that Cd2+ co-
ordinates in solution to xanthosinate through N3, whereas
X-ray diffraction analysis of [Zn(xanthosinate)2(H2O)4]·2 -
H2O reveals N7 binding of the metal ion in the solid state.
These and related observations[18,22,23] indicate to us that the
acidities of the (N1)H and (N3)H sites may possibly be dif-
ferent, but that there is still a tautomeric equilibrium in the
anionic form, that is, the remaining proton may reside large-
ly at N1, but to a certain extent at N3 as well. Such a tauto-
meric situation is known for the structurally related uracil
nucleobase.[24]


In this study we report a comprehensive set of the acidity
constants of threefold protonated XMP2�, that is, of
H3(XMP)+ . In several instances the buffer regions of the de-
protonation reactions overlap; in other words, the acidity
constants (pKa values) are relatively similar. In these cases
micro acidity constant analyses are presented, which allow a
quantification of the intrinsic acid–base properties of the
various sites. By also employing known acidity constants of
some methylated xanthine derivatives, the ambiguity indi-


cated above concerning (N1)H/(N3)H could be resolved to
some extent and formation degrees for the tautomeric spe-
cies are given. This analysis of the acid–base properties of
XMP will allow now an evaluation of the metal-ion-binding
properties[25] of this interesting nucleotide.


Results and Discussion


Based on our previous experience with nucleotides[26–28] re-
lated to XMP, great care was taken to measure the acid–
base properties of XMP under conditions in which its self-
association is expected to be negligible. Most measurements
were made in solutions that were 0.3mm in XMP; this guar-
antees[5,29,30] that the properties of the monomeric species
are studied.


1. Definition of the acidity constants of H3(XMP)+ and of
related species: Approximate site attributions of the pro-
tons : The nucleoside 5’-monophosphates (NMP2�) shown in
Figure 1 are tribasic species; they may accept two protons at
the phosphate group and one at the purine moiety giving
H3(NMP)+ . Considering further that the nucleobase residue
can be deprotonated at least once, possibly even twice, or if
not that an additional proton can be released in the strongly
alkaline pH range from the sugar part, overall five deproto-
nation reactions need to be considered. These steps are ex-
pressed for H3(XMP)+ in the Equilibria (1)–(5):


H3ðXMPÞþ Ð H2ðXMPÞ� þHþ ð1aÞ


KH
H3ðXMPÞ ¼ ½H2ðXMPÞ�	½Hþ	=½H3ðXMPÞþ	 ð1bÞ


H2ðXMPÞ� Ð HðXMPÞ� þHþ ð2aÞ


KH
H2ðXMPÞ ¼ ½HðXMPÞ�	½Hþ	=½H2ðXMPÞ�	 ð2bÞ


HðXMPÞ� Ð XMP2� þHþ ð3aÞ


KH
HðXMPÞ ¼ ½XMP2�	½Hþ	=½HðXMPÞ�	 ð3bÞ


XMP2� Ð ðXMP�HÞ3� þHþ ð4aÞ


KH
XMP ¼ ½ðXMP�HÞ3�	½Hþ	=½XMP2�	 ð4bÞ


ðXMP�HÞ3� Ð ðXMP�2HÞ4� þHþ ð5aÞ


KH
ðXMP�HÞ ¼ ½ðXMP�2HÞ4�	½Hþ	=½ðXMP�HÞ3�	 ð5bÞ


The results obtained for the deprotonation reactions of
H2(XMP)� by means of potentiometric pH titrations are
listed in Table 1 together with the acidity constants of relat-
ed species.[31–34] The data banks given in references [35–37]
contain no information[19] about H3(XMP)+ .


Comparison of entry 5 with 4 and 9 with 8 of Table 1 re-
veals that replacement of the hydrogen at (N9)H in the nu-
cleobase by a ribose residue makes the resulting nucleosides
more acidic; hence, it is appropriate to use the values of
guanosine (Guo), xanthosine (Xao), and d-ribose 5-mono-
phosphate (RibMP2�) for the site attributions in the depro-


Figure 1. Chemical structure of xanthosine 5’-monophosphate (XMP2�)
together with that of its relative guanosine 5’-monophosphate (GMP2�).
Both purine nucleotides are shown in their dominating anti-conforma-
tion.[3–6] It is important to note that the structure shown above for twofold
negatively charged XMP is the one commonly found in the literature in-
cluding textbooks. Unfortunately this structure is incorrect, because it
presents a wrong distribution of the protons: The fact is that the (N3)H/
(N1)H sites of the pyrimidine ring have lost one proton, whereas the
phosphate group still carries one; this means that one of the two negative
charges is located in the pyrimidine ring and the other one at the phos-
phate group and this species is symbolized as (X�H·MP·H)2� and dis-
cussed in Section 3 (see also Figure 3).
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tonation reactions occurring with H3(GMP)+ and
H3(XMP)+ . In a first approximation one may conclude (see
also Section 2) that all H3(NMP)+ species of Table 1 release
their first proton [Eq. (1)] from the P(O)(OH)2 group and
the second one [Eq. (2)] from the (N7)H+ site of the purine
system, with the exception of H2(AMP)� , for which this
proton is from the (N1)H+ unit.[11,38]


At this point the pathways of AMP, IMP, and GMP sepa-
rate from that of XMP: With the former nucleotides the
species H(NMP)� release their third proton [analogous to
Eq. (3)] from the P(O)2(OH)� group (Table 1, column 6)
and, as far as IMP2� and GMP2� are concerned, this is fol-
lowed by deprotonation of the (N1)H site of the nucleobase
residue (Table 1, column 7);[29] a further proton can only be
released [analogous to Eq. (5)] from the sugar moiety, but
for this reaction it holds pKa>12.[7] The situation with
H(XMP)� is quite different; here the third proton [Eq. (3)]
is released from the (N1/N3)H sites giving the XMP2� spe-
cies, which carries one negative charge at the pyrimidine
ring and one at the P(O)2(OH)� group, and which is there-
fore better written as (X�H·MP·H)2� (see also legend to
Figure 1 and Section 3 below). Only in the next step is the
still monoprotonated phosphate group deprotonated
[Eq. (4)] giving (XMP�H)3� (see also columns 5 and 6 in
Table 1). It is thus not surprising to find that the final phos-
phate proton from (X�H·MP·H)2� is released with a pKa


value that is approximately 0.2 units larger than those for
the H(NMP)� species of AMP, IMP, and GMP (Table 1,
column 6); clearly, the negative charge at the pyrimidine
ring, which may be partly delocalized to the carbonyl
oxygen atoms, inhibits the phosphate deprotonation some-
what.


As far as the deprotonation reaction of H(XMP)� is con-
cerned, and this holds for Xao as well, an ambiguity exists:
Which site, (N1)H or (N3)H, is deprotonated first? This
question will further be addressed in Section 4 and evidence
will be provided that a tautomeric equilibrium for the
monodeprotonated pyrimidine ring exists. However, after
monodeprotonation of either (N1)H or (N3)H, the remain-
ing (N)H can be deprotonated as well,[17] as can the ribose


residue,[7] and thus it is not certain which deprotonation re-
action in Equilibrium (5a) actually takes place; most likely
first the ribose ring loses a proton,[7] followed by that from
the remaining (N)H site (pKa
13).[14] In any case, under
our experimental conditions a deprotonation reaction ac-
cording to Equilibrium (5a) occurs only with pKa>12.0; in
other words, under strongly alkaline conditions and it is thus
of no biological relevance.


2. Micro acidity constant scheme for H3(XMP)+ and estima-
tion of its macro acidity constant : From the results assem-
bled in Table 1 it is evident that the buffer regions of the in-
dividual deprotonation steps of H3(AMP)+ and H3(GMP)+


(entries 1,3) are separated by about two or more pK units;
hence, there is no significant overlap of the buffer regions
and the macro acidity constants are identical with the micro
acidity constants of the individual sites in these instances.
This is different with H3(IMP)+ because pKH


H3ðIMPÞ=0.45 and
pKH


H2ðIMPÞ=1.30 (entry 2) are relatively close to each other
and in fact, a micro constant scheme was derived for this
case[29] and it was shown that both tautomeric species,
(IMP·H2)


0 and (H·IMP·H)� , occur in appreciable amounts.
Considering that pKH


H2ðXMPÞ=0.97 (Table 1, entry 7,
column 4) is also a rather low value, a similar situation for
H2(XMP)� is expected as found previously[29] for H2(IMP)� .
Therefore, a micro acidity constant,[39] kXMP�H


H�XMP�H, for Equili-
brium (6),


ðH �XMP �HÞ� Ð ðXMP �HÞ� þHþ ð6Þ


in which (H·XMP·H)� represents a species that carries one
proton each at N7 and the phosphate group, is estimated
based on the following reasoning: The difference between
the pKa values for the deprotonation of (N7)H+ in the gua-
nine and xanthine residues is expected to be independent of
the presence of a phosphate group and should be the same
if calculated by means of the pKa values of the two nucleo-
sides, Guo and Xao, or by those of the two NMPs, though
the acidity constants themselves are different of course.
Hence, application of the values in Table 1 gives DpKa=


Table 1. Negative logarithms of the acidity constants of H3(XMP)+ , mainly determined by potentiometric pH titrations in aqueous solution (25 8C; I=
0.1m, NaNO3), together with some related data that refer to the same conditions.[a]


pKH
H3ðXMPÞ [Eq. (1)] pKH


H2 ðXMPÞ [Eq. (2)] pKH
HðXMPÞ [Eq. (3)] pKH


XMP [Eq. (4)] pKH
ðXMP�HÞ [Eq. (5)]


Acid and pKa of P(O)(OH)2 and pKa of (N7)H+ and pKa of (N1/N3)H and pKa of P(O)2(OH)� and pKa of (N1)H


1 H3(AMP)+ 0.4�0.2[b] 3.84�0.02[c,d] 6.21�0.01[d]


2[e] H3(IMP)+ 0.45�0.25 1.30�0.10 6.22�0.01 9.02�0.02
3[e] H3(GMP)+ 0.3�0.2 2.48�0.04 6.25�0.02 9.49�0.02
4[e] H(Guo)+ 2.11�0.04 9.22�0.02
5[f] H(Gua)+ 3.29�0.03 9.36�0.01
6[g] H(RibMP)� 6.24�0.01
7 H3(XMP)+ 0.44�0.27[h] 0.97�0.15 5.30�0.02 6.45�0.02 >12.0
8[i] H(Xao)+ 0.74�0.06[j] 5.47�0.03 >12.0
9 H(Xan)+ 1.2[k] 7.41�0.02[l]


[a] So-called practical, mixed, or Brønsted constants are listed; see Experimental Section. The error limits given are three times the standard error of the
mean value or the sum of the probable systematic errors, whichever is larger. Those values for which no source is given have been determined in this
study. For the sites at which the protons are listed, see also the text in the Results and Discussion section. [b] Determined by 1H NMR shift experi-
ments.[4] [c] This value refers to the deprotonation of the (N1)H+ site of the adenine residue. [d] From reference [31]; see also reference [32]. [e] From
reference [29]; see also reference [32]. [f] From reference [33]. [g] From reference [34]. [h] See Figure 2 in Section 2. [i] From reference [8]. [j] Deter-
mined by UV spectrophotometry at 25 8C and I=0.5m (NaClO4).


[8] [k] Determined by UV spectrophotometric measurements; conditions undefined, but
most likely in the presence of some buffer at room temperature.[16] [l] From. reference [9]; potentiometric pH titrations at 25 8C and I=0.1m, NaNO3.
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pKH
HðGuoÞ�pKH


HðXaoÞ= (2.11�0.04)�(0.74�0.06)=1.37�0.07,
and therefore pkXMP�H


H�XMP�H=pKH
H2ðGMPÞ�DpKa= (2.48�


0.04)�(1.37�0.07)=1.11�0.08; this value describes now
the position of Equilibrium (6). Furthermore, this micro
acidity constant for the deprotonation of the (N7)H+ site,
with one standard deviation pkXMP�H


H�XMP�H=1.11�0.03(1s), is
close but still different from the macroconstant, pKH


H2ðXMPÞ=


0.97�0.05(1s) (Table 1), indicating a contribution from the
deprotonation of the P(O)(OH)2 group to this macrocon-
stant; hence, a more rigorous evaluation is required.


Figure 2 summarizes the complete equilibrium scheme for
H3(XMP)+ to H(XMP)� defining the microconstants (k)
and giving their interrelation with the macro acidity con-


stants (K). The microconstant derived in the preceding para-
graph, pkXMP�H


H�XMP�H, appears in the lower part of the scheme at
the right. Since the macroconstant KH


H3ðXMPÞ could not be
measured by potentiometric pH titrations, because it is so
small, one more constant needs to be estimated. From
entry 3 of Table 1 it follows that the acidity constants for the
deprotonation of H3(GMP)+ and H2(GMP)� are well sepa-
rated from each other; hence, pKH


H3ðGMPÞ=0.3�0.2 certainly
represents well the micro acidity constant pkH�XMP�H


H�XMP�H2
, which


describes the release of one of the protons from the
P(O)(OH)2 group in a purine nucleotide with a (N7)H+


unit, that is, from (H·XMP·H2)
+ . With this value, given at


the left in the lower part of the scheme in Figure 2, due to
the properties of a cyclic system, the sum of pKH


H3ðXMPÞ+


pKH
H2ðXMPÞ can now be calculated; namely, pkH�XMP�H


H�XMP�H2
+


pkXMP�H
H�XMP�H= (0.3�0.2)+(1.11�0.08)=1.41�0.22. This value


in turn furnishes now together with pKH
H2ðXMPÞ=0.97�0.15


(Table 1) a value for the macro acidity constant pKH
H3ðXMPÞ=


(1.41�0.22)�(0.97�0.15)=0.44�0.27, which is also listed
in entry 7 of Table 1 (column 3).


With the lower circle in Figure 2 complete, it would now
be possible by following known routes[13,31,39,40] to calculate
values for the micro acidity constants that appear in the
upper pathway of the scheme. However, as the error limits
of some of the acidity constants employed are rather large,


we prefer in the present case to make a further sophisticated
estimate: In the upper pathway of the scheme at the right a
micro acidity constant is needed for the deprotonation of
(XMP·H2)


0, that is, for the release of the first proton from
P(O)(OH)2 of an NMP which carries a neutral nucleobase
residue. Such a value has previously been measured[34] for
H2(UMP), that is, pKH


H2ðUMPÞ=0.7�0.3, and this value is con-
sidered as a good estimate for pkXMP�H


XMP�H2
. Due to the proper-


ties of a cyclic system now also the upper pathway of the
scheme in Figure 2 can be completed and a value for
pkXMP�H2


H�XMP�H2
can be calculated. It is most satisfying to note that


pkXMP�H2
H�XMP�H2


=0.71�0.37 agrees excellently with pKH
HðXaoÞ=


0.74�0.06 (Table 1, entry 8); clearly, in (H·XMP·H2)
+ and


H(Xao)+ deprotonation of the (N7)H+ site of the xanthine
moiety occurs in both cases from an otherwise neutral spe-
cies and, therefore, the corresponding acidity constants
should be identical. This result indicates that the micro acid-
ity constants summarized in Figure 2 are more reliable than
their error limits (3s!!) might suggest.


Finally, one may apply the micro acidity constants of
Figure 2 to estimate the ratio R [Eq. (7)] of the twofold pro-
tonated and isocharged tautomeric species (H·XMP·H)�


and (XMP·H2)
0, which carry one proton at N7 and one at


the phosphate or both protons at the phosphate, respective-
ly:


RH2=XMP ¼ ½ðH �XMP �HÞ�	
½ðXMP �H2Þ0	


¼
kH�XMP�H
H�XMP�H2


kXMP�H2
H�XMP�H2


ð7aÞ


¼ 10�ð0:3�0:2Þ


10�ð0:71�0:37Þ ¼ 100:41�0:42 ð7bÞ


¼ 2:57
1


ð7cÞ


¼ 72
28


�
49
51


;
87
13


�
ð7dÞ


The ratio in Equation (7d) corresponds to the approxi-
mate percentages of the (H·XMP·H)� and (XMP·H2)


0 spe-
cies. The first ratio given in parentheses represents the
lower limit (3s) following from 0.41–0.42=�0.01 [Eq. (7b)],
and the second ratio the upper limit, which follows from
0.41+0.42=0.83; with one standard error (1s) only, Equa-
tion (7d) reads: 72/28 (65/35; 78/22). Hence, we may con-
clude that the zwitterionic species (H·XMP·H)� dominates
with about 70%, while (XMP·H2)


0 forms to about 30%.
Certainly, this result is only an estimation, but it proves that
both tautomeric forms of H2(XMP) occur simultaneously in
appreciable amounts.


3. Is there a tautomeric equilibrium between
(X�H·MP·H)2� and XMP2�? In Section 1 we have conclud-
ed, based on a comparison of the acidity constants (Table 1)
of H(XMP)� and XMP2� with those of Xao and
H(RibMP)� , that in H(XMP)� first one proton is released
from the (N1/N3)H sites before the monoprotonated phos-
phate group is further ionized. Therefore, the species
XMP2� was also written as (X�H·MP·H)2�. Naturally, this
leads to the question: Does an XMP2� species with a neutral


Figure 2. Equilibrium scheme for (H·XMP·H2)
+ to (XMP·H)� defining


the micro acidity constants (k) and showing their interrelation with the
macro acidity constants (K) and also the interrelation between
(XMP·H2)


0 and (H·XMP·H)� and the other species present. In
(XMP·H2)


0 both protons are at the phosphate group while in
(H·XMP·H)� one proton is at N7 and the other at the phosphate group
(Figure 1). (H·XMP·H2)


+ is also often written as H3(XMP)+ ; it carries
one proton at N7 and the two others at the phosphate group. The arrows
indicate the direction for which the acidity constants are defined. For the
origin of the various constants see the text in Section 2.
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xanthine residue and a twofold negatively charged phos-
phate group not exist at all?


We attempt to answer the above question by applying
micro acidity constants to the various species. Figure 3 sum-


marizes the equilibrium scheme for the deprotonation reac-
tions of H(XMP)� to (XMP�H)3� ; these species are written
in Figure 3 as (XMP·H)� and (X�H·MP)3� to indicate that
in the first species the proton is at the phosphate group and
that in the second one the xanthine residue has lost a
proton. More important, the tautomers XMP2� and
(X�H·MP·H)2� are on the pathway from (XMP·H)� to
(X�H·MP)3�. The macro acidity constants connected with
the two deprotonation reactions [Eqs. (3) and (4)] have
been measured (Table 1) and are given on the horizontal
arrow in the scheme of Figure 3. This figure defines further
four micro acidity constants (k) and gives their interrelation
with the macro acidity constants (K) according to the defini-
tions provided in the lower part of Figure 3 by following
known routes.[13,31,39, 40]


Figure 3 shows that there are four unknown micro acidity
constants, but only three independent equations interrelat-
ing them with the macroconstants; this means, one of the


microconstants needs to be obtained independently: Equili-
brium (8) describes the deprotonation of a P(O)2(OH)�


group of a nucleotide with an uncharged nucleobase resi-
due.


ðXMP �HÞ� Ð XMP2� þHþ ð8Þ


Clearly, the corresponding acidity constant, kXMP
XMP�H, is well


represented by the constants of the deprotonations of
H(AMP)� , H(IMP)� , H(GMP)� and H(RibMP)� ; therefore,
the corresponding four values (Table 1, column 6) are aver-
aged to give pKH


HðNMPÞ=pkXMP
XMP�H=6.23�0.02. Use of this


value in the lower pathway at the left in Figure 3 allows us
to calculate according to the properties of a cyclic system
the microconstant for the release of one proton from the
(N1/N3)H sites of an XMP2� with a free phosphate group,
that is, pkX�H�MP


XMP =5.52�0.04. Furthermore, application of
Equation (a) in Figure 3 allows the calculation of a value for
pkX�H�MP�H


XMP�H and thus also completion of the microconstant
values for the upper pathway.


Comparison of the data in Figure 3 reveals that the micro
acidity constants in the upper pathway are close to the
measured acidity constants; this means that this pathway is
the dominating one. However, application of these micro
acidity constants also allows now to answer the above ques-
tion and to calculate the ratio R [Eq. (9)] of the isocharged
species (X�H·MP·H)2� and XMP2� :


RXMP ¼ ½ðX�H �MP �HÞ2�	
½XMP2�	 ¼ kX�H�MP�H


XMP�H


kXMP
XMP�H


ð9aÞ


¼ 10�ð5:35�0:02Þ


10�ð6:23�0:02Þ ¼ 100:88�0:03 ð9bÞ


¼ 7:59
1


ð9cÞ


¼ 88:4
11:6


�
89:0
11:0


;
87:6
12:4


�
ð9dÞ


The ratio in Equation (9d) corresponds to the percentages
of the (X�H·MP·H)2� and XMP2� species formed in solu-
tion in a tautomeric equilibrium. For the limiting values
given in parentheses [Eq. (9d)] the analogous explanations
hold as given in the final paragraph of Section 2. From the
results in Equation (9d) it is evident that, as expected, the
species (X�H·MP·H)2� with a deprotonated xanthine resi-
due and a monoprotonated phosphate group dominates with
a formation degree of about 88%. However, with a forma-
tion degree of about 12% the simple XMP2� species, with a
neutral nucleobase moiety and a twofold negatively charged
phosphate group, is not negligible; it still occurs in a re-
markable concentration and thus, a minority tautomer of
XMP exists in solution that corresponds structure-wise to
AMP2�, IMP2� and GMP2� (see Figure 1).


4. Evaluation of the tautomeric equilibrium between (N1)H
and (N3)H in monoprotonated xanthine derivatives : In Sec-
tion 3 we have seen that the twofold negatively charged
XMP species, which has lost one proton from the xanthine


Figure 3. Equilibrium scheme for (XMP·H)� to (X�H·MP)3� defining the
micro acidity constants (k) and showing their interrelation with the meas-
ured macro acidity constants (K) and the connection between
(X�H·MP·H)2� and XMP2� and the other species present. In
(X�H·MP·H)2� the xanthine residue is deprotonated and the proton lo-
cated at the phosphate group; in its XMP2� tautomer the nucleobase is
uncharged and the phosphate group deprotonated. (XMP·H)� and
(X�H·MP)3� are also often written as H(XMP)� [Eq. (3)] and
(XMP�H)3� [Eq. (4)], respectively. The arrows indicate the direction for
which the acidity constants are defined. Use of the average of the acidity
constants measured for the deprotonation of H(AMP)� , H(IMP)� ,
H(GMP)� and H(RibMP)� (Table 1, column 6), that is, pKH


HðNMPÞ=6.23�
0.02, for the microconstant pkXMP


XMP�H (lower pathway at the left) permits
calculation of the other microconstants with Equations (a), (b) and (c).
The error limits of the various constants were calculated according to the
error propagation after Gauss; they correspond to three times the stan-
dard error (see Table 1; footnote [a]).
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residue and which carries another one at the phosphate
group, that is, (X�H·MP·H)2�, dominates with a formation
degree of about 88% [Eq. (9c)]. However, the question that
remains to be answered is: Which site is deprotonated,
(N1)H or (N3)H? This question cannot be answered for
XMP and also not for xanthosine with the information pres-
ently at hand.


However, in recent research with other purine deriva-
tives[12,13,41] we have shown that the positions of tautomeric
equilibria can be quantified by employing N-methylated de-
rivatives; this then allows us to obtain micro acidity con-
stants. This approach is possible because the electronegativi-
ty of an H atom and a methyl group are quite alike. In
other words, such a substitution does not significantly alter
the acid–base properties of another nearby site,[12] for exam-
ple, N1-protonated adenosine and 1-methyladenosine have
the same pKa value for the (N7)H+ site, meaning that
H+(N1) and CH3


+(N1) have the same effect on the (N7)H+


site.
For the present evaluation, methylated xanthine deriva-


tives[14,15,42] and their published acidity constants were used.
9-Methylxanthine (9MeXan) (Figure 4, top) has the same


ambiguity as xanthosine and XMP with regard to (N1)H
and (N3)H; however, in its derivatives 1,9-dimethylxanthine
(1,9DiMeXan) and 3,9-dimethylxanthine (3,9DiMeXan) the
situation is unambiguous, because a proton can only be re-
leased either from the (N3)H or the (N1)H site, respectively.
Hence, the pKa value of 1,9DiMeXan may be considered as
being representative for the (N3)H deprotonation of
9MeXan; that is, its anion represents the tautomer shown in
the lower part of Figure 4 at the right, whereas the proper-
ties of the tautomer at the left are described by the anion of
3,9DiMeXan.


The above reasonings are summarized in the micro acidity
constant scheme of Figure 5, in which the various deproto-
nation reactions of 9MeXan are given, together with the
acidity constants from reference [16] and in which the


values of 1,9DiMeXan and 3,9DiMeXan are applied at the
left in the upper and lower pathways, respectively. A com-
parison of the macro constants with the micro constants
shows that the upper pathway dominates. The two micro
acidity constants at the left allow us to calculate, according
to Equation (10), the ratio and, thus, the formation degree
of the two tautomers seen in the bottom part of Figure 4.


RN1=N3 ¼
½H �N1-N3�	
½�N1-N3 �H	 ¼


kH�N1-N3
H�N1-N3�H


kN1-N3�H
H�N1-N3�H


ð10Þ


The corresponding results for 9MeXan are given in
entry 3 of Table 2,[43] and they indicate that the N1-deproto-
nated isomer occurs only in traces. It needs to be noted here
that the acidity constants of ref. [16] in the high pKa range
do not seem to be very exact (see also below the discussion
regarding the systems of entries 4–12 of Table 2), but if one
assumes that the Ka of 3,9DiMeXan is off by a factor of 10
and that pKH


3,9DiMeXan
9.5, then the formation degree of the
N1-deprotonated species, �N1-N3·H, increases only to about
0.1%. In any case, traces of this species are certainly pres-
ent.


Another xanthine derivative with (N1)H and (N3)H sites
is 7-methylxanthine (7MeXan), for which also the necessary
methylated species exist, that is, 1,7- and 3,7-dimethylxan-
thine (1,7DiMeXan and 3,7DiMeXan). In fact, the necessary
acidity constants are available for this evaluation from three
different sources.[14,16, 42] The corresponding data are given in
entries 4–12 of Table 2 and the results regarding the forma-
tion degrees of the tautomers in entries 6, 9, and 12. It is evi-
dent that the results of entries 9 and 12 agree well with each
other, whereas that of entry 6 is off. A closer look at the
macro acidity constants reveals that this is due to the high
pKa value (11.0) given in reference [16] for 3,7DiMeXan. To
conclude, 7-methylxanthinate exists to about 5% as the N1-
deprotonated and to about 95% as the N3-deprotonated
tautomer, that is, in this case clearly both isomers are
formed in remarkable quantities.


Figure 4. Chemical structures of 9-methylxanthine (9MeXan) and uric
acid (UrA). In the lower part the tautomeric equilibrium for 9-methyl-
xanthinate is indicated (of course, the negative charge at the N atoms
may partly be delocalized to the carbonyl oxygen atoms).


Figure 5. Micro acidity constant scheme for 9-methylxanthine (9MeXan),
in which H·N1-N3·H represents 9MeXan. Shown is the interrelation be-
tween the micro acidity constants (k) and the macro acidity constants
(K) as well as the connection between H·N1-N3� and �N1-N3·H and the
other species present (see also Figure 4). The arrows indicate the direc-
tion for which the acidity constants are defined. The inserted constants at
the left of the scheme and at the horizontal arrow are from entries 1–3 of
Table 2; the value of 10.5 for pKH


ð9MeXan�HÞ appears to us as uncertain and
it is therefore given with a question mark (see also the comment to this
value in Table 2). However, this uncertainty has no effect on the calcula-
tions which are based on the values given at the left.
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That the N1/N3 tautomeric ratio depends significantly on
the substituents of the purine moiety is also evident from
entries 13–15 of Table 2, in which the situation for 7,9-dime-
thyluric acid (7,9DiMeUrA; see also Figure 4 at the top,
right) is considered. In this case only traces of the N1-depro-
tonated tautomer are formed, meaning that the N3-deproto-
nated species dominates very strongly.


To conclude, from the above results it follows that N1-
and N3-methylxanthosine need to be studied to see which
effect the sugar residue has on the distribution of the tauto-
mers. That it can have a significant effect is known from
other purine derivatives in which a methyl group at N9 was
replaced by ribose.[12,13] It is further interesting that a methyl
group at N7 evidently favors the formation of the N1-depro-
tonated tautomer. Has metal ion coordination at N7 the
same effect? If so, this would immediately explain why N7
coordination to the xanthosine residue in aqueous solution
is well known.[19]


Conclusions


The acid–base properties of XMP are now well described in
the pH range 0 to 12 and it is shown that micro acidity con-
stant schemes are useful “tools” to quantify the intrinsic
acid–base properties of certain sites. Thus, about 70% of the
H2(XMP) species exist in the zwitterionic form, that is, N7 is
protonated and P(O)(OH)2 monodeprotonated, whereas the
remaining 30% refer to a neutral molecule with a
P(O)(OH)2 residue.


However, more important is the fact that XMP2� is ac-
tually present to about 88% as (X�H·MP·H)2�, a species
with a negative charge at the pyrimidine ring and another


one at the P(O)2(OH)� group. In the physiological pH range
of 7.5 (XMP�H)3� is the dominating species, that is, the
xanthine residue has lost a proton and thus the nucleobase
is negatively charged. There is no other purine nucleotide
with such a property. It is expected that this affects the
metal-ion-binding properties of XMP and the structures of
its complexes in solution.[25]


Application of micro acidity constant schemes to methy-
lated xanthine derivatives demonstrate that deprotonation
at the nucleobase occurs mainly at N3, but that the N1-de-
protonated tautomer may also be formed in appreciable
amounts under certain conditions. Clearly, here more re-
search is needed, especially of xanthosine and its methylated
derivatives. However, it is revealing that remarkable
amounts (ca. 5%) of the N1-deprotonated tautomer of 7-
methylxanthine form and it appears as rather likely that N7
coordination of a metal ion, which is known to occur in the
solid state,[21,44] also favors this tautomer in aqueous solu-
tion,[19] in which in addition an outersphere chelate, involv-
ing (C6)O with a metal-ion-coordinated water molecule,
may easily form.


Of interest in the above context is also the solid-state
structure of a titanocene–xanthine 3:1 complex,[23] in which
xanthine is twofold deprotonated, namely at the N1 and N9
sites (Figure 4, top left). In this molecule (h5-C5H5)2Ti


+


forms a four-membered chelate involving N1 and (C2)O as
well as a five-membered chelate with N7 and (C6)O; the
third (h5-C5H5)2Ti


+ interacts in a unidentate manner with
N9 and a Cl� ion. Most remarkable is that the (N3)H unit in
this complex is still intact. All this indicates that a shift from
an (N3)H to a (N1)H deprotonation is easily achieved in
the xanthine residue.


Table 2. Evaluation of the tautomeric equilibrium between the (N1)H and (N3)H sites in monodeprotonated derivatives of xanthine and uric acid
(Figure 4) by means of micro acidity constants. These microconstants are derived from analogous species in which one of the (N)H units is alternatively
replaced by a (N)CH3 group. For the definition of the micro acidity constants see the equilibrium scheme in Figure 5. The tautomers are quantified by
their ratios R [Eq. (10)] and their formation degrees given in percentages.[a,b]


pKa for the site
Acid (N1/N3)H (N3)H (N1)H pkH�N1-N3


H�N1-N3�H pkN1-N3�H
H�N1-N3�H R=


½H�N1-N3�	
½�N1-N3�H	 %H·N1-N3� %�N1-N3·H


1 1,9DiMeXan 6.3
2 3,9DiMeXan ~10.5
3 9MeXan 5.9 ~10.5[c] 6.3 ~10.5 104.2 99.99 0.01
4 1,7DiMeXan 8.6
5 3,7DiMeXan 11.0
6 7MeXan 8.4 ~10.5[d] 8.6 11.0 102.4 99.6 0.4
7 1,7DiMeXan 8.71
8 3,7DiMeXan 9.97
9 7MeXan 8.33 ~13 8.71 9.97 101.26 94.8 5.2
10 1,7DiMeXan 8.5
11 3,7DiMeXan 9.9
12 7MeXan 8.5 8.5 9.9 101.4 96 4
13 1,7,9TriMeUrA 5.28
14 3,7,9TriMeUrA 9.42
15 7,9DiMeUrA 5.05 >13 5.28 9.42 104.14 99.99 0.01


[a] The values refer to aqueous solutions close to 25 8C; the ionic strength is not defined. The constants were measured by spectrophotometry,[14,16,43]


except for entries 10–12 which are the results from potentiometric measurements.[42] [b] The values in columns 3–5 are for entries 1–6 from refer-
ence [16], for entries 7–9 from reference [14],for entries 10–12 from reference [42] and for entries 13–15 from reference [43]. [c] Considering that this
value refers to the release of a proton from an already negatively charged xanthinate residue, it appears as low if compared with the value due to the de-
protonation of 3,9DiMeXan (entry 2). However, this shortcoming has no effect [see also the paragraph following Eq. (10) in the text], since this value
does not enter into the calculations (see also Figure 5). [d] For this value comments analogous to those given in [c] hold.
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Experimental Section


Materials : The disodium salt of xanthosine 5’-monophosphate was pur-
chased from Sigma, St. Louis, MO (USA). Potassium hydrogen phthalate,
HNO3, NaOH (Titrisol), and sodium nitrate (all pro analysi) were from
Merck, Darmstadt (Germany). All solutions were prepared with deion-
ized ultrapure (MILLI-Q 185 PLUS, from Millipore S.A., 67120 Mols-
heim, France) and CO2-free water.


The aqueous stock solution of XMP was freshly prepared daily, and its
exact concentration was newly determined each time by titrations with
NaOH (see below). The titer of the NaOH used for the titrations was es-
tablished with potassium hydrogen phthalate.


Potentiometric pH titrations : The pH titrations were carried out with a
Metrohm E536 potentiograph equipped with a E665 dosimat and a
6.0202 100(NB) combined glass electrode. The buffer solutions (pH 4.64,
7.00, and 9.00 based on the NBS scale, now U.S. National Institute of
Standards and Technology (NIST)) used for calibration were also from
Metrohm, Herisau (Switzerland).


The direct pH-meter readings were used to calculate the acidity con-
stants, that is, these constants are so-called practical, mixed, or Brønsted
constants.[45] Their negative logarithms given for aqueous solutions at I=
0.1m (NaNO3) and 25 8C may be converted into the corresponding con-
centration constants by subtracting 0.02 from the listed pKa values; this
conversion term contains both the junction potential of the glass elec-
trode and the hydrogen ion activity.[45, 46] The ionic product of water (KW)
and the mentioned conversion term do not enter into our calculation pro-
cedures, because we evaluate the differences in NaOH consumption be-
tween a pair of solutions; that is, a solution with and one without ligand
are always titrated (see also below; for further details references [45] and
[47] may be consulted).


All acidity constants were calculated by curve-fitting procedures using a
Newton–Gauss nonlinear least-squares program in the way and with the
computer equipment described recently.[12,48]


Determination of the acidity constants of H2(XMP)� : The acidity con-
stants KH


HðXMPÞ [Eq. (3)] and KH
XMP [Eq. (4)] were determined by titrating


aqueous HNO3 (0.54mm, 50 mL, 25 8C; I=0.1m, NaNO3) in the presence
and absence of XMP (0.3mm, adjusted in its stock solutions to pH 5.9)
under N2 with NaOH (0.03m, 1.5 mL ). In a second series some experi-
ments were also carried out by titrating aqueous HNO3 (31.7mm, 15 mL,
25 8C; I=0.1m, NaNO3) in the presence and absence of XMP (4.8 mm,
adjusted in its stock solution to pH 7.9) under N2 with NaOH (0.2m, 2.5–
3.5 mL). In this second series of experiments the conditions were such
that also the acidity constant KH


H2 ðXMPÞ [Eq. (2)] could be determined and
for KH


ðXMP�HÞ [Eq. (5)] a lower limit could be defined.


In the first series of experiments the data were collected every 0.1 pH
unit in the pH range 3.7 to 8.2 and used for the calculations; this range
corresponds initially to about 2% neutralization for the equilibrium
H(XMP)�/XMP2� [Eq. (3)] and finally, to about 98% neutralization for
the equilibrium XMP2�/(XMP�H)3� [Eq. (4)]. In the second series the
calculation was carried out in the pH range1.8 to 10.8, which corresponds
initially already to a neutralization degree of about 85% for the equili-
brium H2(XMP)�/H(XMP)� [Eq. (2)] and, therefore, the error in the cor-
responding acidity constant is relatively large. For the constant regarding
the equilibrium (XMP�H)3�/(XMP�2H)4� [Eq. (5)] only a lower limit
could be obtained.


The results are the averages of four independent pairs of titrations for
the acidity constant KH


H2ðXMPÞ [Eq. (2)], of 25 independent pairs of titra-
tions for the acidity constants KH


HðXMPÞ [Eq. (3)] and KH
XMP [Eq. (4)], and


of two independent pairs of titrations for the determination of the lower
limit of the acidity constant KH


XMP�H [Eq. (5)].
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A Novel Hybrid Inorganic–Metalorganic Compound Based on a Polymeric
Polyoxometalate and a Copper Complex: Synthesis, Crystal Structure and
Topological Studies


Leire San Felices, Pablo Vitoria, JuanM. Guti(rrez-Zorrilla,* Santiago Reinoso,
Juan Etxebarria, and Luis Lezama[a]


Introduction


Polyoxometalates (POMs)[1] form a large and characteristic
class of inorganic compounds of incomparable electronic
versatility and structural diversity that have attracted great
attention due to their utility in chemistry,[2] catalysis,[3] mate-
rial science[4] and medicine.[5] All these reflect a current in-
terest in assembling different inorganic and metal–organic
building blocks in order to produce hybrid compounds that
combine the different characteristics of the components to
obtain unusual structures or properties. Recently, several
hybrid compounds based on vanadium and molybdenum
isopolyanions have been reported.[6] However, hybrid supra-
molecular arrays based on Keggin-type POM and deriva-
tives as the inorganic component, have not been extensively


studied.[7] Structures of extended Keggin heteropolyanions
have been observed only in monosubstituted derivatives of
manganese: (ET)8[PW11MnO39]·2H2O;[8] cobalt:
(Et3NH)5[XW11CoO39]·3H2O (X: P, As)[9] and [Co(dpa)2-
(H2O)2]2(Hdpa) [PW11CoO39]·3H2O;[10] and copper:
[Cu(en)2(H2O)]2[{Cu(en)2}2SiW11CuO39]·3H2O.[11]


Our interest is focused on the preparation of new hybrid
compounds by assembling monosubstituted Keggin POMs
and transition metal carboxylate complexes.[12] In order to
rationalize the influence of various TM–carboxylate com-
plexes on the formation of monosubstituted Keggin POM–-
metal organic hybrid compounds, we studied the reactivity
of different carboxylate amine copper complexes. This study
includes the binuclear Cu-bpy-ox and Cu-phen-ox com-
plexes and mononuclear Cu-dien-ac and Cu-pmdien-ac com-
plexes. In this paper we report the synthesis, crystal struc-
ture and magnetic properties of the compound
K5[Cu(ac)(pmdien)][SiW11CuO39]·12H2O, 1, (ac: acetate;
pmdien: N,N,N’,N’’,N’’-pentamethyldiethylentriamine) to-
gether with a topological analysis of the polyhedral distor-
tion by using continuous shape measures (CSM) and an
AIM stability study of the cationic copper complex. This has
two purposes: first, to check the influence of packing in the
complex geometry and second to determine the relationship
between the bond angle Cu-O-C and the denticity of the
acetate ligand.


[a] L. San Felices, P. Vitoria, Prof. Dr. J.M. GutiErrez-Zorrilla,
S. Reinoso, J. Etxebarria, Dr. L. Lezama
Departamento de QuHmica InorgInica
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Universidad del PaHs Vasco, Apdo 644
48080 Bilbao (Spain)
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.


Abstract: Reaction of monosubstituted
Keggin polyoxometalates (POMs) and
[Cu(ac)(pmdien)]+ generated in situ
led to the formation of the hybrid
metal organic–inorganic compound
K5[Cu(ac)(pmdien)][SiW11CuO39]·12H2O;
its crystal structure and magnetic prop-
erties have also been determined. The
packing of this compound can be
viewed as a stacking of hydrogen-
bonded chiral double chains, with the


cationic complexes located between
the two-dimensional arrangement of
POM double chains. DFT calculations
performed on [Cu(ac)(pmdien)]+ sug-
gest that the distortion presented in
this cationic copper complex is due to


electronic effects. An AIM stability
study of the cationic copper complex,
in order to determine the relationship
between the bond angle Cu-O-C and
the denticity of the acetate ligand, has
been carried out. Topological analyses
over the polyhedral distortion, both of
the monosubstituted polyanion and
copper complexes, have been per-
formed by means of continuous shape
measures (CSM).


Keywords: copper complexes · den-
sity functional calculations · polyhe-
dral distortion · polyoxometalates
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Results and Discussion


Synthesis and chemical charac-
terization : In contrast to most
TM complex–POM hybrid
compounds reported in the lit-
erature—which are synthesized
by hydrothermal methods—we
have made use of the classical
open-air techniques for the
preparation of these com-
pounds. They are formed by
autoassembly of the building
blocks generated in situ. Com-
pound 1 has been character-
ized by elemental analysis,
FTIR spectroscopy and thermogravimetric analysis.


The thermal decomposition of 1 takes place in four main
stages, with the first three made of two overlapped steps.
The water molecules are lost in the first endothermic stage
(50–225 8C). The three remaining stages are exothermic
processes related to organic component oxidations and
POM structure breakdown (225–365 8C; 365–460 8C; 460–
640 8C). The quantitative analysis by mass spectrometry of
the gases evolved in the oxidation steps indicates a good
agreement between the experimental and calculated carbon
content present in the compound.


Description of crystal structure : The title compound crystal-
lizes in the monoclinic space group P21 with one
[SiW11CuO39]


6�, one [Cu(ac)(pmdien)]+ cationic complex,
five potassium cations and twelve water molecules in the
asymmetric unit.


The [SiW11CuO39]
6� a-Keggin unit consists of a central


SiO4 tetrahedron surrounded by four vertex-sharing M3O13


trimers: one CuW2O13 and three W3O13 (Figure 1). The
POMs share one oxygen atom bound to Cu1 and W11 atom


to form the infinite [SiW11CuO39]
6n�
n chain running along the


[010] direction. The condensation process can be viewed as
the result of substitution of a water molecule of a [SiW11O39-
Cu(OH2)]


6� ion by the terminal oxygen atom (O11) on a W
center (W11) belonging to an adjacent Keggin unit
(Figure 2). The Cu1-O11-W11 angle is equal to 158.18. This
chain-like arrangement is similar to those structures of man-
ganese, cobalt and copper monosubstituted POM salts men-
tioned above, but obtaining information about the W-O-TM
angle is hampered by the crystallographic disorder in the
position of the transition metal inside the POM present in
most compounds. However, the link in this case can clearly
be determined because the copper atom is perfectly located
in one position, with W11�O11 (1.75 S) and Cu1�O11
(2.25 S), a feature observed only in one of the cobalt deriv-
atives.[9]


The oxygen atoms connected to W atoms can be classified
into four groups: Ot terminal oxygen atoms bonded to only
one W atom [d(W�Ot) 1.67–1.77 S], Oc which connect
edge-sharing WO6 octahedra in W3O13 trimers [d(W�Oc)
1.77–2.06 S], Ob bridging oxygen atoms located in the
shared corners between two different W3O13 trimers [d(W�
Ob) 1.80–2.04 S], and Oa coordinated to four M atoms and
a Si atom [d(W�Oa) 2.31–2.63 S]. Relevant bond lengths
are displayed in Table 1. The Jahn–Teller effect associated
with an octahedral copper(ii) ion (Cu1) in the POM induces
an elongation of the whole Keggin anion along the chain di-
rection, in spite of a shortening in the metallic framework.


In the cationic complexes the copper(ii) ion (Cu2) has a
distorted pentacoordinated environment formed by three ni-
trogen atoms from the tridentate amine coordinated in mer
fashion, with ld conformation, and two oxygen atoms from
the bidentate acetate ligand (Figure 3). Experimental and
calculated bond lengths and angles are listed in Table 2.


The crystal packing of this compound can be viewed as
stacking along the [100] direction of hydrogen-bonded chiral
double-chains, each formed by two 21 axis related chains
linked by the potassium cations K1 and K2 and water mole-
cules through an extended hydrogen-bond network
(Figure 4). The two-dimensional arrangement of POM
double chains generates a region at z= 1=2 where the cationic
complexes are settled, which are connected to the POM
chain through both acetate oxygen atoms; O41 connects byFigure 1. ORTEP view of [SiW11CuO39]


6� anion with atom labeling.


Figure 2. Views of the one-dimensional [SiW11CuO39]
6n�
n chain running along the [010] direction.
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means of hydrogen bonds with water molecules and O42
forming part of coordination sphere of the K4 cation.


Magnetic properties and electronic paramagnetic resonance :
The compound presents a magnetic behaviour that fits the
Curie–Weiss rule, with an intersection temperature of


�1.5 K and a Curie constant
value of 0.85 cm3Kmol�1. The
negative value of c and the de-
crease of cmT from 0.85 to 0.79
with the decrease of tempera-
ture are indicative of weak an-
tiferromagnetic interactions.
The interactions between the
two types of copper atoms
present in the structure appear
to be of the same magnitude.
The effective magnetic
moment at room temperature
is 2.61 cm3Kmol�1 and de-
creases weakly when the tem-
perature drops as a result of
the weak interactions. Consid-
ering the large exchange path-
way that separates the differ-
ent copper atoms this weak-
ness of the magnetic interac-
tions is easily comprehensible.


The X band EPR spectra of
the polycrystalline samples of
the title compound are shown
in Figure 5. The spectra show
wide and complex signals with


little information as a consequence of the presence of two
types of copper(ii), which show interactions of the same
magnitude and remain unchanged over the range 4–300 K.
The decrease of the temperature produces an increase of
the signal intensity, which is in agreement with the weakly
antiferromagnetic behaviour.


The Q band EPR spectra of the polycrystalline powdered
samples at room temperature and at 120 K have been re-
corded. The presence of the signals corresponding to the
two copper ions can be observed in both spectra. One signal
shows clear axial symmetry with 10500 and 11700 Gauss


Table 1. W�O and Si�O bond lengths [S] in the [SiW11CuO39]
6� polyanion.


Cu1 W2 W3 W4


O11 2.25(1) O2 1.68(1) O3 1.76(2) O4 1.72(1)
O13 1.98(2) O13 1.80(1) O14 1.91(2) O16 1.77(1)
O15 2.01(2) O14 1.95(1) O15 1.81(2) O22 1.96(1)
O16 1.96(2) O17 1.91(2) O19 2.02(2) O27 1.93(2)
O21 1.98(1) O18 2.06(1) O20 1.92(2) 028 2.03(2)
O37 2.40(1) O37 2.28(1) O37 2.63(1) 038 2.39(2)


W5 W6 W7 W8


O5 1.71(1) O6 1.77(1) O7 1.67(2) O8 1.69(1)
O17 1.90(1) O18 1.84(1) O19 1.90(2) O20 1.92(1)
O22 1.93(1) O23 1.88(1) O24 1.93(2) O25 1.88(1)
O23 1.91(1) O24 1.94(2) O25 1.96(1) O26 1.93(1)
O29 1.92(1) O30 1.92(1) O31 1.91(1) O32 1.91(1)
O38 2.311(8) O39 2.35(1) O39 2.34(1) O40 2.329(9)


W9 W10 W11 W12


O9 1.74(1) O10 1.72(1) O11 1.75(2) O12 1.72(2)
O21 1.79(1) O28 1.89(2) O30 1.91(1) O32 1.96(2)
O26 1.92(1) O29 1.93(1) O31 1.94(1) O33 1.87(2)
O27 1.89(2) O34 1.93(1) O34 1.87(2) O35 1.93(1)
O33 2.04(2) O36 1.89(1) O35 1.91(1) O36 1.90(2)
O40 2.38(1) O38 2.37(1) O39 2.27(1) O40 2.36(1)


Si1


O37 1.643(4)
O38 1.631(3)
O39 1.652(4)
O40 1.640(4)


Table 2. Selected experimental and theoretical (B3LYP optimizations) bond lengths [S] and
angles [8] for cationic complexes.


Experimental DFT calculations
[Cu(ac)(pmdien)]+ [Cu(ac)(pmdien)]+ [Cu(ac)(dien)]+


Cu�N1 2.034 Cu�N1 2.124 2.078
Cu�N4 1.951 Cu�N4 2.063 2.064
Cu�N7 2.039 Cu�N1’ 2.124 2.078
Cu�O41 2.358 Cu�Ob 2.307 2.292
Cu�O42 1.971 Cu�Oa 1.972 1.962
N1-Cu-N4 87.23 N1-Cu-N4 86.02 84.07
N1-Cu-N7 154.86 N1-Cu-N1’ 150.75 156.54
N1-Cu-O41 102.39 N1-Cu-Ob 104.51 101.60
N1-Cu-O42 94.44 N1-Cu-Oa 95.39 96.90
N4-Cu-O41 112.48 N4-Cu-Ob 112.42 112.67
N4-Cu-O42 171.99 N4-Cu-Oa 173.70 174.33
N7-Cu-O41 102.83 N1’-Cu-Ob 104.51 101.60
N7-Cu-O42 94.72 N1’-Cu-Oa 95.39 96.90
O41-Cu-O42 59.51 Ob-Cu-Oa 61.28 61.66
Cu-O42-C 98.58 Cu-Oa-C 96.56 96.38


s(dist)[a] 0.076 0.069
s(ang)[a] 2.20 2.22


[a] Root mean square deviation.


Figure 3. Top: ORTEP view of the [Cu(ac)(pm-
dien)]+ cationic complex. Bottom: Atom numbering
in the [Cu(ac)(dien)]+ cationic model used in DFT
calculations.
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values for Hk and H? , respectively. The second signal is par-
tially masked by the first one and it is difficult to deduce its
symmetry. In addition, neither of the two signals shows the


corresponding hyperfine struc-
ture, confirming the presence
of weak but not negligible
magnetic interactions.


The signal with axial sym-
metry can be simulated by
using a Lorentzian-type curve,
which indicates that the ex-
change magnetic interactions
predominate over the dipolar
interactions. The g values used
in the simulation are gk=2.300
and g?=2.079, both usual in
slightly distorted octahedral
system with fundamental state
dx2�y2.


DFT calculations—[Cu(ac)-
(dien)]+ stability study : The
coordination polyhedron of
the cationic complex is very
distorted as a consequence of
the presence of the acetate


group as a bidentate ligand. In order to establish whether
this distortion is due to electronic or packing effects, theo-
retical calculations were performed on the complete
[Cu(ac)(pmdien)]+ and the [Cu(ac)(dien)]+ cationic model
complexes (Figure 3). Both structures were fully optimized
and, as can be seen in Table 2, the calculations reproduce
with acceptable precision the experimental copper ion envi-
ronment.


Several partial optimisations have been made fixing the
Cu-Oa-C angle in the 80–1208 range. There is a very broad
potential well around the minimum so that considerable var-
iations in this angle produce little variation in the total
energy of the molecule. An optimized value for the energy
minimum of 96.568 is close to the experimental one (98.588).
Furthermore, the angle variation yields a strong change in
the copper apical oxygen length and the existence of a bond
between both atoms has been questioned. In this context,
the AIM theory has been used to determine the relationship
between the Cu-Oa-C angle and the acetate ligand denticity.
The electronic density maps and associated critical points of
the structures corresponding to 85, 97, 102, 103, 104 and
1108 values for Cu-Oa-C angle are shown in Figure 6. As can
be seen, the Cu�Ob bond breaks at an angle slightly higher
than 1038. In this range the BCP and the RCP annihilate
each other, and a degenerate critical point of rank 2 appears
in their position. This is signaled by a very high value of the
ellipticity (e), which tends to infinity as both critical points
approach each other. This kind of degenerate critical point
is characteristic of frontier structures between two stable
ones. In this case, the two stable structures correspond to
the pentacoordinated and tetracoordinated copper(ii) atoms.
The lack of the Cu�Ob bond critical point (BCP) and the
ring critical point (RCP) of the system copper/acetate when
the angle is 1048 implies tetracoordination of the metallic
atom. Hence, the acetate anion acts as a bidentate ligand
until the Cu-Oa-C angle reaches a value between 103 and


Figure 4. Left: View of crystal packing along the [010] direction. Right: Detailed view of two 21-axis-related
chiral chains. Water molecules have been omitted for clarity.


Figure 5. Top: Temperature dependence from 4.2 K up to 290 K of the
powder X band EPR spectra. Bottom: Q band EPR powder spectra at
120 and 290 K.
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1048. Table 3 summarizes the geometries and topological prop-
erties of the electron density in the cationic model complexes.


A significant destabilization of the molecule has not been
observed, in spite of the loss of energy associated with bond
breaking, due to reorganization in the rest of the molecule.
This can be seen mainly in the shortening of the Cu�Oa


bond and a shift of the copper atom to the dien plane as the
Cu-Oa-C angle increases. Furthermore, the coordination of


the copper ion changes from a very distorted square pyra-
mid to a square plane. The strengthening of the Cu�Oa


bond is also noticeable in the increasing values of the elec-
tron density (1) and its Laplacian (521) at the bond critical
point (Table 3).


Polyhedral distortion : The [SiW11CuO39]
6� polyanion in


compound 1 is built up from twelve MO6 distorted octahe-


Figure 6. Molecular graph determined by the topology of the electron density in the plane containing the copper atom and the acetate ligand for opti-
mized structures corresponding to 85, 97, 102, 103, 104 and 1108 values for the Cu-Oa-C angle. Positions of the bond and angle CPs are denoted by filled
squares and bold open circles, respectively.


Table 3. Geometries and topological properties of the electron density at the critical points of the [Cu(ac)(dien)]+ cationic model complexes.


Geometrical parameters[a] Electron density parameters[b]


Cu-Oa-C Cu�Oa Cu�Ob Cu�N1 Cu�N4 Cu�dien 1 Cu�Oa 1 Cu�Ob 1 ring 521 Cu�Oa 521 Cu�Ob e Cu�Oa e Cu�Ob


80 2.200 1.951 2.098 2.059 0.843 5.17 9.00 4.49 18.08 46.93 16.25 3.00
85 2.095 2.051 2.095 2.059 0.623 6.49 7.15 4.59 25.41 34.34 0.33 0.26
87 2.062 2.085 2.092 2.060 0.592 6.97 6.62 4.55 28.55 30.55 2.34 1.67
90 2.022 2.145 2.086 2.061 0.526 7.66 5.83 4.40 32.83 25.01 4.88 4.75
92 2.001 2.189 2.083 2.062 0.476 8.06 5.32 4.26 35.36 21.65 5.91 7.89
95 1.973 2.258 2.080 2.062 0.418 8.62 4.62 4.00 38.92 17.45 6.93 15.50
97 1.957 2.307 2.078 2.062 0.395 8.96 4.20 3.81 41.12 15.22 7.39 24.18
100 1.937 2.385 2.075 2.063 0.357 9.40 3.61 3.48 43.96 12.59 7.73 53.06
102 1.927 2.441 2.073 2.062 0.321 9.64 3.26 3.23 45.49 11.37 7.74 122.62
103 1.922 2.469 2.072 2.063 0.303 9.75 3.10 3.10 46.18 11.06 7.71 361.30
104 1.918 2.498 2.070 2.064 0.283 9.84 46.76 7.67
106 1.911 2.556 2.068 2.064 0.250 10.03 47.98 7.53
108 1.904 2.614 2.066 2.064 0.223 10.20 49.08 7.35
110 1.898 2.672 2.066 2.065 0.198 10.33 50.00 7.15
120 1.876 2.950 2.063 2.063 0.127 10.79 53.73 6.05


[a] Bond angles [8], bond lengths [S]; Cu�dien: distance from Cu to mean plane of N dien atoms [S]. [b] 1 electron density (a.u. S�3U100); 521 Lapla-
cian of the electron density (a.u. S�5U100); e ellipticity (U100).
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dra (11WO6 and 1CuO6) with-
out any disorder in the metal-
lic positions. To quantify the
degree of distortion of the dif-
ferent polyhedra continuous
shape measures (CSM)[13] have
been employed. The CSM de-
termines the normalized dis-
tance of a structure from a
given reference shape. In the
case of our polyanion, the oc-
tahedron and the trigonal
prism were chosen as refer-
ence shapes. The calculations
of the continuous shape mea-
sure of the coordination
sphere of polyanion metallic
centers were performed by
using the formula proposed in
the literature.[14] Table 4 sum-
marizes the shape measures
obtained for the W and Cu centers in the [SiW11CuO39]


6�


polyanion. All centers show S(Oh) values less than 2, which
indicates a prevalence of the octahedral geometry. The anal-
ysis of the experimental structural data for hexacoordinated
tungsten atoms shows that in a scatterplot of the octahedral
and trigonal prismatic measures, most polyhedra are located
between the lines corresponding to an axial bending of two
trans ligands and the trans effect (see Supporting Informa-
tion). On the other hand, the copper atom values are locat-
ed between the lines corresponding to an axial bending of
two trans ligands and the Jahn–Teller effect.


In addition, a distortion study has been carried out with
the experimental and model cationic copper complexes to-
gether with all pentacoordinated first series transition metal
complexes with an MN3O2 environment retrieved from the
Cambridge Structural Database.[15] The trigonal bipyramid
(TBP) and the square pyramid (SP) were used as reference
shapes in the CSM calculations for this group of pentacoor-
dinated complexes and Figure 7 displays the corresponding
scatterplot of the S(TBP) vs S(SP) shape measures. As can


be seen in Table 5, both the experimental cationic complex
and the models show high values (S>3)[16] in the shape
measures indicating a strong distortion in their geometries.
Besides, CSM calculations for a four-coordinated view of
the complexes indicate also a strong distortion at low angles.
However, the CSM value for a square becomes less than 1
when the angle is higher than 1048 where the copper coordi-
nation number changes from 5 to 4. This fact confirms the
shift of copper ion towards the basal plane as the Cu-Oa-C
angle increases.


Conclusion


The reaction between a copper monosubstituted Keggin
POM and [Cu(ac)(pmdien)]+ generated in situ in aqueous
solution affords a hybrid inorganic–metalorganic compound


Table 4. Shape measures for hexacoordinated metallic centers in
[SiW11CuO39]


6� polyanion[a]


Metallic S(OC-6) S(TPR-6) Angular
center distortion[b]


W2 0.79 14.90 0.98
W3 0.80 14.30 0.80
W4 1.12 14.24 1.26
W5 0.86 14.60 1.00
W6 1.20 14.60 1.24
W7 1.07 14.56 1.18
W8 1.00 15.05 1.08
W9 1.18 14.80 1.15
W10 1.04 14.72 1.12
W11 1.10 14.75 1.28
W12 1.02 14.77 1.16
Cu1 1.55 14.72


[a] OC-6: octahedron; TPR-6: trigonal pyramid. [b] Angular distortion


obtained by using the formula: Da=
1
3


P
i


�
ai�180
180


�
2 ; ai=O-W-Otrans.


Figure 7. Position in a shape map of the structures of pentacoordinated first series transition metal complexes
with an environment MN3O2. Square marked as 1 corresponds to the cationic complex in the title compound.
D means the difference between axial and equatorial bond lengths.


Table 5. Shape measures for penta and tetracoordinated [Cu(ac)(dien)]+


model complexes.[a]


Cu-Oa-C angle [8] S(SPY-5) S (TBPY-5) S(SW-4)[b] S(SP-4)[b]


80 7.67 2.53 4.93 7.75
85 5.40 3.31 8.01 3.94
87 5.19 3.50 8.51 3.58
90 4.84 4.08 9.64 2.80
92 4.68 4.66 10.58 2.25
95 4.68 5.44 11.68 1.73
97 4.81 5.75 12.03 1.62
100 5.07 6.41 12.70 1.39
102 5.33 7.13 13.43 1.14
103 5.48 7.54 13.84 1.01
104 5.66 7.94 14.22 0.91
106 6.08 8.82 14.98 0.72
108 6.57 9.68 15.63 0.59
110 7.12 10.53 16.21 0.50
120 10.38 14.69 18.22 0.31
98.58[c] 5.10 5.02


[a] SPY-5: square pyramid; TBPY-5: trigonal bipyramid; SW-4: saw-
horse; SP: square. [b] Coordination sphere is formed by the three N dien
atoms and the Oa acetate atom. [c] Experimental complex values.
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with a two-dimensional structure consisting of alternated in-
organic POM and copper complex layers. The POM layer
contains chiral double chains of [SiW11CuO39]


6� anions held
together by a hydrogen-bonding network involving the
water molecules and potassium cations.


Magnetic studies of the compound indicate the presence
of weak antiferromagnetic interactions. The Q band EPR
spectra of polycrystalline samples display the signals corre-
sponding to the two copper ions. One signal shows clearly
axial symmetry, while the second signal is partially masked
by the first one, which makes it difficult to deduce its sym-
metry. The lack of hyperfine structure in both signals con-
firms the presence of weak but not negligible magnetic in-
teractions.


The relationship between the Cu-Oa-C angle and the ace-
tate denticity was determined by AIM theory calculations
by using the [Cu(ac)(dien)]+ cationic models. The study
concludes that the acetate anion acts as a bidentate ligand
until the Cu-Oa-C angle reaches a value between 103 and
1048.


Polyhedral distortion studies have been carried out by
using CSM over the polyanion and copper complexes. The
analysis for [SiW11CuO39]


6� anion shows that the distortion
values in most W polyhedra are located between an axial
bending of two trans ligands and the trans effect; while, the
copper distortion value fits between an axial bending of two
trans ligands and the Jahn–Teller effect. All MO6 polyhedra
show significant deviations from the Bailar pathway. There
is a good correlation between the angular distortion and the
CSM data for the tungsten centers. This fact confirms that
polyhedral distortions are strongly affected by the variation
in the angles.


In the case of pentacoordinated cationic complexes, both
the experimental and the models show a strong distortion in
their geometries. This is due to the low value of the acetate
ligand bite angle, which shifts acetate complexes away from
the Berry pseudorotation pathway. CSM calculations for a
four-coordinated view of the complexes indicate values less
than 1 for a square geometry when the Cu-Oa-C angle is
higher than 1048, and as the angle increases the geometries
tend asymptotically towards the upper limit of the experi-
mental points, which corresponds to a combination of the
apical elongation and displacement of the metallic ion to
the basal plane of the square pyramid. Finally, the distortion
of the [Cu(ac)(pmdien)]+ cation is close to the correspond-
ing theoretical value indicating a low influence of the pack-
ing in its geometry.


Experimental Section


Materials : Sodium tungstate dihydrate (Na2WO4·2H2O, Aldrich), sodium
silicate (Na2SiO3, Panreac), copper chloride dihydrate (CuCl2·3H2O,
Merck), copper nitrate trihydrate (Cu(NO3)2·3H2O, Fluka), potassium
acetate (KCH3CO2, Aldrich), N,N,N’,N’’,N’’-pentamethyldiethylentri-
amine (C9H23N3, Fluka), 37% hydrochloric acid (HCl, Riedel-de-HWen),
and methanol (CH3OH, Riedel-de-HWen) were used as purchased with-
out further purification. The compound K8[a-SiW11O39] was prepared ac-
cording to the literature method.[17]


Methods : IR spectra for solid samples were obtained as KBr pellets on a
Mattson 1000 FT-IR spectrometer. Thermogravimetric analysis (TGA)
and differential thermal analysis (DTA) were carried on a TA Instru-
ments SDT 2960 thermobalance under a 100 mLmin�1 flow of synthetic
air; the temperature was ramped from 20 to 845 8C at a rate of
5 8Cmin�1. This instrument was connected, by means of a thermostated
line, to a mass spectrometer (Thermostar, Balzers Instruments). The
magnetic susceptibility was measured on a Quantum Design MPMS-7
SQUID magnetometer (T range: 5–300 K; applied field: 0.1 T; diamag-
netic corrections estimated from PascalXs constants). EPR powder spectra
were recorded on a Bruker ESP300 spectrometer (X and Q bands)
equipped with Oxford low temperature devices (magnetic field calibra-
tion: NMR probe; determination of the frequency inside the cavity:
Hewlett-Packard 5352B microwave frequency counter; maintenance of
the crystal structures powder samples was confirmed by powder X-ray
diffraction; computer simulation: WINEPR-Simfonia, version 1.5, Bruker
Analytische Messtechnik GmbH). Carbon, nitrogen and hydrogen were
determined by organic microanalysis on a LECO CHNS 932 analyzer.


Synthesis of K5[Cu(ac)(pmdien)][SiW11CuO39]·12 H2O (1): A solution of
CuCl2·2H2O (34 mg, 0.2 mmol), K8[a-SiW11O39] (644 mg, 0.2 mmol) and
excess potassium acetate in water (40 mL) was heated to 100 8C for 1 h.
A solution containing Cu(NO3)2·H2O (96 mg, 0.2 mmol), N,N,N’,N’’,N’’-
pentamethyldiethylentriamine (7 mL of a 0.05m solution in methanol)
and excess of potassium acetate in water (30 mL) was added and a blue
precipitate formed. The mixture was stirred overnight, and then the pre-
cipitate was removed by filtration. Prismatic blue single crystals were ob-
tained from the mother liquor by slow evaporation. Elemental analysis
calcd (%) for C11H26Cu2K5N3O41SiW11·12H2O: C 3.83, H 1.46, N 1.22;
found C 3.81, H 1.38, N 1.23; IR (KBr pellets): ñ1010 (w), 954 (s), 902
(vs), 800 (vs), 696 (s), 526 cm�1 (m).


Crystal structure analysis : Crystal structure data for compound 1 are
summarized in Table 6. Intensity data were collected at room tempera-
ture on an Xcalibur single-crystal diffractometer (graphite monochromat-
ed MoKa radiation, l=0.71073 S, fitted with a Sapphire CCD detector.
A total of 1372 frames of data were collected with an exposure time of
20 s per frame by using the w scan technique with frame width of Dw=


0.308. Data frames were processed (unit cell determination, intensity data
integration and correction for Lorentz and polarization effects) by using
the CrysAlis software package.[18] The structure was solved by using Pat-
terson methods (SIR97)[19] and refined by full-matrix least-squares analy-
sis by using the SHELXL-97 program.[20] Thermal vibrations were treated
anisotropically for W, Cu, and K atoms only. All pmdien H atoms were
included in calculated positions and treated as riding atoms by using de-
fault SHELXL parameters. Based on the unusual size of the displace-
ment parameters of atoms K3 and O49 in the refinement under full occu-
pancy, it was decided that the potassium cation and water molecule were
disordered over both positions. Therefore, the site occupancies were re-
fined resulting in an occupancy ratio 66.5:33.5 for the potassium atom.
All calculations were performed by using the WinGX crystallographic
software package[21] running on a PC. The final geometrical calculations
and the graphical manipulations were carried out with the PLATON pro-
gram.[22]


CCDC-234031 contains the supplementary crystallographic data for this
paper. This data can be obtained free of charge from www.ccdc.cam.
ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB21EZ, UK; fax:
(+44)1223-336-033; or deposit@ccdc.cam.uk).


Computational details : All the quantum calculations of geometric optimi-
zation of the coordination compounds and sunsequently obtaining the
electronic density have been carried out by using the Gaussian98 pro-
gram.[23] The topological analysis of this electronic density has been made
with MORPHY98 program.[24] Both programs have run on computers
with a GNU/Linux operating system.


A Cs ideal symmetry and a doublet state (S= 1=2) have been imposed in
all calculations of the coordination compounds. Density functional theory
and specifically BeckeXs hybrid method with three parameters[25] based
on nonlocal exchange and correlation functionals, as implemented in
Gaussian98 (B3LYP), has been used. The standard 6-311+G(d)[26] basis
has been chosen for all atoms. This basis contains diffuse[27] and polariza-
tion[28] functions for all atoms, except hydrogen. The single crystal experi-
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mental data were used as a starting point in the global optimizations of
[Cu(ac)(pmdien)]+ and [Cu(ac)(dien)]+ model compounds without any
type of restriction. As the methyl groups of pmdien ligand do not have a
significant influence on the geometry, the [Cu(ac)(dien)]+ cationic model
has been used for the partial optimization of the [Cu(ac)(dien)]+ model,
with the Cu-O-C angle restricted in the range 80–1208 in order to reduce
computational time.


The CSM calculations of the different polyhedra have been performed
with the program SHAPE v1.1a.[29] The April 2003 release of the Cam-
bridge Structural Database was used in this work to obtain the different
WO6 (559 hits) and CuN3O2 (1062 hits) polyhedra. All searches were re-
stricted to those CSD entries that satisfied the following secondary
search criteria: a) error-free after CSD evaluation procedures, b) no re-
ported structural disorder and c) perfect matching of their chemical and
crystallographic connectivity representations.
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Ortho-Chalcogenostannates as Ligands: Syntheses, Crystal Structures,
Electronic Properties, and Magnetism of Novel Compounds Containing
Ternary Anionic Substructures [M4(m4-Se)(SnSe4)4]


10� (M=Mn, Zn, Cd, Hg),
3
1{[Hg4(m4-Se)(SnSe4)3]


6�}, or 1
1{[HgSnSe4]


2�}


Michael K. Brandmayer,[a] Rodolphe Cl4rac,[b] Florian Weigend,[c] and
Stefanie Dehnen*[a]


Introduction


The function of binary main-group element molecules as li-
gands in molecular, nanosized, or mesostructured coordina-
tion compounds of transition metals has been studied with
increasing intensity for several years.[1] Besides basic re-
search that aims to develop systematic synthesis routes or to
systematically combine different elements within the ternary
M/E’/E subunits (M= transition metal; E’=heavy
Group 13–15 element; E=S, Se, Te), there is a distinct focus


on the investigations of their physical properties. Com-
pounds that incorporate two different types of heavy main-
group elements and a transition metal are of specific interest
with respect to opto-electronics or magnetism. This especial-
ly has led to investigations of systems in which E’ is a
Group 14 element; here the M/E’/E elemental combination
can be viewed as a combination of fragments of transition
metal chalcogenide and tetrel chalcogenide extended solids
that are known to possess (semi)conducting or photo-semi-
conducting properties.[2] The influence of the elemental com-
bination on the opto-electronic properties seems to be very
subtle; therefore, variation of M, E’, or E within known or
related structures might provide series of compounds with
“tunable” properties.


Ternary M/E’/E compounds that have been reported to
date range from molecular species such as [Na(2,2,2-crypt)]
[{(C5Me5)(CO)2MnSn)3S4}Na(THF)3]


[3] and [(PhSnS3)2-
(CuPPhMe2)6],


[4] through a large number of mesostructured
phases such as Rb3[AgGe4Se10]·2H2O,[5] (CP)3[Fe4S4Ge4S10]
(CP=cetylpyridinium),[6a] and (CP)x[PtySn4Se10] (x=1.9–2.8,
y=0.9–1.6),[6b] to several solid-state phases such as
K2[MnSnS4]


[6c] and Ba[Cu6Ge2S8].
[7]


Such materials can be synthesized in principle by two
routes: formation of the ternary compounds from separate


[a] M. K. Brandmayer, Dr. S. Dehnen
Institut fDr Anorganische Chemie
UniversitFt Karlsruhe (TH)
Engesserstr., Geb. 30.45
76128 Karlsruhe (Germany)
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E-mail : dehnen@chemie.uni-karlsruhe.de


[b] Dr. R. ClHrac
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115, Avenue du Dr. A. Schweitzer
33600 Pessac (France)


[c] Dr. F. Weigend
Institut fDr Nanotechnologie
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76021 Karlsruhe (Germany)


Abstract: By reaction of K4[SnSe4]·1.5 -
MeOH with CdCl2 or Hg(OAc)2 in
water/methanol it was possible to pre-
pare single crystals of four novel com-
pounds that contain ternary anionic co-
ordination oligomers and polymers:
[K10(H2O)16(MeOH)0.5][M4(m4-
Se)(SnSe4)4] (4 : M=Cd, 5 : M=Hg),
[K6(H2O)3][Hg4(m4-Se)(SnSe4)3]·MeOH
(6), and K2[HgSnSe4] (7), which were
structurally characterized by single-
crystal X-ray diffraction. The optical
absorption properties of the isostruc-


tural compounds 4 and 5, as well as
those of the recently reported Zn (2)
and Mn (3) analogues, were studied by
UV-visible spectroscopy. These investi-
gations showed the quaternary phases
to have relatively small optical gaps for
their molecular size (2.2–2.6 eV), which
are similar to the excitation energies


that were observed for mesostructured
solids of the respective combination of
elements. According to DFT investiga-
tions on the ternary anions, an experi-
mentally observed difference between
the absorption behavior of the d10 com-
pounds 2, 4, and 5 and the open-shell
d5 compound 3 is in line with different
characters of the frontier orbitals in the
two cases. Both the calculations and a
magnetic measurement on 3 demon-
strated antiferromagnetic coupling be-
tween the m4-Se-bridged Mn centers.


Keywords: anions · cadmium ·
magnetic properties · mercury ·
selenostannates
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sources of M, E’, and E during the reaction,[3–5,6c,7] or by re-
action of binary precursors.[6a,b,d] The latter additionally
allows us to study the stability of the binary species under
the given reaction conditions, for example, the reaction be-
havior of E’/E reactants in the presence of reactive transi-
tion metal complexes. Moreover, it provides the possibility
to choose the size of the “spacer” between the transition
metal centers, provided that the E’/E precursor, which does
not necessarily represent the thermodynamically preferred
E’/E species, does not decompose during the reaction.
Whereas numerous investigations using this route have been
successful with binary alloys or anions of Group 15/16 ele-
ments, attempts to stabilize Group 14/16 anions in the coor-
dination sphere of transition-metal centers by the same
methods leads to a completely different reaction pathway
with E’�E bond cleavage.[8] Recently, modification of the
synthesis method allowed the isolation of ternary or quater-
nary species with substructures in which transition metal
centers are linked by chalcogenotetrelate anions. By reac-
tions templated with the surfactant CP, for example, it was
possible to generate the aforementioned mesostructured
phases, most of which contain adamantane-type [E’4E10]


4�


ions (E’=Sn, Ge; E=S, Se), although some contain
[Sn2S6]


4� or [SnSe4]
4� ions that bridge transition metal cen-


ters in purely inorganic, three-dimensional networks.[6] As
intended, the resulting phases show uncommon electronic
properties such as very narrow band gaps or intense photo-
luminescence, although they have not been structurally char-
acterized until now.


We are interested in synthesizing and characterizing sys-
tems with ternary structural units by the reaction of ortho-
selenostannate anions [SnSe4]


4�, the behavior of which to-
wards transition metal compounds is still largely unknown.
In the course of our investigations,[8,9] we recently isolated
and structurally characterized quaternary compounds
[K22(MeOH)17(H2O)8][Co4(m4-Se)(SnSe4)4] (1a),[9a] [K36(m6-
Cl)2(H2O)11(MeOH)32][SnSe4][Co4(m4-Se)(SnSe4)4]3 (1b)[9b]


and [K10(H2O)16(MeOH)0.5][M4(m4-Se)(SnSe4)4] (M=Zn: 2,
M=Mn: 3),[9c] which contain the formerly unknown type of
ternary selenide anion [M4(m4-Se)(SnSe4)4]


10�. Compounds
1–3 were obtained by reactions of K4[SnSe4]


[10] or
K4[SnSe4]·1.5MeOH[9c] with [Co(en)3]Cl3 (en=1,2-diamino-
ethane), MnCl2·4H2O, or
ZnCl2 in H2O/MeOH. In the
highly charged, purely inorgan-
ic M/Sn/Se anions of 1–3, chal-
cogenostannate anions were
shown to function as ligands in
molecular coordination com-
pounds for the first time by
single-crystal X-ray analysis.
Recently, a number of solvent-
free sulfur homologues
K10[M4Sn4S17] (M=Mn, Fe, Co,
Zn) were reported; however,
these were prepared by com-
bining the elements in a K2S
flux.[11] These inorganic sele-
nide and sulfide compounds


are structural analogues of the carbosilane “scaphane” clus-
ter [Si8C17H36]


[12] and oxides such as Na10[Be4Si4O17].
[13]


Suitable modification of the reaction conditions used
in our previous investigations[9c] enabled the syntheses
of four novel quaternary compounds with M=Cd or
Hg: [K10(H2O)16(MeOH)0.5][Cd4(m4-Se)(SnSe4)4] (4),
[K10(H2O)16(MeOH)0.5][Hg4(m4-Se)(SnSe4)4] (5), [K6(H2O)3]
[Hg4(m4-Se)(SnSe4)3]·MeOH (6), and K2[HgSnSe4] (7), which
were structurally characterized by single-crystal X-ray dif-
fraction. Compounds 4 and 5 are heavier homologues of 2
and also contain ternary [M4(m4-Se)(SnSe4)4]


10� ions; com-
pound 6 shows an as-yet unknown, three-dimensional terna-
ry Hg/Sn/Se network based on fragments of the coordina-
tion oligomers in 5 ; compound 7 includes a third variant of
a Hg/Sn/Se substructure representing infinite Hg/Sn/Se
chains within a solvent-free solid-state phase. We present
here the crystal structures of 4–7 and discuss the electronic
properties of the isotypic compounds 2–5, which were inves-
tigated by UV-visible spectroscopy, quantum chemical inves-
tigations using DFT[14] methods, and magnetic measure-
ments.


Results and Discussion


Syntheses : Scheme 1 outlines the syntheses of quaternary
compounds 4–7 by reactions of K4[SnSe4]·1.5MeOH[9c] with
CdCl2 or Hg(OAc)2. As with the reaction yielding the light-
er homologue of 4 and 5 (i.e., compound 2) it was found to
be more appropriate to use a methanol solvate of
K4[SnSe4]


[10] instead of the pure ternary phase in order to
optimize reaction rates and yields.


In addition to the quaternary compounds, the chalcogeno-
distannate salt [K4(MeOH)4][Sn2Se6] crystallizes after layer-
ing with nonpolar solvents, as observed with the syntheses
of 1–3.[9] This co-product results from dimerization of
[SnSe4]


4� ions with liberation of Se2� ions [Eq. (1)], which
are then available to be incorporated in the ternary sub-
structures.


2 ½SnSe4�4� Ð ½Sn2Se6�4� þ 2 Se2� ð1Þ


Scheme 1. Syntheses of 4–7 by reaction of K4[SnSe4]·1.5MeOH with CdCl2 or Hg(OAc)2 in H2O/MeOH. All
compounds identified after layering are listed.
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The equilibrium given in Equation (1) is known to favor
the monomer side for homologous [SnS4]


4� ions in aqueous
solution;[15] the observed shift to the right-hand side is thus
forced by the generation of the ternary compounds, that is,
by the formation of stable M�Se (M=Co, Mn, Zn, Cd, Hg)
bonds with free Se2� ions during the reactions described
here.


Reactions with Hg(OAc)2 differ from the others in two re-
spects: firstly, one must remove an insoluble black precipitate
of HgSe before layering, which causes lower yields; secondly,
different K/Hg/Sn/Se compounds are observed upon subtle
variations of stoichiometry or solvents. This indicates lower
stability of the ternary Hg/Sn/Se compounds relative to the
binary chalcogenide HgSe, and lower stability or solubility
differences of the coordination oligomer in 5 with respect to
the competing coordination polymers observed in 6 and 7.


Formation of 5 is only observed if less than equimolar
amounts of Hg(OAc)2 are present, whereas equimolar
amounts of the reactants lead to selective crystallization of
6. This correlates with respective reaction schemes [Eqs. (2)
and (3)], which include all identified reaction products.


6K4½SnSe4� 	 1:5MeOHþ 5HgðOAcÞ2 H2O=MeOH������!
½K10ðH2OÞ16ðMeOHÞ0:5�½Hg4Sn4Se17� ð5Þ
þHgSeþ ½K4ðMeOHÞ4�½Sn2Se6� þ 10KOAc


ð2Þ


5K4½SnSe4� 	 1:5MeOHþ 5HgðOAcÞ2 H2O=MeOH������!
½K6ðH2OÞ3�½Hg4Sn3Se13� 	MeOH ð6Þ
þHgSeþ ½K4ðMeOHÞ4�½Sn2Se6� þ 10KOAc


ð3Þ


By using a less polar H2O/MeOH mixture (1:19) and
layering with toluene afforded the solvent-free phase 7. As


with the synthesis of 5, equimolar amounts of the reactants
were used, which is again consistent with the reaction
scheme [Eq. (4)]. Therefore, selective crystallization of 7 in-
stead of either 5 or a product mixture must be attributed to
the different solubilities of the possible products.


4K4½SnSe4� 	 1:5MeOHþ 4HgðOAcÞ2 H2O=MeOH������!
2K2½HgSnSe4� ð7Þ þ ½K4ðMeOHÞ4½Sn2Se6�
þ2HgSeþ 8KOAc


ð4Þ


Crystal structures : Compounds 4 and 5 precipitate as yellow
and orange crystals, respectively. These are obtained in good
yields (70–80%) and crystallize isotypically in the tetragonal
space groups P41212 and P43212 (the presented data were
from individual crystals crystallizing in P41212). All single
crystals that were crystallographically investigated so far
were essentially free of racemic twinning, as can be seen
from the Flack parameters[16] (0.02(1) max). Compound 6
forms dark orange, very small cuboids. The structure was
solved and refined in the rhombohedral space group R3m
with consideration of partial racemic twinning [Flack param-
eter 0.42(4)].[17] Crystals of compound 7 are ruby red, dia-
mond-shaped, and crystallize in the tetragonal space group
I4̄2m, with partial racemic twinning [Flack parameter
0.38(9)].[17] Table 1 summarizes details of the single-crystal
X-ray analyses of 4–7.[16–18]


Crystal structures of 4 and 5 : Since both compounds are iso-
typic with the recently reported 2 and 3,[9c] the molecular
structures of the Cd and Hg homologues are not discussed
in detail here; we rather focus on a comparison of the series
of compounds 2–5 and on a discussion of the crystal pack-
ing. Figure 1 shows the structure of the ternary anion


Table 1. Data of the single-crystal X-ray structural analyses of 4–7.[17] The structures were solved by direct methods (SHELXS-86)[18] and were refined
by full-matrix least-squares procedures on F2 (SHELXL-97).[18]


4 5 6 7


formula C0.5H34Cd4K10O16.5Se17Sn4 C0.5H34Hg4K10O16.5Se17Sn4 CH10Hg4K6O4Se13Sn3 HgK2Se4Sn
Mr [gmol�1] 2961.96 3314.72 2505.60 713.32
crystal size [mm3] 0.20S0.20S0.16 0.12S0.12S0.10 0.09S0.09S0.09 0.14S0.10S0.10
color yellow orange dark orange red
diffractometer STOE IPDS STOE IPDS STOE IPDS STOE IPDS
radiation AgKa MoKa MoKa AgKa


l [T] 0.56087 0.71073 0.71073 0.56087
T [K] 203 150 203 203
crystal system tetragonal tetragonal rhombohedral Tetragonal
space group P41212 P41212 R3m I4̄2m


(No. 92) (No. 92) (No. 160) (No. 121)
a [102 pm] 15.623(2) 15.62(2) 15.125(4) 8.0681(11)
c [102 pm] 25.434(5) 25.440(5) 16.247(3) 6.9497(14)
V [106 pm3] 6208.0(18) 6208.7(18) 3218.7(12) 452.39(13)
Z 4 4 3 2
1calcd [gcm�3] 3.169 3.546 3.878 5.237
m(MoKa) m(AgKa) [mm�1] 7.179 22.109 27.590 19.662
2V range [8] 3–45 3–50 4–45 6–44
independent reflns 8227 4241 1004 247
R(int) 0.1404 0.0642 0.1477 0.1574
observed reflns [I>2s(I)] 6523 3658 759 225
Flack parameter[16] 0.00(3) 0.015(10) 0.42(4) 0.38(9)
parameters[17] 216 220 74 15
R1 0.0626 0.0376 0.0739 0.0798
wR2 0.1544 0.0712 0.1594 0.1592
max. peak/hole [e10�6 pm�3] 2.065/�1.572 0.905/�0.659 1.407/�2.121 2.530/�3.941
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[Cd4Sn4Se17]
10� in 4. A view of the crystal packing in the unit


cell is given in Figure 2. Selected bond lengths and angles
for the chiral, C2-symmetric clusters and their counterion


environments are listed in Table 2, together with the respec-
tive data for isotypic compounds 2 and 3.


The M�Se bond lengths in 2–4 follow the trend of the
ionic radii for four-coordinate M2+ ions,[19] when going from
M2+ =Zn2+ (71 pm) through Mn2+ (80 pm), to Cd2+


(91 pm). However, Cd�Se bond lengths in 4 and those of
Hg�Se in 5 are nearly identical, which is not consistent with
the larger ionic radius of Hg2+ (98 pm) but with the similar
covalent radii[20] (Cd: 149 pm, Hg: 150 pm) and thus reflects
an increasing covalent character of the M�Se bonds in the
heavier homologues. Structural parameters within the
[SnSe4]


4� groups are only slightly affected by the nature of
the coordinated transition-metal center. Starting at nearly
identical values for the Sn�Set and Sn�(m-Se) bond lengths
in 2, one observes a separation by a maximum of 2.4 pm
into somewhat shorter Sn�Set bonds and somewhat longer
Sn�(m-Se) bonds in 3, 4, and 5. According to the trends in
the M�Se and Sn�Se bond lengths, the volumes of the ter-
nary anions (represented by their Se···Se edge lengths) and


thus the volumes of the unit
cells, which always contain
four formula units, lie in the
order V(5)�V(4)>V(3)>
V(2).


In contrast to a number of
structurally related, ligand-co-
ordinated binary clusters
[M8(m4-E)(ER)12L4]


2� (M=Zn,
Cd; E=S, Se, Te; L=ER, Cl;
R=organic group),[21–24] corre-
sponding [Mn8(m4-E)E16�xLx] or
[Hg8(m4�E)E16�xLx] clusters
have not been reported until
now; the only related com-
pound containing Mn atoms is
[Mn4Cu4(m4-S)(SiPr)12]


2� in
[NMe4]6[Mn4Cu4(m4-S)-
(SiPr)12]·2[MnCl4],


[24] which
has a different molecular struc-
ture based on an Mn4Cu4 het-
erocubane, in which the twelve
Mn�Cu edges are all bridged
by m-SiPr� ligands.


In the crystal, all anions are
of the same enantiomer; the
cluster molecules are arranged
in two types of stacks, parallel
or antiparallel to the c axis.
They are linked by potassium
ions that are additionally coor-
dinated by solvent molecules.
The absence of stabilizing li-
gands, such as phenyl groups
or phosphane ligands, enables
relatively close approach of the
ternary anions. The shortest
Se···Se intercluster distances
are always found between
three m-Se ligands of one ter-


Figure 1. Structure of the ternary anion in 4. Selected bond lengths and
angles are listed and compared to those of isotypic compounds 2, 3, and
5 in Table 2. Formal rotations of the [SnSe4]


4� caps around axes
Sn(1)···Se(9) or Sn(2)···Se(9), which result in chiral, C2-symmetric mole-
cules are 13.54(4)–20.17(3)8 in 4 and 13.67(3)–18.10(4)8 in 5.


Figure 2. Part of the crystal packing in 4. Cd: black, Sn: white, Se: red, K: blue, O: red (small), C: white
(small). The shaded tetrahedra were formed by linking the four terminal Se ligands per anion, displaying the
position of each [Cd(m-Se)3] unit above the respective tetrahedral face; red and blue tetrahedra represent clus-
ter anions of each of two orientations with respect to the c axis. Selected distances and angles are listed and
compared to those of isotypic compounds 2, 3, and 5 in Table 2.
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nary anion and three opposing ones of the adjacent mole-
cule: 359.8(8)–361.1(9) pm (2), 361.0(5)–361.1(8) pm (3),
357.5(10)–358.9(11) pm (4), and 355.7(11)–356.4(9) pm (5).


Crystal structure of 6 : Comparison of the compositions of
the K/Hg/Sn/Se compounds 5 and 6 not only reveals fewer
solvent molecules for 6, but also indicates formal loss of one
complete formula unit of the reactant K4[SnSe4]; this is con-
sistent with the smaller amount of the chalcogenostannate
salt in the reaction mixture affording 6 than was used in the
synthesis of 5 [Scheme 1, Eqs. (2) and (3)].


Indeed, the monomeric “[Hg(m4-Se)(SnSe4)3]
6�” unit in 6


can be derived from the [Hg(m4-Se)(SnSe4)4]
10� ion in 5 by


formal removal of one [SnSe4]
4� unit; ensuing substitution


of the Se(1’) ligands of three adjacent cluster fragments for
the lost [SnSe4]


4� group leads to recompletion of the coordi-
nation sphere of these three Hg(1) atoms. Three-dimension-
al continuation of this formal condensation process gener-
ates a polymeric network. A part of the ternary substructure
of 6 is shown in Figure 3, represented by one formula unit
of the anion and its connection to adjacent fragments. Se-
lected bond lengths and angles are given in the caption.


All metal atoms in 6 achieve a distorted tetrahedral coor-
dination geometry. In contrast to the m3-bridging mode of
the [SnSe4]


4� ligands in 1–5, m4-[SnSe4]
4� units each bridge


three Hg centers of one monomeric unit and additionally
bridge to the next [Hg4Sn3Se13] fragment. Thus, m-Se bridges
are formed that link the polycylic [Hg4Sn3Se10] fragments
consisting of three condensed, barrelane-type [SeHg3Se3Sn]
cages. These bridges enclose the smallest Sn-(m-Se)-Hg
angle (98.82(18)8) in 6, which is accompanied by a relatively
short (nonbonding) Hg(1)···Sn(1’) distance of 391.8(8) pm
(about 12 pm less than the shortest Sn···Hg distance in 5 :
403.9(3) pm).


The Sn�Se bond lengths in 6 are similar to the Sn�(m-Se)
distances in 5 ; Hg�(m4-Se) bonds (260.0(7), 265.1(4) pm)
vary around a value of 262 pm in 5, whereas the Hg�(m-Se)


distances in 6 (260.4(6)–
265.4(7) pm) are slightly short-
er on average than in 5. In
contrast to the discrete Hg/Sn/
Se anions in 5, which have
only pseudo-C3 rotational sym-
metry, each cluster fragment,
and thus the whole ternary net-
work in 6, has crystallographic
C3 site symmetry, but with a
much stronger distortion in the
direction of the crystallograph-
ic c axis, as can be seen from
the structural parameters of
the compressed, inner [Hg4(m4-
Se)] unit.


The existence of compound
5 and general agreement be-
tween the structural parame-
ters of 4 and 5 exclude steric
problems as a reason for the
existence of the coordination


polymer as a structural alternative. It is still unclear whether
the formation of 5 represents a condensation process follow-
ing preliminary detachment of [SnSe4]


4� groups from dis-
crete [Hg4(m4-Se)(SnSe4)4]


10� ions, or whether a different
pathway is followed in this case when transition metal ions
are substituted for potassium ions in the starting material
K4[SnSe4].


Uniform orientation of all “[Hg4Sn3Se13]
6�” fragments in


the crystal lattice produces a very regular, porous, three-di-
mensional network embedding the counterions and solvent
molecules. Figure 4 illustrates the formal transition from dis-
crete [Hg4Sn4Se17]


10� ions in 5 to the coordination polymer
in 6.


The three-dimensional linkage of the [Hg4Sn3Se13] units
leads to the formation of three groups of parallel channels
running through the crystal along [1,�1,�1] (see Figure 4),


Table 2. Selected bond lengths [pm] and angles [8] of isotypic compounds 4 and 5 in comparison to those in 2
and 3.[9c]


2(Zn)[9c] 3 (Mn)[9c] 4 (Cd) 5 (Hg)


Sn�Set
[a] 251.9(1), 252.4(1) 251.4(2), 252.0(2) 251.1(2), 251.5(2) 250.9(2), 251.6(2)


Sn�(m-Se) 251.5(1)–252.6(1) 251.8(2)–252.7(2) 252.1(2)–253.0(2) 252.0(2)–253.3(3)
M�(m-Se) 246.0(2)–250.5(2) 255.4(2)–258.3(2) 263.7(2)–266.2(2) 263.5(2)–267.6(2)
M�(m4-Se) 245.7(1), 246.5(1) 252.8(2), 253.4(2) 260.4(2), 261.2(2) 262.2(1), 262.4(1)
M···M 399.0(2)–406.4(2) 408.3(3)–421.1(3) 420.5(2)–433.0(2) 425.0(2)–434.3(2)
M···Sn 386.5(2)–401.7(2) 395.9(3)–408.2(3) 405.0(3)–415.7(3) 403.9(3)–416.2(2)
Se···Se edges 1058.0(1)–1071.2(1) 1071.4(1)–1086.3(1) 1082.0(3)–1095.6(3) 1080.5(2)–1097.1(3)
Set-Sn-Se 105.81(4)–107.61(4) 105.37(6)–107.74(6) 104.72(7)–104.97(6) 104.20(6)–106.25(8)
(m-Se)-Sn-(m-Se) 109.73(4)–114.36(5) 110.19(5)–114.39(6) 110.87(6)–115.10(7) 111.38(6)–115.52(7)
(m-Se)-M-(m-Se) 106.97(5)–109.56(6) 107.75(8)–112.69(9) 107.76(6)–113.98(6) 108.98(5)–112.93(5)
(m4-Se)-M-(m-Se) 108.31(5)–112.08(5) 106.60(7)–110.77(9) 105.71(5)–109.12(6) 105.01(5)–109.16(5)
Sn-(m-Se)-M 101.44(4)–105.95(4) 102.45(6)–106.24(7) 103.09(6)–106.45(6) 102.40(5)–106.43(5)
M-(m4-Se)-M 108.36(4)–111.05(7) 107.71(11)–112.37(12) 107.68(8)–111.97(8) 108.23(2)–111.66(7)
distances within the coordination sphere[b]


Se···K 322.5(17)–361.8(14) 321.2(2)–354.3(3) 331.6(11)–374.5(9) 326.7(14)–361.4(11)
K···O 225.1(7)–301.2(4) 241.4(2)–303.1(2) 262.1(16)–372.2(19) 268.3(16)-379.9(11)
Se···O 323.3(10)–389.5(9) 311.3(5)–389.1(7) 318.2(16)–384.3(14) 321.5(14)–362.8(13)
nearest intercluster distances
Se···Se 359.8(8)–361.1(9) 361.0(5)–361.1(8) 357.5(10)–358.9(11) 355.7(11)–356.4(9)


[a] Set denotes terminal selenide ligands. [b] Coordination numbers: K as [K···SeaOb] (a=0–4; b=2, 3, 5, 6):
five to seven; Se as [SeSnCoa···KbOc] (a=0, 1; b=1, 2; c=1–3 ,5 ,7): five to eight.


Figure 3. Part of the ternary anionic structure of 6. Thick bonds highlight
the fragment of a discrete anion as in 5 ; narrow and dashed bonds
denote connections to adjacent fragments and continuation of the struc-
tural motif. Selected distances [pm] and angles [8]: Sn(1)�Se(1) 250.3(7),
Sn(1)�Se(2,3) 252.5(8)�253.2(6), Hg(1)�Se(1) 265.4(7), Hg(1)�Se(2)
260.4(6), Hg(1)�Se(4) 265.1(4), Hg(2)�Se(3) 265.3(6), Hg(2)�Se(4)
260.0(7), Hg(1)···Hg(2) 416.9(8), Hg(1)···Hg(1) 443.3(7), Hg(1)···Sn(1’)
391.8(8), Hg(1,2)···Sn(1) 407.4(8)–409.7(9); Se(1)-Sn-Se(2,3) 101.11(18)–
112.31(14), Se(2,3)-Sn-Se(2,3) 112.91(19)–115.23(17), Se(2,3)-Hg-
Se(1,2,3) 107.30(18)–112.56(15), Se(4)-Hg-Se(1,2,3) 100.92(19)–
111.56(17), Sn-Se(2,3)-Hg 103.82(20)–105.84(21), Sn-Se(1)-Hg 98.82(18),
Hg(1)-Se(4)-Hg(2) 105.11(19), Hg(1)-Se(4)-Hg(1) 113.46(17).
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[1=2,1,�1=2], and [1,1=2,
1=2]. The channel dimensions are ap-


proximately 400S700 pm, and the walls are formed by Se
atoms, which interact with K+ counterions in the channels
that are additionally coordinated by H2O molecules. Coordi-
nation numbers within the coordination spheres are: K:
seven (1 O, 6 Se atoms; K···Se 343.8(7)–401.8(9) pm; K···O
280.4(8), 302.9(8) pm); Se: four (1 Sn, 1 Co, 2 K atoms) or
six (1 Sn, 1 Co, 4 K atoms or 1 Sn, 1 Co, 2 K, 2 O atoms;
Se···O (H bridges) 319.6(9), 322.7(9) pm); O: four (2 K, 2 H
atoms). The MeOH molecules do not coordinate; they are
situated at the crossing points of the three sets of channels.


In contrast to the synthesis of the M/E’/E phases[6] quoted
at the outset and the related compounds (CP)4�2x[MxSnSe4]
(CP=cetylpyridinium; x=1–1.2; M=Mn, Zn, Cd, Hg),[26]


(CP)1.4[Zn1.3Sn2S6],
[27] (CP)1.2[Cd1.4Sn2S6],


[27] and A2[Hg3E
0
2S8]


(A=Rb, Cs; E’=Ge, Sn),[28] the preparation of 6 represents
the first reaction of a chalcogenostannate and a transition-
metal component that leads to the formation of a infinite
network under standard pressure, at room temperature, and
without the addition of structure-directing tenside mole-
cules. However, the specific aggregation of the present ions
and solvent molecules, which depends on the reaction condi-
tions, mainly the polarity of the solvent, might be viewed as
a structure-determining effect too.


Besides the occurrence of the novel type of Hg/Sn/Se net-
work based on ternary cluster fragments, compound 6 is, to
our knowledge, the first compound in which a m4-type link-
age of transition-metal ions through ortho-selenostannate
anions has been structurally characterized. Known phases
containing m4-bridging [E’S4] (E’=Ge, Sn) or [GeE4] groups
(E=S, Se), for example, A2[Hg3E’2S8] (A=Rb, Cs; E’=Ge,
Sn),[28a] that are accessible by solvothermal or flux techni-
ques from the elements or binary chalcogenides form net-
works by one-, two-, or three-dimensional linkage of [E’E4]
and [ME4] tetrahedra. However, most of the other com-
pounds that feature porous networks, except the above cited
examples, contain larger [E0


4E10]
4� ions as spacers between


transition metal centers. During revision of the manuscript,


an analogous, but solvent-free,
Cd/Sn/Se compound was pub-
lished; it was synthesized by
fusion/solvothermal extraction
of K2Se, Cd, Sn, and Se.[28b]


Crystal structure of 7: Com-
pound 7 is the first solvent-free
phase to be prepared by the
method described here.
Whereas solvent molecules
remain in the salt of the coor-
dination polymer in 6, as a re-
minder of its synthesis in solu-
tion, by contrast no H2O or
MeOH molecules are needed
for the stabilization of the qua-
ternary phase 7. The ternary
substructure is formed formally
by trans-edge-sharing [SnSe4]


4�


and [HgSe4]
6� tetrahedra that


alternate along one-dimensional strands parallel to the crys-
tallographic c axis. Such SiS2-type chains are not rare in the
structures of metal chalcogenide or chalcogenido metalate
compounds. Strands with one sort of metal atom have been
observed in solids such as ASnSe3 (A=Na, K)[29,30] KFeS2,


[31]


and TlE (=TlI(TlIIIS2); E=S, Se).[32] Furthermore, the last-
named is a structural relative crystallizing in the space
group I4/mcm. Its symmetry is reduced by formal transition
to the structure of 7, which crystallizes in the subgroup
I4̄2m, as a result of the defined occupation of the metal sites
by Hg or Sn. As a third variation of the [SnSe4]


4� coordina-
tion modes, the ortho-chalcogenostannate anions in 7 act as
bridges between two metal centers with formation of
[HgSe2Sn] four-membered rings. Figure 5 shows views of the
crystal packing in 7 along and perpendicular to the
1
1{[HgSnSe4]


2�} strands; selected structural parameters are
given in the caption.


The 1
1{[HgSnSe4]


2�} chains that follow the 4̄ axes at the
edges of the unit cell and those that follow the 4̄ axes
through the center of the ab plane are shifted by c/2 with re-
spect to each other; thus, not only Hg and Sn atoms within
one strand but also those of adjacent anionic chains have
only atoms of the other metal type as nearest neighbors. In
contrast to 5 and 6, the tetrahedral coordination geometry
at the metal centers is highly distorted. Coordination of the
K+ ions by eight nearest Se atoms within a range of
340.9(2)–350.5(2) pm produces tetragonal antiprisms as co-
ordination polyhedra that are slightly flattened in the c di-
rection.


Compound 7 is structurally related to some compounds
containing ortho-tellurostannate groups: K2[Ag2SnTe4],


[34a]


synthesized by the K2Te/Te flux technique from K2Te, Ag,
Sn, and Te, and [Mn(en)3][CdSnTe4]


[34b] (en=1,2-diamino-
ethane) and K2[HgSnTe4],


[34c] which were prepared from
SnTe, Te, MnCl2, and CdCl2, and from K4[SnTe4] and HgCl2


by solvothermal synthesis in en. These phases are also based
on one-dimensional chains, two of which differ from those
in 7: the first contains two independent Ag atomic sites,


Figure 4. Derivation of a monomeric “[Hg4(m4-Se)(SnSe4)3]
6�” unit in 6 by formal removal of an [SnSe4]


4�


group from a discrete [Hg4(m4-Se)(SnSe4)4]
10� ion in 5 (top) and formal polymerization to the anionic Hg/Sn/Se


network in 6 (bottom; view approximately along [1,�1,�1]); Hg: black, Sn: white, Se: gray. For clarity, three-
coordinate Hg atoms in 6 are represented as [HgSe3&] tetrahedra.
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only one of which adopts tetrahedral coordination geome-
try; in the second phase, linkage via cis edges of the [SnTe4]
units and trans edges of the [CdTe4] groups lead to the for-
mation of an infinite zig-zag chain. Other related com-
pounds such as K2[Ag2SnSe6]


[35] and K2[MnSn2Se6]
[36] have


[Sn2Se6]
4� ions as bridges between Ag or Mn centers in one-


dimensional chains. However, to our knowledge, no com-
pounds that feature bridging ortho-selenostannate anions
[SnSe4]


4� between two transition metal ions, as observed in
7, have been described to date.


Electronic structures and static magnetic properties of 2–5 :
In spite of the relatively small molecular sizes of the ternary
[M4(m4-Se)(SnSe4)4]


10� ions in 2–5, and the presence of
([SnSe4]


4�-linked) 3d5, 3d10, 4d10, or 5d10 transition-metal
ions that are usually inconspicuous with respect to their op-


tical absorption, these compounds form intensely colored
solutions and crystals. To gain insight into the electronic
structures of the four isotypic systems, we recorded UV-visi-
ble spectra of these compounds and performed DFT[14] cal-
culations on the anions. Additionally, the static magnetic be-
havior of the 3d5 system 3 was investigated by magnetic sus-
ceptibility measurements and ESR spectrometry.


UV-visible spectra of 2–5 : Solid-state UV-visible spectra of
2–5 are shown in Figure 6. Corresponding data that have
been extracted from the graphs and data of related com-
pounds are listed in Table 3.


Plateaus of maximum absorbance are observed at Emax=


2.36–2.90 eV, which corresponds to the visible color of the
compounds. Before reaching the plateaus, the absorbance
increases over a range of 0.15–0.28 eV (30–60 nm) from the
onset of absorption Eonset. We assign this onset to the lowest
possible electronic excitation in the respective system, that
is, the energy difference between highest occupied and
lowest unoccupied molecular orbitals of the optically active
components. According to the spectra, these gaps are in the
range 2.21–2.57 eV.


Whereas for the Cd and Hg containing phases 4 and 5 the
values are still well separated from the optical gaps of the
binary MSe solids, the Zn and Mn species 2 and 3 show
gaps that are very close to those in the metal selenides,[37] al-
though only very small (distorted) parts of the Wurzite-type
topology of the MSe phases are represented by the inner
[(m4-Se)M4(m-Se)12] cores of the ternary anions. This is a
result of the partial substitution of Sn (optical gap of SnSe2:
1.2 eV[37]) for the d10 transition metal atoms in the [M8E17]
clusters, which causes a significant change of the electronic
situation. Gaps that are relatively small for the molecular
size are therefore observed.


The structurally related binary Zn/Se and Cd/Se clusters
cited above are colorless and accordingly show significantly
larger electronic excitation energies than 2 or 4 ;[22,24] for
[Cd8(m4-Se)(SePh)14(PnPr2Ph)2]; the gap was spectroscopi-


Figure 5. Parts of the crystal packing in 7 along (approximately) [1,0,0]
(left) and [0,0,1] (right), emphasizing the tetrahedral [HgSe4] and [SnSe4]
units; Hg: black, Sn: white, Se: red, K: blue. On the right-hand side, the
distorted tetragonal-antiprismatic coordination sphere of the K+ ions is
illustrated by dashed lines and blue polyhedra. Selected distances [pm]
and angles [8]: Sn�Se 256.1(4), Hg�Se 268.7(4), Hg···Sn 347.5(3), K···Se
340.9(2)–350.5(2); Se-Sn-Se 100.21(16), 114.29(9), Se-Hg-Se 93.98(15),
117.73(9), Sn-Se-Hg 82.90(9).


Figure 6. UV-visible spectra of 2,[9c] 3,[9c] 4, and 5 in the solid state, re-
corded as suspensions of single-crystalline material in Nujol.


Table 3. Optical absorption energies E extracted from the UV-visible
spectra of 2–5 and optical gaps of related binary solids.[37]


2 (Zn) 3 (Mn) 4 (Cd) 5 (Hg)


Emax [eV] 2.90 2.56 2.68 2.36
crystal color light yellow orange yellow orange
Eonset [eV] 2.57 2.27 2.53 2.21
optical gap of MSe[37] [eV] 2.7 2.5 1.7 -0.06[a]


[a] HgSe is a so-called inverse band gap semiconductor.[37]
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cally determined to be 3.8 eV.[38] This difference must be at-
tributed in part to the absence of a ligand shell in 2–5 :
ligand-free CdSe nanoparticles of a similar diameter (12 T
vs 11 T in 4) have a gap of about 3.0 eV.[39] The remaining
decrease in the excitation energy should be finally assigned
to the mixed-metal nature of 2–5.


Additionally, the values are on the same order of magni-
tude as the gaps that were observed for the related meso-
structured compounds (CP)4�2x[MnxSnSe4].


[26] This indicates
that both separation of discrete M/Sn/Se anions by (solvat-
ed) K+ ions and incorporation of tenside micelles in a
three-dimensional aggregation affect the optical behavior in
a similar manner. As expected, the energy differences are
somewhat smaller than those observed for the sulfur ana-
logues K4[Zn4Sn4S17] (3.1 eV) and K4[Mn4Sn4S17] (2.3 eV).[11]


The UV-visible spectra of 2–5 show that the spectrum of
the d5 compound 3 is rather exceptional: the gap for this
compound does not fit into a trend which parallels ionic or
covalent radii or atomic numbers.


Quantum chemical investigations : To examine the electronic
situation that we claim to be responsible for the different
absorption behavior of 3 compared to 2, 4, and 5 and to
obtain insight into the spin state, that is, the magnetic prop-
erties of 3, quantum chemical investigations were carried
out. The electronic structures of the four isostructural
[M4(m4-Se)(SnSe4)4]


10� ions (M=Zn, Mn, Cd, Hg) were stud-
ied and compared by DFT[14] calculations, which proved to
be suitable for ternary M/Sn/Se anions.[9] The calculations
were performed with the program package TURBO-
MOLE,[40] using the COSMO model[41] to compensate for
the highly negative charge on the anions by simulation of
mirror charges (see Experimental Section). Simultaneous
optimization of electronic and geometric structures resulted
in reasonable structural parameters (maximum deviations of
the M�Se bonds: 1.3–5.3 pm in 2, 0.6–2.0 pm in 3, 3.2–
6.5 pm in 4, 7.2–12.7 pm in 5 ; maximum deviations of the
Sn�Se bonds: 3.7–7.3 pm in 2, 3.9–8.0 pm in 3, 4.0–7.6 pm in
4, 4.1–7.8 pm in 5). The anions of the d10 transition metal
compounds 2, 4, and 5 were shown to be closed-shell sys-
tems, as expected; the anion of 3 had to be treated as an
open-shell system by using the unrestricted Kohn–Sham
(UKS) model.


A significant difference between the d10 systems and the
d5 system is evident from Mulliken analyses of the frontier
orbitals, which are of interest for the optical spectra: where-
as in the d10 closed-shell anions with M=Zn, Cd, or Hg the
metal orbitals do not contribute to the highest molecular or-
bitals,[42] significant contribution of Mn d orbitals (ca. 30%)
is evident in each of the highest occupied orbitals in the d5


cluster anion of 3. This is probably a consequence of lower
energies for the atomic orbitals of Zn2+ , Cd2+ , or Hg2+ rela-
tive to Mn2+ with respect to their direct bonding partner
Se2� in [SnSe4]


4�. Thus, the UV-visible absorption and colors
of 2, 4, and 5 should be explained by pure charge-transfer
transitions from filled Se p orbitals to empty M- or Sn-based
orbitals, whereas in 3, a significant influence of the occupied
metal atomic orbitals must be considered. The different mo-
lecular orbital scheme gives rise to a different behavior in


the absorption process in 3 and thus to an excitation energy
that does not follow the trend for the anions with the d10


metal atoms, as observed experimentally.
The UKS calculation revealed 20 unpaired electrons.


Analysis of the spin density (i.e., difference of densities for
alpha and beta spins) shows that these are clearly localized
at the four Mn centers, in accord with the d5 configuration.
However, the four d5 shells do not have the same spin orien-
tation in the calculated ground state: the unpaired electrons
of two Mn atoms have one spin orientation, whereas those
at the other two Mn atoms have the opposite spin. This cor-
responds to an S=0 state, with antiferromagnetic coupling
of the MnII centers, as the energetically most favorable.
Figure 7 shows the spin density calculated for the local mini-
mum. Surplus of alpha and beta spins is represented by red
and blue clouds, respectively.


Thorough analysis of other possible spin states of the
anion in 3 revealed that excited states with S=5 and S=10,
which also fulfill the aufbau principle, are 0.2 or 0.3 eV less
favorable.


Magnetism of 3 : Susceptibility measurements were per-
formed on a polycrystalline sample of 3 (18.10 mg) between
T=1.8 and 300 K at 1000 Oe. Figure 8 depicts the c versus
T plot. The magnetic susceptibility increases from 300 K to
reach a maximum at 17 K (0.054 emumol�1) before decreas-
ing to 0.03 emumol�1 at 3.5 K. A further decrease in temper-
ature leads to an increase in the magnetic susceptibility typi-
cal for Curie-like paramagnetic impurities.


This global paramagnetic behavior was analyzed by con-
sidering the [Mn4(m4-Se)(SnSe4)4]


10� units to be well isolated
in the crystal packing, with a closest Mn···Mn distance be-
tween the clusters of about 5.1 T. Therefore, intercluster
magnetic exchanges were not considered. Based on the mo-
lecular description of the [Mn4(m4-Se)(SnSe4)4]


10� unit, the
possible exchange pathways J are shown in Scheme 2, in
which only direct Se bridges are taken into account.


Given the similarity of the selenium bridges between MnII


magnetic centers (Table 4), we simplified the model by con-
sidering all the magnetic exchange interactions J between
the metal ions to be equal.


Figure 7. Plot of the spin density of the calculated anion [Mn4(m4-
Se)(SnSe4)4]


10�. Spin densities (i.e., difference of densities for alpha (red)
and beta (blue) spins) are drawn to 0.4 e�T�3.
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Therefore, the magnetic data were analyzed with the
Hamiltonian of Equation (5) in which j> i and Si is the spin
of an individual MnII metal ion (note that in the tetrahedral
coordination sphere, the d5 MnII is known to be in its high-
spin state: S=5/2).


H ¼ �2J
X4


i¼1, j¼2


SiSj ð5Þ


The complicated topology of the magnetic pathways pre-
cludes a simple calculation of the spin levels of the cluster
by KambeVs method;[43] hence, we used a more general pro-
cedure developed by Clemente-Juan et al. (MAGPACK pro-
gram).[44] In addition to the susceptibility calculated from
the above Hamiltonian ctetramer, we had to consider a Curie
contribution from isolated S=5/2 MnII ions as impurities to
be able to reproduce the low temperature behavior
[Eq. (6)].


c ¼ ð1�1Þctetramer þ 1
35Ng2m2


B


12 kBT
ð6Þ


The best set of parameters that fitted the experimental
magnetic data was g=2.0, J/kB=�12.1(2) K, and 1=0.023
(solid line in Figure 8). The value of the g factor was con-
firmed by ESR measurements on a polycrystalline sample.
At room temperature, a single Lorentzian resonance line
was observed at g=2.015 with a line width DH of 640 Oe.
On decreasing the temperature, the g factor remains con-
stant and DH increases to 2400 Oe at 4.2 K. The estimation
of the susceptibility from double integration of the reso-
nance line confirmed the magnetometer measurements
shown in Figure 8. Fitting of the magnetic susceptibility re-
vealed a significant antiferromagnetic interaction (J/kB=


�12.1(2) K) between the MnII ions through the Se bridge.
The results show that the ground state of the [Mn4(m4-
Se)(SnSe4)4]


10� cluster is a singlet with a first excited state
(S=1) at 24.2 K. Compound 3 is to our knowledge the first
compound with an [Mn4Se] fragment to be investigated by
magnetic measurements, but antiferromagnetic coupling be-
tween tetrahedrally coordinated Mn centers was also ob-
served in K2[MnSnS4],


[6c] albeit based on a two-dimensional
Mn/Sn/S network with m-bridging sulfur ligands instead of
m4-bridging ligands .


Conclusion


We have shown that it is possible to use the synthetic
method that was first described for the syntheses of quater-
nary Co, Zn, and Mn compounds 1–3 for reactions with
salts of the heavier transition metals cadmium and mercury
by suitable variation of the reaction conditions. In this way,
novel quaternary compounds were synthesized that contain
purely inorganic, ternary anionic M/Sn/Se substructures with
M=Cd or Hg.


By preparing compounds 4 and 5, which incorporate dis-
crete [M4(m4-Se)(SnSe4)4]


10� ions (4 : M=Cd, 5 : M=Hg), we
completed a homologous series of isotypic compounds 2
(M=Zn), 4, and 5. The phases show unexpected colors and
optical gaps given the relatively small molecular size
(25 atoms) of the anions containing d10 metal centers. Quan-
tum chemical investigations at the DFT level suggest the ab-
sorption behavior of the anions with d10 metal atoms to have
mainly Se(p)!M(d) charge-transfer character. In contrast,
the electronic structure of isotypic d5 metal compound 3,
containing analogous Mn/Sn/Se anions, differs in being an
open-shell system that displays significant metal d-orbital
contribution to the highest molecular orbitals. Accordingly,
the optical absorption does not follow the trend of the Zn,
Cd, and Hg compounds. For the anion in 3, 20 unpaired
electrons were calculated that represent the four d5 shells of
the Mn atoms. The quantum chemical studies and experi-
mental investigations of the magnetic susceptibility of a pol-
ycrystalline sample of 3 agree in that an S=0 ground state
resulting from significant antiferromagnetic interactions (J/
kB=�12.1(2) K) between the MnII metal ions through the
ligand bridge, was determined in both cases.


In contrast to the experiments with Zn, Mn, or Cd salts,
reactions with Hg(OAc)2 show a variation in the product
distribution when the reaction conditions are slightly


Figure 8. c versus T plot for a polycrystalline sample of 3. Inset: zoom of
the c versus T plot in the low-temperature region below 40 K.


Scheme 2. Exchange pathways of magnetic coupling in 3.


Table 4. Distances [pm] and angles [8] of relevance for the magnetic cou-
pling in 3.


Magnetic coupling Mn-(m4-Se)-Mn Mn�(m4-Se)


Mn(1)�Mn(1’) 107.71(11) 252.8(2)
Mn(2)�Mn(2’) 112.37(12) 253.4(2)
Mn(1)�Mn(2) or Mn(1’)�Mn(2’) 110.01(7) 252.8(2), 253.4(2)
Mn(1)�Mn(2’) or Mn(1’)�Mn(2) 108.32(6) 252.8(2), 253.4(2)
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changed. It was thus possible to isolate and structurally char-
acterize two further quaternary compounds containing Hg/
Sn/Se substructures. In 6, this is a three-dimensional net-
work of formally condensed fragments of the discrete cluster
anions observed in 5, namely, “[Hg4(m4-Se)(SnSe3)]


6�”. The
anionic substructure in 7 does not show a relation to the d10


metal/Sn/Se anions isolated so far, but forms one-dimension-
al strands of alternating, edge-sharing [HgSe4] or [SnSe4] tet-
rahedra.


In future investigations we intend to investigate possible
nonlinear optical properties of the chiral compounds 2–5.
We also plan to gain insight in solution processes that are so
far unknown, by means of dynamic light scattering and ESI
mass spectrometry. Furthermore, we aim to explore whether
new variations of reactant combinations and/or reaction
conditions allow the isolation of further quaternary phases
with ternary substructures and to study how these parame-
ters influence the actually observed structural motifs and
their physical properties.


Experimental Section


General : All synthesis steps were performed with strict exclusion of air
and moisture (N2 atmosphere on a high-vacuum, double-manifold
Schlenk line or Ar atmosphere in a glove box). Methanol, THF, and tolu-
ene were dried and freshly distilled prior to use; water was degassed by
applying dynamic vacuum (10�3 Torr) for several hours. K4[SeSe4]·1.5 -
MeOH was synthesized as previously described;[9c] CdCl2 and Hg(OAc)2


were purchased from Merck (>98%).


Synthesis of [K10(H2O)16(MeOH)0.5][Cd4(m4-Se)(SnSe4)4] (4):
K4[SnSe4]·1.5MeOH (0.192 g, 0.300 mmol) was suspended in MeOH
(5 mL) and added to a solution of CdCl2 (0.043 g, 0.240 mmol) in H2O
(5 mL), whereupon the reaction mixture immediately turned light yellow,
and a similarly colored powder precipitated. After stirring for 24 h, the
solution was removed from the precipitate by decanting, the yellow solid
was redissolved in water (10 mL) and layered with THF (10 mL). Over
one week, yellow crystals of 4 formed selectively, while layering of the
decanted reaction solution only yielded crystals of the co-product
[K4(MeOH)4][Sn2Se6].


[9] Yield of 4 : 0.133 g (0.045 mmol, 78% based on
[SnSe4]


4�); elemental analysis calcd (%): C 0.20, H: 1.18; found: C 0.20,
H 1.19.


Synthesis of [K10(H2O)16(MeOH)0.5][Hg4(m4-Se)(SnSe4)4] (5):
K4[SnSe4]·1.5MeOH (0.112 g, 0.175 mmol) was suspended in MeOH
(5 mL) and added to a solution of Hg(OAc)2 (0.045 g, 0.140 mmol) in
H2O (5 mL), whereupon a black precipitate formed immediately. After
stirring for 24 h, the precipitate was removed and the filtrate layered
with THF (10 mL). Small, orange truncated octahedra of 5 formed, be-
sides small amounts of [K4(MeOH)4][Sn2Se6]


[9] after one week. Yield of
5 : 0.064 g (0.019 mmol, 66% based on [SnSe4]


4�); elemental analysis
calcd (%): C 0.18, H 1.04; found: C 0.18, H 1.02.


Synthesis of [K6(H2O)3][Hg4(m4-Se)(SnSe4)3]·MeOH (6): K4[SnSe4]·1.5 -
MeOH (0.096 g, 0.150 mmol) was suspended in MeOH (5 mL) and added
to a solution of Hg(OAc)2 (0.048 g, 0.150 mmol) in H2O (5 mL), with im-
mediate formation of a black, insoluble precipitate. After stirring for
24 h, the precipitate was removed and the filtrate layered with THF
(10 mL). Over two weeks, small orange cuboids of 6 crystallized together
with small quantities of [K4(MeOH)4][Sn2Se6].


[9] Yield of 6 : 0.029 g
(0.011 mmol, 38% based on [SnSe4]


4�); elemental analysis calcd (%): C
0.48, H 0.40; found: C 0.49, H 0.40.


Synthesis of K2[HgSnSe4] (7): K4[SnSe4]·1.5MeOH (0.096 g, 0.15 mmol)
was suspended in methanol (5 mL) and added to a solution of Hg(OAc)2


(0.048 g, 0.150 mmol) in a mixture of MeOH (4.5 mL) and H2O (0.5 mL).
A black, insoluble precipitate formed immediately. After stirring over-
night, the precipitate was removed by filtration, and toluene (10 mL) was
allowed to flow under the filtrate. After one week, large amounts of


[K4(MeOH)4][Sn2Se6]
[9] had formed; after nine weeks, crystallization of


small ruby-red rhombuses of 7 started. Yield of 7: 0.014 g (0.02 mmol,
26% based on [SnSe4]


4�).


Quantum chemical investigations : DFT calculations[14] were performed
using the program package TURBOMOLE[40] (RIDFT program,[45]


Becke–Perdew functional (BP86)[46]). Basis sets were of TZVP quality
(triple-zeta valence plus multiple polarization functions).[45b] Relativisti-
cally corrected effective core potentials (ECP) were used for the Sn, Cd,
and Hg atoms.[47] Compensation of the negative charges of all calculated
molecules was achieved by simulating mirror charges using the COSMO
model.[41] Suitability of these methods with satisfactory accuracy regard-
ing experimental structures was previously shown in investigations on the
anion of 1.[9a] The use of the unrestricted Kohn–Sham (UKS) modus al-
lowed for systematic investigations of ground-state occupations. The reli-
ability of the UHF result was confirmed by an hS·Si value of 110.059 cor-
responding to 20 excess alpha spins. All geometry optimizations were
performed without symmetry restrictions (C1 symmetry); therefore, con-
vergence into local minimum structures can be assumed. However, the
optimizations ended up at nearly Td symmetric molecules; this indicates
the key role of crystal packing for the chirality of the experimentally ob-
served anions. Visualization of the spin density was achieved by means of
the gOpenMol program.


ESR investigations and magnetic measurements : ESR spectra were re-
corded on an X band (9.3 GHz) Bruker ESP300E spectrometer equipped
with an ESR900 cryostat (3.8–300 K) from Oxford Instruments. The mag-
netic susceptibility measurements were obtained using a Quantum
Design SQUID magnetometer MPMS-XL. The sample was prepared in a
glove box under argon and packed in a sealed plastic bag. The magnetic
data were corrected for the sample holder and the diamagnetic contribu-
tion calculated from the Pascal constants (�9.4·10�4 emumol�1).[48]
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Packing Motifs and Magneto-Structural Correlations in Crystal Structures of
Metallo-Tetrakis(1,2,5-thiadiazole)porphyrazine Series, MTTDPz (M=H2,
Fe, Co, Ni, Cu, Zn)


Yosuke Suzuki, Masato Fujimori, Hirofumi Yoshikawa, and Kunio Awaga*[a]


Introduction


Phthalocyanine (MPc) compounds have been studied exten-
sively in the last three decades because of their commercial
applications including as dyes and catalysts. They have also
attracted much interest due to their electric, electro-optic
and magnetic properties.[1] Thin films of MPc are utilized as
gas sensors; oxidizing gases such as NOx, HCl, CO introduce
mobile holes in MPc leading to a significant enhancement in
conductivity.[1,2] MnPc[3] and FePc[4] possess ferromagnetical-
ly ordered states at low temperatures and [N(C4H9)4]
[Ln(Pc)2] exhibits the behavior of a single-molecule
magnet.[5]


There are two well-known crystal forms for MPc, a, and
b.[6,7] Both forms consist of a one-dimensional stacking
column, in which the molecules have a large p–p overlap. In
contrast, intercolumn interactions appear to be hindered by
the terminal hydrogen atoms on the benzo ring. Such low di-
mensionality must be disadvantageous for three-dimensional
electrical conduction. Seeking multi-dimensional interac-
tions, Inabe et al. studied the MPc(CN)2 series. In this series,


the cyanide ions, bonding to the central metal ions, brought
about partial face-to-face overlap of the Pc rings instead of
eclipsed overlap. This resulted in multi-dimensional p–p in-
teraction in K[CoPc(CN)2]2·5CH3CN and other deriva-
tives.[8,9] Ercolani et al. synthesized tetrakis(thiadiazole)por-
phyrazine (TTDPz) and the corresponding metal(ii) deriva-
tives, MTTDPz (M=H2, Mg, Mn, Fe, Co, Ni, Cu, and
Zn),[10,11] in which intermolecular interactions of the thiadia-
zole ring were strongly expected in the solid state. However,
no structural data on the MTTDPz series has been reported
to date, although crystal structures of asymmetric, related
compounds have been reported.[12,13]


In the present work we grew crystals of the MTTDPz
series (M=H2, Fe, Co, Ni, Cu, Zn) and performed structural
analysis and magnetic measurements. Although we have
briefly reported the structures of H2TTDPz and
CoTTDPz,[14] herein we describe in detail the crystal struc-
tures of the MTTDPz series. Based on these data, packing
motifs and magneto-structural correlations will be discussed.


Results and Discussion


Crystal growth and structure : The materials MTTDPz (M=


H2, Mn, Fe, Co, Ni, Cu, and Zn) were prepared by the liter-
ature method.[10,11] Single crystals were obtained by sublima-
tion under reduced pressure with continuous N2 gas flow,
though growth of MnTTDPz crystals was unsuccessful.
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Department of Chemistry, Graduate School of Science
Nagoya University, Furo-cho, Chikusa-ku
Nagoya 464–8602 (Japan)
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Abstract: Single crystals of tetrakis-
(thiadiazole)porphyrazine and the
corresponding metal(ii) derivatives,
MTTDPz (M=H2, Fe, Co, Ni, Cu, and
Zn) were grown by sublimation under
reduced pressure with continuous N2


gas flow. Their structures, obtained by
X-ray crystallographic analysis, depend
significantly on the central metal ion,
and the M=Ni and Cu derivatives ex-
hibit polymorphism. They can be classi-
fied into three forms, a, b, and g. The a


form (M=H2, Ni, and Cu) is composed
of two-dimensional hexagonal close
packing formed by side-by-side con-
tacts between thiadiazole rings, where-
as the b form (M=Fe, Co, and Zn)
crystallizes into a one-dimensional co-
ordination polymer. The g form (M=


Ni and Cu) consists of a ladder struc-
ture caused by p stacking, similar to
the b form of phthalocyanine, and by
side-by-side contacts between thiadi-
azole rings. Although the crystal struc-
tures of the MTTDPz series exhibited
multi-dimensional network structures,
magnetic measurements revealed rela-
tively weak exchange interactions,
probably reflecting the long distances
between the metal ions.


Keywords: crystal growth · magnet-
ic properties · porphyrazines · solid-
state structures · transition metals
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The structures of the obtained crystals were determined by
X-ray crystallographic analyses. The details are described in
the Experimental Section. It is notable that X-ray quality
crystals could not been grown without N2 gas flow.


The structures of the MTTDPz series can be broadly clas-
sified into three forms: a, b, and g, as listed in Table 1. Their


crystallographic data are summarized in Table 2. Figure 1
shows photographs of the three crystal forms. The a and b


forms crystallized into block crystals in contrast to needle
crystals for the g form, which was easily distinguishable
from the other two. The a form was observed in the H2, Ni,
and Cu derivatives. Since the structure of CuTTDPz is
slightly different from those of the other two, it will be here-
after denoted as a’. The b form was observed in the Fe, Co,
and Zn derivatives, and the g form in the Ni and Cu deriva-
tives. Therefore, the Ni and Cu derivatives exhibited the


polymorphs a (or a’) and g. The two forms of NiTTDPz
were separately prepared by controlling the sublimation
temperature: 450 8C for the a form and 500 8C for g. Howev-
er, a mixture of a’ and g forms of CuTTDPz was always ob-
tained by sublimation of Cu(H2O)2TTDPz prepared from
MgTTDPz, whereas only the g form was obtained by subli-
mation of Cu(py)2TTDPz (py=pyridine) prepared from re-
action of H2TTDPz with copper acetate in pyridine. The a’
crystals were separated under a microscope for crystallo-
graphic analysis and magnetic measurements.


The a form : This is the crystal form for the H2, Ni, and Cu
TTDPz derivatives, though the Ni and Cu derivatives exhib-


ited polymorphism. The crys-
tals of MTTDPz (M=H2, Ni)
belong to a monoclinic P21/n
space group, in which half of
the molecule is crystallographi-
cally asymmetric. They have
very similar lattice parameters.


The structure of the a-form
consists of a layered structure,
of which the top and side
views for NiTTDPz are shown
in Figure 2a and b, respective-
ly. The layer is formed by two-
dimensional hexagonal close
packing of NiTTDPz with very
short S···N contacts of 2.925(2)
and 3.247(2) L. The corre-
sponding distances are
2.948(2) and 3.245(2) L in
H2TTDPz, and 2.900(5)–
2.936(6) L and 3.171(5)–
3.213(6) L in CuTTDPz. These
distances are much shorter
than the sum of the van der
Waals radii of N and S
(3.35 L), indicating large inter-
molecular overlaps between p


orbitals. The side view in Fig-
ure 2b shows that the layers
stack along the c axis giving p–
p interactions with an ABC
repeat unit. Each layer is relat-
ed by a twofold screw axis par-
allel to the b axis, with an in-
terlayer distance of ~3.3 L.


Table 1. Crystal forms for the MTTDPz series.


M= H2 Fe Co Ni Cu Zn


a a a’
b b b


g g


Table 2. Crystallographic data for the MTTDPz series.


a-H2TTDPz b-FeTTDPz b-CoTTDPz a-NiTTDPz


formula C16H2N16S4 C16N16S4Fe C16N16S4Co C16N16S4Ni
Mr 546.58 600.41 603.49 603.27
crystal system monoclinic monoclinic monoclinic monoclinic
space group P21/n P21/c P21/c P21/n
a [L] 8.9250(3) 13.3190(12) 13.2660(4) 8.9340(3)
b [L] 12.0340(5) 9.1110(8) 9.1170(3) 11.9920(6)
c [L] 9.8650(4) 18.5590(17) 18.5140(5) 9.9011(4)
b [8] 116.500(2) 122.668(4) 122.382(2) 117.508(3)
V [L3] 948.21(6) 1895.9(3) 1890.99(10) 940.85(7)
Z 2 4 4 2
1 [gcm�1] 1.91 2.10 2.12 2.13
m(MoKa) [mm�1] 0.554 1.290 1.404 1.530
q range [8] 4.10–29.88 4.26–25.00 4.27–29.90 4.12–27.93
used reflections 2715 3178 5194 2170
parameters 167 334 334 169
R1[a] 0.0419 0.0730 0.0392 0.0314
wR2 0.1019 0.1485 0.1024 0.0882
max/min [eL�3] 0.346/�0.330 1.263/�0.396 0.873/�0.934 0.532/�0.466


g-NiTTDPz a’-CuTTDPz g-CuTTDPz b-ZnTTDPz


formula C16N16S4Ni C16N16S4Cu C16N16S4Cu C16N16S4Zn
Mr 603.27 608.10 608.10 609.93
crystal system monoclinic monoclinic monoclinic monoclinic
space group P21/n P21/c P21/n P21/c
a [L] 4.978(2) 23.97(3) 5.0240(2) 13.308(4)
b [L] 21.063(8) 11.99(1) 21.1600(13) 9.283(3)
c [L] 17.854(7) 26.64(3) 17.8770(14) 18.453(6)
b [8] 94.679(5) 102.80(1) 94.476(2) 122.878(4)
V [L3] 1865.8(13) 7466(14) 1894.7(2) 1914.5(10)
Z 4 16 4 4
1 [gcm�1] 2.15 2.16 2.13 2.12
m(MoKa) [mm�1] 1.543 1.673 1.648 1.773
q range [8] 3.12–27.53 3.07–27.48 4.14–27.50 3.13–27.48
used reflections 4246 15756 3631 4343
parameters 334 1336 334 334
R1[a] 0.0424 0.0777 0.0518 0.0864
wR2 0.1014 0.2731 0.0944 0.1658
max/min [eL�3] 0.634/�0.585 1.395/�1.038 0.432/�0.409 0.955/�0.623


[a] Calculated using reflections of F2
o>2s(F2


o).


Figure 1. Crystals of the three forms of the MTTDPz series; a, b, and g ;
a) a-NiTTDPz, b) b-ZnTTDPz, and c) g-NiTTDPz.


Chem. Eur. J. 2004, 10, 5158 – 5164 www.chemeurj.org F 2004 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim 5159


5158 – 5164



www.chemeurj.org





The stacking pattern and interlayer distance are similar to
those of graphite.


Figure 2c depicts the intermolecular arrangement of the
three neighboring layers that form the repeating pattern.
One molecule in the middle layer interacts with two each in
the upper and lower layers. The sulfur atom on the thiadi-
azole ring appears to occupy the axial position of the Ni ion
with a distance of 3.7760(8) L. However, the corresponding
distance in metal-free H2TTDPz, namely the distance be-
tween the molecular center and the sulfur atom, is
3.7631(2) L, which is nearly identical to that of NiTTDPz.
This indicates that the interlayer distance of the two com-
pounds is not governed by metal–sulfur interactions, but by
p–p interactions. This is reasonable given that Ni2+ ions (d8)
usually exhibit square-planar coordination without axial li-
gands.


The a’ crystal form of CuTTDPz belongs to a monoclinic
P21/c space group. The intralayer structure of a’-CuTTDPz
is similar to that of the a form; however, there is a signifi-
cant difference in interlayer arrangement. Figure 3 depicts
the side view of the layered structure of a’-CuTTDPz, in
which the asymmetric unit is composed of the three mole-
cules labeled Cu1, Cu2, and Cu3, and two halves of the mol-
ecules labeled Cu4 and Cu5. The p stacking along the c axis
has an ABAC repeat unit, in which the layers A, B, and C
are formed by molecules Cu2 and Cu3, Cu1, and Cu4 and
Cu5, respectively. The axial positions of the Cu2+ ions are
occupied by nitrogen atoms from the thiadiazole rings with
distances of ~3.6 L. These distances are much shorter than
those between the molecular center and the sulfur atom in
H2TTDPz and NiTTDPz, suggesting that the coordination
bond between the nitrogen atom and the Cu ion contributes
to the interlayer arrangement attaining the a’ form. Com-
pared with the structures of a-H2TTDPz and a-NiTTDPz,
a’-CuTTDPz has a distorted layer structure of lower symme-
try.


Epitaxial growth of MPcMs have been extensively studied
on various surfaces. It is believed that the arrangements of
neighboring molecules on surfaces are governed by steric ef-
fects of the terminal hydrogen atoms on the benzo rings.[15]


In contrast, the two-dimensional layered structure of the a


form is caused by electrostatic attraction between the thia-
diazole rings. This is a crucial difference between MPc and
MTTDPz. The two-dimensional network present in the a


form suggests application in the generation of oriented thin
films.


The b form : FeTTDPz, CoTTDPz, and ZnTTDPz are iso-
structural and crystallize into the b form, which belongs to a
monoclinic P21/c space group. Each molecule is crystallo-
graphically independent. These three derivatives do not ex-
hibit polymorphism.


Figure 4 depicts the molecular structure of ZnTTDPz,
which is significantly different from those of FeTTDPz and
CoTTDPz. The Zn ion is located above the porphyrazine
plane by 0.394(3) L, in contrast to the planar molecular
structures of the other two. A similar displacement of the
center metal ion out of the molecular plane has been ob-
served in other metallophthalocyanines such as PbPc,[16]


Figure 2. a) Top and b) side views of the layered crystal structure, and
c) the intermolecular arrangement of the three repeating layers in a-
NiTTDPz.
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SnPc,[17] and ZnPcX (X=amine, halogen, or other group).[18]


The Pb and Sn ions are located above the molecular plane
by 1.28 L and 1.13 L, respectively, probably reflecting their
large ionic radii. In ZnPcX, the Zn ions are of square pyra-
midal five coordination and are ~0.5 L above the planes, in
contrast to the planar structure in ZnPc.[19] The molecular
structure of ZnTTDPz is considered to occur through strong
coordination bonding between the Zn2+ ion and the axial ni-
trogen.


Figure 5a depicts the structure of FeTTDPz, which forms
a one-dimensional coordination polymer along the b axis.
The nitrogen atom on the thiadiazole ring occupies the axial
position of the metal ion in each neighboring molecule, and
thus the metal ions are penta-coordinated. Each neighboring
molecule in this chain is related by a twofold screw axis par-
allel to the b axis. The metal···nitrogen distances in b-
MTTDPz (M=Fe, Co, and Zn) are 2.327(6), 2.300(2), and
2.187(5) L, respectively. The shorter distance in ZnTTDPz
is caused by the nonplanar molecular structure of this mole-
cule. The dihedral angles between the neighboring molecu-
lar planes are 82.58(2)8 in FeTTDPz, 82.96(1)8 in CoTTDPz,
and 85.45(2)8 in ZnTTDPz. This type of edge-to-face inter-
action has previously been reported for zinc derivatives of
the asymmetric porphyrazine.[20]


The coordination chains stack in the bc plane, leading to a
two-dimensional network, as shown in Figure 5b. The inter-
chain arrangements give rise to a face-to-face p dimer, of
which the top and side views are shown in Figure 6a and b,
respectively. The axial position of the Fe ion is occupied by
the nitrogen atom of a pyrrole ring of the neighboring mole-
cule, with a distance of 3.453(6) L. The corresponding dis-
tances in CoTTDPz and ZnTTDPz are 3.401(2) and
3.783(5) L, respectively. The intradimer Fe···Fe distance


(4.066(2) L) is much shorter
than the shortest Fe···Fe dis-
tance in the coordination chain
(7.361(2) L). A magnetic inter-
action is expected in the dimer,
occurring through the axial ni-
trogen atom. Furthermore, the
two-dimensional network is
stacked along the a axis with
short S···N contacts between
thiadiazole rings (not shown).


The g form : The Ni and Cu de-
rivatives crystallize into the g


form, which is of monoclinic
P21/n space group, although
they also crystallize into the a


form. The g form consists of a
two-leg ladder structure along
the a axis. Figure 7a depicts a


side view of this structure in g-NiTTDPz. Figure 7b shows
the intermolecular arrangements in the leg and row direc-
tions of the ladder. Along the leg direction, the molecular


Figure 3. Side view of the layered crystal structure in a’-CuTTDPz.


Figure 4. Molecular structure of b-ZnTTDPz.


Figure 5. Views of the crystal structure in b-FeTTDPz; (a) coordination
polymer along the b axis; (b) a projection onto the bc plane.
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planes, tilted by about 408 with respect to this direction,
stack with p–p overlap. The axial positions of the Ni ion are
occupied by nitrogen atoms bridging the distance between
the pyrrole rings on neighboring separate molecules. This
chain includes a weak alternation such that there are two
Ni···axial N distances of 3.177(3) and 3.298(3) L. The struc-
ture of g-CuTTDPz is very similar to that of g-NiTTDPz
with corresponding Cu···N distances of 3.196(4) and
3.271(4) L. These stacking features are similar to those of
the b form of MPc,[6,7] though there is no alternation in b-
MPc. Along the row direction, the NiTTDPz molecules
have side-by-side contact with a short S···N distance of
3.013(3) L. The corresponding distance in CuTTDPz is
3.042(4) L. They are shorter than the sum of the van der
Waals radii. In this side-by-side dimer unit, the two mole-
cules are related by an inversion center.


A projection of the crystal structure of g-NiTTDPz along
the a axis is shown in Figure 7c, in which the arrangement of
four two-leg ladders is presented. There is a close S···N con-
tact of 3.124(3) L between the ladders in g-NiTTDPz, while
the corresponding distance in g-CuTTDPz is 3.163(4) L. In
the g form, the molecules are related by a twofold screw
axis parallel to the b axis.


Packing motifs of MTTDPz : The structures of metal and
metal-free phthalocyanines are well known to be almost in-


dependent of the central metal ions[6,7] with their structures
governed by the p–p condensation energy of the planar
molecules. In contrast, the structures of the MTTDPz series
do depend on the central metal ions, and the S···N and p–p
interactions of the thiadiazole ring also play significant roles
in their solid structures. Since metal-free H2TTDPz exhibits
the a form, this structure is regulated by the p–p condensa-
tion energy. NiTTDPz and CuTTDPz do not form the b


structure, which is a coordination polymer structure formed
by bonding between the metal ion and the axial nitrogen
atom. Absence of b-NiTTDPz and b-CuTTDPz can be ex-
plained by the fact that Ni2+ (d8) and Cu2+ (d9) are Jahn–
Teller ions usually with lack of axial bonding or an elongat-
ed axial distance. There is no reason for H2TTDPz to exhibit
the b form. FeTTDPz, CoTTDPz, and ZnTTDPz crystallize
into only the b form, which indicates that axial bonding is a
driving force in generating the b form. Since NiTTDPz and
CuTTDPz exhibit polymorphism between the a and g


forms, these forms should be energetically balanced.
It is concluded that the first driving force in the packing


motif of the MTTDPz series is axial coordination between
the metal ion and the nitrogen on the thiadiazole ring. This
bonding brings about the b form. If central metal ion does
not favor short axial bonding, MTTDPz molecules crystal-
lize into the a or g form.


Magnetic properties : The temperature dependence of mag-
netic susceptibility was examined for the M=Co (b form),
Fe (b form), and Cu (a’and g forms) derivatives. Paramag-
netic susceptibilities (cp) were obtained by compensating for
diamagnetic contributions. H2TTDPz, NiTTDPz, and
ZnTTDPz were diamagnetic. Figure 8 shows cp versus T
plots for b-CoTTDPz and b-FeTTDPz. The values of cp for
b-CoTTDPz increase gradually with decreasing temperature
down to 12 K, and after attaining a rather sharp maximum
at this temperature, cp quickly decreases to zero. For
FeTTDPz, cp also increases with decreasing temperature
from 300 K. However, cp does not exhibit a global maximum
but instead a hump at 20 K. The sharp increase of cp below
this temperature is probably caused by paramagnetic lattice
defects displaying Curie behavior. According to the struc-
ture of the b form, the data for the two compounds were in-
terpreted in terms of the antiferromagnetic dimer model
[Eq. (1)],[21] in which N is the Avogadro constant, g is the g
factor, S is the spin quantum number, J is the intradimer
coupling constant, kB is the Boltzmann constant, and Cdef is
the Curie constant for paramagnetic lattice defects.


cp ¼
Ng2m2


B


3kBT


P2S
s¼0


sðsþ 1Þð2sþ 1Þexp
�
Jsðsþ 1Þ
2kBT


�


P2S
s¼0


ð2sþ 1Þexp
�
Jsðsþ 1Þ
2kBT


� þ Cdef


T
ð1Þ


The solid curves in Figure 8 are the theoretical best fits of
this model, obtained with S=1/2, g=2.21, 2 J/kB=�17.8 K,
and Cdef=0 emuKmol�1 (fixed) for CoTTDPz, and with S=
2, g=2.40, 2J/kB=�9.1 K, and Cdef=0.063 emuKmol�1


(4.3%) for FeTTDPz. The experimental data are accurately
reproduced by this dimer model.


Figure 6. a) Top and b) side views of face-to-face p dimer in the inter-
chain arrangement in b-FeTTDPz.
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The temperature dependence of cp for a’- and g-
CuTTDPz followed the Curie–Weiss law over the entire
temperature range 2–300 K (not shown). The obtained pa-
rameters for the a’ phase are C=0.41�0.03 emuKmol�1


(g=2.1) and q=0.6�0.8 K, whereby C and q are the Curie
and Weiss constants, respectively. The large error for q is


caused by a shortage of sample of a’-CuTTDPz. The param-
eters for the g phase are C=0.42�0.04 emuKmol�1 (g=
2.1) and q=0.7�0.2 K. This Weiss constant suggests a weak
ferromagnetic intermolecular interaction through the axial
nitrogen atom, as in b-MnPc.[3] It is concluded that the mag-
netic interactions in a’- and g-CuTTDPz are very weak due
to long distances between the paramagnetic metal ions.


In contrast to the short intermolecular contacts, the mag-
netic exchange interactions are rather weak in the MTTDPz
series. This is probably caused by the same reason as that in
the MPc series; the intramolecular overlaps between the
metal d orbitals and the porphyrazine p orbital (HOMO)
are negligible. The d orbitals exhibit the gerade symmetry,
in contrast to the ungerade symmetry for the HOMO.
Therefore, the metal d orbitals are localized at the center of
ring and the intermolecular magnetic exchange interactions
become very weak.


Conclusion


In the present work, we obtained single crystals of the
MTTDPz (M=H2, Fe, Co, Ni, Cu, and Zn) series by means
of sublimation under reduced pressure with continuous N2


gas flow, and observed the three forms, a, b, and g in their


Figure 7. a) Side view of two-leg ladder structure, b) the intermolecular arrangements in the leg and row directions, and c) a projection of the crystal
structure along the a axis of g-NiTTDPz.


Figure 8. Temperature dependence of the paramagnetic susceptibility, cp,
for b-FeTTDPz and b-CoTTDPz. The solid curves are the theoretical
best fit of the dimer model.
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crystal structures. The structures were governed by three
factors: axial coordination bonding, p–p interactions, and
electrostatic S···N contacts, bringing about multi-dimensional
networks. Although the magnetic exchange interactions
were relatively weak, probably reflecting the long distances
between metal ions, the obtained network structures suggest
that after carrier doping these materials have good potential
as three-dimensional conductors.


Experimental Section


Preparations of solvated MTTDPz (M=H2, Mn, Fe, Co, Ni, Cu, Zn)
were performed by a modification of the literature method.[10,11] The
metal-free H2TTDPz was obtained from MgTTDPz, which was synthe-
sized by the reaction of 3,4-dicyano-1,2,5-thiadiazole with magnesium(ii)
propylate. The MTTDPz metal salts (M=Mn, Co, Ni, Zn) were obtained
by reaction of H2TTDPz with the corresponding hydrate metal(ii) acetate
in DMSO, while Cu(py)2TTDPz and Fe(py)2TTDPz were prepared by
the same reaction in pyridine. All products were obtained in good yield
and were confirmed by IR spectroscopy.


Single crystals were obtained (except for MnTTDPz) by sublimation of
solvated MTTDPz under reduced pressure (about 10�3 bar) with continu-
ous N2 gas flow (50 mLmin�1) at 450–550 8C.


Magnetic measurements were carried out on a SQUID (Quantum
Design MPMS XL) susceptometer. The experimental raw data were cor-
rected for diamagnetism and the molar paramagnetic susceptibilities ob-
tained.


X-ray diffraction data were collected with graphite-monochromated
MoKa (l=0.71073 L) radiation on a Mac Science DIP-3200 imaging plate
diffractometer for MTTDPz (M=H2, Fe, Co, Ni(a form), and Cu(g
form)) and on a Rigaku Mercury CCD diffractometer for MTTDPz (M=


Ni(g form), Cu(a’ form), and Zn). All structures were solved by a direct
method using the SHELXS-97 program[22] and refined by successive dif-
ferential Fourier syntheses and a full-matrix least-squares procedure
using the SHELXL-97 program.[23] Anisotropic thermal factors were ap-
plied to all non-hydrogen atoms. Hydrogen atoms in H2TTDPz were lo-
cated by differential Fourier synthesis and were also refined.


CCDC-216083 (for H2TTDPz), 236690 (for FeTTDPz), 216084 (for
CoTTDPz), 236691 (for a-NiTTDPz), 236692 (for g-NiTTDPz), 236688
(for a’-CuTTDPz), 236689 (for g-CuTTDPz), 236687 (for ZnTTDPz)
contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrie-
ving.html (or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB21EZ, UK; fax: (+44)1223–336–033; or de-
posit@ccdc.cam.ac.uk).
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Understanding the Molecular Mechanism of the 1,3-Dipolar Cycloaddition
between Fulminic Acid and Acetylene in Terms of the Electron Localization
Function and Catastrophe Theory


Victor Polo,[a] Juan Andres,*[a] Raquel Castillo,[a] Slawomir Berski,[a, b] and Bernard Silvi[c]


Introduction


Theoretical descriptions of chemical reactivity are based on
concepts derived from the corresponding potential-energy
surface (PES). Molecular structures (reactants, products,
and possible intermediates) are associated with the mini-
mum positions in the valleys, while the transition structure
(TS) is a saddle point of index one on the PES. The energet-
ic aspects of the reaction can be obtained from the energies
of these stationary points, that is, the thermodynamic and ki-
netic parameters can be derived from the relative values of
energy between them. Therefore, the standard description


of chemical reactivity tends to rely on calculation of the ge-
ometries and energies of these stationary points lying on the
reaction pathway of a given chemical rearrangement.


Chemical concepts such as those of bonds and lone pairs
enable one to adopt a quite different, but nevertheless com-
plementary, point of view. In this case the effort is put into
understanding the changes in bonding that occur along the
reaction pathway connecting reactants and products through
the corresponding TS. For a chemical reaction involving
multiple bond breaking and bond formation, the following
main questions need to be answered:


1) How do the chemical events (bond breaking/forming
processes) occur, that is, do they follow a step-wise or a
concerted mehanism?


2) How does the electronic reorganization proceed along
the reaction path?


3) How does the electron flow accompanying the chemical
rearrangement relate to the bond breaking/forming pro-
cesses?


4) Does bond breaking and forming take place in the TS
region?


To clarify these matters, some attempts have been made
to render a quantitative definition of chemical bonding from
quantum mechanical observables obtained from first princi-
ple calculations; these include the delocalization index[1–3]
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Abstract: The potential-energy profile
of the 1,3-dipolar cycloaddition of ful-
minic acid and ethyne has been investi-
gated theoretically within the frame-
work provided by the electron localiza-
tion function (ELF) analysis. This has
been achieved by carrying out density
functional theory (B3LYP approach)
calculations using the bonding evolu-
tion theory. Eight different domains of
structural stability have been identified
along the reaction path, as well as the
bifurcation catastrophes responsible for


the changes in the topology of the
system. The analysis provides a chemi-
cal description of the reaction mecha-
nism in terms of heterolytic concerted
nonsynchronous bond formation: the
first four catastrophes enable the si-
multaneous formation of the C�C


bond and a lone pair on the nitrogen
atom, whereas the remaining ones lead
to the ring closure. The valence basin
populations calculated along the reac-
tion path do not support any mecha-
nism involving pentavalent nitrogen.
The simulation of the solvent effect, by
means of a continuum model, does not
indicate any significant difference of
the mechanism of reaction between the
gas phase and solution.


Keywords: ab initio calculations ·
bond theory · cycloaddition · ELF
(electron localization function) ·
reaction mechanisms
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based on the electron pair density in the atoms in molecules
(AIM) approach of Bader,[4,5] and a bond basin population
from the electron localization function (ELF) approach of
Becke and Edgecombe,[6] as extensively developed by Silvi
and Savin.[7–15] In particular, the ELF approach is topological
and divides a systemLs space into basins and basin attractors
based on the gradients of particular scalar fields. ELF basins
are defined quantities although based on strong physical ar-
guments regarding the Fermi hole[16,17] and the correspond-
ing tendency of electron pairs to occupy different regions of
space.


In addition, ThomLs catastrophe theory is an attempt to
find a universal mathematical treatment of morphogene-
sis,[18] understood as a temporally stable change in the form
of a system. We have recently combined ELF and catastro-
phe theory to analyze the molecular changes that take place
along the reaction pathway for the molecular mechanism of
the Diels–Alder reaction between ethylene and 1,3-buta-
diene.[19] The ELF analysis was performed from the Kohn–
Sham orbitals for each point along the reaction path and the
study of the evolution of ELF basins enabled us to identify
the turning points at which there is a change in the number
or type of ELF basins. Catastrophe theory is used for an
exact characterization of those points. ELF basins can be as-
signed to electron pairs and the evolution of ELF basins is
related to the formation/breaking of chemical bonds or crea-
tion/annihilation of lone pairs.[19]


1,3-Dipolar cycloadditions may share features with the
more well-known Diels–Alder reaction and since their intro-
duction by Huisgen in 1960,[20,21] the 1,3-dipolar cycloaddi-
tion has emerged as a powerful tool in organic synthesis.
The five-membered rings formed through 1,3-dipolar cyclo-
additions are important intermediates in the preparation of
natural products, such as alkaloids and b-amino acids.[22–24]


In recent times, significant advances have been made in our
understanding of these types of cycloadditions, by means of
experiments and computational quantum mechanical calcu-
lations.[25–27] The mechanism of this type of chemical reaction
has been the subject of intense study, but, nevertheless,
many of the crucial mechanistic features, such as the direc-
tion of the electron flow along the corresponding reaction
pathway, remain disputed.[28–34] In this paper, the joint use of
ELF analysis and catastrophe theory is applied to a simple
1,3-dipolar cycloaddition reaction between fulminic acid and
acetylene.


Computational Methods


Technically, the ELF analysis was performed for a series of structures cal-
culated along the reaction path. The turning points between structural
stability domains were then located and the catastrophe identified when
the two successive domains belong to the same Born–Oppenheimer
energy surface. The calculations were performed by means of density
functional theory (DFT) with the B3LYP exchange-correlation poten-
tial[35–37] together with the 6–31G(d,p) basis set[38] as included in the Gaus-
sian 98 program.[39] Stationary points on the potential energy surface
were confirmed by calculation of harmonic vibrational frequencies, all
positive for a minimum and one imaginary for a transition structure (TS).
The intrinsic reaction coordinate (IRC) method of Fukui,[40] developed
by Gonzalez and Schlegel,[41] was employed to follow the reaction path in


mass-weighted coordinates in the forward and reverse directions starting
at the TS. Analytical calculation of force constants was performed for
each point along the IRC in the gas phase and only at the TS in the sol-
vent phase. The calculated reaction path comprises a total of 140/125
points in the gas/solvent phase with a step size of 0.1 amu1/2Bohr. The
topological analysis of ELF was carried out with the TopMod[42] suite and
graphical representation by the Amira program.[43] The ELF function was
calculated over a rectangular box by using a cubic grid of step size
smaller than 0.1 Bohr. The effect of the solvent was simulated by the con-
tinuum model of Rivail,[44] based on the use of cavities and a multipolar
expansion of the solute electrostatic potential.


What ELF analysis can tell us about the reaction mechanism : The topo-
logical analysis of the ELF gradient field, 5h(r), provides a mathematical
model permitting the partition of the molecular position space into
basins of attractors, which present in principle a one-to-one correspon-
dence with local chemical objects such as bonds and lone pairs. These
basins are either core basins, labeled C(A), or valence basins, V(A,…),
belonging to the outermost shell and characterized by their coordination
number with core basins; this is called the synaptic order. Very recent-
ly[15] it has been demonstrated that the size-independent spin-pair compo-
sition function has a clear meaning as a local indicator of chemical bond-
ing, which enables the recovery of the ELF of Becke and Edgecombe.
This method has been well documented in a series of articles presenting
its theoretical foundations,[6–9, 15, 45–48] its applications to the understanding
of the chemical structure of molecules and solids,[10,11, 49–60] the prediction
of reactivity,[13,61–66] and the study of chemical reactions in terms of ele-
mentary catastrophes.[12,14, 19, 67–70]


Within the framework provided by the ELF analysis, a chemical reaction
is viewed as a series of topological changes occurring along the reaction
path. The parameters defining the reaction pathway (such as the nuclear
coordinates and the electronic state) constitute the control space. The
evolution of the bonding along the reaction path is modeled by the
changes in the number and synaptic orders of the valence basins. Each
structure is only possible for values of the control parameters belonging
to definite ranges, in other words to subsets called structural stability do-
mains (SDD). For any two points of the control space belonging to a
given structural stability domain, there is the same number of critical
points of each type in the ELF gradient field. Within a structural stability
domain, the critical points (i.e., points at which 5h(r)=0.0) are said to
be hyperbolic, that is, without zero critical exponent. At the turning
points between two consecutive SDDs, at least one critical exponent
must be zero in order to change its sign. The type of a critical point is
given by the number of positive critical exponents (the positive eigenval-
ues of the Hessian matrix for a gradient dynamic system) of the critical
point. This is called the index Ip. Along the reaction path the chemical
system goes from one structural stability domain to another by means of
bifurcation catastrophes occurring at the turning points. Each catastrophe
transforms the overall topology in such a way that the Poincare–Hopf re-
lation is fulfilled. This technique shows how the bonds are formed and
broken and also emphasizes the importance of the geometrical con-
straints in a chemical reaction. Moreover, the identification of the ele-
mentary catastrophe, and therefore the knowledge of its universal unfold-
ing, yields the dimension of the active control space governing the reac-
tion.


From a quantitative viewpoint, the evolution of the total and spin-basin
populations along the path provides a key to understanding the role
played by the different chemical interactions. Three types of bifurcation
catastrophes have been encountered in the study of chemical reactions:


1) The fold catastrophe, which corresponds to the creation or to the an-
nihilation of two critical points of different parity; for example, a
wandering point gives rise to an attractor (index 0) and a saddle
point of index 1.


2) The cusp catastrophe, which transforms one critical point into three
(and vice versa), such as in the formation or the breaking of a cova-
lent bond.


3) The elliptic umbilic catastrophe, in which the index of a critical point
changes by two.
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Results and Discussion


What can be predicted from the isolated species?: The to-
pology of the ELF function of the fulminic acid molecule re-
veals four valence basins, namely V(H1,C1), V(C1,N),
V(N,O), and V(O), the populations of which are 2.46, 5.73,
1.98, and 5.42 e, respectively. Due to the axial symmetry of
the molecule, the attractors of the V(C1,N) and V(O) basins
are degenerated in circles and therefore correspond to struc-
tural instabilities, as any lowering of the symmetry would
split each circle into several point attractors. The basin pop-
ulations correspond neither to the standard Lewis structure
1 nor to 2 (Scheme 1), because the population of V(H1,C1)


is significantly larger than 2.00 e, in fact N̄[V(H1,C1)]=
2.46 e. In order to model the density distribution by the su-
perposition of resonance forms, structures involving a lone
pair on the carbon atom, such as 3, have to be taken into ac-
count.


The populations and number of electrons for each Lewis
resonance structure 1–3 are reported in Table 1. Structure 1


is in better agreement with the basin populations and with
the octet rule, while 2 shows a pentavalent environment for
N, and 3 considers the lone pair at C1 suggested by the high
population of V(H1,C1). It is possible to calculate the rela-
tive weights of the resonance structures, w1, w2, and w3, by
solving the following system of nonequivalent linear equa-
tions [Eqs. (1)–(5)].


w1 þ w2 þ w3 ¼ 1 ð1Þ


2w1 þ 2w2 þ 4w3 ¼ 2:52 ð2Þ


6w1 þ 6w2 þ 4w3 ¼ 5:88 ð3Þ


2w1 þ 4w2 þ 2w3 ¼ 1:42 ð4Þ


6w1 þ 4w2 þ 6w3 ¼ 5:56 ð5Þ


Note that the solution depends on the equations consid-
ered; a reasonable agreement between calculated and esti-
mated coefficients is 0.72, 0.08, and 0.20 for structures 1, 2,
and 3, respectively.


The validity of this model can be checked by the simula-
tion of the d HCN bending mode (see Scheme 2), which cor-
responds largely to a vibration calculated at 216 cm�1.


In terms of hybridization we expect that the sp2 character
of the carbon will increase as the angle H1C1N decreases
from 1808 to 1208. The expected trend is already verified for
H1C1N=1708 : the population of the V(C1,N) and V(H1,C1)
basins are lowered by 0.34 and 0.11 e, respectively, and a
monosynaptic basin V(C1) appears as shown on Figure 1.


The population of this last basin is calculated to be
N̄[V(C1)]=0.64 e. It is worth noting that the cost of this de-
formation is only 48 cm�1, that is, less than the contribution
of n1 to the zero-point energy. This V(C1) basin is the germ
of the formation of a bond with ethyne provided another
V(C) monosynaptic basin is formed on the ethyne carbon
atom. This occurs for the H2C2C3 angle of approximately
1508 (the energy cost is 9 kcalmol�1). Accordingly, the first
step of the cycloaddition will yield an intermediate, for
which possible structures are 4 and 5. Structure 4 does not
lead to the final product, whereas structure 5 does by the
formation of a dative bond between O and C2.


Description of the 1,3-dipolar cycloaddition reaction using
ELF and catastrophe theory : In the literature, the 1,3-dipo-
lar cycloaddition reaction of fulminic acid and acetylene has
been studied extensively by means of ab initio and DFT
methods, leading to an activation energy at the CASPT2//
CASSCF(6,6)/6–31G(d) level of 12.2 kcalmol�1[28] and a re-
action energy of 77.7 kcalmol�1[45] at the MP4(SDTQ)/6–


Scheme 1. Proposed resonance structures for fulminic acid 1–3.


Table 1. Basin populations (N̄), variance of the basins (s2), and number
of electrons per basin of the resonance structures.


ELF Lewis structures
N̄ scaledN̄[a] s2 1 2 3


V(H1,C1) 2.46 2.52 0.79 2 2 4
V(C1,N) 5.73 5.88 1.68 6 6 4
V(N,O) 1.98 2.03 1.23 2 4 2
V(O) 5.42 5.56 1.34 6 4 6


[a] The scale factor is 16.0/15.59=1.0263.


Scheme 2. Bending of HCN angle (d).


Figure 1. ELF localization domains (h=0.75 isosurface) of fulminic acid
for aHCN=1708.
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311G(d,p)//HF/6–311G(d,p) level. Our study, which makes
use of the B3LYP6–31G(d,p) method, gives an activation
energy of 13.73 kcalmol�1 and an exothermic reaction
energy of 78.40 kcalmol�1, including zero-point energy
(ZPE) correction in the gas phase (Table 2).


Prior to the calculated part of the IRC, fulminic acid and
acetylene form a hydrogen-bond complex (reaction com-
plex, RC) in which one hydrogen atom of acetylene points
towards the O atom of fulminic acid at an equilibrium dis-
tance of 2.260 R in the gas phase. There is no structural
change in the ELF basins relative to the isolated reactants;
the stabilization energy of the complex is about 2 kcalmol�1


in the gas phase. Geometries for isolated reactants, TS, and
isoxazole are presented in Figure 2, optimized for B3LYP6–
31G(d,p) in the gas and acetonitrile phases. Solvation does
not change the ELF/catastrophe theory description of the
reaction considerably. The position and length of steps
change slightly, but the sequence and the overall description
remains constant. Therefore, in the discussion we will ana-
lyze the data for the gas phase. (See supporting information
for data for the solvent phase.)


The reaction path calculated at the B3LYP6–31G(d,p)
level in the gas phase using the IRC method is shown in
Figure 3. A schematic representation of the ELF basins cre-
ated at each step is depicted below the graph. Calculations
were performed by means of ab initio methods; in particular
many-body perturbation theory based on the second-order
Møller–Plesset perturbation operator (MP2)[72] with the
same basis set giving similar results. In order to ensure the
stability of the restricted B3LYP wavefunction, stability cal-
culations were carried out for all points along the reaction
path.[73] The ELF topology evolution along the reaction path
involves eight structural stability domains connected by
turning points at which bifurcation catastrophes occur.


The populations for each basin at the turning points be-
tween consecutive SDDs are presented in Table 3. For com-
pleteness, the ELF analysis for isolated reactants (acetylene
and fulminic acid) and the product (isoxazole) are included,
as well as the initial point calculated on the IRC path. Dis-
tances between atoms C1–C3 and C2–O are also included in
the table. The population of core basins remains constant
along the reaction path at 10.48 electrons.


The first catastrophe is of fold-type in ThomLs catastrophe
classification and occurs for r(C1–C3)=3.213 R and r(C2–
O)=2.942 R. This is a typical plyomorphic process in which
the number of basins increases from 11 to 12. The monosy-
naptic attractor V(C1) is formed as a result of the deforma-


tion of the fulminic acid moiety. Fulminic acid is a 1,3-
dipole and strongly polarizes the p-electron cloud of acety-
lene. Both reactants are parallel to each other to maximize
this interaction. During this step, polarization is improved
by the bending of the C1�N�O atoms and leads to a slight


zig-zag conformation of
H1C1NO. The carbon atom de-
viates from a pure sp hybridi-
zation and an electron pair is
formed to fill the vacancy at
the carbon atom. This is the
longest step on the reaction
path running over 32 points,
while the total energy rises by
8.01 kcalmol�1. Since the uni-
versal unfolding of a fold ca-
tastrophe depends upon a
unique parameter, the dimen-


Table 2. Total energies, zero-point-energy, and lowest frequency calculated at the B3LYP6–31G(d,p) level in
the gas and solvent phases (total energy only).


Symmetry Total energy [au] ZPE [au] lowest
gas solvent frequency [cm�1]


HCNO C¥v �168.57377 �168.57891 0.01999 217.36
HCCH D¥h �77.32957 �77.33247 0.02673 564.39
RC Cs �245.90762 �245.91013[a] 0.04780 20.46
TS Cs �245.88383 �245.88922 0.04910 �445.28
isoxazole Cs �246.03963 �246.04580 0.05808 606.36


[a] Energy corresponding to the first point along the IRC.


Figure 2. Optimized geometries calculated using B3LYP6–31G(d,p) in
the gas (normal) and solvent (italic) phases for isolated reactants, TS,
and isoxazole. Bond lengths and bond angles are given in Rngstroms and
degrees, respectively.
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sion of the active control space is one. The active control pa-
rameter is the angle H1C1N bending. A comparison of basin
populations at the first point of step I with the isolated reac-
tants reveals the increment of electron density at the lone
pairs of the O atom. The basin which represents the lone
pairs at this atom, V(O), increases its population from 5.48
to 5.64 e, while N̄[V(N,O)] decreases from 2.05 to 1.63 e.


Step II runs over 15 points on the reaction path. There is
an increment in the energy of 4.14 kcalmol�1 and the step
finishes exactly before the TS is reached. The distance r(C1–
C3) shortens from 2.529 to 2.276 R, while r(C2–O) varies
from 2.586 to 2.453 R. There is a change in the r(C1–N) dis-
tance from 1.180 to 1.201 R; the angle N�C1�H1 bends from


148.5 to 1398. The catastrophe is of fold type and results in
the creation of a monosynaptic basin on the nitrogen atom:
V(N). The formation of the lone pair at the N atom reduces
its partial positive charge originated by the strong polariza-
tion of the N�O bond; this is reflected in the very small
population of the V(N,O) basin (1.58 e). To analyze the hier-
archical structure of ELF basins when a new chemical entity
is created, we have plotted the tree-reduction diagram of
the first point of step II in Figure 4 (top). The newly created
basin V(N) is connected to V(C1,N) and to V(N,O) by criti-
cal points of index 1 with ELF values 0.83 and 0.70, respec-
tively. Note that the value of V(N) attractor is 0.84, so V(N)
and V(C1,N) are closely joined. The order of steps I and II


Figure 3. Part of the reaction path studied by means of the IRC method for the reaction between fulminic acid and acetylene in the gas phase. There are,
in total, 140 points calculated with a step size of 0.1 amu1/2Bohr. The scheme below the graph shows the ELF basins for each step: a line connecting two
atoms means they are connected by one disynaptic (or hydrogenated) basin, while an ellipse means a monosynaptic valence basin attached to the nearest
atom.


Table 3. The basin populations (N̄) calculated for the ELF basins in the fulminic acid and ethyne reaction in the gas phase, corresponding to different
points on the reaction path: isolated reactants, initial point of the IRC, turning points, and product.


Basin Reactives Initial point Step I Step II Step III Step IV Step V Step VI Step VII Product
rC�C 3.632 3.213 2.529 2.224 1.852 1.783 1.507 1.489 1.424
rC�O 3.084 2.942 2.586 2.425 2.216 2.172 1.859 1.802 1.345


V(C1) – – 0.20 1.28 1.08
V(C1,C3) – – – – – 1.43 1.58 2.13 2.17 2.43
V(C3) – – – – 0.13
V(C1,N) 5.63 6.06 5.84 3.95 3.51 3.70 3.57 3.14 3.09 2.81
V(N) – – – 1.10 1.90 2.43 2.52 2.84 2.87 3.16
V(N,O) 2.05 1.61 1.63 1.58 1.47 1.33 1.34 1.22 1.20 1.05
V1(O) 5.48 5.64 5.64 5.60 5.62 5.58 5.55 5.24 5.11 4.37
V2(O) – – – – – – – 0.31
V(C2,O) – – – – – – – – 0.74 1.72
V(C2) – – – – – – 0.12 0.30
V(C2,C3) 5.23 5.41 5.34 5.31 5.05 4.34 4.22 3.86 3.84 3.46
V(H1,C1) 2.47 2.37 2.37 2.19 2.16 2.14 2.15 2.15 2.15 2.15
V(H2,C2) 2.29 2.21 2.24 2.26 2.30 2.43 2.33 2.22 2.21 2.19
V(H3,C3) 2.29 2.19 2.24 2.24 2.25 2.14 2.12 2.11 2.11 2.15
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is explained by the different flexibility of H1�C1�N and C1�
N�O angles. The energy barrier to move the hydrogen from
the linear form is lower than for the oxygen and the devia-
tion from linearity leads to the formation of monosynaptic
basins V(C1) and V(N).


The third step starts exactly at the point where the TS is
reached and it is characterized by a fold-type catastrophe
similar to the one in step I. The monosynaptic V(C3) basin
is formed. The carbon atom C3 of acetylene “feels” the par-
tial positive charge on C1 of fulminic acid and accumulates
electron density pointing to C1, while C3 adopts sp


2 hybridi-
zation. In this step changes in the population of other basins


are involved: V(C1,N) and V(C2,C3) decrease and V(C1),
V(N), and V(C3) increase. There is a concentration of elec-
tron density in the region between C1 and C3 as a prelude of
the formation of the C1�C3 covalent bond along the next
step. At this point, the distance r(C1–C3) (2.224 R) is shorter
than r(C2–O) (2.425 R); the angle H3C3C2 is 155.88. Step III
runs over 20 points and the energy lowers by 13.95 kcal -
mol�1. Figure 5c shows the ELF basins at the TS.


The fourth step is characterized by a cusp catastrophe.
Two monosynaptic basins V(C1) and V(C3) disappear to
form a disynaptic basin V(C1,C3), representing the formation
of the C1�C3 covalent bond. The distance r(C1–C3) is
1.852 R and r(C2–O) is 2.216 R. This step runs over only
4 points and the energy decreases by 6.02 kcalmol�1. The
tree-reduction bifurcation diagram is plotted in Figure 4
(middle). The newly created basin V(C1,C3) possess a maxi-
mum ELF value of 0.87 and it is connected to V1,2(C1,N)
and V1,2(C2,C3) by critical points of index 1 with ELF values
of 0.74 and 0.68, respectively. Looking at the populations,
N̄[V(C1,N)] increases sharply up to 0.88 e while the
N̄[V(C2,C3)] remains constant. The basin V(C1) in the previ-
ous steps has borrowed electron density from V(C1,N) to
improve polarization forces between fulminic acid and acet-
ylene, and once the chemical bond C1�C3 is formed, the


Figure 4. Localization domain tree-reduction diagrams for steps II (top),
IV (middle), and VII (bottom) turning points.


Figure 5. Snapshots of ELF localization domains (h=0.71 isosurface) for
a) reactants, b) step II turning point, c) TS, d) step IV turning point,
e) step VII turning point, and f) product.
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electron density borrowed previously returns quickly to the
V(C1,N) basin.


The next catastrophe happens at r(C1–C3)=1.783 R and
r(C2–O)=2.172 R. It is a fold-type catastrophe and the
number of basins increases from 13 to 14. After the C1�C3


bond is formed, the population of V(C2�C3) decreases, loos-
ing the triple-bond character. The carbon C2 is almost sp2


hybridized and a small quantity of electron density forms
V(C2). The population of V(C2) starts with 0.13 e and the
maximum population reached is 0.50 e, revealing a large
positive charge at C2 during this step. Other basins suffer
important variations in their population during this step:
V(C1,N) and V(C2,C3) decrease, while V(N) and V(C1,C3)
increase to reach a population closer to a typical lone pair
and a single bond. Step V runs over 21 points and the
energy decreases by 36.97 kcalmol�1.


The sixth catastrophe occurs for r(C1–C3)=1.507 R and
r(C2–O)=1.859 R. It is a fold catastrophe and the number
of basins increases from 15 to 16. Step VI is similar to
steps I, III, and V, and a monosynaptic basin V2(O) is
formed. There are two basins V1(O) and V2(O) correspond-
ing to the lone pairs on the O atom, but the new one,
V2(O), is much less populated. The large electronegativity
of the O atom impedes the sharing of electron density from
its lone pairs, but finally the partial positive charge at C2


leads to the formation of V2(O) pointing towards C2. This is
the shortest step, just 3 points along the reaction path and
the energy decreases by 5.35 kcalmol�1.


The last step is determined by the seventh catastrophe,
running over 27 points along the reaction path. The catastro-
phe results in the formation of the C2�O bond. In ThomLs
classification the catastrophe belongs to a cusp type. Two
monosynaptic basins, V2(O) and V(C2), collapse into a new
disynaptic basin V(C2,O). The associated process is of the
miomorphic type and the number of basins decreases from
16 to 15. This step is interpreted as the closure of the ring.
The distance r(C2–O) is still long (1.826 R) but a disynaptic
basin V(C2,O) has been formed. In Figure 4 (bottom), the
topology of the ELF is studied by the tree-reduction dia-
gram of ELF basins at the first point of step VII. The maxi-
mum ELF of the new basin V(C2,O) is h=0.82 and it is con-
nected to V1(O) and V1,2(C2,C3) by critical points of index 1,
with ELF values h=0.80 and 0.61, respectively. The very dif-
ferent population of V1(O) (5.55 e) and V(C2) (0.30 e) prior
to the bond formation suggests a bonding of dative type be-
tween the lone pair of O and the positively charged C2. The
step lasts for 27 points on the IRC; the energy decreases by
35.47 kcalmol�1 until the minimum is found.


The IRC path concludes when the minimum correspond-
ing to the isoxazole molecule is found. The population of
the newly created basins along the reaction course presents
maximal value at the product of V(C1,C3)=2.43 e,
V(C2,O)=1.72 e, and V(N)=3.16 e. On the other hand, the
rest of the basins possess minimal populations: V(C2,C3)=
3.46 e, V(C1,N)=2.81 e, V(N,O)=1.05 e, and V(O)=4.37 e.
It is interesting to compare the populations of V(C2,O)
(1.72 e) and V(N,O) (1.05 e). A typical single C�C bond is
represented by a disynaptic bond basin possessing a popula-
tion around 1.9 e. The presence of an electronegative atom


(O) decreases the bond basin population and attracts the
bond basin towards the more electronegative atom. In
Figure 5, the complete sequence of snapshots of the ELF for
the more crucial points along the reaction path is presented.


Conclusions


The ELF and catastrophe theory provide a powerful techni-
que for characterizing the steps of the reaction mechanism
for the 1,3-dipolar cycloaddition between fulminic acid and
acetylene. This work presents a clear description of the mo-
lecular mechanism, which is characterized by seven catastro-
phes (five fold-type and two cusp-type catastrophes).


The reaction can be viewed as a transfer of electron densi-
ty from the reactant-like basins into three newly created
basins that represent two chemical bonds between the reac-
tants and a lone pair on the N atom in the eight steps char-
acterized by catastrophe theory. Comparing the populations
between the reactants and the product, the largest drain of
electron density is for the basin V(C1,N) loosing 2.82 e.
Other basins also present a decrement in their population:
V(C2,C3) 1.76 e, V(O) 1.09 e, and V(N,O) 1.00 e. This elec-
tron density is relocated into the new basins formed along
the reaction course: V(C1,C3), V(C2,O), and V(N) present
maxima of populations at the product of 2.43 e, 1.72 e, and
3.16 e, respectively.


The whole reaction path involves eight structural stability
domains. The first step of the reaction leads to the activated
complex. It is clearly driven by the low-frequency modes of
the reactants that are responsible for the fold catastrophes
giving rise to the monosynaptic basins V(C1), V(N), and
V(C3). The activated complex formation is then obtained
through a cusp catastrophe, which merges V(C1) and V(C3)
into V(C1,C3). The ring closure is a dative process in which
the oxygen atom provides an electron pair, since it occurs
by means of a cusp catastrophe prepared by two fold catas-
trophes. In fact the total valence population of the oxygen
atom decreases after the transition state and is minimal
before the closing cusp catastrophe.


The molecular mechanism of a given chemical reaction
can be decomposed and characterized by the joint use of
ELF analysis and catastrophe theory into a sequence of
steps that represent simple chemical changes. It is therefore
an appropriate tool in the contemporary understanding of
the principles governing chemical reactivity.
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Use of Chelating Ligands to Tune the Reactive Site of Half-Sandwich
Ruthenium(ii)–Arene Anticancer Complexes


Rafael Fern"ndez, Michael Melchart, Abraha Habtemariam, Simon Parsons, and
Peter J. Sadler*[a]


Introduction


Organometallic sandwich and half-sandwich complexes offer
much potential in drug design.[1] Half-sandwich rutheni-
um(ii)–arene complexes of the type [Ru(h6-arene)(en)Cl]+


(en=ethylenediamine) exhibit anticancer activity both in
vitro[2,3] and in vivo,[4] including activity against cisplatin-re-
sistant cancer cells. They bind to DNA oligonucleotides
forming monofunctional adducts.[3,5] In aqueous solution,
[Ru(h6-biphenyl)(en)Cl]+ , for example, binds specifically to
guanosine when in competition with adenosine, cytidine,
and thymidine monophosphates.[3,6,7] The reaction proceeds
through initial aquation of the chloro complex. In the prod-
uct, guanine is bound to RuII through N7, with a strong hy-
drogen bond between C6O and en�NH.[6] Related amino
acid[8] and phosphine[9] RuII–arene complexes are also re-
ported to be cytotoxic. Additional interest in the biological
chemistry of Ru complexes[10] arises from clinical trials of
the anticancer drugs trans-[RuCl4(DMSO)(Im)]ImH
(NAMI-A, in which Im is imidazole)[11] and trans-[RuCl4-
(Ind)2]IndH (KP1019, in which Ind is indazole).[12]


Since DNA is a potential target site for RuII–arene anti-
cancer complexes, it is of interest to investigate features in
their design that might allow control of the specificity of
binding to nucleobases. The rational design of new DNA
binding agents that recognize specific sequences or struc-
tures, and can modify specific DNA functions such as repli-
cation and transcription, provides an effective approach for
the development of novel chemotherapeutic anticancer
drugs.[13] We show that incorporation of the anionic O,O-
chelating ligand acetylacetonate (acac) into {Ru(h6-arene)}2+


complexes leads to significant changes in the recognition of
DNA bases relative to the neutral N,N-chelating ligand en,
and also has a major effect on the electronic properties of
the RuII(arene) center and the behavior of the leaving
group (Cl�/H2O).


Results and Discussion


Complex 1, [Ru(h6-p-cymene)(acac)Cl] (Figure 1), was pre-
pared according to a previously published route,[14] and its
X-ray crystal structure was determined. The most interesting
feature of the structure is the linking of molecules into
dimers about an inversion center by pairs of strong acac
oxygen···p-cymene ring CH hydrogen bonds (O···H3 2.29 A,
cf. van der Waals sum 2.72 A), as shown in Figure 2 and
Table 1. These dimers are linked into a three-dimensional
array, principally by Cl1···H6 interactions (2.65 A, cf. van
der Waals sum 2.95 A).


[a] Dr. R. FernBndez, M. Melchart, Dr. A. Habtemariam, Dr. S. Parsons,
Prof. Dr. P. J. Sadler
School of Chemistry, University of Edinburgh
West Mains Road, Edinburgh, EH9 3 JJ (UK)
Fax: (+44)131-650-6453
E-mail : p.j.sadler@ed.ac.uk


Abstract: We show that the chelating
ligand XY in RuII anticancer complexes
of the type [Ru(h6-arene)(XY)Cl]n+


has a major influence on the rate and
extent of aquation, the pKa of the aqua
adduct, and the rate and selectivity of
binding to nucleobases. Replacement
of neutral ethylenediamine (en) by
anionic acetylacetonate (acac) as the
chelating ligand increases the rate and


extent of hydrolysis, the pKa of the
aqua complex (from 8.25 to 9.41 for
arene=p-cymene), and changes the nu-
cleobase specificity. For the complexes
containing the hydrogen-bond donor


en, there is exclusive binding to N7 of
guanine in competitive nucleobase re-
actions, and in the absence of guanine,
binding to cytosine or thymine but not
to adenine. In contrast, when XY is the
hydrogen-bond acceptor acac, the over-
all affinity for adenosine (N7 and N1
binding) is comparable to that for gua-
nosine, but there is little binding to cy-
tidine or thymidine.


Keywords: antitumor agents ·
arene ligands · bioinorganic
chemistry · nucleobases · ruthenium
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The 1H NMR spectrum of 1 in 10% D2O/90% H2O con-
tained a single set of peaks (Figure 3), and conductivity
measurements indicated the existence of ionic species in


aqueous solution, suggesting that hydrolysis occurs. This is
consistent with the NMR chemical shifts which are very sim-
ilar to those of the aqua complex 2 (Figure 1), prepared by
treatment of 1 with AgNO3. Hydrolysis of 1 appeared to be
rapid, since equilibrium was reached by the time the first 1H
NMR spectrum was recorded (<5 min). Anation of hydro-
lyzed 1 was almost complete on addition of NaCl (ca. 1m ;
Figure 4). During the titration, the 1H NMR spectra showed
only a single set of peaks, indicative of relatively fast ex-
change on the NMR timescale. Acetylacetonate ligands are
known to be strongly electron-donating towards RuII cen-
ters,[15] and the high electron density on RuII in 2 relative to
the analogous en complex makes the substitution of the
aqua ligand by negatively charged Cl� less favorable.[16]


A 1H NMR pH titration of 2 gave a pKa value of 9.41 for
the aqua ligand (Figure 5). This value is considerably higher
than that for [Ru(h6-p-cymene)(en)(H2O)]2+ , which has a
pKa value of 8.25.[6,7] Thus at physiological pH (7.4), com-
plex 2 would exist mainly as the aqua adduct with little for-
mation of the hydroxo species (which is expected to be less
reactive). The pH titration also showed that an additional
species was formed above pH 9 (Figure 6), perhaps the dinu-
clear hydroxo-bridged species [{RuII(h6-p-cymene)-
(acac)}2(OH)]+ . Hydroxo-bridged {Ru(h6-arene)}2+ com-


Figure 1. The structures of complexes 1–6. In complexes 3, 5, and 6, X
corresponds to a ribose sugar.


Figure 2. X-ray crystal structure of [Ru(h6-p-cymene)(acac)Cl] (1).
a) Atom labeling. b) Dimer formed by strong hydrogen bonding between
acac oxygen O1 and arene ring H3. The coordinated chloride (Cl1) is in-
volved in hydrogen bonding to H6 of the arene ring of another molecule
so linking the dimers into a three-dimensional array.


Table 1. Hydrogen bonding in the X-ray crystal structure of complex 1.
For atom labeling scheme, see Figure 2.


D H A D�H H···A D···A Angle D-H-A
[A] [A] [A] [o]


C(2) H(2) Cl(1)[a] 0.98 2.79 3.689(2) 153
C(3) H(3) O(1)[a] 0.98 2.29 3.234(3) 161
C(6) H(6) Cl(1)[b] 0.98 2.65 3.567(2) 155
C(161) H(161) Cl(1)[c] 0.98 2.76 3.679(3) 156
C(41) H(413) Cl(1)[d] 0.98 2.72 3.380(3) 125


Equivalent positions: [a] 2�x, �y, 2�z. [b] 3/2�x, 1/2+y, 3/2�z. [c] 1�x,
�y, 2�z. [d] Intramolecular.


Figure 3. 1H NMR spectrum of complex 1 in 10% D2O/90% H2O at
298 K and pH 6.4, with peak assignments indicated.


I 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 5173 – 51795174


FULL PAPER



www.chemeurj.org





plexes have been reported previously.[17] Below pH 4 some
dissociation of the acac ligand was observed (Figure 7). The
large increase of 1.2 units in the pKa value of the aqua
ligand in the acac complex 2 relative to the en complex can


be rationalized on the basis of the increased electron density
on RuII. Molecular modeling suggested that there could be
strong hydrogen bonding between bound water and the
oxygen atoms of the acac ligand, as has been suggested to
occur in a related complex.[18] This would enhance the stabil-
ity of the aqua complex 2.


DNA is a potential target for 1, which is cytotoxic towards
A2780 human ovarian cancer cells,[19] and therefore we in-
vestigated the binding of 1 to nucleobases. The binding of
complex 1 to guanosine (Guo) was monitored by 1H NMR
spectroscopy (1:1 mol ratio, 2mm, in 90% H2O/10% D2O at
298 K and pH 5.3). At equilibrium, approximately 80% of
the Guo was bound. Peaks for the Guo adduct (3 ; Figure 1)
were observed by the time the first spectrum was recorded
(<5 min after mixing; Figure 8), and there was no change in
the 1H NMR spectrum after 24 h, indicating that the equili-
brium was reached rapidly. It is well established that N7 of
guanine (G) is the preferred nucleotide binding site for
many transition metals ions,[20] and metal–N7 binding has
been documented by NMR and Raman spectroscopy and by
X-ray structural studies on metal–oligonucleotide com-
plexes.[21] Strong and selective binding to G N7 on DNA
oligomers has been observed for {Ru(h6-arene)(en)}2+ ,[3,6]


and guanine also binds through N7 to {Ru(h6-arene)(ala-
nine)}+ and {Ru(h6-arene)Cl2} complexes.[8]


Figure 4. Variation of the 1H NMR chemical shift of the acac Me protons
of an hydrolyzed sample of [Ru(h6-p-cymene)(acac)(Cl)] (1; 2mm Ru) on
addition of increasing amounts of NaCl. These data, and comparison of
shifts with those of the aqua complex 2 prepared by treatment of com-
plex 1 with AgNO3, suggest that 1 hydrolyzes rapidly and almost com-
pletely in water.


Figure 5. Dependence on pH of the 1H NMR chemical shift of the acac
CH resonance of [Ru(h6-p-cymene)(acac)(H2O)]+ (2 ; 2mm Ru, 10%
D2O/90% H2O, 0.1m NaClO4, 298 K). The line is a computer fit giving
pKa (H2O)=9.41�0.01.


Figure 6. Selected regions of the 1H NMR spectrum of [Ru(h6-p-cym-
ene)(acac)(H2O)]+ (2) in 10% D2O/90% H2O at 298 K and pH 10.3,
showing the formation of an additional species, possibly [{RuII(h6-p-cym-
ene)(acac)}2(OH)]+ . The region from 5.1 to 5.65 ppm (left) corresponds
to the aromatic CH of p-cymene. In the region 1.0–2.5 ppm (right), are
peaks for the methyl protons of coordinated acac and the methyl groups
of p-cymene. Peak labels: a1, a2=p-cymene CH, 2 ; b1,b2=p-cymene CH
of [{RuII(h6-p-cymene)(acac)}2(OH)]+ ; c=acac CH, 2 ; d=acac CH of
[{RuII(h6-p-cymene)(acac)}2(OH)]+ ; e=p-cymene Me of [{RuII(h6-p-cym-
ene)(acac)}2(OH)]+ ; f=p-cymene Me, 2 ; g=acac Me2 of [{RuII(h6-p-cym-
ene)(acac)}2(OH)]+ ; h=acac Me2, 2 ; i=p-cymene Me2, 2 ; j=p-cymene
Me2 of [{RuII(h6-p-cymene)(acac)}2(OH)]+ .


Figure 7. Selected regions of the 1H NMR spectrum of [Ru(h6-p-cym-
ene)(acac)(H2O)]+ (2) in 10% D2O/90% H2O at 298 K and pH 2.2,
showing the partial dissociation of the acac ligand and possible formation
of [Ru(h6-p-cymene)(H2O)3]


2+ . The region from 5.4 to 6.1 ppm (left) cor-
responds to the central CH on the acac ligand and the aromatic CH of p-
cymene. In the region 0.2–3.0 ppm (right) are peaks for the methyl pro-
tons of coordinated and free acac, and the methyl groups of p-cymene.
Peak labels: a1, a2=p-cymene CH of [Ru(h6-p-cymene)(H2O)3]


2+ ; b1,b2=


p-cymene CH, 2 ; c=acac CH (free acac); d=acac CH, 2 ; e=p-cymene
Me of [Ru(h6-p-cymene)(H2O)3]


2+ ; f, g=Me (free acac); h=p-cymene
Me, 2 ; i=Me (free acac); j=acac Me2, 2 ; k=p-cymene Me2 of [Ru(h6-p-
cymene)(H2O)3]


2+ ; l=p-cymene Me2, 2.
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A 1H NMR pH titration (Figure 9) was used to confirm
that the product is [Ru(h6-p-cymene)(acac)(Guo-N7)]+ (3).
A plot of the H8 chemical shift of 3 versus pH showed an


associated pKa value of 9.25 (Figure 10), which can be as-
signed to deprotonation of N1 of coordinated Guo, but no
protonation of N7 occurred at acidic pH values (pKa N7 of
Guo is ca. 3). This pKa value of 9.25 value is almost identical
to the literature value for free Guo (9.22)[22] and is therefore
unexpectedly high for an N7-coordinated Guo.[7] The peak
corresponding to H8 of Guo is shifted upfield by 0.08 ppm
with respect to the H8 peak of free Guo, a chemical shift be-
havior that is atypical for an H8 peak. Metalation at N7
sites of purines by [Ru(h6-arene)(en)Cl]+ complexes[6,7] and
other metal ions usually produces a marked low-field H8
shift of about 0.3–1 ppm.[23] The peak corresponding to the


central CH proton on the acac ligand is also shifted upfield,
by 0.27 ppm with respect to free 2. Reactions of 9-ethylgua-
nine (9EtG) with 1 were also studied and gave rise to an
analogous adduct 4 (Figure 1). The reaction of complex 1
with 9EtG (1:1 mol ratio) in 10% D2O/90% H2O was also
followed by 1H NMR spectroscopy (Figure 11). Peaks for


the 9EtG adduct (complex 4 ; Figure 1) were observed by
the time the first spectrum was recorded. There was no fur-
ther change in the ratio of products and reactants 48 h after
mixing. The peak corresponding to the H8 proton of the
9EtG adduct is shifted upfield by 0.15 ppm with respect to
the H8 peak of unreacted 9EtG, indicative of 9EtG binding.
In addition about 15% free 9EtG and unreacted (hydro-
lyzed) complex 1 were present in the reaction mixture.


Molecular models suggested that N7 binding of G could
be stabilized if N1H-C6O adopted the N1-C6OH tautomeric
form allowing hydrogen bonding between an acac O and
C6OH (Figure 12). Such a structure may explain the high
pKa value for N1H of coordinated guanosine and contribute
to the H8 NMR chemical shift behavior.


The reaction of 1 and adenosine (Ado) in a 1:1 mol ratio
in 10% D2O/90% H2O at pH 5.8 was monitored by 1H


Figure 8. Low-field region of the 1H NMR spectrum of a solution con-
taining guanosine and [Ru(h6-p-cymene)(acac)Cl] (1) in a 1:1 mol ratio
(2 mm) in 90% H2O/10% D2O at 298 K and pH 5.3. The product is
[Ru(h6-p-cymene)(acac)(Guo)]+ (3). Assignments: a=H8 (free Guo);
b=H8, 3 ; c=p-cymene CH, 2 ; d=p-cymene CH, 3 ; e=acac CH, 2 ; f=
acac CH, 3 ; g= ribose-H1’ (free Guo); h= ribose-H1’, 3.


Figure 9. Dependence on pH of the low-field region of the 1H NMR spec-
trum of 3 in 90% H2O/10% D2O, 0.1m NaClO4, at 298 K. Assignments:
a=H8, free Guo; b=H8, 3.


Figure 10. Dependence of the 1H NMR chemical shifts on pH for H8 of
[Ru(h6-p-cymene)(acac)(Guo)]+ (3 ; the line is a computer fit giving pKa


(N1H)=9.25�0.01).


Figure 11. Low-field region of the 1H NMR spectrum of an equilibrium
solution containing [Ru(h6-p-cymene)(acac)Cl] (1) and 9EtG in a 1:1 mol
ratio in 90% H2O/10% D2O at 298 K. The product is [Ru(h6-p-cym-
ene)(acac)(9EtG)]+ (4). Assignments: a=H8, free 9EtG; b=H8, 4 ;
c1,c2=p-cymene CH, 4 ; d1,d2=p-cymene CH, 2 ; e=acac CH, 2 ; f1,f2=p-
cymene CH of a non-reactive hydroxo form of 2 ; g=acac CH, 4.
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NMR spectroscopy at 298 K (Figure 13). The resulting spec-
trum contained three sets of peaks at d=8.57 and 8.36 ppm
(complex 5), d=8.44 and 8.26 ppm (complex 6), and d=


8.37 and d=8.27 ppm; the last set corresponding to the H8
and H2 protons of free Ado, respectively, as confirmed by
further addition of Ado. The reaction had reached equilibri-
um by the time the first spectrum was recorded (<5 min),
and the extent of binding was similar to that observed for
Guo (ca. 80%). It has been established for adenine deriva-
tives that the intrinsic basicities of N1 and N7 are similar,[22]


and that proton binding at N1 decreases metal ion binding


at N7 to the same extent as proton binding at N7 decreases
metal ion binding at N1.[24] Plots of the H8 and H2 NMR
chemical shifts for bound Ado in complex 5 (Figure 14)
showed significant changes between pH 2 and pH 4, from


which a pKa value of 2.32 was determined (Figure 15). This
corresponds to the protonation of N1 of bound Ado. The
pKa value for N1 of free adenosine was found to be 3.62, in


agreement with the literature value.[22] From the pH titra-
tion, 5 can be assigned as an Ado-N7 adduct, and 6 as an
Ado-N1 adduct. The N7/N1 coordination ratio was about
4:1 at pH 5.8. The binding was further confirmed by follow-
ing the shift of the CH proton of the acac ligand in the
1H NMR spectrum, from d=5.48 ppm for unreacted 2 to
d=5.34 ppm for 5. Thus changing the chelated ligand L�L
in [Ru(h6-arene)(L�L)(Cl/H2O)]n+ complexes from en to
acac has a significant effect on the base selectivity of the
{Ru(h6-arene)}2+ moiety, attributable partly to the differ-
ence in hydrogen-bond donor/acceptor properties of the
chelating ligands en and acac. Thus, complexes containing


Figure 12. Molecular models of 9-ethylguanine (9EtG) and 9-ethylade-
nine (9EtA) adducts of {Ru(h6-p-cymene)(acac)}+ . a) N7-bound and
b) N1-bound 9EtA. c) N7-bound 9EtG as N1H-C6O tautomer and
d) N7-bound 9EtG as N1-C6OH tautomer. Hydrogen bonding involving
acac oxygen is possible for either N7- or N1-bound 9EtA. In contrast,
there is a repulsive interaction between C6O and acac O for N7-bound
9EtG in the N1H�C6O tautomeric form, whereas for the N1-C6OH tau-
tomer, hydrogen bonding is possible.


Figure 13. Low-field region of the 1H NMR spectrum of a solution con-
taining [Ru(h6-p-cymene)(acac)Cl] (1) and adenosine in a 1:1 mol ratio
in 90% H2O/10% D2O at 298 K and pH 5.8. The products are [Ru(h6-p-
cymene)(acac)(Ado-N7)]+ (5) and [Ru(h6-p-cymene)(acac)(Ado-N1)]+


(6). Assignments: a=H8, 5 ; b=H8, 6 ; c=H8, free Ado; d=H2, 5 ; e=
H2, free Ado; f=H2, 6 ; g=p-cymene CH, 5 ; h=p-cymene CH, 6 ; i=
acac CH, 5 ; j=acac CH, 6 ; k= ribose-H1’, 5 and 6 ; l= ribose-H1’, free
Ado; m=acac CH, 2 ; n=p-cymene CH, 2.


Figure 14. Dependence on pH of the low-field region of the 1H NMR
spectrum of a solution containing 5 and 6 in 90% H2O/10% D2O, 0.1m
NaClO4 at 298 K. Assignments: a=H8, 5 ; b=H8, 6 ; c=H8, free Ado;
d=H2, 5 ; e=H2, free Ado; f=H2, 6.


Figure 15. Dependence of the 1H NMR chemical shifts on pH for adeno-
sine complexes 5 and 6 (the lines are computer fits giving pKa (N1)=
2.32�0.01 for 5).
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an hydrogen-bond donor, such as en, bind only very weakly
to adenine nucleobases.[7] It is evident from molecular
models (Figure 12) that {Ru(h6-p-cymene)}2+ coordination
to adenine can be stabilized by hydrogen bonding between
N6H2 as a donor on A and an oxygen atom as hydrogen-
bond acceptor on coordinated acac. Unfortunately our at-
tempts to crystallize 9EtG, Guo, and Ado adducts have so
far failed.[25]


The competitive binding of 1 to Guo and Ado was also in-
vestigated. Equilibrium was reached in less than 5 min when
equimolar amounts of Ado and Guo were mixed with 1 in
10% D2O/90% H2O, at pH 5.8 (Figure 16). Separate peaks


were observed for free and bound nucleosides, indicative of
slow exchange on the NMR timescale and strong binding.
The ratio of peaks for Guo-N7/Ado-N7 adducts (3 :5) was
approximately 1:1, and since peaks for the Ado-N1 adduct
were also present (N7/N1 coordination ratio ca. 4:1), these
data suggest that the {Ru(p-cymene)(acac)}+ moiety has a
slightly higher affinity for Ado compared to Guo under
these conditions. However, both Guo and Ado adducts are
kinetically labile. Addition of either Ado to a solution of 3,
or Guo to a solution of 5 and 6, rapidly (<5 min) resulted in
the same equilibrium mixture of adducts as those obtained
when complex 1 was reacted directly with Guo or Ado in
competition.


1H NMR studies of mixtures of 1 with the pyrimidine nu-
cleosides cytidine and thymidine showed that no adducts
were formed over a pH range of 2.4–10.4, in contrast to
[Ru(h6-arene)(en)Cl]+ complexes,[7] for which significant


binding to N3 was observed. The lack of binding to the acac
complex can be ascribed to unfavorable steric and electronic
interactions of the nucleobase carbonyl groups with the acac
ligand.


Conclusions


In conclusion, we have demonstrated that the chelating
ligand in anticancer complexes of the type [Ru(h6-arene)-
(chelate)Cl]n+ has a major influence on the rate and extent
of aquation, on the pKa of the aqua adduct, and on the rate
and selectivity of binding to nucleobases. Replacement of
neutral en by anionic acac as the chelating ligand increases
the rate and extent of hydrolysis, the pKa of the aqua com-
plex (from 8.25 to 9.41 for arene=p-cymene), and changes
the nucleobase specificity. For complexes containing the hy-
drogen-bond donor en, there is exclusive binding to guanine
nucleobases in competitive reactions, and in the absence of
guanine there is binding to cytosine or thymine, but little
binding to adenine bases.[6,7] In contrast when the chelated
ligand is the hydrogen-bond acceptor acac, the overall affini-
ty for adenosine can be greater than for guanosine, and
there is little binding to cytidine or thymidine. These find-
ings can now be incorporated into design concepts for orga-
nometallic RuII–arene anticancer complexes.


Experimental Section


General : Nucleosides were purchased from Sigma or Aldrich, and D2O
(99.98%) from Aldrich.
1H NMR spectra were acquired on a Bruker DMX 500 (1H=500 MHz)
NMR spectrometer using TBI 1H, 13C, X, or triple resonance H, 13C, 15N
probe-heads equipped with z-field gradients. All data processing was car-
ried out using XWINNMR version 2.0 (Bruker). 1H NMR chemical shifts
were internally referenced to 1,4-dioxane (3.77 ppm) or TSP (0 ppm).


The pH values of the NMR solutions were measured at 298 K directly in
the NMR tube, before and after recording NMR spectra, by using a
Corning 240 pH meter equipped with an Aldrich micro combination elec-
trode calibrated with Aldrich buffer solutions at pH 4, 7, and 10. The pH
values were adjusted with dilute HClO4 and NaOH. No correction was
applied for the effect of deuterium on the glass electrode.
1H NMR pH titration curves were fitted using MicrocalQ OriginQ, Ver-
sion 5.0, from Microcal Software, Inc., with the assumption that the ob-
served chemical shifts are weighted averages according to the population
of the protonated and deprotonated species.


Conductivity measurements were carried out on a Hanna Instruments
EC 214 Bench Conductivity Meter using 10�3


m solutions.


Preparation of C15H21ClO2Ru (1): Compound 1 was prepared following
the method of Carmona et al.[14] [{Ru(h6-p-cymene)Cl2}2] (250 mg,
0.41 mmol) and sodium acetylacetonate monohydrate (150 mg,
1.07 mmol) were stirred in acetone (25 mL) at 298 K for 50 min. The sol-
ution was then removed in vacuo on a rotary evaporator and the product
was extracted with dichloromethane (4R5 mL). The solvent was removed
again in vacuo by using a rotary evaporator. The final product was re-
crystallized from acetone/diethyl ether in a freezer at 253 K overnight.
The red crystals (180 mg, 0.48 mmol, 59% yield) were collected and
dried in vacuo. 1H NMR (500 MHz, [D1]CHCl3, 298 K, TMS): d=5.46 (d,
2H; CH), 5.21 (d, 2H; CH), 5.16 (s, 1H; CH), 2.88 (h, 3J(H,H)=7 Hz,
1H; CH), 2.27 (s, 3H; CH3), 2.00 (s, 6H; CH3), 1.33 ppm (d, 3J(H,H)=
7 Hz, 6H; CH3).


Preparation of C15H23NO6Ru (2): AgNO3 (78 mg, 0.46 mmol) was added
to a solution of complex 1 (0.17 g, 0.46 mmol) in H2O (20 mL). The re-


Figure 16. Low-field region of the 1H NMR spectrum of a solution con-
taining adenosine, guanosine and 1 in a 1:1:1 mol ratio in 90% H2O/10%
D2O at 298 K. The products are [Ru(h6-p-cymene)(acac)(Guo-N7)]+ (3),
[Ru(h6-p-cymene)(acac)(Ado-N7)]+ (5), and [Ru(h6-p-cymene)(acac)-
( Ado-N1)]+ (6). Assignments: a=H8, 5 ; b=H8, 6 ; c=H8, free Ado;
d=H2, 5 ; e=H2, free Ado; f=H2, 6 ; g=H8, free Guo; h=H8, 3 ; i=p-
cymene CH, 5 ; j=p-cymene CH, 6 ; k=acac CH, 6 ; l=acac CH, 5 ; m=


acac CH, 3 ; n=p-cymene CH, 3, o=p-cymene CH, 2 ; p= ribose-H1’, 5
and 6 ; q= ribose-H1’, free Ado; r= ribose-H1’, 3 and free Guo; s=acac
CH, 2.
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sulting solution was stirred for 30 min in the dark and then filtered to
remove the AgCl formed. Evaporation of the solvent gave the pure prod-
uct in quantitative yield. 1H NMR (500 MHz, 10% D2O/90% H2O,
298 K, TSP): d=5.78 (d, 2H; CH), 5.57 (d, 2H; CH), 5.44 (s, 1H; CH),
2.76 (h, 3J(H,H)=7 Hz, 1H; CH), 2.19 (s, 3H; CH3), 2.06 (s, 6H; CH3),
1.25 ppm (d, 3J(H,H)=7 Hz, 6H; CH3).


X-ray crystallography


Complex 1: C15H21ClO2Ru: M=369.85, monoclinic P21/n, a=9.6398(13),
b=13.9993(19), c=11.5499(16) A, b=96.619(2)8, V=1548.3(4) A3, T=
150 K, 1cald=1.587 gcm�3, l=0.71073 A. Red block of dimensions 0.40R
0.31R0.25 mm3, m(MoKa)=0.242 mm�1; an absorption correction was per-
formed by the multiscan method using the program SADABS[26] (0.848<
T<1). Data were collected to 2qmax=588, comprising 9979 measured and
3772 unique data. The structure was solved by direct methods (SIR92[27])
and refined (CRYSTALS[28]) by full matrix least squares against F2, with
anisotropic displacement parameters on all non-H atoms. H-atoms were
located in a difference map, but placed in ideal positions and not refined.
The final conventional R1 factor was 0.0289 [based on F and 3429 data
with F > 4s(F)] and wR2=0.0720 (based on F2 and all data) for 172 pa-
rameters. The final difference map max/min were +0.90/�0.39 e A�3, re-
spectively. CCDC 242674 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK;
fax: (+44)1223-336-033; or deposit@ccdc.cam.uk).


Molecular models were constructed using the program SpartanT02 (Wave-
function, Irvine CA, USA) using molecular mechanics (MMFF force-
field) followed by semiempirical molecular orbital (PM3) calculations.
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Introduction


Many Mn-based clusters have been reported over the last
20 years for two main reasons: the first is biological in
origin, because Mn is prominent in the active sites of many
metallo-biomolecules.[1] The most commonly studied is the
water-oxidising complex (WOC) of photosystem II (PS II),
the species in plants (and cyanobacteria) that brings about
the oxidation of water into dioxygen. The WOC is a tetranu-
clear Mn cluster of yet unknown structure.[2] Thus, numerous
Mn4 complexes have been synthesised as models to probe
the structural changes and mechanistic processes occurring
in PS II.[3] The second reason is the paramagnetic nature of
Mn clusters, many of which exhibit large ground spin states
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Abstract: The syntheses, structures and
magnetic properties of three new MnIII


clusters, [Mn26O17(OH)8(OMe)4F10-
(bta)22(MeOH)14(H2O)2] (1), [Mn10O6-
(OH)2(bta)8(py)8F8] (2) and [NHEt3]2-
[Mn3O(bta)6F3] (3), are reported (bta=
anion of benzotriazole), thereby dem-
onstrating the utility of MnF3 as a new
synthon in Mn cluster chemistry. The
“melt” reaction (100 8C) between MnF3
and benzotriazole (btaH, C6H5N3)
under an inert atmosphere, followed by
dissolution in MeOH produces the
cluster [Mn26O17(OH)8(OMe)4F10-
(bta)22(MeOH)14(H2O)2] (1) after two
weeks. Complex 1 crystallizes in the tri-
clinic space group P1̄, and consists of a
complicated array of metal tetrahedra
linked by m3-O


2� ions, m3- and m2-OH
�


ions, m2-MeO
� ions and m2-bta


� ligands.
The “simpler” reaction between MnF3
and btaH in boiling MeOH (50 8C)
also produces complex 1. If this reac-
tion is repeated in the presence of
pyridine, the decametallic complex
[Mn10O6(OH)2(bta)8(py)8F8] (2) is pro-
duced. Complex 2 crystallizes in the tri-
clinic space group P1̄ and consists of a


“supertetrahedral” [MnIII10] core bridg-
ed by six m3-O


2� ions, two m3-OH
� ions,


four m2-F
� ions and eight m2-bta


� ions.
The replacement of pyridine by tri-
ethylamine in the same reaction
scheme produces the trimetallic species
[NHEt3]2[Mn3O(bta)6F3] (3). Complex
3 crystallises in the monoclinic space
group P21/c and has a structure analo-
gous to that of the basic metal car-
boxylates of general formula
[M3O(RCO2)6L3]


0/+ , which consists of
an oxo-centred metal triangle with m2-
bta� ligands bridging each edge of the
triangle and the fluoride ions acting as
the terminal ligands. DC magnetic sus-
ceptibility measurements in the 300–
1.8 K and 0.1–7 T ranges were investi-
gated for all three complexes. For each,
the value of cMT decreases with de-
creasing temperatures; this indicates
the presence of dominant antiferro-


magnetic exchange interactions in 1–3.
For complex 1, the low-temperature
value of cMT is 10 cm3Kmol�1 and fit-
ting of the magnetisation data gives
S=4, g=2.0 and D=�0.90 cm�1. For
complex 2, the value of cMT falls to a
value of approximately 5.0 cm3Kmol�1


at 1.8 K, which is consistent with a
small spin ground state. For the trian-
gular complex 3, the best fit to the ex-
perimental cMT versus T data was ob-
tained for the following parameters:
Ja=�5.01 cm�1, Jb=++9.16 cm�1 and
g=2.00, resulting in an S=2 spin
ground state. DFT calculations on 3,
however, suggest an S=1 or S=0
ground state with Ja=�2.95 cm�1 and
Jb=�2.12 cm�1. AC susceptibility
measurements performed on 1 in the
1.8–4.00 K range show the presence of
out-of-phase AC susceptibility signals,
but no peaks. Low-temperature single-
crystal studies performed on 1 on an
array of micro-SQUIDS show the
time- and temperature-dependent hys-
teresis loops indicative of single-mole-
cule magnetism behaviour.


Keywords: cluster compounds ·
density functional calculations ·
fluorides · magnetic properties ·
manganese · N ligands
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(S). This, coupled with a large zero-field splitting parameter
(D) (derived from the single-ion anisotropy of MnIII), gives
rise to the superparamagnetic-like property of a barrier to
magnetisation relaxation, which can be observed as hystere-
sis loops in magnetisation versus DC field studies.[4] There-
fore, these discrete molecules behave as magnets below
their blocking temperatures and have been termed single-
molecule magnets (SMMs).[5] One consequence of this phe-
nomenon is the possibility of using single molecules as infor-
mation-storage devices. The last ten years has seen many at-
tempts to produce new SMMs in the same mould as the
original SMM [Mn12O12(OAc)16(H2O)4]·4H2O·2CH3CO2H,


[6]


and this has led to the discovery of numerous SMMs ranging
in nuclearity from 4 to 84.[7] The majority of SMMs reported
to date have been clusters that contain MnIII ions.[8] In each
case, the clusters have been made, at least initially, by seren-
dipitous assembly of Mn starting materials with flexible or-
ganic bridging ligands, such as carboxylates or alkoxides.
Manganese clusters have often displayed unusually large
spin ground states, especially with respect to other 3d transi-
tion metals, and large and negative magnetoanisotropies re-
sulting from the presence of Jahn–Teller distorted MnIII ions.
However, this presents a synthetic problem: there are few
“simple” readily available sources of MnIII. This has resulted
in the use of two alternative techniques: 1) the use of the
basic metal carboxylates of general formula,
[M3O(RCO2)6L3]


0/+ , which can contain either two or three
MnIII ions, and 2) the oxidation of MnII salts with permanga-
nate (MnO4


�). Both of these techniques have been success-
ful, particularly the former.[9] However, continual use of car-
boxylates will restrict the diversity of the products obtained


and, as an alternative, we have begun to in-
vestigate the chemistry of MnF3 with the pro-
ligand benzotriazole (btaH) and its deriva-
tives.
Benzotriazole has previously been used to


produce model compounds for corrosion in-
hibition studies[10] and in MII cluster chemistry;[11] however,
until recently, it has never been used in the synthesis of MIII


clusters.[12] Metal fluorides have been used to good effect in
the synthesis of polymetallic chromium carboxylates[13] and,
to a lesser extent, of FeIII clusters, including the synthesis of
an open-shell Keggin iron ion,[14] but have thus far rarely
been used in manganese cluster chemistry.[15] The main dis-
advantage of the use of metal fluorides is their relative in-
solubility and therefore the apparent need for more “com-
plicated” synthetic procedures. Indeed, the majority of fluo-
ride-containing clusters have been isolated at elevated tem-
peratures.[16] We have previously reported the synthesis of a
[Mn26] cage from MnF3 in a preliminary communication.


[15]


Herein we report an improved synthesis of this cluster and
“simple” new routes to other large MnIII clusters by the use
of MnF3.


Results and Discussion


Synthesis : In order to overcome the relative insolubility of
MnF3 in common organic solvents, our initial approach was


to react MnF3 in a “melt” reaction. Here the MnF3 and the
organic ligand (btaH) are mixed together and heated, under
nitrogen or argon, to the melting point of the organic ligand
(100 8C). As the ligand melts, the MnF3 dissolves and the re-
action proceeds. The resultant solid mixture can then be ex-
tracted into various solvents and crystallised. Complex 1 was
synthesised by extracting this solid mixture into MeOH and
diffusing Et2O into the filtered solution over a period of two
weeks. A simpler route to the same product was subsequent-
ly found: reaction of MnF3 and btaH in boiling MeOH for
10 minutes, followed by filtration of the hot solution and
Et2O diffusion produces complex 1 in a larger yield. The
repetition of this process in the presence of pyridine produ-
ces the decametallic complex 2. The replacement of pyridine
with triethylamine produces the trimetallic complex 3.


Figure 1. Top: Structure of complex 1. Middle: Core of complex 1.
Bottom: Core of complex 1 showing the positions of the Jahn–Teller
axes.
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Some broad conclusions can
be drawn from the above ob-
servations. The reaction per-
formed with no base produces
the largest cluster (1) with the
lowest Mn/F ratio and was iso-
lated in the lowest yield. The
introduction of a weakly coor-
dinating base (py, pKa=5.25)
produces the second largest
cluster (2), and the introduc-
tion of a strong non-coordinat-
ing base (NEt3, pKa=11.01),
which also acts as a cation on
protonation, produces the
smallest cluster (3) in the larg-
est yield. As in most cases of
Mn cluster chemistry, it is ex-
tremely unlikely that com-
plexes 1–3 are the only ones
present in solution at any one
given time. Thus the loss of F�


ions and the appearance of
OH� , O2� and MeO� ions, is
also likely to involve the de-
protonation/protonation, structural rearrangements and
redox chemistry of other species present in solution. Howev-
er, complexes 1–3 can all be described as aggregated trian-
gular {Mn3O} units: complex 3 consists of one triangular
unit, 2 is made from eight edge-sharing units and 1 contains
twenty such units. This perhaps suggests that complex 3, in
the form [Mn3O(bta)6F3]


2�, may be present in all of the
above solutions, and that the identity of the isolated crystal-
line product is then dependent on the base or counterion
added. When NEt3 is added, complex 3 is isolated instantly
in high yield, as it not only deprotonates the btaH ligands,
but the resultant cations [HNEt3]


+ stabilize the complex.
Pyridinium ions, on the other hand, are “poor” cations (in
crystallisation terms); however, pyridine molecules are fre-
quently seen to act as terminal ligands in MnIII clusters. This
allows time for the hydrolysis and aggregation of the
{Mn3O(bta)6F3} units into larger fragments, crystallizing as
complex 2 after one week in a comparatively moderate
yield. When no base is added (and thus there is no direct de-
protonation of the btaH ligands) the hydrolysis process
takes even longer (~2 weeks), and complex 1 crystallizes,
albeit in a poor yield.
Attempts to interconvert 1–3 have proved unsuccessful so


far. For example, dissolution of 3 in a MeOH/py solution
does not result in the isolation of complex 2. This investiga-
tion continues, however.


Crystal structures : The structure of [Mn26O17(OH)8-
(OMe)4F10(bta)22(MeOH)14(H2O)2] (1) is shown in Figure 1
(top), the crystal data are given in Table 1 and selected
bond lengths are given in Table 2. A complete list of angles
is available in the Supporting Information (Table S1). The
[MnIII26O17(OH)8(OMe)4]


32+ core of 1 (Figure 1, middle) can
be described as a central distorted tetraface-capped octahe-


dron (Mn9–Mn18), either side of which are attached two
vertex-sharing tetrahedra (Mn2–Mn8 and Mn19–Mn25),
centred on Mn6 and Mn21. A pseudo-C2 axis passes through
the direction defined by Mn13 and Mn17, situated at the
“top” of the molecule. The O2� ions all bridge in their usual
m3-fashion to form {Mn3O}


7+ units. The OH� ions are of two
types: four are m3-bridging (O10, O11, O14, O16) and are
situated within the tetraface-capped octahedron, while the
remaining ions are m2-bridging (O5, O6, O12, O15, O22,
O23) and are situated both in the tetraface-capped octahe-
dron (O12 and O15) and within the two vertex-sharing tet-
rahedra (O5, O6, O22 and O23). The 22 deprotonated bta�


ligands are of two types: four use all three nitrogen atoms
to bond to three MnIII centres, while the remaining eighteen
use only two nitrogen atoms to bond to two MnIII centres,
the third nitrogen atom forms hydrogen bonds to adjacent
MeOH, H2O or OH� ligands. The four MeO� ions are all
m2-bridging; however, there are also two MeOH molecules
that act as m2-bridges (O7M, O12M) between Mn6–Mn7 and
Mn20–Mn21, respectively. In each case, the O atom of the
MeOH molecule is not deprotonated, as confirmed by the
observed bond lengths (2.393–2.476 R), bond valence sum
analysis (vide infra) and the presence of a hydrogen bond
between each O atom and an unbound N atom of a m2-
bridging bta� ligand (e.g., O7M�N73, 2.738 R). The ten F�


ions are all terminal with bond lengths ranging from
1.800(8) to 1.844(8) R. The Mn centres all lie in distorted
octahedral geometries and display the Jahn–Teller elonga-
tions expected for high-spin MnIII, although these axes are
not co-parallel (Figure 1, bottom). The MeOH solvent mole-
cule is hydrogen-bonded to an MeOH molecule attached to
the [Mn26] core (O1S�O9M, 2.806 R) and to an unbound N
atom of a m2-bta


� ligand (O1S�N53, 2.819 R). The oxidation
states of both the metal and non-metal ions were deter-


Table 1. Crystal data and structure refinement for complexes 1–3.


1 [Mn26] 2 [Mn10] 3 [Mn3]


formula C151.50H196F10Mn26N66O46.50 C92.40H83.60F8Mn10N33.50O10.15 C50H64F3Mn3N20O3


M [gmol�1] 5304.18 2527.13 1215.03
crystal size [mm] 0.08S0.04S0.01 0.18S0.08S0.04 0.30S0.20S0.01
crystal habit plates plates plates
colour orange/brown orange/brown green
crystal system triclinic triclinic monoclinic
space group P1̄ P1̄ P21/c
a [R] 17.9570(10) 17.5090(12) 21.440(2)
b [R] 24.0865(14) 18.1168(13) 12.5632(12)
c [R] 27.3871(16) 18.6737(13) 20.0675(19)
a [8] 98.907(2) 90.541(2) 90
b [8] 95.758(2) 99.171(2) 91.643(2)
g [8] 101.778(2) 98.173(2) 90
V [R3] 11349.2(11) 5785.2(7) 5403.0(9)
T [K] 150(2) 150(2) 100(2)
Z 2 2 4
2qmax 40.14 40.14 57.28
1calcd [gcm


�3] 1.552 1.451 1.494
m [mm�1] 1.48 1.131 0.764
data collected 37727 37509 42491
unique data 23486 (Rint=0.0521) 19469 (Rint=0.0761) 12792 (Rint=0.0743)
unique data [I>2s(F)] 13934 13582 7057
R1, wR2 0.0786, 0.2218 0.0761, 0.2490 0.0417, 0.0717
goodness of fit 1.019 1.042 0.798
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mined by means of charge balance considerations, bond
length analysis and bond valence sum (BVS) calculations
(Table 3). All twenty six Mn ions are MnIII ions. This is sup-
ported by the BVS analysis and the presence of Jahn–Teller
elongation axes at each metal centre. Of the twenty m3-
bridging single ions, sixteen give BVS values equal to 2 and
were assigned as O2�. Two (O11, O14) give BVS values
equal to 1, and were assigned as OH� . The remaining two
ions (O10, O16) give intermediate BVS values of approxi-
mately 1.5, and bond lengths in the range 1.978–2.031 R.
These ions were assigned as half OH� and half O2�. Of the
six m2-bridging single ions, four give BVS values equal to 1
and were assigned as OH� . However, two (O6, O23) give
intermediate values of approximately 0.6 and have bond
lengths of the range 2.112–2.147 R. Therefore, these were
assigned as half OH� and half H2O. The ten terminal single
ions all give BVS values close to 1, and both the observed
bond lengths and F analysis indicate the presence of ten F�


ions. Therefore, the formula is given as
[Mn26O17(OH)8(OMe)4F10(bta)22(MeOH)14(H2O)2], but it ap-


pears that the H+ ions may be delocalised around the com-
plex. While the core of 1 shows little disorder, three of the
twenty-two bta� ligands have two components, while anoth-
er ten have displacement parameters that indicate the pres-
ence of disorder. Thus, the coordination environments
around many of the MnIII centres have an element of disor-
der associated with them.
The structure of [MnIII10O6(OH)2(bta)8(py)8F8] (2) is


shown in Figure 2 (top), the crystal data are given in Table 1
and selected bond lengths and angles are given in Table 4.
The core of the decametallic structure of 2 can be described
as a “supertetrahedron”, consisting of a tetrahedral array of
MnIII ions (Mn1, Mn5, Mn7 and Mn9), with MnIII ions Mn2,
Mn3, Mn4, Mn6, Mn8 and Mn10 capping each edge
(Figure 2, middle). The Mn ions comprising the tetrahedron
are each bonded to three edge-capping Mn ions through
one m3-oxide (O1, O5, O6 and O7) and one m2-fluoride
bridge (F5�F8). The F bridges are all asymmetric and dis-
play one short (~1.86 R) and one long (~2.1–2.14 R) bond,
as a consequence of at least one Mn�F bond lying on a


Table 2. Selected interatomic distances [R] for 1.


Mn1�F1 1.800(7) Mn1�O1 1.867(7) Mn1�N21 2.054(11) Mn1�N11 2.058(11)
Mn1�O2M 2.147(9) Mn1�O1M 2.176(9) Mn2�O1 1.878(8) Mn2�O2 1.902(8)
Mn2�O3 1.905(8) Mn2�N12 2.102(10) Mn2�O3M 2.194(8) Mn2�N42 2.228(10)
Mn2�Mn3 2.872(3) Mn2�Mn7 3.033(3) Mn3�O1 1.878(8) Mn3�O2 1.913(8)
Mn3�O4 1.920(8) Mn3�N22 2.106(12) Mn3�O4M 2.194(9) Mn3�N32 2.259(11)
Mn3�Mn4 3.028(3) Mn4�F2 1.839(9) Mn4�O4M 1.891(9) Mn4�O4 1.909(9)
Mn4�N52 2.065(15) Mn4�O6 2.147(8) Mn4�O1W 2.260(11) Mn5�F3 1.813(10)
Mn5�O4 1.870(10) Mn5�N31 2.016(11) Mn5�N51 2.041(14) Mn5�O5 2.103(8)
Mn5�O5M 2.231(13) Mn6�O7 1.826(8) Mn6�O5 1.873(7) Mn6�O2 1.904(8)
Mn6�N61 2.055(10) Mn6�O6 2.118(8) Mn6�O7M 2.393(9) Mn7�F4 1.812(7)
Mn7�O3M 1.867(8) Mn7�O3 1.911(8) Mn7�N81 2.027(10) Mn7�O6M 2.260(10)
Mn7�O7M 2.476(9) Mn8�O3 1.877(7) Mn8�O8 1.888(7) Mn8�N82 2.026(10)
Mn8�N41 2.055(10) Mn8�O7 2.073(8) Mn8�N91 2.428(10) Mn8�Mn9 2.907(2)
Mn9�O7 1.851(7) Mn9�O9 1.899(7) Mn9�O8 1.914(8) Mn9�N62 2.101(10)
Mn9�N72 2.257(10) Mn9�N102 2.297(11) Mn10�O9 1.863(8) Mn10�O12 1.867(7)
Mn10�O11 1.960(7) Mn10�O10 1.978(9) Mn10�N71 2.092(11) Mn10�O8M 2.121(10)
Mn10�Mn17 3.000(3) Mn11�O13 1.904(9) Mn11�O8 1.921(8) Mn11�O10 1.942(8)
Mn11�N92 2.035(10) Mn11�O14 2.121(7) Mn11�N83 2.408(10) Mn11�Mn13 2.949(3)
Mn12�F5 1.804(9) Mn12�O13 1.876(10) Mn12�N131 2.045(12) Mn12�N93 2.080(11)
Mn12�O15 2.129(7) Mn12�O9M 2.197(12) Mn13�N12B 1.85(2) Mn13�O13 1.915(9)
Mn13�O17 1.921(9) Mn13�O10 2.005(9) Mn13�O16 2.031(8) Mn13�N132 2.090(13)
Mn13�N122 2.37(2) Mn13�Mn15 2.946(3) Mn14�F6’ 1.792(13) Mn14�F6 1.837(13)
Mn14�O17 1.865(11) Mn14�N121 1.925(17) Mn14�N171 2.042(13) Mn14�O12 2.123(9)
Mn14�N12A 2.18(2) Mn14�O10M 2.490(18) Mn15�O17 1.891(9) Mn15�O16 1.915(9)
Mn15�O18 1.919(7) Mn15�N172 1.992(13) Mn15�O11 2.146(8) Mn15�N181 2.458(12)
Mn16�O19 1.863(8) Mn16�O15 1.881(7) Mn16�O16 1.969(9) Mn16�O14 1.979(7)
Mn16�O11M 2.093(10) Mn16�N141 2.108(11) Mn16�Mn17 2.993(3) Mn17�O9 1.968(7)
Mn17�O19 1.989(8) Mn17�O14 2.101(8) Mn17�O11 2.140(8) Mn17�N111 2.192(10)
Mn17�N101 2.234(10) Mn18�O20 1.850(7) Mn18�O19 1.888(7) Mn18�O18 1.917(8)
Mn18�N152 2.080(11) Mn18�N142 2.259(11) Mn18�N112 2.296(10) Mn18�Mn19 2.894(3)
Mn19�O21 1.884(7) Mn19�O18 1.889(7) Mn19�O20 2.040(8) Mn19�N182 2.070(11)
Mn19�N161 2.080(12) Mn19�N173 2.377(13) Mn20�F7 1.844(8) Mn20�O13M 1.852(9)
Mn20�O21 1.907(9) Mn20�N183 2.028(11) Mn20�O14M 2.222(11) Mn20�O12M 2.464(9)
Mn20�Mn25 3.029(3) Mn21�O20 1.836(8) Mn21�O22 1.883(7) Mn21�O24 1.909(8)
Mn21�N151 2.062(11) Mn21�O23 2.142(6) Mn21�O12M 2.443(9) Mn22�F8 1.816(9)
Mn22�O25 1.869(9) Mn22�N19C 1.96(3) Mn22�N221 2.007(14) Mn22�N22A 2.05(2)
Mn22�O22 2.106(7) Mn22�N192 2.114(17) Mn22�O15M 2.219(12) Mn23�F9 1.828(8)
Mn23�O16M 1.880(10) Mn23�O25 1.903(8) Mn23�N191 1.913(16) Mn23�O23 2.112(7)
Mn23�O17M 2.281(10) Mn23�N19B 2.32(3) Mn23�Mn24 3.009(3) Mn24�O26 1.895(8)
Mn24�O25 1.913(9) Mn24�O24 1.926(8) Mn24�N202 2.112(12) Mn24�N22B 2.12(3)
Mn24�O16M 2.179(9) Mn24�N222 2.321(16) Mn24�Mn25 2.878(3) Mn25�O26 1.871(9)
Mn25�O24 1.895(9) Mn25�O21 1.900(8) Mn25�N212 2.099(12) Mn25�O13M 2.175(9)
Mn25�N162 2.226(12) Mn26�F10 1.814(8) Mn26�O26 1.870(8) Mn26�N201 2.050(12)
Mn26�N211 2.054(12) Mn26�O18M 2.172(10) Mn26�O19M 2.177(10)
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Jahn–Teller axis. The edge-capping metal centres are
bonded to each other by a combination of m3-oxides and m3-
hydroxides. The OH� ions (O2, O3, O4 and O8) only bridge
between the edge-capping centres. Each bta� ion bridges be-
tween apex and edge-capping MnIII centres in a m2-fashion,
while each pyridine ligand bonds terminally. The coordina-
tion at each apical MnIII ion is completed by a terminal fluo-
ride ion (F1–F4). These F� ions form hydrogen bonds to
water molecules in the lattice, which in turn form hydrogen
bonds to the MeOH molecules of solvation, which also form
hydrogen bonds to the btaH molecule of crystallisation.
Each Mn centre displays a distorted octahedral geometry,


with the expected Jahn–Teller elongations (Figure 2,
bottom). The oxidation states of the Mn ions were deter-
mined by bond lengths, charge balance considerations and
BVS calculations (Table 5). These clearly indicate that all
the Mn ions are in the 3+ oxidation state. Identification of
the inorganic bridges was also investigated by BVS analysis.
Elemental analysis showed the presence of eight F� ions,
four of which bond terminally. Thus four of the remaining
m2- or m3-bridges must be F


� ions. BVS calculations (Table 5)
show that each m2-bridge has a charge of 1


� ; four of the m3-
bridges (O1, O5, O6 and O7) have a charge of 2� , but the


remaining four m3-bridges (O2,
O3, O4 and O8) show an inter-
mediate charge of approxi-
mately 1.5� . To satisfy the
charge balance, this leads to
assignment of the m2-bridges as
F� ions (F5–F8), four of the
m3-bridges as O


2� (O1, O5, O6
and O7) with the remaining
four m3-bridges assigned as half
OH� , half O2� (O2, O3, O4
and O8). BVS analyses suggest
that O3 is almost certainly
OH� ; however, because all
four of these ions are related
by symmetry (non-crystallo-
graphic)—each bonds in a m3-
fashion to three of the four
edge-caps—a half-O2�, half
OH� description for all four is
perhaps more accurate. Addi-
tional evidence for this assign-
ment comes from the fact that
each of these ions falls on the
Jahn–Teller axis of a MnIII ion.
It is unusual for O2� ions to
fall on Jahn–Teller axes as
these are characterised by
much longer bond lengths.
The structure of the anion of


[NHEt3]2[Mn3O(bta)6(F)3] (3)
is shown in Figure 3, the crys-
tal data are given in Table 1
and selected bond lengths and
angles are given in Table 6.
The [Mn3O(bta)6(F)3]


2� anion
in 3 consists of three MnIII centres arranged in a triangle,
linked by one central m3-oxide (O3). Each m2-bta


� ligand
bridges two Mn centres along one edge of the triangle. The
coordination at each metal centre is completed by a termi-
nal fluoride ion (F1–F3). The MnIII ions are in Jahn–Teller
distorted octahedral geometries, but the Jahn–Teller axes
are not co-parallel, defined by N2-Mn1-N5, N17-Mn2-N14
and N8-Mn3-N11. The angles around the central O2� range
from 119.3–120.68. Despite each edge of the triangle having
the same bridges, the {Mn3O} unit tends towards being isos-
celes with the Mn3�Mn1 and Mn3�Mn2 distances being
3.260 R in length with the Mn1�Mn2 distance slightly short-
er at 3.226 R. The MeOH solvent molecules are hydrogen-
bonded to either an unbound N atom of a bta� ligand (e.g.,
N18�O1, 2.737 R) or to the cation (e.g., N20�O1, 2.695 R).
The oxidation states of the Mn ions were determined by a


combination of bond lengths (the observed Jahn–Teller
elongations), charge balance considerations and bond va-
lence sum (BVS) calculations.


Magnetic susceptibility studies : The magnetic properties of
complex 1 were investigated by solid-state magnetic suscep-
tibility (cM) measurements in the 5–300 K temperature range


Table 3. Bond valence sum calculations for complex 1.


Atom MnII MnIII MnIV Atom MnII MnIII MnIV


Mn1 3.350 3.112 3.212 Mn14 2.979 2.867 2.850
Mn2 3.291 3.055 3.133 Mn15 3.267 3.036 3.110
Mn3 3.207 2.978 3.055 Mn16 3.545 3.250 3.390
Mn4 3.277 2.994 2.893 Mn17 2.839 2.753 2.791
Mn5 3.400 3.170 3.287 Mn18 3.341 3.118 3.173
Mn6 3.423 3.162 3.093 Mn19 3.243 3.036 3.073
Mn7 3.198 2.945 3.047 Mn20 3.207 2.955 3.088
Mn8 3.293 3.072 3.128 Mn21 3.309 3.057 3.160
Mn9 3.294 3.073 3.128 Mn22 3.400 3.170 3.264
Mn10 3.479 3.300 3.433 Mn23 3.330 3.064 3.210
Mn11 3.143 2.942 3.018 Mn24 3.227 2.991 3.073
Mn12 3.305 3.072 3.149 Mn25 3.349 3.110 3.190
Mn13 3.472 3.233 3.229 Mn26 3.305 3.071 3.167


Atom BVS Assignment Atom BVS Assignment


O3M 0.935 MeO� O6 0.638 OH�/H2O
O4M 0.889 MeO� O5 0.993 OH�


O7M 0.309 MeO�/MeOH O23 0.631 OH�/H2O
O13M 0.978 MeO� O22 0.970 OH�


O16M 0.920 MeO� O15 0.956 OH�


O12M 0.295 MeO�/MeOH O12 0.988 OH�


O1 1.944 O2� O7 1.814 O2�


O2 1.771 O2� O8 1.765 O2�


O3 1.817 O2� O9 1.768 O2�


O4 1.810 O2� O10 1.567 O2�/OH�


O11 1.127 OH� O17 1.849 O2�


O13 1.815 O2� O18 1.784 O2�


O14 1.155 OH� O19 1.759 O2�


O16 1.486 O2�/OH� O20 1.825 O2�


O21 1.820 O2� O25 1.833 O2�


O24 1.752 O2� O26 1.920 O2�


F1 0.641 F� F6 0.573 F�


F2 0.569 F� F7 0.561 F�


F3 0.616 F� F8 0.611 F�


F4 0.617 F� F9 0.588 F�


F5 0.633 F� F10 0.614 F�
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and in a DC field of 1 T (Figure 4, top). The room-tempera-
ture cMT value of approximately 55 cm3Kmol�1 is below
that expected for 26 non-interacting MnIII ions
(78 cm3Kmol�1), which indicates the presence of strong an-


tiferromagnetic interactions, even at 300 K. The value then
drops slowly with decreasing temperature to a value of
�30 cm3Kmol�1 at 50 K. Below 50 K, cMT decreases more
sharply to a value of �15 cm3Kmol�1 at 5.0 K. This behav-
iour is consistent with overall antiferromagnetic exchange
interactions between the MnIII centres with a non-zero spin
ground state, with the low-temperature value indicating an
S=4 or 5 spin ground state.
To determine the spin ground state value for complex 1,


magnetisation measurements were carried out in the range
1.8–4 K and 0.1–0.5 T (0.1, 0.2, 0.3, 0.4 and 0.5 T, Figure 4,
bottom). The data were fit by a matrix-diagonalisation
method (with the program MAGNET[19]) to a model that as-
sumes only the ground state is populated, includes axial
zero-field splitting (DSz


2) and carries out a full powder aver-
age. The best fit gave S=4, g=2.0 and D=�0.9 cm�1. When
fields up to 7 T were employed, a poorer quality fit was ob-
tained. This behaviour is characteristic of low-lying excited
states with S values greater than the ground state of S=4.
Low-lying excited states are a common problem in large
clusters,[20] and the use of only low-field data in the fits helps
to avoid this problem and provides more reliable results.
The energy barrier (U) for the relaxation of magnetisation


for an integer spin system with S=4 and D=�0.9 cm�1 is
given by S2 jD j=14.5 cm�1 or 20.9 K. In order to probe
whether 1 acts as an SMM, AC susceptibility measurements
were performed in the 1.8–8 K temperature range in a 3.5 G
AC field oscillating at 50–1000 Hz. Frequency-dependent
AC susceptibility signals are seen below �3 K, but no peaks
are observed (Figure 5). The magnitude of the in-phase c’MT
versus T signals at >3 K supports a spin ground state of S=
4. This strongly suggests that 1 exhibits SMM behaviour. To
determine whether 1 is an SMM, low-temperature magnetic
measurements were performed on single crystals with a
micro-SQUID instrument equipped with three orthogonal
field coils that allowed the applied magnetic field to be
turned in all directions.[18]


Hysteresis loops were measured on a single crystal of 1
with the field applied along the easy axis of magnetisation.
Below 1.2 K, hysteresis loops were observed in magnetisa-
tion versus field studies. Their coercivities increased with de-
creasing temperature at a sweep rate of 0.14 Ts�1 (Figure 6).
The loops do not show the steplike features usually associat-
ed with quantum tunnelling of magnetisation (QTM), but
appear to be typical for a cluster with a distribution of
energy barriers. The steps may be present, but they broad-
ened out owing to the inherent disorder associated with the
crystal of 1, resulting in a distribution of MnIII environments.
These observations have been reported for other large
SMMs.[7] Relaxation data at very low temperatures were de-
termined from DC relaxation-decay measurements
(Figure 7, top). The procedure used to obtain these curves
was the following: 1) a strong field was applied in order to
saturate the magnetisation M to Ms and 2) the external field
was suddenly set to zero. This defined the time t=0 s, and
M was measured as a function of time. The relaxation in
crystals of SMMs is often very complicated and leads to
non-exponential relaxation laws. The M/Ms versus t curves
of Figure 7 (top) could not be fitted by a simple law, such as


Figure 2. Top: Structure of complex 2. Middle: The “supertetrahedral”
metallic core in 2. Bottom: Core of complex 2 showing the positions of
the Jahn–Teller axes.
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Table 4. Selected interatomic distances [R] and angles [8] for 2.


Mn1�O1 1.863(4) Mn1�F1 1.814(4) Mn1�F5 2.126(5) Mn1�N12 2.055(7)
Mn1�N21 2.006(7) Mn1�N91 2.248(8) Mn2�Mn4 2.9214(15) Mn2�O1 1.871(4)
Mn2�O2 2.165(5) Mn2�O3 1.921(4) Mn2�F6 1.859(3) Mn2�N11 2.059(6)
Mn2�N101 2.245(6) Mn3�Mn6 2.8933(14) Mn3�O2 1.916(5) Mn3�O4 2.152(4)
Mn3�O5 1.871(5) Mn3�F5 1.867(4) Mn3�N31 1.866(14) Mn3�N31’ 2.200(12)
Mn3�N111 2.274(8) Mn4�Mn8 2.8695(17) Mn4�O1 1.916(5) Mn4�O3 2.087(4)
Mn4�O4 2.000(5) Mn4�O6 1.905(5) Mn4�N22 2.118(6) Mn4�N42 2.079(7)
Mn5�O7 1.871(4) Mn5�F2 1.816(4) Mn5�F6 2.139(3) Mn5�N51 2.021(6)
Mn5�N62 2.060(6) Mn5�N121 2.316(13) Mn5�N12A 2.301(8) Mn6�Mn10 2.8874(14)
Mn6�O2 2.028(4) Mn6�O5 1.904(5) Mn6�O7 1.915(5) Mn6�O8 2.046(4)
Mn6�N52 2.117(6) Mn6�N72 2.113(6) Mn7�O5 1.873(5) Mn7�F3 1.813(5)
Mn7�F7 2.126(4) Mn7�N32 2.228(17) Mn7�N32’ 1.982(11) Mn7�N71 2.027(6)
Mn7�N131 2.257(6) Mn8�O4 1.904(5) Mn8�O6 1.864(5) Mn8�O8 2.195(4)
Mn8�F7 1.862(4) Mn8�N81 2.044(6) Mn8�N141 2.309(7) Mn8�N14A 2.221(12)
Mn9�O6 1.872(4) Mn9�F4 1.801(4) Mn9�F8 2.103(3) Mn9�N41 2.023(7)
Mn9�N82 2.068(6) Mn9�N151 2.261(6) Mn10�O3 2.186(4) Mn10�O7 1.869(4)
Mn10�O8 1.891(4) Mn10�F8 1.856(3) Mn10�N61 2.029(5) Mn10�N161 2.284(5)


O1-Mn1-F1 175.1(2) O1-Mn1-F5 88.14(18) O1-Mn1-N12 86.5(2) O1-Mn1-N21 88.1(2)
O1-Mn1-N91 99.2(2) F1-Mn1-F5 87.0(2) F1-Mn1-N12 93.3(2) F1-Mn1-N21 92.3(2)
F1-Mn1-N91 85.6(3) F5-Mn1-N12 87.8(2) F5-Mn1-N21 93.7(2) F5-Mn1-N91 171.7(2)
N12-Mn1-N21 174.3(2) N12-Mn1-N91 88.7(3) N21-Mn1-N91 90.5(3) Mn4-Mn2-O1 40.09(14)
Mn4-Mn2-O2 83.29(12) Mn4-Mn2-O3 45.48(12) Mn4-Mn2-F6 141.06(11) Mn4-Mn2-N11 125.87(19)
Mn4-Mn2-N101 97.16(14) O1-Mn2-O2 94.61(19) O1-Mn2-O3 84.46(18) O1-Mn2-F6 177.3(2)
O1-Mn2-N11 87.7(2) O1-Mn2-N101 90.2(2) O2-Mn2-O3 86.25(17) O2-Mn2-F6 88.05(17)
O2-Mn2-N11 89.8(2) O2-Mn2-N101 172.99(17) O3-Mn2-F6 96.23(16) O3-Mn2-N11 170.9(2)
O3-Mn2-N101 89.10(18) F6-Mn2-N11 91.8(2) F6-Mn2-N101 87.24(19) N11-Mn2-N101 95.6(2)
Mn6-Mn3-O2 44.35(14) Mn6-Mn3-O4 84.50(11) Mn6-Mn3-O5 40.38(15) Mn6-Mn3-F5 139.69(17)
Mn6-Mn3-N31 133.4(4) Mn6-Mn3-N31’ 121.8(3) Mn6-Mn3-N111 99.0(2) O2-Mn3-O4 87.05(18)
O2-Mn3-O5 83.7(2) O2-Mn3-F5 95.7(2) O2-Mn3-N31 177.6(4) O2-Mn3-N31’ 165.6(4)
O2-Mn3-N111 91.4(3) O4-Mn3-O5 95.21(19) O4-Mn3-F5 89.00(18) O4-Mn3-N31 93.6(3)
O4-Mn3-N31’ 87.4(3) O4-Mn3-N111 173.1(3) O5-Mn3-F5 175.7(2) O5-Mn3-N31 93.9(5)
O5-Mn3-N31’ 83.6(4) O5-Mn3-N111 91.3(2) F5-Mn3-N31 86.6(5) F5-Mn3-N31’ 97.5(4)
F5-Mn3-N111 84.5(2) N31-Mn3-N31’ 12.6(5) N31-Mn3-N111 88.3(4) N31’-Mn3-N111 95.6(3)
Mn2-Mn4-Mn8 114.98(4) Mn2-Mn4-O1 38.97(12) Mn2-Mn4-O3 41.03(11) Mn2-Mn4-O4 93.47(14)
Mn2-Mn4-O6 133.88(13) Mn2-Mn4-N22 122.63(19) Mn2-Mn4-N42 101.09(18) Mn8-Mn4-O1 136.77(15)
Mn8-Mn4-O3 92.31(12) Mn8-Mn4-O4 41.40(14) Mn8-Mn4-O6 39.90(13) Mn8-Mn4-N22 102.9(2)
Mn8-Mn4-N42 123.49(19) O1-Mn4-O3 78.98(17) O1-Mn4-O4 97.6(2) O1-Mn4-O6 172.73(18)
O1-Mn4-N22 84.0(2) O1-Mn4-N42 98.6(2) O3-Mn4-O4 98.47(17) O3-Mn4-O6 94.28(17)
O3-Mn4-N22 162.5(2) O3-Mn4-N42 87.67(19) O4-Mn4-O6 80.56(19) O4-Mn4-N22 87.6(2)
O4-Mn4-N42 163.5(2) O6-Mn4-N22 102.9(2) O6-Mn4-N42 83.7(2) N22-Mn4-N42 91.0(2)
O7-Mn5-F2 176.25(17) O7-Mn5-F6 89.00(16) O7-Mn5-N51 87.5(2) O7-Mn5-N62 86.48(19)
O7-Mn5-N121 92.1(3) O7-Mn5-N12A 99.5(2) F2-Mn5-F6 87.26(16) F2-Mn5-N51 92.6(2)
F2-Mn5-N62 93.3(2) F2-Mn5-N121 91.7(3) F2-Mn5-N12A 84.2(2) F6-Mn5-N51 92.78(19)
F6-Mn5-N62 86.23(16) F6-Mn5-N121 178.4(3) F6-Mn5-N12A 167.2(2) N51-Mn5-N62 174.0(2)
N51-Mn5-N121 86.1(4) N51-Mn5-N12A 97.2(2) N62-Mn5-N121 95.0(4) N62-Mn5-N12A 84.7(2)
N121-Mn5-N12A 13.1(3) Mn3-Mn6-Mn10 114.66(4) Mn3-Mn6-O2 41.33(14) Mn3-Mn6-O5 39.54(15)
Mn3-Mn6-O7 136.90(13) Mn3-Mn6-O8 91.85(11) Mn3-Mn6-N52 102.80(17) Mn3-Mn6-N72 122.70(17)
Mn10-Mn6-O2 93.91(13) Mn10-Mn6-O5 134.05(14) Mn10-Mn6-O7 39.67(12) Mn10-Mn6-O8 40.76(12)
Mn10-Mn6-N52 122.72(18) Mn10-Mn6-N72 101.79(17) O2-Mn6-O5 79.9(2) O2-Mn6-O7 97.90(19)
O2-Mn6-O8 98.58(17) O2-Mn6-N52 86.7(2) O2-Mn6-N72 162.3(2) O5-Mn6-O7 173.48(18)
O5-Mn6-O8 94.74(18) O5-Mn6-N52 102.5(2) O5-Mn6-N72 83.3(2) O7-Mn6-O8 79.46(17)
O7-Mn6-N52 83.4(2) O7-Mn6-N72 99.4(2) O8-Mn6-N52 162.6(2) O8-Mn6-N72 88.3(2)
N52-Mn6-N72 91.5(2) O5-Mn7-F3 178.3(2) O5-Mn7-F7 90.22(19) O5-Mn7-N32 79.5(5)
O5-Mn7-N32’ 91.7(4) O5-Mn7-N71 87.4(2) O5-Mn7-N131 94.8(2) F3-Mn7-F7 88.09(19)
F3-Mn7-N32 100.4(5) F3-Mn7-N32’ 88.1(4) F3-Mn7-N71 92.8(2) F3-Mn7-N131 86.8(2)
F7-Mn7-N32 87.0(3) F7-Mn7-N32’ 85.9(2) F7-Mn7-N71 92.9(2) F7-Mn7-N131 172.7(2)
N32-Mn7-N32’ 12.3(5) N32-Mn7-N71 166.9(5) N32-Mn7-N131 88.6(3) N32’-Mn7-N71 178.5(3)
N32’-Mn7-N131 88.6(3) N71-Mn7-N131 92.6(2) Mn4-Mn8-O4 44.02(14) Mn4-Mn8-O6 40.96(14)
Mn4-Mn8-O8 84.18(12) Mn4-Mn8-F7 140.67(14) Mn4-Mn8-N81 126.49(18) Mn4-Mn8-N141 104.46(19)
Mn4-Mn8-N14A 91.5(3) O4-Mn8-O6 84.2(2) O4-Mn8-O8 84.95(17) O4-Mn8-F7 97.2(2)
O4-Mn8-N81 170.4(2) O4-Mn8-N141 97.2(2) O4-Mn8-N14A 86.1(4) O6-Mn8-O8 95.52(18)
O6-Mn8-F7 177.8(2) O6-Mn8-N81 86.7(2) O6-Mn8-N141 94.8(2) O6-Mn8-N14A 86.6(3)
O8-Mn8-F7 86.38(16) O8-Mn8-N81 93.1(2) O8-Mn8-N141 169.6(2) O8-Mn8-N14A 170.6(3)
F7-Mn8-N81 92.1(2) F7-Mn8-N141 83.3(2) F7-Mn8-N14A 91.7(3) N81-Mn8-N141 86.4(3)
N81-Mn8-N14A 96.2(4) N141-Mn8-N14A 13.2(4) O6-Mn9-F4 176.98(19) O6-Mn9-F8 89.94(16)
O6-Mn9-N41 87.3(2) O6-Mn9-N82 85.4(2) O6-Mn9-N151 94.7(2) F4-Mn9-F8 87.18(16)
F4-Mn9-N41 93.9(2) F4-Mn9-N82 93.5(2) F4-Mn9-N151 88.1(2) F8-Mn9-N41 95.48(19)
F8-Mn9-N82 84.79(19) F8-Mn9-N151 172.7(2) N41-Mn9-N82 172.6(2) N41-Mn9-N151 90.4(2)
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exponential, stretched exponential, square root, and so
forth. To extract the temperature dependence of the mean
relaxation time t(T), we used a single scaling function
f(t/t(T)).[21] The master function f(x) is such that f(t=0)=M
and f(t=¥)=0. All the data points of the relaxation meas-
urements between 0.04 and 1.2 K and between t=2 and
1000 s are scaled on a single master curve using the transfor-


mation t/t(T). This leads to the
scaling plot of M(t) versus
t/t(T) shown in Figure 7
(bottom). This scaling analysis
allows t(T) to be determined
without making any particular
assumption about the relaxa-
tion law, and allows the mean
relaxation time t(T) to be ex-
tracted. A fit of these data to
the Arrhenius Law [Eq. (1),
Figure 8] gave an effective
mean barrier for the reversal
of magnetisation of approxi-
mately 15 K and a pre-expo-
nential factor of t0=3S10


�9 s.


t ¼ to expðUeff=kTÞ ð1Þ


Below ~0.2 K, the relaxa-
tion rates become independent
of temperature, which strongly
suggests the presence of QTM
in the ground state. The exper-
imentally derived Ueff value of
15 K is comparable to the the-
oretical value (U=20.9 K).
Indeed, U is expected to be
larger than Ueff because the re-
versal of magnetisation has
two components: 1) thermally
activated relaxation over the
barrier and 2) quantum tunnel-
ling of magnetisation (QTM)
through the barrier.


The magnetic properties of
complex 2 were investigated by solid-state magnetic suscept-
ibility (cM) measurements in the 5–300 K temperature range
in a DC field of 1 T. (Figure 9). The room temperature cMT
value of ~21 cm3Kmol�1 K, which is below that expected
for ten noninteracting S=2 centres (~30 cm3Kmol�1), drops
slowly to a value of 12 cm3Kmol�1 at 50 K, and then de-
creases more rapidly to 5.4 cm3Kmol�1 at 5 K. These data


Table 4. (Continued)


N82-Mn9-N151 89.9(2) Mn6-Mn10-O3 83.44(11) Mn6-Mn10-O7 40.87(14) Mn6-Mn10-O8 44.95(13)
Mn6-Mn10-F8 140.99(12) Mn6-Mn10-N61 127.24(15) Mn6-Mn10-N161 98.06(13) O3-Mn10-O7 95.71(16)
O3-Mn10-O8 85.12(17) O3-Mn10-F8 86.50(15) O3-Mn10-N61 91.59(18) O3-Mn10-N161 168.04(18)
O7-Mn10-O8 84.76(19) O7-Mn10-F8 177.44(17) O7-Mn10-N61 88.1(2) O7-Mn10-N161 93.06(18)
O8-Mn10-F8 96.74(17) O8-Mn10-N61 171.8(2) O8-Mn10-N161 87.61(19) F8-Mn10-N61 90.54(18)
F8-Mn10-N161 84.94(17) N61-Mn10-N161 96.81(19)


Mn1-O1-Mn2 125.5(2) Mn1-O1-Mn4 124.7(3) Mn2-O1-Mn4 100.93(19) Mn2-O2-Mn3 128.0(2)
Mn2-O2-Mn6 124.2(2) Mn3-O2-Mn6 94.3(2) Mn2-O3-Mn4 93.48(16) Mn2-O3-Mn10 127.71(19)
Mn4-O3-Mn10 125.1(2) Mn3-O4-Mn4 124.3(3) Mn3-O4-Mn8 129.3(2) Mn4-O4-Mn8 94.58(19)
Mn3-O5-Mn6 100.1(2) Mn3-O5-Mn7 124.9(2) Mn6-O5-Mn7 125.5(3) Mn4-O6-Mn8 99.14(19)
Mn4-O6-Mn9 124.6(3) Mn8-O6-Mn9 126.3(2) Mn5-O7-Mn6 125.1(2) Mn5-O7-Mn10 125.1(2)
Mn6-O7-Mn10 99.5(2) Mn6-O8-Mn8 125.8(2) Mn6-O8-Mn10 94.28(19) Mn8-O8-Mn10 128.0(2)
Mn1-F5-Mn3 138.4(2) Mn2-F6-Mn5 139.0(2) Mn7-F7-Mn8 137.5(2) Mn9-F8-Mn101 39.1518


Table 5. Bond valence sum calculations for complex 2.


Atom MnII MnIII MnIV Atom MnII MnIII MnIV


Mn1 3.330 3.153 3.263 Mn6 3.288 3.058 3.127
Mn2 3.307 3.062 3.192 Mn7 3.278 3.058 3.174
Mn3 3.392 3.145 3.267 Mn8 3.327 3.052 3.181
Mn4 3.319 3.283 3.155 Mn9 3.352 3.062 3.247
Mn5 3.269 3.052 3.162 Mn10 3.367 3.118 3.249


Atom BVS Assignment Atom BVS Assignment


O1 2.072 O2� O5 2.073 O2�


O2 1.406 O2�/OH� O6 2.089 O2�


O3 1.259 O2�/OH� O7 2.062 O2�


O4 1.475 O2�/OH� O8 1.408 OH�/O2�


F5 0.986 F� F7 0.996 F�


F6 0.991 F� F8 1.028 F�


Figure 3. Left: Structure of complex 3. Right: Side view indicating the positions of the Jahn–Teller axes.
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strongly indicate antiferromagnetic exchange interactions
between the MnIII ions, leading to a small spin ground spin
state, possibly S=0. To determine the value of the spin
ground state, magnetisation measurements were carried out
at 1.8–4 K and 0.1–7 T. Attempts to fit the data (using the
same procedure as above) resulted in poor quality and unre-
liable fits (Figure S1 in the Supporting Information). This is


probably attributable to the presence of low-lying excited
states, which are a common problem with large cluster ag-
gregates. In this case, they may result from the presence of
bridging fluorides that are expected to promote weak ex-
change interactions between the metal centres. Variable-
temperature AC susceptibility experiments were performed
over the temperature range of 1.8–8 K at frequencies of 50–
1000 Hz, with zero applied DC magnetic field and a 3.5 G
oscillating AC magnetic field. Extrapolation of the in-phase
susceptibility plot suggests a low ground-spin state close to
zero (Figure S2 in the Supporting Information). In addition,
no frequency-dependent AC signals are seen. The above
data suggest complex 2 probably possesses an S=0 spin
ground state with low-lying excited states.


Table 6. Interatomic distances [R] and angles [8] for 3.


F1�Mn2 1.8108(14) F2�Mn1 1.8072(14) F3�Mn3 1.8049(14) Mn1�O3 1.8741(17)
Mn1�N12 1.996(2) Mn1�N16 2.022(2) Mn1�N5 2.305(2) Mn1�N2 2.334(2)
Mn1�Mn2 3.2259(6) Mn2�O3 1.8635(16) Mn2�N7 2.003(2) Mn2�N3 2.024(2)
Mn2�N14 2.295(2) Mn2�N17 2.372(2) Mn3�O3 1.8894(16) Mn3�N13 2.011(2)
Mn3�N4 2.012(2) Mn3�N11 2.317(2) Mn3�N8 2.362(2)


F2-Mn1-O3 178.80(7) F2-Mn1-N12 92.43(8) O3-Mn1-N12 86.72(8) F2-Mn1-N16 91.83(8)
O3-Mn1-N16 88.98(8) N12-Mn1-N16 175.07(8) F2-Mn1-N5 99.13(7) O3-Mn1-N5 81.73(7)
N12-Mn1-N5 89.94(8) N16-Mn1-N5 91.83(8) F2-Mn1-N2 96.46(7) O3-Mn1-N2 82.68(7)
N12-Mn1-N2 89.24(8) N16-Mn1-N2 87.82(8) N5-Mn1-N2 164.41(8) F2-Mn1-Mn2 149.63(5)
O3-Mn1-Mn2 30.24(5) N12-Mn1-Mn2 105.83(6) N16-Mn1-Mn2 69.26(6) N5-Mn1-Mn2 104.83(5)
N2-Mn1-Mn2 60.56(5) F1-Mn2-O3 179.39(7) F1-Mn2-N7 92.75(8) O3-Mn2-N7 87.00(8)
F1-Mn2-N3 91.45(8) O3-Mn2-N3 88.81(8) N7-Mn2-N3 175.59(8) F1-Mn2-N14 96.76(7)
O3-Mn2-N14 82.68(7) N7-Mn2-N14 88.11(8) N3-Mn2-N14 92.73(8) F1-Mn2-N17 98.95(7)
O3-Mn2-N17 81.60(7) N7-Mn2-N17 88.89(8) N3-Mn2-N17 89.13(8) N14-Mn2-N17 164.12(8)
F1-Mn2-Mn1 150.15(5) O3-Mn2-Mn1 30.43(5) N7-Mn2-Mn1 107.12(6) N3-Mn2-Mn1 68.49(6)
N14-Mn2-Mn1 105.74(5) N17-Mn2-Mn1 60.44(5) F3-Mn3-O3 179.89(8) F3-Mn3-N13 91.43(8)
O3-Mn3-N13 88.67(8) F3-Mn3-N4 91.61(8) O3-Mn3-N4 88.29(8) N13-Mn3-N4 176.90(8)
F3-Mn3-N11 99.67(8) O3-Mn3-N11 80.35(8) N13-Mn3-N11 92.09(8) N4-Mn3-N11 88.00(8)
F3-Mn3-N8 100.18(8) O3-Mn3-N8 79.80(8) N13-Mn3-N8 87.26(8) N4-Mn3-N8 91.60(8)
N11-Mn3-N8 160.15(7) Mn2-O3-Mn1 119.33(8) Mn2-O3-Mn3 120.59(9) Mn1-O3-Mn3 120.07(9)


Figure 4. Top: Magnetic susceptibility data for 1, plotted as cMT versus T.
Bottom: Magnetisation data for 1, plotted as reduced magnetisation
(M/NmB


) versus H/T.


Figure 5. Plots of the in-phase (c0M) signal as c0MT and out-of-phase (c
00
M)


signal in AC susceptibility studies versus T for complex 1.
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Solid-state DC magnetic susceptibility studies were per-
formed on 3 in the 5–300 K temperature range in a field of
1 T. The room temperature cMT value of approximately
8.8 cm3Kmol�1 (which is consistent with the spin-only value
for three noninteracting MnIII ions; ~9 cm3Kmol�1) drops
slowly with temperature, reaching a cMT value of
~8 cm3Kmol�1 at 125 K, before falling more sharply to a
value of ~2 cm3Kmol�1 at 5 K (Figure 10, top). These data
suggest dominant antiferromagnetic exchange interactions
between the MnIII metal centres with a small spin ground
state. Complex 3 can be regarded as either an equilateral or
isosceles triangle, because there is only a small “distortion”
present in the triangle topology. Attempts to fit the data to
a one J model proved unsatisfactory, and a better replication
of the experimental data was found with a two J model that
employed the spin Hamiltonian shown in Equation (2), in
which Ja represents the Mn3�Mn1 and Mn3�Mn2
(3.260(6) R) exchange interaction parameter, and Jb repre-
sents the Mn2�Mn1 (3.226(6) R) exchange interaction
(Scheme 1).


Ĥ ¼ �2½JaðŜ3Ŝ2Þ þ JaðŜ3Ŝ1Þ þ JbðŜ2Ŝ1Þ
 ð2Þ


The fit at high temperature (>20 K) to the experimental
cMT data (Figure 10, top) suggests a ground state spin of S=
2 with the following parameters: g=2.00 and Ja=
�5.01 cm�1, Jb=++9.16 cm�1. Thus, the ground state spin S=
2 could be rationalised by considering two “spin-up” and
one “spin-down” MnIII centres. The first excited state (S=3)
was predicted to be 30.1 cm�1 above the ground state. At-
tempts to fit the data with different parameters (which in-
cluded generating an S=1 ground state with this model, see
below) resulted in much poorer fits.
In order to identify the ground state, magnetisation meas-


urements (M) were then carried out in the temperature


Figure 6. Magnetisation (M) of 1 (plotted as a fraction of the maximum
value Ms) versus applied magnetic field (m0Hz). The resulting hysteresis
loops are shown at different temperatures (top) and different field sweep
rates (bottom).


Figure 7. Top: Relaxation data for 1, plotted as fraction of maximum
value Ms versus time. Bottom: Scaling of the relaxation of 1 to a master
curve.


Figure 8. Arrhenius plot of 1 from DC decay data on a single crystal. Fit
of the data in the thermally activated region (c) and fit of the temper-
ature-independent data (a).
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range 1.8–4.0 K in nine different external magnetic fields of
0.1, 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0 and 7.0 T (Figure 10,
bottom). Although the data at the highest field and lowest
temperatures saturates at a M/NmB


value of 3.2—only slightly
lower than the expected value of 4.0 for an S=2 ground
state with g=2.0—no satisfactory fit of the data could be
obtained. Clearly the presence of low-lying excited states is
responsible for this problem and as such no definite value
for the spin ground state can be obtained from the DC
measurements alone. Therefore, AC susceptibility experi-
ments were performed over the temperature range of 1.8–
8 K at frequencies of 50–1000 Hz, with zero applied DC
magnetic field and a 3.5 G oscillating AC magnetic field. Ex-
trapolation of the in-phase susceptibility (cM


/T) plot suggests
a low ground-spin state, but one that is more consistent with
an S=1 ground state rather than an S=2 ground state (Fig-
ure S3 in the Supporting Information). The AC and DC
data thus confirm the presence of low-lying excited states
and hence the difficulty in fitting the DC data. The fitting
above [that used the Hamiltonian in Eq. (2)] suggests a fer-
romagnetic exchange between Mn1 and Mn2. This result is
somewhat surprising, firstly, given that the two ions are
bridged by an O2� ion at an angle of approximately 1198
and secondly, because previous studies of {Mn3O} units have
indicated weak antiferromagnetic exchange,[22] although
weak ferromagnetic exchange has been observed in mono-
oxo bridged MnIII–MnIII dimers.[23] Indeed, given the topolo-
gy we would expect complex 3 to be subject to some degree
of spin frustration. In order to address this problem, to iden-
tify the spin ground state and to gain more detailed under-
standing of the exchange interactions involved in 3, DFT
calculations were performed.
NoodlemanUs broken symmetry approach has been widely


used to evaluate exchange interactions in metal com-
plexes[24] and a combination of the B3LYP functional with
AhlrichUs basis set has been shown to yield good numerical
estimates of exchange interactions.[25a,b] Recently, the evalua-
tion of exchange interactions in polynuclear metal com-
plexes has been formulated and tested on several bench-
mark systems.[26] Here, we have performed density function-
al calculations on the anion of 3, [Mn3O(bta)6F3]


2�, (in


which the counterions have been removed from the crystal
structure to reduce computational time) in order to calcu-
late the exchange interactions between the neighbouring
metal centres. The calculations were performed with the
GAUSSIAN98 suite of programs.[27] AhlrichUs triple-zeta
basis set was used for the metal atoms and a double-zeta
basis set on the non-metals. To avoid convergence problems,


Figure 9. Variable-temperature magnetic susceptibility data for 2, plotted
as cMT versus T.


Figure 10. Top: Variable-temperature magnetic susceptibility data for 3
plotted as cMT versus T; (&) experimental; (c) experimental fit; (a)
DFT fit. Bottom: Magnetisation data for 3, plotted as reduced magnetisa-
tion (M/NmB


) versus H/T.


Scheme 1. The exchange interactions present in 3.
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Jaguar 5.0 was used to generate the initial guess, and this
was then transferred to Gaussian to proceed further. Con-
sidering the degree of accuracy needed for the evaluation of
energies of the spin configurations, single-point calculations
were performed with tight convergence criteria. In the pres-
ent case, the experimental fitting was carried out with two
non-equivalent exchange interactions (Ja=�5.01 cm�1 and
Jb=++9.16 cm�1), and so the DFT calculations have been
performed assuming the same exchange topology. The
energy differences between the calculated spin configura-
tions can be related to the exchange interactions by a pair-
wise interaction model.[28] The spin configurations
(ST1–ST3) used to calculate the energies are shown in
Figure 11. The relationship between the exchange interac-
tions and the energy difference is given in Equations (3) and
(4):


EST1�EST2


2 S1S2 þ S2
¼ �2 Ja�2 Jb ð3Þ


EST1�EST3


2 S1S2 þ S2
¼ �4 Ja ð4Þ


In these equations S1 and S2 are the spins on the metal
centres, in this case S1=S2=2. Calculations yield Ja=
�2.95 cm�1 and Jb=�2.12 cm�1. This suggests that both in-
teractions are weakly antiferromagnetic, in contrast to the
experimental values in which Jb is ferromagnetic. A compar-
ison of the experimental curve with the DFT calculated
values (Figure 10, top) gives a poorer fit in the high-temper-
ature region, but a better fit in the low-temperature region.
However, it is important to note that the theoretical calcula-
tions do not take account of the anisotropy arising from the
presence of MnIII ions, which is likely to be important at
lower temperatures, especially given that the exchange inter-
actions are small. The DFT calculated values give a ground


state of S=0 with two S=1 states at 1.46 cm�1 and 5.9 cm�1,
and an S=2 state at 6.1 cm�1 above the ground state. This
helps to explain our inability to obtain a satisfactory fit of
the DC magnetisation data. The ground state of this mole-
cule can be changed from 0 to 2 by introducing small
changes in the exchange interaction Jb. The ratio of Ja/Jb
versus the Eigen values obtained for these exchange param-
eters is shown in Figure 12. For a value of Ja/Jb<1, the


ground state spin value varies from S=2 to S=1, for Ja/Jb=
1 the ground state becomes S=0 and for Ja/Jb>1 the ground
state varies from S=0 to S=2. For the DFT calculated
values, the Ja/Jb ratio is found to be 1.37 and the ground
state is S=0. However, it is also clear from Figure 12 that
the energy levels are very closely separated for Ja/Jb>1, and
the fact that the ground state depends on the ratio of Ja/Jb
reveals that a degree of spin frustration exists in the triangle.
At lower and higher values of Ja/Jb the degree of spin frus-
tration is minimal, giving rise to an S=2 ground state that
can be accounted for by a simple pairwise exchange interac-
tion. At intermediate values of Ja/Jb, spin frustration causes
a net spin vector alignment, which cannot be accounted for
by considering a simple pairwise exchange interaction, and
the value of the ground state depends on the degree of spin
frustration. This kind of behaviour has been observed in
mixed valence (2SMnIII, 1SMnII) manganese triangles.[28]


DFT-calculated spin densities can serve as a basis for un-
derstanding the nature of magnetic interactions and can be
used to explain the mechanism of the exchange operating in
a molecule.[29,25b] The DFT-computed spin densities for the
ST1 and ST2 configurations are shown in Table 7 and the
plotted spin density for the high spin state (ST1) is given in
Figure 13. The modulus of the spin densities on each manga-
nese atom is calculated to be >3.8 for both configurations,
indicating that the magnetic orbitals are centred on the
metals and that there is some unpaired spin density on the
ligands.
Starting at the atom with the highest unpaired spin densi-


ty (Mn in this case), a spin polarisation mechanism will
result in spin density of opposite sign in atoms bonded di-


Figure 11. The spin configurations (ST1, ST2, ST3) chosen to calculate
the exchange interactions.


Figure 12. Plot of calculated eigen values versus Ja/Jb for 3.
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rectly to it and the same sign for atoms that are two bonds
away. This alternation in sign is continued through the
bonds and attenuates with the distance from the primary
source of the unpaired spin density. In a spin delocalisation
mechanism, spin density of the same sign is generated on


the directly bonded atom, as well as on atoms that are two
or more bonds away, and attenuates with distance from the
primary source of the unpaired spin density. The net spin
density (given in Table 7) at a particular atom is the sum of
the spin densities of each atomic orbital of that atom. The
net spin density results from the combination of the two
mechanisms and the sign of the net spin density is deter-
mined by the predominant mechanism (for a directly
bonded atom, a positive spin on the “source” atom will give
positive if spin delocalisation predominates and negative if
spin polarisation predominates). In Figure 13, a net spin
density that arises from a pure delocalisation mechanism is
represented in white, and a pure polarisation mechanism is
represented in black. If both mechanisms are operating on a
particular atom, this can be observed as a combination of
both colours.
The terminal fluoride ions have the same sign of the spin


density as the Mn atoms to which they are bound in both
ST1 and ST2; this indicates that the spin delocalisation
mechanism dominates. The total spin density on the m3-
oxygen atom is 0.013 for ST1 and 0.001 for ST2. This sug-
gests that the mechanisms of spin polarisation and delocali-
sation are competing here, as can be seen in Figure 13,
noting also that the spin densities on the remote carbon
atoms of the benzotriazolate rings are in the range 0.001–


0.012. In general, spin delocal-
isation attenuates with dis-
tance from the metal centre.
At a “two-atom” distance
from the metal centre spin al-
ternation appears (e.g., C33,
C34, C35, C36), and this re-
veals that spin polarisation is
the predominant mechanism
here.
There are two kinds of spin


density distribution observed
for the bridging nitrogen
atoms: a positive spin density
is found along one metal axis
(e.g., N2-Mn1-N5), with a neg-
ative spin density on the other
axis (e.g., N16-Mn1-N12). The
positive and the negative spin
densities arise from spin delo-
calisation and spin polarisa-
tion mechanisms, respectively.
Thus, spin delocalisation is ob-
served to dominate on the
Jahn–Teller axes of the MnIII


ions.
Considering that spin densi-


ty distribution in a molecule
with unpaired electrons results


from these two mechanisms, if the unpaired spin density is
in the metal p orbital (e.g., t2g), spin density on the ligands
may be negative due to spin polarisation—if spin delocalisa-
tion is very small. This is true for most electronegative
atoms, such as F and O. If the unpaired spin density is on


Table 7. DFT-computed spin densities on atoms for configurations ST1
and ST2.


Atom ST1 ST2


Mn1 3.836 3.812
Mn2 3.837 �3.793
Mn3 3.845 3.821
O3 0.013 0.001
F2 0.066 0.061
F1 0.065 �0.057
F2 0.064 0.060
N4 �0.035 �0.037
N5 0.046 0.046
N11 0.050 0.050
N12 �0.035 �0.036
N8 0.047 0.035
N7 �0.034 0.034
N13 �0.035 �0.034
N14 0.048 �0.037
N3 �0.033 �0.032
N2 0.043 �0.033
N17 0.046 0.035
N16 �0.033 0.034
N18 0.016 �0.016
C31 0.001 0.007
C36 0.003 �0.004
C35 �0.002 0.002
C34 0.006 �0.005
C33 �0.004 0.004
C32 0.012 �0.008


Figure 13. DFT-calculated spin density distribution for the spin configuration ST1.
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the metal s orbital (e.g., eg), spin delocalisation is always
the predominant mechanism. In the present case, unpaired
spin density is found on both the p and s orbitals and,
hence, a competition between the two mechanisms occurs
on the most electronegative atoms, such as F and O. In the
case of the N atom, spin delocalisation predominates on the
s orbital (Jahn–Teller) axis and spin polarisation dominates
on the others.
The spin density distribution can be used to predict the


nature of interactions in metal clusters, although it is com-
plicated because both mechanisms operate; however, the
sign of the spin density is determined by the dominant
mechanism. This result shows that, in the case of a Jahn–
Teller distorted octahedral MnIII ion, the elongated axis will
favour a spin delocalisation mechanism.


Conclusion


This work shows that MnF3 is an excellent precursor for the
synthesis of high nuclearity MnIII clusters. It provides a
source of MnIII without the need for oxidising MnII species
or the use of the triangular [Mn3O(O2CR)6(L)3]


0/+ species.
Complexes 1–3 were all made from similar reactions, where-
by the identity of the cluster isolated is controlled by the
nature of the base added. Complex 1 is the first polymetallic
cage to be synthesised from MnF3, achieved by the simple
reaction between MnF3 and btaH in hot MeOH. It is a rare
example of a MnIII cluster predominantly composed of nitro-
gen-based bridging ligands. Complex 1 is the third largest
Mn cluster, and the third largest cluster to exhibit SMM be-
haviour. Complex 2 is a rare example of a cluster with a “su-
pertetrahedral” metal core, and possesses an S=0 spin
ground state. Complex 3 is a rare example of an oxo-centred
trimetallic cluster in which the MIII centres are bridged by li-
gands other than carboxylates and in which the terminal li-
gands are fluorides. Its magnetic behaviour suggests an S=0
or S=1 spin ground state with a low-lying S=2 excited
state. The synthesis of 1–3 suggests that the addition of dif-
ferent bases and counterions might lead to even more prod-
ucts, and, given the success [Mn3O(O2CR)6(L)3]


0/+ species
have had as starting materials for the synthesis of large Mn
clusters, complex 3 may represent a new and alternative
route to Mn complexes with novel magnetic properties. Spin
density calculations on 3 suggest that, in the case of a Jahn–
Teller distorted MnIII ion, the elongated axis may favour a
spin delocalisation mechanism.


Experimental Section


[Mn26O17(OH)8(OMe)4F10(bta)22(MeOH)14(H2O)2]·MeOH (1·MeOH)


Method A : Anhydrous MnF3 (0.5 g) and benzotriazole (3 equiv, btaH,
1.6 g) were ground together and placed in a Schlenk tube under an inert
atmosphere and heated at 100 8C for 30 min. The resulting black “melt”
was dried in vacuo and allowed to cool to form a black solid. The solid
was dissolved in MeOH (20 mL at 50 8C) to result in a black solution
from which black crystals of 1 were obtained after 2 weeks upon diffusion
of Et2O. Yield: 10%.


Method B : Anhydrous MnF3 (0.5 g) and benzotriazole (btaH, 3 equiv,
1.6 g) were heated in methanol (20 mL) at 50 8C under aerobic conditions
for 10 min. The resulting black solution was filtered, and black crystals of
1 were obtained after 2 weeks upon diffusion of Et2O. Yield: 15%; IR
(KBr): ñ=1654 (w), 1637 (w), 1617 (w), 1570 (w), 1560 (w), 1542 (w),
1508 (w), 1490 (w), 1442 (m), 1374 (w), 1294 (w), 1269 (m), 1225 (m),
1146 (m), 1017 (w), 990 (w), 920 (w), 792 (s), 747 (s), 643 (m), 580 cm�1


(w); elemental analysis calcd (%) for C151H172N66O46F10Mn26: C 34.44, H
3.29, N 17.56, F 3.61; found: C 34.65, H 3.09, N 17.89, F 3.55.


[Mn10O6(OH)2(bta)8(py)8F8]·0.75H2O·0.5btaH·1.4CH3OH
(2·0.75H2O·0.5btaH·1.4CH3OH): Anhydrous MnF3 (0.5 g) and benzotria-
zole (btaH, 3 equiv, 1.6 g) were heated in methanol (20 mL) at 50 8C
under aerobic conditions for 10 min. The resulting black solution was fil-
tered, and pyridine (1.00 mL) was added dropwise. Black crystals of 2
were obtained after 2 weeks upon diffusion of Et2O into the solution.
Yield: 20%; IR (KBr): ñ=1599 (s), 1570 (w), 1487 (w), 1443 (s), 1290
(w), 1217 (m), 1130 (m), 1068 (w), 1036 (w), 1008 (w), 990 (w), 917 (w),
791 (m), 749 (s), 699 (s), 641 (m), 603 (m), 564 cm�1 (w); elemental anal-
ysis calcd (%) for C88H74N32O8F8Mn10: C 43.87 H 3.10, N 18.60, F 6.30;
found C 43.58, H 2.88, N 17.98, F 6.45.


[NHEt3]2[Mn3O(bta)6F3]·2MeOH (3·2MeOH): Anhydrous MnF3 (0.5 g)
and benzotriazole (btaH, 3 equiv, 1.6 g) were heated in methanol
(20 mL) at 50 8C under aerobic conditions for 10 min. The resulting black
solution was filtered, and triethylamine was (0.33 mL) added. Upon evap-
oration in air, green crystals of 3 were obtained after 24 h. Yield: 80%;
IR (KBr): ñ=1609 (s), 1572 (s), 1485 (m), 1444 (s), 1390 (w), 1321 (w),
1283 (w), 1265 (w), 1219 (m), 1129 (m), 1104 (m), 1035 (w), 992 (w), 916
(w), 785 (m), 752 (s), 660 (s), 639 (m), 571 (w), 554 cm�1 (m); elemental
analysis calcd (%) for C49H60N20O2F3Mn3: C 50.09, H 4.90, N 24.34, F
4.82, Mn 14.32; found C 49.50, H 5.01, N 24.04, F 4.78, Mn 14.55.
X-ray crystallography : Crystallographic data for 1–3 are collected in
Table 1.


Crystal data for 1: Synchrotron radiation (CCLRC Daresbury Laborato-
ry, Station9.8,=0.6867 R) Bruker AXS SMART 1 K CCD diffractome-
ter,[17] narrow frame w rotations, and corrected semi-empirically for ab-
sorption and incident beam decay (transmission 0.88–0.97).


Crystal data for 2 : Synchrotron radiation (CLRC Daresbury Laboratory,
Station 9.8,=0.6867 R) Bruker AXS SMART 1 K CCD diffractometer,[17]


narrow frame w rotations, and corrected semi-empirically for absorption
and incident beam decay (transmission 0.88–0.97).


Crystal data for 3 : A Bruker SMARTAPEX CCD diffractometer, l=
0.71073 R with 0.38 w frame rotations.


CCDC-194440 (1), CCDC-234429 (2) and CCDC-234430 (3) contain the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12 Union Road, Cam-
bridge CB21EZ, UK; fax: (+44)1223-336033; or deposit@ccdc.cam.uk).


Magnetic measurements : Variable-temperature, solid-state direct current
(DC) magnetic susceptibility data down to 1.80 K were collected on a
Quantum Design MPMS-XL SQUID magnetometer equipped with a 7 T
DC magnet at the University of Florida. Diamagnetic corrections were
applied to the observed paramagnetic susceptibilities using PascalUs con-
stants. The DC measurements below 1.80 K were performed on single
crystals by using an array of micro-SQUIDS.[18]
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NMR Parameters and Geometries of OHN and ODN Hydrogen Bonds of
Pyridine–Acid Complexes


Hans-Heinrich Limbach,*[a] Mariusz Pietrzak,[a] Shasad Sharif,[a] Peter M. Tolstoy,[a, b]


Ilya G. Shenderovich,[a, b] Sergei N. Smirnov,[b] Nikolai S. Golubev,[b] and
Gleb S. Denisov[b]


Introduction


The knowledge about the geometry of hydrogen bonds in
the active sites of enzymes can provide important clues to
understand the enzyme function.[1,2] As X-ray and neutron
diffraction can only be applied to the study of crystalline
solids, it is, therefore, a general strategy to correlate crystal
data of hydrogen bonds with appropriate spectroscopic pa-
rameters, and to determine in turn the latter for non-crystal-
line, in particular liquid environments of interest. In the
past, mainly IR techniques have been used in this way to
classify hydrogen-bonded systems in non-crystalline environ-
ment.[3,4] On the other hand, NMR has become a major tool
for the study of hydrogen bonds in enzymes[1] due to the
high selectivity of this method. Unfortunately, in the past, it


has been difficult to establish NMR hydrogen-bond correla-
tions by using small model systems because of the problems
of fast intermolecular hydrogen-bond exchange in liquids
which makes it difficult to measure intrinsic NMR parame-
ters of individual hydrogen bonds. These difficulties have
been recently partially overcome by choosing model solid
compounds which can be studied by dipolar high-resolution
solid state NMR[5–9] and by developing liquid state NMR
down to 100 K, by using liqueified deuterated gases as NMR
solvents.[10–12] At these low temperatures it is often possible
to reach the slow hydrogen-bond exchange regime. Thus, in-
formation about the relations between NMR parameters
and hydrogen-bond geometries has been obtained.
During this research it was shown that the correlation of


NMR parameters with the geometries of hydrogen-bonded
systems A-H···B can be substantially simplified by the use of
Pauling6s[13] valence bond orders or bond valences using
Equation (1).


p1 ¼ expf�ðr1�r o1 Þ=b1g
and


p2 ¼ expf�ðr2� r o2 Þ=b2g
ð1Þ


r1= rAH represents the A···H distance, r2= rHB the H···B dis-
tance, p1 and p2 the corresponding valence bond orders of
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Abstract: In this paper, equations are
proposed which relate various NMR
parameters of OHN hydrogen-bonded
pyridine–acid complexes to their bond
valences which are in turn correlated
with their hydrogen-bond geometries.
As the valence bond model is strictly
valid only for weak hydrogen bonds
appropriate empirical correction fac-
tors are proposed which take into ac-
count anharmonic zero-point energy vi-
brations. The correction factors are dif-
ferent for OHN and ODN hydrogen


bonds and depend on whether a
double or a single well potential is real-
ized in the strong hydrogen-bond
regime. One correction factor was de-
termined from the known experimental
structure of a very strong OHN hydro-
gen bond between pentachlorophenol
and 4-methylpyridine, determined by


the neutron diffraction method. The re-
maining correction factors which allow
one also to describe H/D isotope ef-
fects on the NMR parameters and ge-
ometries of OHN hydrogen bond were
determined by analysing the NMR pa-
rameters of the series of protonated
and deuterated pyridine- and collidine–
acid complexes. The method may be
used in the future to establish hydro-
gen-bond geometries in biologically
relevant functional OHN hydrogen
bonds.


Keywords: acid–base complexes ·
hydrogen bonds · isotope effects ·
NMR parameters
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the diatomic units. According to Brown[14] the total valence
of hydrogen is unity, that is Equation (2):


p1þ p2 ¼ 1 ð2Þ


Therefore, it follows that r1 and r2 depend on each other.
This correlation is most conveniently expressed by the natu-
ral hydrogen-bond coordinates q1=


1=2(r1�r2) and q2= r1+r2.
For a linear hydrogen bond, q1 represents the distance of H
from the hydrogen-bond center and q2 the distance between
the heavy atoms A and B. Note that the correlation does
not depend on the hydrogen-bond angle.
A typical geometric hydrogen-bond correlation according


to Equations (1) and (2) is depicted by the solid curve in
Figure 1a. The corresponding behaviour of the bond valen-
ces is depicted by the solid lines in Figure 1b. When H is
transferred from one heavy atom to the other, q1 increases
from negative values to positive values, q2 goes through a
minimum which is located at q1=0 for AHA and near zero
for unsymmetrical systems of the type AHB. The bond
orders are unity in one and zero in the other limit. The sum
of both bond orders is unity as indicated by the upper solid
line in Figure 1b.
Steiner et al.[15] and Grabowski[16] have collected the avail-


able low-temperature neutron diffraction structures in the
Cambridge Structural Database (CSD) and have demon-
strated that Equation (2) is valid for series of OHO, NHN,


and OHN hydrogen bonds. The parameters in Equation (1)
were determined by fitting distance sets r1 and r2 obtained
by neutron diffraction to Equations (1) and (2). Recently, it
has been proposed to correlate NMR parameters of hydro-
gen bonds not with distances but with the corresponding
bond valences which reduce the number of adjustable pa-
rameters as the values of r oi and bi are already known from
the crystallographic data.[5,6,11,12]


A so far not recognized problem with this approach is
that in the Cambridge Database only few reliable data are
available for very strong and short hydrogen bonds where
the two bond orders are close to each other, that is, q1�0.
Thus, the parameters r oi and bi published are based on com-
pounds exhibiting medium and weak hydrogen bonds. Re-
cently, some of us noted deviations of experimental geome-
tries from the valence bond order correlation for some very
strong NHN and NDN hydrogen bonds[17] whose geometries
had been elucidated previously[5] by dipolar solid state
NMR. It was found that in the symmetric configuration the
values of q2 were larger than the minimum value predicted
from the hydrogen-bond correlation as indicated by the
dotted line in Figure 1a. The effect was slightly larger for
the symmetric NHN as compared to the symmetric NDN
bond. Additional neutron crystallographic data of NHN hy-
drogen bonds confirmed these deviations. They could be de-
scribed by assuming that for a hydrogen bond ALB, L=H,
D, the sum of the real averaged bond orders in the strong
hydrogen-bond regime is smaller than the sum of the equi-
librium bond orders, see Equation (3):


pL1 þ pL2 < p1þ p2 ¼ 1 ð3Þ


Thus, the upper dotted line in Figure 1b leads to the dotted
correlation curve in Figure 1a which is flattened in the
strong hydrogen-bond regime but which coincides with the
equilibrium curve for the weak hydrogen bonds.
As our previous work[17] was restricted to NHN hydrogen


bonds we felt that this first case should be corroborated fur-
ther. Therefore, we had a closer look at OHN hydrogen
bonds which are important in amino acid side chain and co-
factor interactions of proteins. We were especially interested
in OHN correlations in order to associate NMR parameters
with hydrogen-bond geometries. Particularly interesting is a
model system representing the so far shortest known OHN
hydrogen bond, the crystalline 1:1 complex between 4-meth-
ylpyridine and pentachlorophenol; the low-temperature
neutron diffraction structure has recently been reported by
Steiner et al.[18] As in the NHN case mentioned above, a de-
viation of the data points from the correlation established
previously[15d] for weak and medium hydrogen bonds was
observed, but the deviation was not discussed further as it
represented a first single case.
The scope of this paper is, therefore, twofold. Firstly, we


want to describe quantitatively the deviations of the geome-
tries for the strongest OHN hydrogen bonds from those ex-
pected from the simple valence bond analysis. The second
scope is to use this description in order to derive hydrogen
bond–NMR parameter correlations for the related pyridine–
carboxylic acid complexes studied previously[10,11] by low-


Figure 1. a) q2 versus q1 correlation of OHN hydrogen bonds calculated
by combination of Equations (1) to (4) using the parameters of Table 1.
Solid line: classical or equilibrium correlation. Dotted line: calculated
using the empirical anharmonic correction of Equation (4) and the pa-
rameters dH and dD listed for pyridine- and collidine–acid complexes for
freon solution and the solid state in Table 1. The parameters cH and cD


do not influence the shape of the correlation curves but only provide the
“correlation” between the correlation curves for protonated and deuter-
ated hydrogen bonds. b) Evolution of the corresponding valence bond
orders and of their sums.
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temperature liquid state NMR, as well as for the 2,4,6-trime-
thylpyridine–carboxylic acids complexes for which liquid
and solid state NMR data had been determined.[6,19] The
main goal was to include a description of H/D isotope ef-
fects on NMR parameters and hydrogen-bond geometries,
and to fill in this way the gap between quantum-mechanical
theories which have been developed for isolated molecules
and hydrogen-bonded systems in condensed matter.


Theoretical Section


Hydrogen-bond correlations corrected for anharmonic zero-
point vibrations : In order to describe anharmonic effects in
terms of the valence bond order method we have pro-
posed[17] the following empirical relations in Equation (4a)
and (4b):


pL1 ¼ p1� cLðp1p2Þfðp1�p2Þ� dLðp1p2Þg ¼ expf�ðr L1�r o1 Þ=b1g
ð4aÞ


pL2 ¼ p2þ cLðp1p2Þfðp1�p2Þ� d Lðp1p2Þg


¼ expf�ðrL2 � r o2 Þ=b2g, L ¼ H, D
ð4bÞ


which allow one to calculate the corrected bond orders pL1
and pL2 and hence the distances of AHB and ADB systems
from the classical bond orders p1 and p2, and hence the cor-
responding hydrogen-bond distances using Equations (1)
and (2). The first correction term does not change the total
bond order sum of unity. This term shifts, therefore, the data
points of H and D along the classical correlation curve q1
versus q2, but does not change the form of this curve. The
latter is only changed by the second term as was depicted in
Figure 1a. Thus, Equation (4) allows one to calculate the pri-
mary geometric hydrogen-bond isotope effect,[5] as in Equa-
tion (5):


Dq1 	 qD1 � qH1 ð5Þ


as well as the secondary geometric hydrogen-bond isotope
effect [Eq. (6)]:


Dq2 	 qD2 � qH2 ð6Þ


The values of the powers f and g as well as the isotope sensi-
tive parameters c L and d L are empirical and have to be ob-
tained by fit of experimental data to Equation (4).
In order to demonstrate the physical meaning of the cor-


rection terms we have depicted in Figure 2 schematically the
one-dimensional potential curves and squared ground state
wave functions of some typical strong hydrogen bonds ALB,
L=H, D. The curves for AHB and ADB are slightly differ-
ent which does, however, not mean a breakdown of the
Born–Oppenheimer approximation. This effect is a result of
the reduction of a more-dimensional vibrational problem
into a one-dimensional one.[5,10a] The average values of qH1
and qD1 are indicated by vertical bars and are controlled by
the parameters cH and cD which determine then the primary


geometric isotope effect Dq1. Generally, c
H will be larger


than cD in agreement with a somewhat larger distance of D
from the hydrogen-bond center as compared to H. cH and
cD have no influence on the geometry of a symmetric hydro-
gen bond where pL1 = pL2 . Therefore, the physical meaning
of d L is best demonstrated for this case in Figure 2b exhibit-
ing a single well potential with qH1 =q


D
1 =0. d


L reduces the
bond order sum to a value of less than 1, which means that
the smallest equilibrium value q2min is not reached. If d


D is
assumed to be smaller than dH it follows that q2min < qD2 <


qH2 , that is, the secondary geometric isotope effect Dq2 will
be negative for this configuration. This situation has been
demonstrated for the FHF� anion,[20] and has been called as
“anomalous Ubbelohde effect”.[21] By contrast, in the case
of a symmetric double well as depicted in Figure 2a, qD2 is
larger than qH2 and hence d


D larger than dH. For an inter-
mediate situation it is then conceivable that dD�dH. In this
case, the correlation curves of AHB and ADB coincide with
the classical correlation curve.


NMR parameters and hydrogen-bond geometries : The ques-
tion now arises how to correlate hydrogen-bond geometries
with NMR parameters. Desirable is to have isotope insensi-
tive correlation functions which can be applied to both the
protonated and the deuterated system. Isotope effects on
chemical shifts arise in this approximation only from isotope
effects on the hydrogen-bond geometries. Such correlations
can be found for the case where the NMR parameters in
good approximation depend linearly on q1.
This condition is normally met, except the case of the


strongest hydrogen bond in a given series exhibiting a single
well potential as depicted in Figure 3. Around qH1 =q


D
1 = 0


the chemical shift d(ALB) of a heavy atom such as 15N is an


Figure 2. Various one-dimensional hydron (L=H, D) potentials and
squared groundstate wave function (schematically) of a hydrogen bond
ALB. a) Symmetric double well case with “half” hydrons close to A and
to B. b) Symmetric single well case. c) Asymmetric double well case and
d) asymmetric single well case. The vertical bars indicate the averaged
hydron position.
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almost linear function of q1. This means that the values of
d(AHB) and of d(ADB), averaged over the ground state
wave functions, are the same and in good approximation
equal to the value at q1=0. Thus, one can associate to each
value of q1 also a unique value d(ALB). By contrast,
d(ALB) is a non-linear function of q1. As D is more con-
fined to the hydrogen-bond center compared with H, and as
d(ALB) exhibits a maximum at q1=0, the average value
d(ADB) will be larger than the average value d(AHB) be-
cause the mean square values hq12iH and hq12iD are different,
whereas the mean values qL1 =0 are the same for both H
and D. In other words, a correlation of d(ALB) with the
mean values qL1 represents an approximation, called in the
remainder of this paper “the point approximation” which
might lead to a systematic deviation in the case of a sym-
metric single well hydrogen bond.


It is clear that a correct description can be found if the
nuclear wave functions and the chemical shielding surface
are known. An example is the FHF� anion, where H/D iso-
tope effects on chemical shielding have been studied theo-
retically by Golubev et al.[22] A theoretical analysis showed
that averaging over all hydrogen-bond vibrations including
the bending vibrations needs to be taken into account.
Under normal experimental conditions, the nuclear wave
functions and the chemical shielding surfaces are, however,
not known. Therefore, we will ignore in the following the
breakdown of the correlation between d(AHB) and q1 for
the symmetric single-well case.
For a quantitative correlation of NMR parameters and ge-


ometries of hydrogen bonds of the type AHB, we therefore,
assume the validity of the following equations. For the
chemical shifts of the base B it was assumed that:[12]


dðALBÞ ¼ dðBÞo pLALþ dðLBÞopLLB
þ 4d*ðALBÞpLAL pLLB, L ¼ H, D


ð7Þ


for the 1H chemical shifts that:[11]


dðAHBÞ ¼ dðAHÞo pHAHþ dðHBÞo pHHBþ 4d*ðAHBÞ pHAH pHHB
ð8Þ


and for scalar 1H,B couplings[12] that:


1JðAHBÞ ¼ 1 JðHBÞo pHHB� 8 J *ðAHBÞðpHAHÞ2 pHHB ð9Þ


d(LB)o, d(HB)o and 1J(HB)o represent the limiting B and 1H
chemical shifts and 1H,B coupling constants of the fictive
free HB, d(B)o the chemical shift of the free base B, and
d(AH)o the 1H chemical shift of the free acid. d*(ALB),
d*(AHB) and J*(AHB) are excess terms describing the de-
viation of the parameters of the strongest AHB hydrogen
bond from the average of the limiting values of the free
forms. Without the excess term, Equation (7) had been pro-
posed previously.[11] We note that all the NMR correlation
curves exhibit a principal difference to the q1 versus q2
curves: the values of the latter can increase to infinity as
AH moves away from B or A from HB, but the NMR pa-
rameters of the separated molecular units do not change
any more when they are separated.
Finally, the quantum correction of Equation (4) influences


substantially the correlation analysis of isotopic H/D frac-
tionation between the pyridine–acid complexes AHB and
reference complexes XHY, characterized by Equation (10):


AHBþXDY Ð ADBþXHY ð10Þ


The equilibrium constant of this reaction is given by Equa-
tion (11):


K ¼ 1
F


¼ xADBxXHY
xAHBxXDY


� expð�DZPE=RTÞ ð11Þ


where the inverse equilibrium constant F is also called the
fractionation factor. xi are mol fractions or concentrations of
the various isotopic species, R the gas constant, T the tem-
perature and DZPE the zero-point energy difference of the
H and D forms of the hydrogen-bonded complexes. This
quantity is given by Equation (12):


DZPE ¼ ZPEðXHYÞ�ZPEðXDYÞ
� ðZPEðAHBÞ�ZPEðADBÞÞ


ð12Þ


In principle, it would be desirable to express the values of
ZPE(ALB), L=H, D, as a function of the corrected bond
valences pL1 and p


L
2 from which DZPE could be calculated as


a function of the hydrogen-bond geometries. Unfortunately,
general correlations for all isotopic sensitive vibrations and,
therefore, of their ZPE values are not available at present.
Therefore, we use the following approximation in which
DZPE is expressed as a function of the classical bond valen-


Figure 3. a) One-dimensional potential curve and squared groundstate
wave function (schematically) of a symmetric single-well hydrogen bond
ALB, L=H, D. b) Chemical shifts d(ALB) (schematically) of B and L as
a function of q1. The average chemical shift of D is larger than for H be-
cause of the maximum of d(ALB) and the narrower wave function of D
compared with H. By contrast, as d(ALB) is a linear function q1,
d(AHB)=d(ADB).
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ces p1 and p2 as has been proposed previously,
[11] Equa-


tion (13):


DZPE ¼ DZPEoð4pOHpHNÞ2þDZPEðOHÞopOH
þDZPEðHNÞopHN


ð13Þ


DZPE(OH)o and DZPE(HN)o represent the zero-point
energy differences of the hypothetical free diatomic states
OH and HN compared with the reference complex XHY of
pyridine with triphenylmethanol. DZPEo represents the ab-
solute drop of zero-point energy between the non-hydrogen-
bonded limiting states and the strongest hydrogen-bonded
quasi-symmetric state. Equation (13) provides a link be-
tween the world of geometries, NMR parameters and vibra-
tions of hydrogen bonds.


Results


OHN hydrogen-bond correlation : As an example, we dis-
cuss in this section the case of hydrogen-bonded acid–base
complexes formed by pyridine derivatives and carboxylic
acids containing OHN hydrogen bonds. For the use of
the equations of the preceding section we set A 	 O and
B 	 N.
Using the parameters published by Steiner for OHN hy-


drogen bonds[15d] listed in the first row of Table 1 we obtain
the lower solid line in Figure 4a, which is in fact the same as
the solid line in Figure 1a. The data points of the weak and
medium hydrogen bonds from which these parameters were
derived are represented by circles in Figure 4a. This curve
constitutes a good approximation to the correlation of the
equilibrium distances. The squares originate data obtained
by Lorente et al. for 1:1 hydrogen-bonded complexes of
2,4,6-trimethylpyridine (collidine) with various acids by
using a combination of dipolar solid state NMR[6a] and X-
ray crystallography.[6b]


The triangles in Figure 4a result from the low-temperature
neutron diffraction data of the very strong OHN hydrogen
bonds between pyridine and phenols.[18] At first sight, one is
tempted to neglect the deviation of these data points from
the calculated solid correlation curve, but in fact the devia-
tions are systematic. They are similar to those observed for
the NHN hydrogen bonds.[17] The dotted curve was calculat-
ed for OHN hydrogen bonds using the correction parame-
ters listed in Table 1. The experimental data are reproduced
in a satisfactory way, although the agreement is not perfect
because of the point approximation used. As no neutron dif-
fraction data are available to our knowledge for very strong
ODN hydrogen bonds, the corresponding ODN correlation
curve could not yet be calculated at this stage. Some infor-
mation about this curve will be obtained in the next section
by NMR.
For the data analysis an appropriate computer program


based on Equations (1) to (9) was written which allowed us
to calculate all the correlation curves in a single run as a
function of the adaptable parameters listed in Tables 1 and
2. In other words, these parameters were determined by


adapting the calculated dotted curves to the whole body of
experimental data.


NMR parameters of OHN hydrogen bonds : All available
experimental NMR data of the OHN and ODN hydrogen


Figure 4. OHN hydrogen-bond correlations. The parameters of the calcu-
lated curves are listed in Tables 1 and 2. a) Geometric OHN hydrogen-
bond correlations. The circles refer to neutron diffraction data in the
Cambridge Structural Database as published by Steiner.[15d] The triangles
represent the recently published new neutron diffraction data.[18] The
squares correspond to crystalline collidine–acid complexes.[6] b) ND dis-
tance versus 15N chemical shift correlation for polycrystalline collidine–
acid complexes obtained by dipolar solid state NMR.[6a] c) 1H versus 15N
chemical shift correlation of pyridine–acid and collidine–acid complexes.
d) Correlation between the H,15N scalar couplings J(OHN) and the 15N
chemical shifts of pyridine–acid and collidine–acid complexes in CDF3/
CDF2Cl at low temperatures. For further explanations see text.


Chem. Eur. J. 2004, 10, 5195 – 5204 www.chemeurj.org G 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5199


Hydrogen Bonds 5195 – 5204



www.chemeurj.org





bonds of pyridine- and collidine–acid complexes with their
hydrogen-bond geometries are depicted in Figure 4b to 4d
and in Figure 5.
The N–D distances rND of deuterated polycrystalline colli-


dine–acid complexes are plotted in Figure 4b as a function
of their 15N chemical shifts d(ODN). The distances had been
obtained previously from the dipolar 15N,D couplings, and
the 15N chemical shifts by high resolution solid state NMR.[6]


The values of d(ODN) are referenced to the 15N chemical
shift of neat frozen collidine, set to d(N)o=0 in Equa-
tion (7), resonating at 268 ppm[6a] with respect to solid
15NH4Cl.


[23] The excess term d*(OLN) was also set to zero in
agreement with our previous analyses.[11, 19] A problem is the
15N chemical shift of the fictive “free” collidinium which
limits the right end of the correlation curve. An exact value
can not be determined experimentally. Previously,[6] we had
proposed a value of d(HN)o=�130 ppm. For pyridine–acid
complexes in freon we had used a slightly smaller value of
�126 ppm.[11] The difference between the two values is too
small to be interpreted in terms of the different chemical
structures of “free” pyridinium and collidinium. Therefore,
we adopt here the latter value for both data sets.
In Figure 4c are depicted the 1H chemical shifts d(OHN)


of the pyridine- and collidine–acid complexes obtained
under various conditions as a function of the 15N chemical
shifts d(OHN). The filled symbols refer to the solid colli-
dine–acid complexes with OHN hydrogen bonds, whereas in
Figure 4b the corresponding complexes with ODN hydrogen
bonds were depicted; in addition, a data point is included as
solid triangle on the left side, characterizing the complex of
pyridine with surface Si�OH groups of mesoporous silica of
the MCM-41 and SBA-15 type.[24] For this complex an 1H
chemical shift of 10 ppm and a 15N chemical shift of
�23 ppm with respect to frozen neat pyridine had been ob-
tained. The open symbols refer to various pyridine–acid
complexes[10a] and of collidine–acid[19] complexes dissolved
in CDF3/CDF2Cl mixtures (freon), as well as one data point


referring to the homoconjugate
cation of [collidine-H-colli-
dine]+ reported in ref. [25].
In this graph, all collidine–


acid complexes are referenced
to neat frozen collidine, and all
pyridine–acid complexes to
neat frozen pyridine. The latter
absorbs at 275 ppm with respect
to solid 15NH4Cl.


[6a] As the 15N
chemical shifts for the com-
plexes dissolved in freon had
been referenced internally to
the free bases we had to take
the Dd(N)o=d(N)o (freon)
�d(N)o (solid) into account, as
the formation of weak hydro-
gen bonds with freon causes
small upfield shifts. Unfortu-
nately, it is difficult to measure
the values of Dd(N)o directly as
they depend slightly on temper-


ature and concentration. Moreover, they also depend on the
magnetic susceptibilities and the angle of the spinning sam-
ples with respect to the magnetic field, which is 54.48 for
MAS experiments and 08 in liquid state NMR. Via the inter-
mediate of a liquid nitromethane sample, we obtained a pyr-
idine reference shift of Dd(N)o=�3  3 ppm. We found
that a value of Dd(N)o=�4 ppm which was added to the
15N chemical shift data of the pyridine–acid complexes[10a]


fitted the data well as illustrated in Figure 4c. As collidine in
freon resonates at �10.3 ppm upfield from pyridine, the cor-
responding solvent shift of collidine was then fixed to
�8 ppm (Table 2).
The data indicate that the 1H chemical shifts are larger


for freon solution compared with the solid state as long as
H is closer to oxygen or in the hydrogen-bond center. In
particular, the maximum 1H chemical shift is about 21.5 ppm
for freon solution, but only about 19 ppm for the solid state.
We found that we were able to reproduce these findings by
using the same values of d(HN)o=7 ppm for “free” collidi-
nium and pyridinium, the same excess term d*(OHN)=
20 ppm, but different values of d(OH)o. For freon solution
we had used previously a value of +2 ppm[11] which we kept
here, and for “free” oxygen acids in the solid state values
between �2 ppm[9] and �4 ppm had been reported.[26] We
found that a slightly modified value of �3 ppm fitted better
the solid state data of Figure 4c. The calculated dotted lines
reproduce now the experimental data in a very satisfactory
way.
Finally, Figure 4d illustrates how the scalar couplings


1J(OHN) between 1H and 15N correlate with d(OHN). The
parameters of Equation (9) leading to the dotted line are in-
cluded in Table 2.
So far we have only considered the OHN hydrogen


bonds. In the following, we include also the data of the
ODN hydrogen bonds. In Figure 5a and b are depicted the
secondary H/D isotope effects on the 15N chemical shifts
[Eq. (14)].


Table 1. Parameters of the geometric hydrogen-bond correlations of pyridine- and collidine–acid complexes.


Systems bOH
[R][a]


roOH
[R][a]


bHN
[R][a]


roNH
[R][a]


f g cH dH cD dD


weak and medium strong OHN bonds 0.371 0.942 0.385 0.992 0 0 0 0 0 0
pyridine–HA and collidine–HA in CDF3/
CDF2Cl


0.371 0.942 0.385 0.992 5 2 360 0.7 50 0.6


pyridine–HA and collidine–HA solid 0.371 0.942 0.385 0.992 5 2 360 0.7 110 0.6


[a] Taken from ref. [15d].


Table 2. Parameters of the NMR hydrogen-bond correlations of pyridine- and collidine–acid complexes.


Systems d(N)o


[ppm][a]
d(HN)o


[ppm]
Dd(N)o


[ppm][b]
d(OH)o


[ppm]
d(HN)o


[ppm]
d*(OHN)
[ppm]


1J(HN)o


[Hz]
J*(OHN)
[Hz]


pyridine–HA in
CDF3/CDF2Cl


0 126 �4 2 7 20 110 12.5


collidine–HA in
CDF3/CDF2Cl


0 126 �8 2 7 20 110 12.5


solid collidine–HA 0 126 0 �3 7 20 – –


[a] With respect to neat frozen pyridine and collidine, resonating at 275 ppm and 268 ppm with respect to solid
NH4Cl.


[6a] [b] Dd(N)o: 15N chemical shift difference between the free bases in the freon solution and in the
frozen solid state around 130 K.
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DdðODNÞ 	 dðODNÞ� dðOHNÞ ð14Þ


and the primary isotope effects on the hydron chemical
shifts [Eq. (15)]:


DdðODNÞ 	 dðODNÞ� dðOHNÞ ð15Þ


Whereas the secondary effects have been measured for pyri-
dine–acid complexes in freon,[10a] and for the collidine–acid
complexes in the solid state[6] and in freon,[19] the primary ef-
fects could not be obtained for the solid state and were
measured only for the pyridine–acid complexes.[10a] As de-
scribed in the Theoretical Section, we make here in the
point approximation the assumption that the isotope effects
on the NMR parameters are given entirely by the isotope
effects on the hydrogen-bond geometries defined in Equa-
tions (5) and (6). Therefore, in order to calculate the dotted
lines in Figure 5, we only adapted the values of the correc-
tion parameters cD and dD in Equation (4) listed in Table 1
as the NMR parameters were already determined in
Figure 4. Again, two data sets were obtained, one for the
complexes in freon and the other for the solid state. Then,
we calculated the corresponding ODN correlation curve q2
versus q1. As these curves almost coincided with the dotted
OHN curve of Figure 4a, it was not included in this graph.
Instead, we calculated the isotope effects on the hydrogen-
bond geometries for the freon and solid state data which are
included as dotted lines in Figure 5c and d.


Isotopic H/D hydrogen-bond fractionation and NMR pa-
rameters : For pyridine–acid complexes the isotopic ex-
change reaction according to Equation (10) is illustrated in
Figure 6a. Using CDF3/CDF2Cl mixtures as solvent, and the
triphenylmethanol–pyridine complex as a reference, the
values of K had been determined around 130 K by NMR.[11]


The K values measured, and the values of DZPE calculated
according Equation (13) are depicted in Figure 6b as a func-
tion of the nitrogen chemical shift, serving again as a meas-
ure of the proton coordinate q1. The values of K are also
plotted in Figure 6c as a function of the 1H NMR chemical
shifts. A systematic correlation with both NMR parameters
and hence the hydrogen-bond geometries is observed.
The dotted lines in Figure 6b and c were calculated using


all equations discussed so far, by adjusting the parameters of
Equation (13), that is Equation (16):


DZPEo ¼ �3:13 kJmol�1, DZPEðOHÞo¼ DZPEðHNÞo


¼ þ0:4 kJmol�1
ð16Þ


and naturally the other parameters of Tables 1 and 2, includ-
ing the correction terms of Equation (4).


Discussion


In this section, we will discuss the results obtained in the
previous section, depicted in Figures 4 and 5 and assembled
in Tables 1 and 2 in more detail.


Empirical corrections of OHN hydrogen-bond geometry
correlations arising from anharmonic hydron zero-point vi-
brations : Empirical corrections to the valence bond order
analysis of hydrogen-bond geometries have been proposed
which take into account anharmonic zero-point motions of
hydrogen isotopes in hydrogen bonds. Thus, it became possi-


Figure 5. a) Secondary [Eq. (14)] and b) primary isotope effects [Eq. (15)]
on NMR chemical shifts of pyridine- and collidine–acid complexes
around 130 K, dissolved in CDF3/CDF2Cl and solid collidine–acid com-
plexes; data from refs. [6a,11, 19,25]. c) Primary geometric isotope effects
Dq1 [Eq. (5)] and d) secondary geometric isotope effects Dq2 [Eq. (6)] of
pyridine–acid and collidine–acid complexes. The curves were obtained as
described in the text with the parameters listed in Tables 1 and 2. For fur-
ther explanation see text.
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ble to find hydrogen-bond correlations for protonated and
deuterated systems. For OHN hydrogen bonds the correc-
tion terms cH and dH in Equation (4) were adjusted using
the neutron diffraction data of Steiner et al.[18] obtained for
the shortest OHN hydrogen bond known up to date. These
data are depicted in the minimum of the dotted correlation
curve in Figure 4a which correlates sum of the two hydro-
gen-bond lengths O···H and H···N with their half difference.
For linear hydrogen bonds these two coordinates represent
the O···N distances and the deviation of the hydron from
the hydrogen-bond center. These correction terms were nec-


essary in order to account for the slightly larger O···N dis-
tances found experimentally compared with the distances
obtained by data fit of weak and medium OHN hydrogen
bonds using the classical valence bond model,[14, 15] leading to
the solid correlation curve in Figure 4a. This curve is valid
only for equilibrium geometries and does not take anhar-
monic hydron motions into account. The corresponding cor-
rection parameters for ODN hydrogen bonds were estimat-
ed by NMR as discussed later.


NMR Parameters and OHN and ODN hydrogen-bond ge-
ometries : It was assumed that H/D isotope effects affect the
hydrogen-bond geometries, but that the relations which link
the geometries with the NMR parameters are isotope inde-
pendent. These parameters refer to the fictive non-hydro-
gen-bonded diatomic units that is, limiting structures used in
the valence bond order analysis, and to excess terms describ-
ing the difference between the average limiting structures
and the strongest hydrogen bonds. The parameters were ob-
tained by fitting the calculated correlation curves to the ex-
perimental data available. Using a proper referencing, the
data of pyridine- and collidine–acid complexes could be de-
scribed in terms of common parameters.
In a previous study,[6a] a correlation of the 15ND dipolar


interactions and hence the 15N–D distances of solid colli-
dine–acid complexes with the isotropic 15N chemical shifts
(Figure 4b) had been observed, which helped us to link the
worlds of hydrogen-bond geometries and NMR parameters.
Referencing of all pyridine–acid and collidine–acid 15N
chemical shift data to the corresponding neat frozen bases
allowed us to construct the NMR correlation curves of Fig-
ure 4c. Roughly, the 1H NMR chemical shifts are measures
for the O···N distances and the 15N chemical shifts measures
of the proton positions. Thus, the 1H NMR versus 15N chemi-
cal shifts correlations of Figure 4c represent the NMR ana-
logues of the geometric correlation curves of Figure 4a.
The dotted correlation lines represent very well the exper-


imental data. For this agreement, the above-mentioned em-
pirical valence bond correction terms were essential. Where-
as the NMR parameters describing the dotted lines
(Tables 1 and 2) are representative for both pyridine- and
collidine–acid complexes, a substantial difference is ob-
served for these complexes in the solid state and in freon
solution. For the configurations where the proton is closer
to oxygen than to nitrogen, as well as for the shortest OHN
hydrogen bond, substantially larger 1H chemical shifts are
observed for freon solution compared with the solid state
leading to the two different dotted 1H versus 15N chemical
shift correlation curves. Thus, for the shortest OHN hydro-
gen bonds the 1H chemical shift is around 21.5 ppm for
freon solution as compared to about 19 ppm for the organic
solid state. By contrast, the chemical shifts in the zwitterion-
ic region coincide. The origin of this effect which had puz-
zled us for a long time could not be elucidated in our study,
and will surely be subject of future theoretical studies. Nev-
ertheless, the effect has to be taken into account when con-
verting NMR data to hydrogen-bond geometries.
Another solvent effect had been described already previ-


ously:[19] by going from the organic solid state to polar freon


Figure 6. a) Isotopic fractionation between pyridine–acid complexes and
the reference triphenylmethanol-pyridine complex studied in ref. [11]
around 130 K using CDF3/CDF2Cl as solvent. b) Values of K (circles) and
zero-point energy differences DZPE (squares) as a function of the 15N
chemical shifts of hydrogen-bonded acid–pyridine complexes. c) Frac-
tionation factors K as a function of the proton chemical shifts. The
dotted lines were calculated as described in the text.
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solution, the hydrogen-bond geometries of collidine–acid
complexes are strongly shifted along the hydrogen-bond cor-
relation curves towards the zwitterionic structures. The
closer H is to oxygen in the solid state, the stronger is the
shift towards N in the polar liquid state. Clearly, solvent
electric field effects are responsible for these findings as has
been discussed previously.[27,28] It could be that these solvent
electric field effects also influence the low-field 1H NMR
chemical shifts.
We come now to the determination of the empirical cor-


rection terms cD and dD for the ODN hydrogen bonds by
NMR. They were derived by adjusting the calculated secon-
dary H/D isotope effects Dd(ODN) and primary isotope ef-
fects Dd(ODN) as a function of the 15N chemical shifts as il-
lustrated in Figure 5a and b. The values of Dd(ODN)
change sign when H is moved across the hydrogen-bond
center; the absolute maximum and minimum values of
Dd(ODN) are the same. By contrast, the absolute values of
Dd(ODN) in two minima are unequal. This effect arises
mainly from the smaller variation of the hydron chemical
shifts with the distance from the hydrogen-bond center
when the proton is closer to nitrogen compared with
oxygen, that is, because of the different slopes of the 1H
versus 15N curves depicted in Figure 4c. The graphs of Fig-
ure 5a and b represent the NMR analogues of the corre-
sponding graphs of the geometric isotope effects depicted in
Figure 5c and d which exhibit only slight asymmetries be-
cause of the different parameters of OH and HN bonds in
Table 1. The “primary” geometric isotope effect describes
the different distance of D and H from the hydrogen-bond
center. The “secondary” geometric isotope effect describes
the change of the hydrogen-bond length upon deuteration.
The latter effect is also called the Ubbelohde effect.[29]


The values of Dd(ODN) had been obtained previously for
collidine–acid complexes in the solid state,[6a] for freon solu-
tion[19] and for pyridine–acid complexes in freon solution.[10a]


The values observed for pyridine- and collidine–acid com-
plexes in freon coincide within the margin of error. More-
over, in the zwitterionic regime, the values for the com-
plexes in the liquid and the solid state are also very similar.
By contrast, in the “molecular complex” regime where H is
closer to oxygen absolute smaller isotope effects are ob-
served for the solids. Unfortunately, the origin of the differ-
ent isotope effects in the liquid and the solid state could not
be elucidated in this study.
For the calculation of the dotted lines in Figure 5 we only


varied the parameters cD and dD as all other parameters
were already fixed. cD mainly influences the curves in Fig-
ure 5a and c, and both parameters influence the curves of
Figure 5b and d. The liquid state and solid state data are de-
scribed by two different dotted curves of which the parame-
ters are listed in Table 1. Besides the values of Dd(ODN)
for the quasi-symmetric pyridine–formic acid complex and
the [collidine-H-collidine]+ cation, the agreement of the cal-
culated curves with the experimental values is quite good.
We note that the correction parameters cH, dH, cD and dD


are very close to those found previously for NHN hydrogen
bonds,[17] where geometric data could directly be analyzed.
The agreement gives confidence, that the corresponding


graphs in Figure 5c and d of the geometric H/D isotope ef-
fects on the hydrogen bond are close to the reality.


The homoconjugate [collidine-H-collidine]+ cation : So far,
we have not yet discussed the data points[25] of the homo-
conjugate [collidine-H-collidine]+ cation represented by
open triangles in Figures 4 and 5. Firstly, we would like to
note that the 1H chemical shift of this complex is smaller
than expected from the upper dotted correlation line in Fig-
ure 4c. Partially, this effect may arise from the fact that we
have a NHN rather than an OHN hydrogen bond, but this
interpretation seems unlikely. More likely is the interpreta-
tion in terms of a larger hydrogen-bond length which im-
plies a barrier for the proton motion. This could be either
an intrinsic barrier between two degenerate potential wells
of the kind depicted in Figure 2a, or a solvent barrier, where
an asymmetric structure of the type depicted in Figure 2d
exchanges rapidly with a structure exhibiting a potential cor-
responding to the mirror image of the one in Figure 2d. As
discussed previously,[17] this interpretation is supported by
the observation of a negative primary H/D isotope effect
Dd(ODN) (Figure 5b); this indicates that deuteration in-
creases the hydrogen-bond length, a sign that H is not locat-
ed in the hydrogen-bond center.
This finding is not in agreement with our treatment which


did not take into account two interconverting forms separat-
ed by a barrier. Thus, the correction parameters leading to
the dotted lines in Figure 5 predict a sign change of
Dd(ODN) for the quasi-symmetric complexes, as expected
for systems with single-well potentials in the strongest hy-
drogen bonds. Such a sign change had been observed for
solid complexes exhibiting strong NHN hydrogen bonds,[17]


as well as for systems such as FHF� .[25] Therefore, the calcu-
lated values of Dd(ODN) in Figure 5b deviate from the ex-
perimental ones found for freon solution. We did not at-
tempt here to introduce a correction for this effect, in view
of the fact discussed in the Theoretical Section that the
point approximation breaks down anyway in the case of the
values of Dd(ODN) of very strong hydrogen bonds. Howev-
er, outside the region of the symmetric hydrogen bonds, the
calculated lines in Figure 5b coincide very well with the ex-
perimental data, where double wells will not be realized be-
cause of the large asymmetries of these complexes.
In order to make further progress in this field, it will be


necessary to measure the values of Dd(ODN) for the sym-
metric or quasi-symmetric complexes not only for freon so-
lution but also for the solid state. This task is, however, not
easy in view of the large quadrupole coupling constant of D,
and in view of the smaller gyromagnetic ratio of D com-
pared with H.


H/D Isotopic fractionation in OHN hydrogen bonds : The in-
troduction of the empirical correction terms for anharmonic
zero-point vibrations in Equation (4) modifies our previous
analysis[11] of H/D isotopic fractionation according to
Figure 6 between pyridine–acid complexes in freon. The
dotted lines in Figure 6b were calculated neglecting differen-
ces of the zero-point energies in the free OH- and HN–acids
and assuming a zero-point energy drop of about 3.5 kJmol�1
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between the free reference states and the strongest OHN
hydrogen-bond configuration. Without the correction, only a
value of about 2.8 kJmol�1 is obtained.[11] If the strongest
OHN configuration were a classical transition state of a
single H transfer reaction, one would expect a kinetic H/D
isotope effect at 298 K of kH/kD �4.1 for the new and of
3.1 for the old value. Generally, even larger values of about
4 kJmol�1 leading to kinetic isotope effects of 5 and more
are assumed for this kind of reactions.[30] From the present
analysis it follows that larger kinetic isotope effects than kH/
kD �4 at 298 K will arise from tunneling contributions
rather than from the loss of zero-point energy in the transi-
tion state.


Conclusion


As in the case of strong NHN hydrogen bonds[17] we have
identified in this paper deviations of the geometries of
strong OHN hydrogen bonds from those predicted by the
classical valence bond order model. These deviations are as-
sociated with anharmonic zero-point vibrations which lead
to different geometries of the protonated and deuterated
systems. Thus, the classical valence bond order model is
strictly valid only for the case of harmonic zero-point vibra-
tions or the equilibrium geometries, that is, for the case of
weak hydrogen bonds. The usual parameters of the valence
bond order model should be determined for this case. Em-
pirical correction terms are proposed which take into ac-
count vibrational anharmonicities and allow one to calculate
hydrogen-bond correlations also for strong hydrogen bonds.
The correction terms can be taken from the geometries of
strong hydrogen bonds. In principle, the correction is differ-
ent for OHN and ODN systems and can be obtained if ap-
propriate data are available. The corrections also depend on
whether a double or a single well potential is realized for
strong hydrogen bonds. By establishing correlations between
NMR parameters and bond valences it was possible to use
NMR chemical shift data to determine H/D isotope effects
on the hydrogen-bond geometries in solution. The method
may be used in the future to establish hydrogen-bond ge-
ometries in biologically relevant functional OHN hydrogen
bonds.
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Towards Targeted MRI: New MRI Contrast Agents for Sialic Acid Detection


Luca Frullano,[a, b] Jan Rohovec,[c] Silvio Aime,[d] Thomas Maschmeyer,[a, e]


M. Isabel Prata,[f] J. J. Pedroso de Lima,[f] Carlos F. G. C. Geraldes,[g] and
Joop A. Peters*[a]


Introduction


The excellent contrast and spatial resolution of the images
obtained by magnetic resonance imaging (MRI), particularly
those of soft tissues, have made this technique one of the
fastest growing diagnostic methodologies. An MRI image is
generated from the NMR resonance of water protons and


the contrast depends essentially on three factors, 1) the
water proton density, 2) the longitudinal relaxation time, T1,
and 3) the transverse relaxation time, T2, of these pro-
tons.[1–4] Paramagnetic contrast agents (CAs) are often ad-
ministered prior to the scan to improve the contrast in the
image. The role of these CAs, usually Gd3+ complexes, is to
shorten the relaxation times of the water 1H NMR reso-
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Abstract: The detection of sialic acid in
living systems is of importance for the
diagnosis of several types of malignan-
cy. We have designed and synthesized
two new lanthanide ion ligands (L1 and
L2) that are capable of molecular rec-
ognition of sialic acid residues. The
basic structure of these ligands consists
of a DTPA-bisamide (DTPA, diethyl-
enetriamine pentaacetic acid) whose
amide moieties each bear both a bor-
onic function for interaction with the
diol groups in the side chain of sialic
acid, and a functional group that is pos-
itively charged at physiologic pH
values and is designed to interact with


the carboxylate anion of sialic acid.
The relaxometric properties of the
Gd3+ complexes of these two ligands
were evaluated. The relaxivity of the
GdL1 complex has a significant second-
sphere contribution at pH values above
the pKa of its phenylboronic acid
moiety. The interaction of the Gd3+


complexes of L1 and L2 with each of
several saccharides was investigated by
means of a competitive fluorescent


assay. The results show that both com-
plexes recognize sialic acid with good
selectivity in the presence of other
sugars. The adduct formed by GdL2


with sialic acid has the higher condi-
tional formation constant (50.43�
4.61m�1 at pH 7.4). The ability of such
complexes to recognize sialic acid was
confirmed by the results of a study on
the interaction of corresponding radio-
labeled complexes (153SmL1 and
153SmL2) with C6 glioma rat cells.
153SmL2 in particular is retained on the
cell surface in significant amounts.


Keywords: borates · carbohydrates ·
drug design · lanthanides · magnetic
resonance imaging
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nance. CAs currently on the
market suffer from several dis-
advantages, the most important
of which are poor efficiency
with regard to the shortening of
T1 and T2, and a lack of specific-
ity. Once administered, these
agents rapidly equilibrate non-
specifically between the intra-
vascular and the interstitial
compartments. For this reason,
a great deal of attention has
been dedicated to the develop-
ment of new and more efficient
contrast agents.[5,6] The delivery
of higher doses of CA to the
target site through the exploita-
tion of receptors or molecular
determinants would improve
visualization of abnormalities
and the CA could be used to
obtain not only anatomical in-
formation but also information
at the molecular level. Molecu-
lar imaging would make it possi-
ble to study and understand cel-
lular events or to monitor gene
delivery and expression in gene
therapy.[7–10]


A major difficulty in the development of targeted CAs is
the very low concentration of receptors (10�9–10�13 molg�1)
in tissues, combined with the low intrinsic sensitivity of
MRI.[11] Several approaches have been applied to this prob-
lem and some progress has been made by using monoclonal
antibodies (mAbs) covalently conjugated with MRI CAs.
However, modification of mAbs can alter their affinity to-
wards the target as well as their pharmacokinetic proper-
ties.[4] There is thus considerable interest in the development
of alternative targeting strategies.
Receptors often consist of carbohydrates on glycoproteins


or glycolipids, and in many cases sialic acids are involved.
The sialic acids are a family of C9 monosaccharides with a
carboxy group at the anomeric carbon atom (pKa=2.2) that
gives the molecule a negative charge at physiological pH
(Scheme 1). These compounds frequently occur as the termi-
nal residue of a glycan chain in a glycoprotein or glycolipid
present on the cell surface or in an intracellular membrane
(e.g. Golgi apparatus). The biological roles played by sialic
acids are the result of the physicochemical properties of
these molecules (size, hydrophilicity, and negative charge at
physiological pH) and of their exposed positions in glycan
chains. They appear to be involved in the binding and trans-
port of positively charged ions or molecules and in the at-
traction and repulsion of cells and molecules. Sialic acids
can also act as a protective shield for the subterminal por-
tion of a molecule, but their most important functions con-
cern cellular and molecular recognition.[12–16]


Sialic acid concentration has been proposed as a prognos-
tic and diagnostic indicator for several diseases. In particu-


lar, a correlation between an altered sialylation pattern and
lowered defensive activity against viral infections and tumor
cells has been reported.[17] Lemieux et al. took advantage of
the overexpression of sialic acid on tumor cell surfaces (up
to 109 sialic acid residues per tumor cell as compared to
only 20I106 for a normal human erythrocyte) to detect
tumor cells.[18] By supplying N-levulinoylmannosamine, an
unnatural substrate for the sialoside biosynthetic pathway,
to Jurkat cells these authors were able to convert the sub-
strate into N-levulinoyl sialic acid, a ketone-substituted
sialic acid. This keto group can be used as an anchor for co-
valent binding of an aminoxy-substituted GdDTPA (DTPA,
diethylenetriamine pentaacetic acid), which results in con-
trast enhancement and may make the molecule observable
in an MRI image.
Herein, we report the results of studies on two Gd3+ com-


plexes (GdL1 and GdL2) built with ligands containing DTPA
and phenylboronate functions (see Scheme 1). These com-
plexes were designed to interact reversibly with sialic acid.
The advantage of this approach is that the contrast agent is
in a dynamic equilibrium between its sialic-acid-bound and
free states. The free complex can eventually be excreted by
the normal physiological mechanism, which shifts the equi-
librium away from the bound form.
Many efforts have been made to develop biomimetic


sugar receptors that operate in water.[19,20] However, the
only promising class of sugar receptors developed so far is
that of the arylboronic acids, which are not biomimetic.[21]


The ability of boric and phenylboronic acid to interact with
sugars has been known for a long time.[22–24] Phenylboronic


Scheme 1. Molecular structures of a Neu5Ac end group in a glycoprotein or glycolipid (R) and the targeting li-
gands L1 and L2.
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acid is a weak acid (pKa=8.67)
[25] that bonds covalently and


reversibly with 1,2- or 1,3-diols to give five- or six-mem-
bered cyclic esters (see Scheme 2). The stability of the esters
formed by the boronate anion (tetragonal) is orders of mag-
nitude higher than that of the esters formed by boronic acid
(trigonal).[26] The binding ability of boronic acid is therefore
optimal under basic conditions (pH>8–9) since the concen-
tration of the boronate anion is maximal in such an environ-
ment.


The requirement of basic conditions for optimal interac-
tion is a drawback for the use of these moieties in saccha-
ride receptors. Wulff has shown that the conversion of a
trigonal boronic into a tetragonal boronate function occurs
at a much lower pH value when an aminomethyl group is in-
troduced at the ortho-position (Scheme 3).[27,28] This effect


can be ascribed to a B–N interaction in the phenylboronate
species that results in a decrease in the pKa value of the ter-
tiary amino group to around 5, and an increase in that of
the boronic function to about 12.[29] The presence of the tet-
ragonal species over a broader pH range favors the interac-
tion of this type of compound with saccharides at physiolog-
ical pH levels.
We previously studied the interaction of phenylboronic


acid with Neu5Ac, the most widespread form of sialic acid
(Scheme 1).[30] The boronic group appeared to interact both
with the glycerine moiety at C6 to form five- and six-mem-
bered cyclic esters, and with the carboxy group and the hy-
droxy group at C2 to form a five-membered cyclic ester.
The formation constant we determined for phenylboronic


acid/Neu5Ac adduct formation is higher than those for vari-
ous other monosaccharides commonly present in glycan
chains on cell surfaces. Free Neu5Ac differs from sialic acid
residues in glycan chains; in a glycan chain, the C2 position
of the acid is involved in the glycosidic linkage, which pre-
cludes interaction with phenylboronic acid at the C1/C2 po-
sition. Consequently, it is reasonable to expect a weaker in-
teraction between phenylboronic acid and sialic acids in gly-
coconjugates than between the same compound and free
Neu5Ac.
To increase the specificity and stability of the interaction


between the target receptor and sialic acid, we introduced
another functional group to our artificial receptors in addi-
tion to phenylboronic acid. The role of this additional group
is to interact with the carboxy group at the C1 position of
sialic acid (Scheme 1). Guanidinium cations are very weakly
acidic (pKa�12.5) and have the capacity to form intermo-
lecular contacts mediated by H-bonding interactions. The
guanidinium ion is present in many natural products and is
often involved in molecular recognition.[31] For example, in
E-selectin a guanidinium ion on an arginine residue is the
binding site for the carboxylate group of sialyl Lewis X
acids.[32] This example inspired us to include an aminoimida-
zolium group in the design of L1 to allow binding of the car-
boxylate group of Neu5Ac.
Compound L2 was designed to interact with the carboxy


group at the C1 position of Neu5Ac through an aminometh-
yl group present in the meta-position of L2 relative to the
boronic function. This aminomethyl moeity is protonated
under physiological conditions. The design of both ligands
was completed by inclusion of a central chelating unit based
on the DTPA structure, which is known to afford a stable
coordination cage for lanthanide ions (see Scheme 1).[1–4]


Molecular modeling studies indicate that both L1 and L2 can
occur in conformations that allow cooperative two-site bind-
ing of sialic acid through 1) ester formation by interaction of
the boronate function on the ligand with the geminal diol
function at C8/C9 of Ne5Ac, and 2) an electrostatic interac-
tion between the positively charged moiety on the ligand
and the carboxylate group of Neu5Ac.
The two ligands L1 and L2 were synthesized and the re-


laxometric properties of their Gd3+ complexes were evaluat-
ed. Interaction of the ligands with Neu5Ac and other com-
peting monosaccharides present in glycan chains was investi-
gated by means of a three-component competitive fluores-
cence assay developed by Wang and Springsteen.[26] We ex-
ploited the excellent sensitivity of radiometric methods to
investigate the interaction of the 153Sm complexes of the li-
gands with C6 rat glioma cells. It has been shown that these
cells have high membrane concentrations of sialic acid.[33]


Results and Discussion


Synthesis : The ligands prepared for this study, L1 and L2, are
both composed of a central lanthanide-chelating unit
flanked by two identical groups designed to interact with
sialic acid. Ligand L1 was synthesized from tris-(2-amino-
ethyl)amine (TREN). Two of the three amine functions of


Scheme 2. The equilibria involved in a diol–boronic acid interaction.


Scheme 3. The pH-dependent equilibria characteristic of an o-aminome-
thylphenylboronic acid.


Chem. Eur. J. 2004, 10, 5205 – 5217 www.chemeurj.org E 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5207


MRI Contrast Agents 5205 – 5217



www.chemeurj.org





this compound were protected with tert-butoxycarbonyl
(Boc) groups by the procedure of Hamdaoui et al.,[34] which
gave compound 1 (Scheme 4). Treatment of 1 with 2-methyl-
thio-2-imidazoline hydroiodide in refluxing ethanol, fol-
lowed by deprotection with HCl afforded 3 in excellent
yield. The boronic acid function was introduced by reductive
amination of 3 with 2-formylphenylboronic acid and sodium
borohydride, which led to a mixture of mono- and bis-substi-
tuted derivatives of 3. Separation of these derivatives was
achieved by ion exchange chromatography on a weakly
acidic cation exchanger (Amberlite CG50), with gradient
elution in aqueous ammonia. Ligand L1 was obtained by
condensation of 4 with DTPA-bisanhydride in ethanol.
The bis-Boc-protected precursor of ligand L2 (5) was pre-


pared by a published procedure.[35] Deprotection by treat-
ment with TFA gave 6 almost quantitatively. Ligand L2 was
obtained by reductive amination of 6 with excess 3-formyl-
phenylboronic acid and sodium borohydride.


11B NMR shift titrations : The chemical shift of the 11B reso-
nance of ligand L1 was recorded as a function of the pH
value and was found to jump from 9.4 to �11.4 ppm, with


an inflection point at about pH 4.9. This shift change marks
the transition between a trigonal and a tetragonal boron
atom that results from formation of a B�N bond upon de-
protonation of the amino group (see Scheme 3). By fitting
the chemical shift titration curve to the appropriate equa-
tions, we determined the pKa value of the amino group to
be 4.93. This value is considerably lower than the pKa of
benzylamine (pKa=9.40�0.08, m=0.1),[36] which demon-
strates that the ammonium group is considerably stabilized
by the presence of the ortho-boronic function. It was not
possible to determine the pKa value of the boronic function
from the titration curve since no other jump in chemical
shift occurred. This result indicates that the pKa value of the
boronic function is higher than 12. The observed pKa trends
agree well with those reported by Wiskur et al. for o-amino-
methylphenylboronic acid.[29]


The situation is different for L2 because the aminomethyl
group is in the meta-position with respect to the boronic
function and B–N interaction is therefore impossible. The
11B NMR chemical shift change (9.4 to �16.6 ppm) with in-
creasing pH value can, once again, be ascribed to the con-
version of the boron functionality from a trigonal into a tet-


Scheme 4. Preparation of ligands L1 and L2. i) 2-methylthio-2-imidazoline hydroiodide, EtOH, 5 h, reflux; ii) HCl 37%, EtOH, 1.5 h, RT, 87%; iii) 2-for-
mylphenylboronic acid, MeOH/TEA (3:1 v/v), 6 h, RT; iv) NaBH4, 12 h, RT, 26%; v) DTPA-bisanhydride, zeolite KA, EtOH, 6 h, 95%; vi) TFA, 12 h,
RT, 97%; vii) 3-formylphenylboronic acid, MeOH/TEA (2:1 v/v), 2 h, RT; viii) NaBH4, MeOH/TEA (2:1 v/v), 12 h, RT, 90%. TEA, triethylamine; TFA,
trifluoroacetic acid.
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ragonal geometry (Scheme 3). In this case, this transition is
the result of the reaction of the boron function with an OH�


ion to form a boronate. The pKa value concerned was deter-
mined to be 7.96, which is somewhat lower than that report-
ed for phenylboronic acid (pKa=8.7),


[25] probably as a result
of the electron-withdrawing effect of the aminomethyl
group. We conclude that L1 is present in the tetragonal form
over a wider pH range than L2.
The 11B NMR chemical shift of L1 under basic conditions


is �11.4 ppm, and that of L2 is �16.6 ppm. This difference
reflects the different electronic environments of the boron
atoms in the two ligands and confirms the presence of a
B–N interaction in L1, and the absence of such an interac-
tion in L2.


Relaxometric characterization of the Gd3+ complexes : The
Gd3+ complexes of L1 and L2 were synthesized from equi-
molar amounts of GdCl3 and ligand in water at room tem-
perature. The pH value was maintained at 5.5–6.5 during
this synthesis.
The efficiency of an MRI CA is generally expressed in


terms of relaxivity (rip in s
�1mm


�1), a parameter that indi-
cates the ability of the CA to shorten the relaxation times of
solvent water protons. Relaxivity is usually considered to be
the result of a combination of inner-sphere (ris1 ) and outer-
sphere contributions (ros1 ), which arise from the water mole-
cules directly coordinated to the metal center and those
freely diffusing around it, respectively.[1–4] Sometimes, an ad-
ditional contribution originating from second-sphere water
molecules can be identified. These water molecules are not
directly coordinated to the metal ion but are bound to the
complex through hydrogen bonds or other relatively weak
interactions.
The inner-sphere contribution is described by Solomon–


Bloembergen–Morgan theory [Equations (1)–(4)].[37]


ris1 ¼ ½C� � q
1000 � 55:56 � ðT1M þ tMÞ


ð1Þ


ðT1MÞ�1 / Dis


r6
JðwI,ws,tciÞ ð2Þ


ðtciÞ�1 ¼ ðt�1
M þ t�1


r þ t�1
is Þ ð3Þ


ðtisÞ�1 / KiD
2Jðws, tvÞ ð4Þ


[C] is the concentration of the Gd3+ complex, q is the
number of water molecules in the first coordination sphere
of the metal ion, T1M is their proton relaxation time, r is the
Gd3+–Hwater distance, J is the spectral density function, tci
(i=1, 2) are the overall correlation times for the dipolar nu-
cleus–electron interaction, tM is the mean residence lifetime
of the water molecules in the inner coordination sphere, tr is
the reorientational correlation time of the GdHwater vector,
tis is the averaged relaxation time of the Gd


3+ unpaired
electrons, Dis and Ki are constants related to the nuclear and
electron relaxation mechanisms, respectively, D2 is the
square of the transient zero field splitting (ZFS) energy, tv is
the correlation time for the processes modulating the ZFS


Hamiltonian, and ws and wI are the electron and proton
Larmor frequencies, respectively.
At pH 4.5 and 298 K, the relaxivities (measured at


20 MHz) of GdL1 and GdL2 are 5.7 and 4.7 s�1mm�1, respec-
tively. These values are similar to those reported for Gd3+


complexes of other DTPA-bisamides.[38,39] The pH depen-
dence of the relaxivities of the complexes increases signfi-
cantly at low and high pH values (Figure 1). At pH<2 both


complexes show a steep increase in relaxivity to about
13 s�1mm�1, which is comparable to the relaxivity of the
Gd3+ aquo ion. This behavior can be ascribed to decomplex-
ation of the Gd3+ ion. At the other end of the profile, the
relaxivity of GdL2 begins to rise at pH 5–6 and the curve
shows a jump in relaxivity centered around the pKa of the
boron functionality. In contrast, the relaxivity of GdL1 only
begins to rise when a pH value of 8–9 is reached. In both
cases, the increase in relaxivity observed in the basic pH
region (pH>9) is most likely to be caused by activation of
the prototropic exchange mechanism.[39]


DTPA-bisamides generally have relatively long exchange
lifetimes, tM. The relaxivity of a complex of this size with a
fast water exchange rate is usually governed mainly by
changes in the rotational correlation time. However, when


Figure 1. pH dependence of the relaxivity of a) GdL2 and b) GdL1 at
298 K and 20 MHz. The curves shown for pH>2 are the result of fitting
the data to Equations (5)–(7).
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the water exchange becomes sufficiently slow, tM starts to
play a role as well. Any phenomenon that speeds up the ex-
change of the water protons between the complex and the
bulk solvent results in an increase in the relaxivity.[1–4]


To evaluate the (whole) water exchange rates of GdL1


and GdL2, we determined the transverse 17O relaxation rate
for water in samples containing the complexes as a function
of the temperature (Figure 2). An optimal fit of the experi-


mental data with the Swift–Connick equations[40,41] was ob-
tained for the tM values compiled in Table 1. The exchange
lifetime of water in a solution of GdL2 was found to be 25%


greater at pH 4 than under basic conditions. This difference
may be ascribed to the change in the overall charge of the
complex from +2 at acidic pH values to �2 under basic
conditions. A greater overall negative charge favors the dis-
sociative process by which water molecules leave the com-
plex and thus accelerates water exchange.[42] However, the
observed change in the water exchange rate is not sufficient
to account for the increased relaxivity observed at basic pH
values (Figure 1). This was confirmed by a simulation of the
longitudinal relaxation of a water molecule at 20 MHz pro-
duced from the tM value obtained from the


17O NMR mea-
surements (see Table 1), with all other parameters set to
those of GdDTPA-bismethylamide (GdDTPA-BMA).
The pH profiles of the relaxivities of GdDTPA-bisamides


generally show a sudden increase in relaxivity at basic pH as
a result of the activation of prototropic exchange, which re-
moves the quenching effect of the slow (whole) water ex-
change on the relaxivity. [39] Prototropic exchange can be


catalyzed both by H+ and by OH� ions. It has been reported
that the prototropic exchange rate is modulated by the over-
all charge of the complex under basic conditions; exchange
is faster for positively charged and slower for negatively
charged complexes.[39] This effect has been explained in
terms of the ease of access of OH� ions to the coordinated
water molecule. It is likely that the activation of prototropic
exchange plays a role in the relaxivity enhancement ob-
served for the two complexes GdL1 and GdL2 under basic
conditions.
Comparison of the pH dependence of the relaxivities of


GdL1 and GdL2 with the profiles of other GdDTPA-bisa-
mide complexes reveals that the relaxivity of GdL2 begins to
increase at an unusually low pH value.[39,43] The presence of
a jump in relaxivity around the pKa value of the boronic
functions of GdL2 suggests that this phenomenon is related
to the formation of the negatively charged boronate group.
Inspection of molecular models reveals that this complex
may easily adopt a conformation in which the boronate
function is in close proximity to the Gd3+ ion. Therefore, a
possible explanation for this jump in relaxivity is the pres-
ence of second-sphere water molecules near the negatively
charged boronate group. These water molecules may be hy-
drogen bonded to the boronate function. The boronic
groups in GdL1 have a substantially higher pKa value (>12)
than those in GdL2. The boronic acid moiety in GdL1 has no
overall charge in the pH range investigated and is much less
effective at attracting second-sphere water molecules.
The pH profiles of the two complexes were fitted with


Equation (6), which is derived from Equations (2) and (5).
In these equations, kex is the exchange rate of the bulk water
and kexb is the rate of prototropic exchange catalyzed by hy-
droxy ions. Terms accounting for the contribution made by
second-sphere and outer-sphere water molecules (ros1 ) are in-
cluded. The concentration of free boronate functions, Cb is
given by Equation (7), which can be derived from the equi-
librium constant of the boric acid–boronate equilibrium and
the appropriate mass balances.


tM ¼ ðkex þ kexb½OH��Þ�1 ð5Þ


robs1p ¼ Ctotq
1000 � 55:56 � ½T1M þ 1=ðkex þ kexb½OH��Þ�


þ Cbw
1000 � 55:56 � T 00


1M


þ ros1


ð6Þ


Cb ¼ Kb � Ctot


Kb þ ½Hþ�2 ð7Þ


Ctot is the molar concentration of the paramagnetic com-
plex, Cb is the molar concentration of the complex in the
boronate form, T1M is the proton relaxation time of the coor-
dinated water molecule, q is the number of inner-sphere
water molecules, w is the number of second-sphere water
molecules in the boronate form of the complex, and T 00


1M is
their proton relaxation time. We assumed that the residence
time of these water molecules is very short compared to T 00


1


(t00M!T 00
1M). We disregarded any contribution from exchange


of the amide protons and the contribution of the amino


Figure 2. Temperature dependence of the 17O transverse relaxation rate
of a solution of GdL1 (18.7 mm) at pH 6.0 (&), and of a solution of GdL2


(25 mm) at pH 4.3 (*) and at pH 12.0 (*).


Table 1. Water exchange lifetimes (tM) of GdL
1 and GdL2, determined


from water 17O NMR relaxation rate (1/T2) measurements. Standard de-
viations are given in parentheses.


Complex pH tM [ms]


GdL1 6.0 3.0 (0.2)
GdL2 4.3 4.1 (0.3)
GdL2 12.0 2.9 (0.2)
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groups in the two ligands to the formation of a second-
sphere hydration shell since these functional groups are rela-
tively far from the paramagnetic center. An excellent fit was
obtained for the pH profile of the relaxivity of GdL1 when
the number of second-sphere water molecules (w) was fixed
at zero. For GdL2, an optimal fit was obtained with w/T 00


1M=


8.48I104 s�1. The curves obtained are shown in Figure 1 and
the best-fit values for the prototropic exchange rate con-
stants of the two ligands are listed in Table 2, together with


literature values for other relevant Gd3+ complexes of
DTPA-bisamides (Scheme 5).[39] The prototropic exchange
rate constants obtained for GdL1 and GdL2 are in good
agreement with the general trend of increasing prototropic
exchange rate with increasing overall complex (positive)
charge.


We cannot exclude the possibility that the boronate func-
tion also catalyzes boronic prototropic exchange. However,
inclusion of additional terms in Equation (6) to account for
this catalytic effect did not lead to a better fit of the pH pro-
file of the relaxivity.
The parameters that influence the relaxivity can be evalu-


ated by measuring its field dependence (nuclear magnetic


relaxation dispersion; NMRD) and fitting this experimental
data to the values calculated by using the Solomon–Bloem-
bergen–Morgan theory.[44–46] The large number of parame-
ters involved in this model makes it advisable to determine
as many of them as possible by independent techniques.
These values can then be fixed during fitting of the NMRD
profile. The NMRD profiles of GdL1 and GdL2 were record-
ed at 298 K and pH 6 and are shown in Figure 3. The


NMRD profile of GdDTPA-BMA is included in this figure
for comparison. At the pH value tested, the relaxivities of
GdL1 and GdL2 are not significantly influenced by catalysis
of the prototropic exchange or by the presence of second-
sphere water molecules. We therefore assumed that the resi-
dence time of the water protons is determined by the
“whole water” exchange rate, which was measured inde-
pendently from the water 17O transverse relaxation rates
(see above). The experimental data were fitted to the theo-
retical values obtained from the Solomon–Bloembergen–
Morgan theory. At low field, the relaxivities of Gd3+ com-
plexes are mainly determined by the electronic relaxation
time, ts. The relatively low relaxivities of GdL


1 and GdL2 at
low field compared to those of DOTA-like Gd3+ complexes
under the same conditions (r1�12 s�1mm�1) are indicative of
short electronic relaxation times, as observed for other acy-
clic ligands with low symmetry.[43] By using standard param-
eter values for a (distance of closest approach of a second-
sphere water molecule, 3.8I10�10 m), D (relative diffusion
coefficient of a complex and a water molecule, 2.24I
10�9 m2s�1), and r (Gd–H distance for an inner-sphere water
molecule, 3.1I10�10 m) and fixing the value of tM to that de-
termined previously from the 17O T2 value, we calculated the
electronic relaxation times at zero field (tso) and the tr
values of the complexes. The results are compiled in
Table 3. The relaxivities of GdL1 and GdL2 observed using
the NMRD technique are higher than that observed for
GdDTPA-BMA. This result can be ascribed to the higher
rotational correlation times of GdL1 and GdL2 since this pa-


Table 2. Prototropic exchange rates determined from the best-fit pH-de-
pendence curves of the relaxivities of GdL1 and GdL2 at 20 MHz and
25 8C.[a] The exchange rates of Gd3+ complexes of other DTPA-bisamides
are included for comparison.


Ligand kexb [s
�1
m


�1] Reference


L1 1.41I1010 this work
L2 5.68I109 this work
7[b] 4.6I108 [39]
8[b] 8.6I1010 [39]
9[b] 1.2I1010 [39]


[a] See the main text for details. [b] The structures of ligands 7–9 are
shown in Scheme 5.


Scheme 5. Structures of the DTPA-bisamide ligands mentioned in
Table 2.


Figure 3. NMRD profiles of GdL1 (~), GdL2 (*), and GdDTPA-BMA
(*), measured at 298 K.
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rameter is the main factor governing the relaxivity under
these conditions.
The tso values are relatively low and, as stated above, are


typical for structures with low symmetry.[47] The reorienta-
tional correlation times (tr) of GdL


1 and GdL2 are higher
than those of GdDOTA and GdDTPA, which is in accord-
ance with the higher molecular masses of GdL1 and GdL2.


Interaction of GdL1 and GdL2 with saccharides : The forma-
tion constants of the adducts of the two Gd3+ complexes
(GdL1 and GdL2) with Neu5Ac were compared with those
of the adducts formed with competing monosaccharides to
evaluate the in vivo selectivity of the ligands for sialic acid.
The interaction of Gd3+ complexes with macromolecular
substrates is often evaluated by means of the well-establish-
ed proton relaxation enhancement technique.[48,49] This ap-
proach exploits the increase in the observed water proton
longitudinal relaxation rate that occurs as a result of the in-
crease in the rotational correlation time upon formation of
the adduct. Unfortunately, the large tM values of GdL


1 and
GdL2, combined with the small change in tr that occurs
upon interaction with monosaccharides hampered determi-
nation of the formation constants by this method. We there-
fore exploited an approach developed by Springsteen and
Wang,[26] which we adapted to suit our study.
The formation constants of the boronate esters of GdL1


and GdL2 and those of the saccharide adducts of these
esters were measured by means of competitive titrations at
pH 7.4. First, the formation constants of the esters formed
by the complexes upon treatment with Alizarine Red S
(ARS) were determined by measuring the change in fluores-
cence that occurred upon interaction. The association con-
stants of the esters of GdL1 and GdL2 with the sugar under
investigation were determined by titrating solutions of the
complex with both ARS and the sugar in question and mon-
itoring the change in fluorescence emission. In addition to
Neu5Ac, methyl b-d-galactoside, methyl a-d-mannoside,
and d(+)-glucose were studied for comparison. Methyl b-d-
galactoside and methyl a-d-mannoside are models of units
commonly present in glycan chains; glucose occurs at rela-
tively high concentrations in the blood. The systems can be
described by the equilibrium constants and mass balances
defined in Equations (8)–(13).


K1 ¼ ½BARS�
½B�½ARS� ð8Þ


Ka ¼ ½BS�
½B�½S� ð9Þ


CtARS ¼ ½ARS� þ ½BARS� ð10Þ


CtS ¼ ½S� þ ½BS� ð11Þ


CtB ¼ ½B� þ ½BS� þ ½BARS� ð12Þ


I ¼ cARS � IARS þ cBARS � IBARS ¼ IARS þ cBARS � ðIBARS�IARSÞ
ð13Þ


[S], [B], [ARS], [BARS], and [BS] are the molar concen-
trations of the saccharide, the free boron functionalities
(both in the boronic and in the boronate form), free ARS,
the boronate ester formed with ARS, and the boronate ester
formed with the saccharide, respectively. CtARS, CtS, and CtB
are the total concentrations of ARS, the saccharide, and the
boronic acid groups, respectively. The molar fractions of
ARS and of its boronic acid ester are denoted as cARS and
cBARS, while IARS and IBARS are their specific emissions. K1


and Ka are the conditional association constants for associa-
tion of the boron function concerned with ARS or the sac-
charide, respectively. The formation of intra- and intermo-
lecular boronic esters with a boronic function/sugar ratio of
2:1 was neglected and the interactions of the two boronic
functions present in each complex were regarded as inde-
pendent. The concentration of the boronic acid was taken as
double that of the Gd3+ complex for the calculation. By fit-
ting the fluorescence data with Equations (8)–(13), we deter-
mined the formation constants of the adducts formed by
GdL1 and GdL2 with ARS to be 1958�205 and 12433�
2424 mol�1L, respectively. Figure 4 shows the fluorescence
data for the binding of GdL1 and GdL2 with ARS in compe-
tition with the various sugar derivatives. We carried out a
least-squares fit of the data collected during the competition
experiments to the described model by using the above-
mentioned formation constants for association with ARS.
The results are listed in Table 4.


Both GdL1 and GdL2 interact considerably more strongly
with sialic acid than with the other saccharides studied.
Both complexes show good selectivity for sialic acid with re-
spect to two of the most common saccharides present in
glycan chains, methyl a-mannopyranoside and methyl b-gal-
actopyranoside. Surprisingly, the formation constants of
both complexes for association with sialic acid are also
about two to three times greater than those of their glucose
adducts. The a-furanose form of glucose is known to interact
relatively strongly with phenylboronic acid and its deriva-
tives since the cis-1,2-diol function in this anomeric form of
the sugar is highly preorganized for the formation of boro-
nate esters.[50–53] However, this anomeric form has an abun-
dance of only 0.14% at anomeric equilibrium. The more
abundant pyranose forms do not interact strongly with boro-
nates and, consequently, the overall stability constant of the
boronate ester is relatively low. These interactions may be
even weaker in vivo than in vitro since the anomeric equili-
brium of glucose is established very slowly and is rate deter-
mining for the formation of boronate esters of the furanose
form. In vitro measurements taken after a short equilibra-


Table 3. Parameters obtained from the best fit of the NMRD profiles
(25 8C) of GdL1 and GdL2 to the Solomon–Bloembergen–Morgan model.
GdDOTA[a] and GdDTPA data are included for comparison.[38]


GdL1 GdL2 GdDTPA-BMA GdDOTA


tv [ps] 35�2 23�2 25�1 11�1
D2 [1019 s�2] 2.3�0.1 4.5�0.1 4.1�0.2 1.6�0.1
tso [ps] 105�7 81�12 81�5 473�52
tr [ps] 214�11 186�22 66�11 77�4


[a] DOTA, tetraazacyclododecane.
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tion time can be expected to result in apparent formation
constants for association with glucose even lower than those
reported in Table 4. The relatively strong interaction of the
two complexes with sialic acid as compared to that with glu-
cose and the other two monosaccharides investigated is very
promising for the development of sialic acid sensors.
The interaction of GdL2 with sialic acid is considerably


stronger than that of phenylboronic acid with this sugar
(Ka=11.6m


�1). This observation reflects the synergetic
effect of the charged protonated amine functions of GdL2


on the binding of sialic acid. It is evident, however, that


GdL1 interacts much less effectively than GdL2 or phenyl-
boronic acid with all the saccharides studied. Low preorga-
nization of the sensing moiety and/or steric hindrance
around the boronic group are possible causes of the weak
interactions observed for this complex.
The two boronate units present in each of the complexes


GdL1 and GdL2 may allow two-site binding of sialylated cell
surfaces. As a result, the binding of these complexes might
be considerably stronger than expected on the basis of the
association constants reported in Table 4.


Studies on cell interactions : We used a radioactive nuclide
and exploited the excellent sensitivity offered by radiomet-
ric methods to assess the capability of lanthanide complexes
of L1 and L2 to discriminate between cells presenting differ-
ent amounts of sialic acid on their surfaces. We investigated
the interaction of 153SmL1 and 153SmL2 with C6 rat glioma
cells, before and after treatment with neuraminidase. Like
most higher animal cells, C6 rat glioma cells have been re-
ported to have exposed sialic acid on their surfaces.[33]


In each experiment, one million cells were transferred to
each of the six wells of a multiwell plate. The cells in three
of the six wells were treated twice with neuraminidase ac-
cording to a published procedure[32] to remove most of the
sialic acid exposed on the cell surface. All cells were incu-
bated with the complex under investigation (2.6 pmol
153SmL1 or 153SmL2) for 30 or 60 min at 37 8C. Some experi-
ments were carried out at 0 8C to minimize the occurrence
of internalization phenomena. After removal of the test so-
lution, the cells were washed twice with phosphate-buffered
saline and detached from the plate by treatment with 1m
NaOH. The radioactivity of the cell suspension in NaOH
was measured to determine the amount of complex retained
by the cells.
A modified version of the procedure described above was


used to investigate whether internalization of the two com-
plexes (153SmL1 and 153SmL2) occurs at 37 8C. In these ex-
periments, the cells were incubated with the complex and
washed with phosphate-buffered saline, then treated with
glycine buffer at pH 2.8. At this pH value, the boronic func-
tional groups of both SmL1 and SmL2 are in their trigonal
forms (see above), which do not interact with vicinal diol
functions. Under these conditions, any SmL1 or SmL2 bound
to sialic acid end groups at the cell surface is removed. The
residual activity measured after detachment of the cells
from the plate affords an estimate of the amount of internal-
ized complex.
The results of these experiments are expressed as the dif-


ference between the residual activity of the cells not treated
with neuraminidase and that of the cells that were treated
(A, see Eq. (14)).


A ¼ a1�a2
a0


 100 ð14Þ


The term a0 represents the total radioactivity of the so-
lution initially added to the cells, a1 is the final radioactivity
of cells not treated with neuraminidase, and a2 is the final
radioactivity of cells previously treated with neuraminidase.


Table 4. Association constants (Ka) of some saccharides with GdL
1 and


GdL2 in 0.10m phosphate buffer, pH 7.4. Each value shown is the average
of duplicate measurements. Standard deviations are given in parentheses.


Ka [mol
�1L][a]


GdL1 GdL2


N-acetylneuramic acid 3.30 (0.55) 50.43 (4.61)
d-glucose 1.70 (0.23) 15.19 (1.04)
Methyl a-d-mannoside 0.19 (0.08) -[b]


Methyl b-d-galactoside 0.43 (0.10) 0.96 (0.48)


[a] The boronic functions present in each complex were regarded as inde-
pendent (see the main text for details). [b] Not measured.


Figure 4. Intensity of the emission at 616 nm upon excitation at 468 nm
of an aqueous solution of 1I10�5m ARS, 1 mmol GdL1 (a) or GdL2 (b),
0.1m sodium phosphate monobasic buffer (pH 7.4), and various amounts
of N-acetylneuraminic acid (*), d-glucose (&), methyl a-d-mannoside
(~), or methyl b-d-galactoside (^).
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Each experiment was repeated at least twice and the mea-
sured A values listed in Table 5 are the average percent re-
sidual activities measured.


The results for 153SmL2 point to a dominant effect of the
concentration of surface-bound sialic acid on the amount of
complex that is retained by the cells. For 153SmL1 the results
are less clear and, if any binding occurs, the relationship be-
tween the extent of binding and the sialic acid concentration
on the cell surface is much weaker than for 153SmL2. No sig-
nificant difference in residual activity was observed when
experiments were carried out with 153SmL2 at different tem-
peratures. The surface binding of this complex seems to be
unaffected by temperature.
The results of the experiments carried out with glycine


treatment to investigate whether internalization processes
occur indicate that 153SmL2 is not internalized in any appre-
ciable quantity. The residual activity for 153SmL1 after treat-
ment with glycine suggests that a slow internalization proc-
ess exists. These results provide only a qualitative indication
of the influence of sialic acid on the binding of the two com-
plexes since the total quantity of sialic acid present on each
cell surface was not determined. However, our observations
concerning the surface binding of the two 153Sm3+ complexes
are in line with the relative values of the interaction con-
stants measured for the two Gd3+ complexes and sialic acid
(determined from the stability constants of the adducts con-
cerned; see above).
By assuming that the residual activity (6.2%) of the cells


treated with 2.6 pmol 153SmL2 at 37 8C corresponds to the
amount of this complex bound to sialic acid residues on the
cell surface, we estimated that 1.105 complex molecules are
bound by each cell.


Conclusions


We believe that recognition of sialic acid in living systems
by MRI contrast agents is of importance for the detection of
various malignancies. We designed and synthesized two new
ligands for lanthanide ions, L1 and L2, and characterized
their complexes. Gd3+ and 153Sm3+ complexes of L2 showed
very promising properties that may be useful in the develop-
ment of sialic acid sensors. GdL2 has a fairly high interaction
constant with Neu5Ac and is selective for the target over


other competing saccharides. The interaction of the corre-
sponding 153Sm complex with C6 rat glioma cells appears to
be dependent on the concentration of sialic acid present on
the cell surface. L1 showed less favorable properties, al-
though the selectivity of its Gd3+ complex for sialic acid
with respect to competing saccharides is good. The reasons
for the less promising performance of L1 remain to be inves-
tigated further but the flexibility of the structure and steric
hindrance around the boronic function could play an impor-
tant role in reducing the affinity of its Ln3+ complexes for
sugars.
The relaxometric properties of the two complexes are


consistent with those of other Gd3+ complexes of DTPA-
bisamides. Since the relaxometric parameters of this class of
compounds are not optimal, a further improvement in the
performance of these systems might be achieved by conju-
gating the recognition moieties to ligands whose Gd3+ com-
plexes have a more favorable water exchange rate (20–
30 ns). Such complexes include phosphonate analogues of
DOTA and DTPA, as well as DOTA and DTPA structures
with extended ethylene bridges. Further improvements in
the sensitivity of the complexes could be achieved by conju-
gating the targeting vectors and a number of Gd3+ chelates
to a high-molecular-weight carrier.


Experimental Section


Materials : N-acetylneuraminic acid was purchased from Rose Sci. Ltd
and used without further purification. The cell culture medium, Dulbec-
coQs F12 minimal essential medium (DMEM-F12), was purchased from
Sigma and supplemented with 10% fetal bovine serum (FBS; Gibco), l-
glutamine (Sigma), and penicillin/streptomycin (Sigma). EarleQs balanced
salt solution (EBSS) medium was purchased from Sigma, as was neura-
minidase from vibrio cholerae. 153Sm oxide was produced at the Instituto
TecnolRgico e Nuclear (ITN), Lisbon with a specific activity greater than
5 GBqmg�1. A stock solution of 153SmCl3 was prepared by dissolving
153Sm2O3 in 0.1m HCl. All other reagent-grade chemicals were purchased
from commercial sources and used without further purification.


Physical methods : The NMR spectra were recorded on a Varian
INOVA-300 spectrometer operating at 300, 75.5, and 96.2 MHz for 1H,
13C, and 11B, respectively, or on a Varian VXR-400S spectrometer operat-
ing at 400, 100.6, and 128.3 MHz for 1H, 13C, and 11B, respectively. 5-mm
sample tubes were used. For measurements in D2O, tert-butyl alcohol was
used as an internal standard, with the methyl signal calibrated at d=1.29
(1H) or 31.3 ppm (13C). 11B chemical shifts are reported with respect to
0.1m boric acid in D2O (taken as the external standard). The results can
be converted to the BF3·Et2O scale as follows: d(H3BO3 scale)=
d(BF3·Et2O scale)�18.7 ppm. Spectra were recorded at 25 8C unless
stated otherwise.


The pH values of the samples were measured at ambient temperature by
using a Corning 125 pH meter with a calibrated microcombination probe
purchased from Aldrich. The pH values were adjusted by addition of
dilute solutions of NaOH and HCl.


The longitudinal water proton relaxation rates were measured on a
Stelar Spinmaster spectrometer (Mede) operating at 20 MHz. The stan-
dard inversion-recovery technique (16 experiments, two scans) was used.
The temperature was controlled with a Stelar VTC-91 air-flow heater
equipped with a copper thermocouple (uncertainty: �0.1 8C).
The proton 1/T1 NMRD profiles were recorded on a Stelar-Fast-Field-Cy-
cling relaxometer over a continuous range of magnetic field strengths
from 0.00024 to 0.28 T, which corresponds to a proton Larmor frequency
range of 0.01–12 MHz. The relaxometer was under complete computer


Table 5. Residual activity expressed according to Eq. (14). The data are
average values calculated from the results of at least two independent ex-
periments in which each measurement was carried out in triplicate. Stan-
dard deviations are given in parentheses.


Temp [8C] A [%]
30 min 60 min


153SmL1 37 –[a] 1.80 (0.95)
153SmL1 (glycine treatment) 37 –[a] 1.70 (0.89)
153SmL2 0 2.02 (0.10) 7.62 (1.15)
153SmL2 37 3.27 (0.40) 6.20 (0.30)
153SmL2 (glycine treatment) 37 0.22 (0.15) 0.13 (0.08)


[a] Not determined.
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control and took measurements with an absolute uncertainty in 1/T1 of
�1%.
Variable-temperature 17O NMR measurements were recorded at 2.1 T
with a Jeol EX-90 instrument equipped with a 5-mm probe. A D2O exter-
nal lock was used. Experimental settings: spectral width, 10000 Hz; 90 8
pulse, 7 ms; acquisition time, 10 ms; 1000 scans; no sample spinning.
Aqueous solutions containing 2.6% 17O isotope (Yeda) were used. The
transverse relaxation rates were calculated from the signal widths at half
the maximum signal height.


Fluorescence emission spectra were recorded with a Spex/Jobin-Yvon
Fluorlog 3 fluorescence spectrometer (Instruments s.a.).


A well counter (DPC-Gamma C) with a 12 Compaq DeskPro compatible
computer was used for activity counting in the interaction studies.


Molecular modeling was performed with the HyperChem software (ver-
sion 7.5) and the MM+ force field was used.


Di-tert-butyl-nitrilo-2,2’,2’’-triethanamine-N,N’-dicarboxylate (1): Com-
pound 1 was prepared by the procedure proposed by Hamdaoui et al.[34]
1H NMR (300 MHz; CDCl3): d=5.36 (br s, 2H; NH or NH2), 3.19 (m,
4H; CH2), 2.76 (t, 2H; CH2), 2.57 (4H, t; CH2), 2.53 (m, 2H; CH2), 2.06
(br s, 2H; NH or NH2), 1.47 ppm (s, 18H; CH3);


13C NMR (75.48 MHz;
CDCl3): d=160.61 (OCON), 83.42 (Me3CO), 61.19 (CH2N), 58.50
(CH2N), 44.04 (CH2N), 42.95 (CH2N), 32.73 ppm ((CH3)3O).


Di-tert-butyl-N’’-(4,5-dihydro-1H-imidazol-2-yl)-nitrilo-2,2’,2’’-triethan-
amine-N,N’-dicarboxylate (2): A solution containing 1 (8.167 g,
23.57 mmol) and methylthioimidazoline hydroiodide (5.812 g,
23.57 mmol) in EtOH (160 mL) was stirred at reflux (bath at 75 8C) for
5 h. The solvent was removed under reduced pressure and the resulting
red oil was used for the next step without further purification. 1H NMR
(300 MHz; CDCl3): d=3.78 (s, 4H; CH2 imidaz), 3.42 (m, 2H; CH2),
3.16 (m, 4H; CH2), 2.68 (t, 2H; CH2), 2.58 (t, 4H; CH2), 1.44 ppm (s,
18H; CH3);


13C NMR (75.48 MHz; CDCl3): d=160.07 (O2CN), 156.74
(CN3), 79.78 (OCMe3), 54.70 (CH2), 53.58 (CH2), 42.88 (CH2), 41.93
(CH2), 38.93 (CH2 imidaz), 28.53 ppm (CH3).


N-(4,5-Dihydro-1H-imidazol-2-yl)-nitrilo-2,2’,2’’-triethanamine (3): Com-
pound 2 was redissolved in EtOH (20 mL), then HCl (20 mL, 37%) was
added dropwise. This solution was stirred at RT for 1.5 h. The solvent
was removed under reduced pressure. MeOH (6I100 mL) was added
and then evaporated from the solution. The yellow foam obtained was
dissolved in a minimum amount of a methanol/water mixture and the
product was isolated by cation exchange chromatography on a DOWEX
50-WI8–200 (H+ form) column. An elution gradient from 20 to 50%
HCl (37% aq) in methanol was used. The solvent was removed under re-
duced pressure and the residue was taken up in water, then lyophilized.
The HCl salt of 3a (6.629 g, 87%) was obtained as a white powder.
1H NMR (400 MHz; D2O): d=3.72 (s, 4H; CH2 imidaz), 3.42 (t, 2H;
CH2), 3.08 (t, 4H; CH2), 2.80 (t, 4H; CH2), 2.74 ppm (t, 2H; CH2);
13C NMR (300 MHz; D2O): d=161.54 (CN3), 53.10 (CH2), 51.71 (CH2),
44.41 (CH2), 40.72 (CH2), 37.74 ppm (CH2).


N-(4,5-Dihydro-1H-imidazol-2-yl)-N’-(2-dihydroxyboranylphenyl)-nitrilo-
2,2’,2’’-triethanamine (4): Intermediate 3 (4.07 g, 12.56 mmol) was dis-
solved in a minimum amount of methanol/triethylamine (3:1 v/v, ca.
70 mL). A solution of 2-formylphenylboronic acid (1.88 g, 12.56 mmol) in
the same solvent (320 mL) was added dropwise over 30 min. The mixture
was stirred at room temperature for 6 h. The solvent was removed under
reduced pressure and the residue was redissolved in methanol (100 mL).
NaBH4 (2.38 g, 62.9 mmol) was added carefully. The reaction mixture
was stirred overnight, then the solvent was removed under reduced pres-
sure. The residue was taken up in water (ca. 15 mL) and filtered. The
product was isolated by cation exchange chromatography on an Amber-
lite CG50 (NH4


+ form) column with an elution gradient from 50 mm to
2m NH4OH in water. The fractions containing the desired product were
collected and lyophilized to give the carbonate salt of 4 (1.450 g,
3.25 mmol, 26%) as a pale yellow fluffy solid. 1H NMR (300 MHz; D2O;
pH<2): d=7.71–7.76 (m, 1H; ArH), 7.38–7.51 (br s, 3H; ArH), 4.33 (s,
2H; ArCH2), 3.56 (s, 4H; CH2 imidaz), 3.32 (t, 2H; CH2), 3.27 (t, 2H;
CH2), 3.01–3.20 (br s, 6H; CH2), 2.92 ppm (t, 2H; CH2);


13C NMR
(300 MHz; D2O; pH 7): d=161.49 (CN3), 139.26 (Carom), 134.39 (Carom),
131.36 (Carom), 130.05 (Carom), 129.47 (Carom), 54.21 (CH2), 52.96 (CH2),
51.91 (CH2), 51.07 (CH2), 45.66 (CH2), 44.28 (CH2 imidaz), 41.37 (CH2),


38.18 ppm (CH2). One of the aromatic carbon nuclei was not observed,
probably because of severe line broadening.


3,9-Bis{6-[(4,5-dihydroimidazol-2-yl)aminoethyl]-10-[2-(dihydroxybora-
nylphenyl)]-2-oxo-3,6,9-triazadecyl}-6-carboxymethyl-3,6,9-triazaundeca-
nedioic acid (L1): A solution containing 4 (0.654 g, 1.47 mmol), DTPA-bis-
anhydride (0.262 g, 0.73 mmol), and zeolite KA in absolute ethanol
(16 mL) was stirred at room temperature for 6 h. The suspension was fil-
tered and the solvent was removed under reduced pressure. The residue
was taken up in water and lyophilized to give L1 as a pale yellow solid
(0.840 g, 95%). 11B NMR (300 MHz; D2O; pH 9.0): d=�11.4 ppm;
1H NMR (300 MHz; D2O; pH 6.4): d=7.32–7.43 (m, 2H; ArH), 7.13–
7.24 (m, 4H; ArH), 7.03–7.13 (m, 2H; ArH), 3.87 (s, 4H; ArCH2), 3.47
(s, 8H; CH2 imidaz), 2.44–3.39 ppm (br s, 42H; CH2N);


13C NMR
(300 MHz; D2O; pH 6.4): d=180.37 (CO), 175.33 (CO), 171.94 (CO),
161.33 (CN3), 145.80 (very broad; CB), 141.79 (Carom), 131.69 (CHarom),
129.68 (CHarom), 129.04 (CHarom), 125.62 (CHarom), 60.97 (CH2), 60.56
(CH2), 56.08 (CH2 central), 54.35 (CH2), 54.17 (CH2), 53.94 (CH2), 53.72
(CH2), 52.15 (CH2), 51.35 (CH2), 45.47 (CH2), 44.13 (CH2 imidaz), 41.63
(CH2), 38.38 ppm (CH2). ESI-MS (positive): m/z : 1056.7 [M+3]+.


3,9-Bis(tert-butyl-2-oxo-3,6-diazahexyl-N-carboxylate)-6-carboxymethyl-
3,6,9-triazaundecanedioic acid (5): Compound 5 was prepared by follow-
ing the procedure described by Carvalho et al.[35] 1H NMR (300 MHz;
CDCl3): d=3.75 (s, 4H; CH2CO), 3.64 (s, 4H; CH2CO), 3.62 (s, 2H;
CH2CO), 3.16–3.32 (m, 12H; CH2N), 3.10 (t, 4H; CH2N), 1.30 ppm (s,
18H; CH3);


13C NMR (300 MHz; CDCl3): d=173.82 (CO), 173.73 (CO
central), 170.58 (CO), 159.82 (O2CN), 82.65 (CMe3), 58.42 (CH2CO),
58.19 (CH2CO), 56.23 (CH2CO central), 53.15 (CH2N), 52.97 (CH2N),
40.89 (2ICH2N), 29.38 ppm (CH3).


3,9-Bis(2-oxo-3,6-diazahexyl)-6-carboxymethyl-3,6,9-triazaundecanedioic
acid (6): A solution of 5 (2.50 g, 3.69 mmol) in pure trifluoroacetic acid
(10 mL) was stirred for 12 h. The solvent was removed under reduced
pressure, followed by addition and then evaporation of CH2Cl2 (3I
10 mL) then ether (10 mL). The residue was taken up in water, filtered,
and lyophilized to give 6 (2.94 g, 97%) as a white solid. 1H NMR
(300 MHz; D2O; pH 1): d=4.14 (s, 4H; CH2CO), 4.11 (s, 4H; CH2CO),
3.80 (s, 2H; CH2CO), 3.62 (t, 4H; CH2N), 3.55 (t, 4H; CH2N), 3.30 (t,
4H; CH2N), 3.22 ppm (t, 4H; CH2N);


13C NMR (300 MHz; D2O; pH 1):
d=174.48 (CO), 171.94 (CO), 169.80 (CO), 57.95 (CH2N), 57.43 (CH2N),
55.58 (CH2N central), 54.15 (CH2N), 51.95 (CH2N), 40.53 (CH2N),
38.61 ppm (CH2N).


3,9-Bis[3-(dihydroxoboranylphenyl)-2-oxo-3,6-diazaheptyl]-6-carboxy-
methyl-3,6,9-triazaundecanedioic acid (L2): A solution of 6 (2.94 g,
3.59 mmol), 3-formylphenylboronic acid (1.38 g, 9.20 mmol), and triethyl-
amine (8.0 mL) in methanol (15 mL) was stirred at room temperature for
2 h. NaBH4 was added carefully (1.39 g, 36.7 mmol). The resulting so-
lution was stirred at RT for 12 h. The solvent was removed under re-
duced pressure and the residue was taken up in water (ca. 10 mL). The
resulting suspension was filtered and the desired product was recovered
from the solution by cation exchange chromatography on a DOWEX 50-
WI8–200 (H+ form) column. The column was washed with water, then
the product was eluted with an aqueous ammonia solution (8%). The
solvent was removed under reduced pressure. The residue was taken up
in water and lyophilized to give L2 (2.391 g, 90%) as a white powder.
11B NMR (400 MHz; D2O; pH 11.3): d=�16.6 ppm; 1H NMR (300 MHz;
D2O; pH 11.3; T=80 8C): d=7.50–7.60 (br s, 4H; ArH), 7.52 (br s, 2H;
ArH), 7.18–7.25 (br s, 2H; ArH), 3.78 (s, 4H; ArCH2), 3.41 (t, 4H;
CH2N), 3.29 (s, 4H; CH2CO), 3.21 (s, 4H; CH2CO), 3.15 (s, 2H;
CH2CO), 2.81 (t, 4H; CH2N), 2.75 ppm (br s, 8H; CH2N);


13C NMR
(300 MHz; D2O; pH 11.3; T=80 8C): d=179.7 (CO), 175.7 (CO), 175.5
(CO), 138.6 (C), 132.3 (C), 131.1 (C), 128.2 (C), 127.0 (C), 126.7 (C), 60.1
(CH2), 59.5 (CH2), 59.1 (CH2), 53.5 (CH2), 52.9 (CH2), 47.8 (CH2), 39.4
(CH2), 30.7 ppm (CH2). ESI-MS (positive): m/z : 748.62 [M+3]+


Preparation of the Gd3+ complexes : Complexation was carried out by
addition of stoichiometric amounts of GdCl3 to aqueous solutions of the
ligands under weakly acidic conditions (5.5<pH<6.5) at room tempera-
ture. The formation of the complex was monitored by measuring the sol-
vent proton relaxation rate (1/T1). The small excess of free Gd


3+ ions,
which yielded a noticeable increase in the observed relaxation rate, was
removed by centrifugation of the solution after adjustment to basic pH.
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Competitive fluorescence assay : A modified version of the procedure de-
veloped by Wang et al was used.[26] The association constants of GdL1


and GdL2 with Alizarine Red S (ARS) were first determined. Two solu-
tions, A and B, were prepared. Solution A contained ARS (ca. 1I10�5m)
and sodium phosphate monobasic buffer (0.1m) at pH 7.4. Solution B
was prepared by dissolving GdL1 or GdL2 in a portion of solution A to
obtain a complex concentration of about 1 mm. The concentrations of
ARS and phosphate monobasic buffer remained the same. Solution B
was titrated into solution A to produce solutions with a constant concen-
tration of ARS and a range of concentrations of GdL1 or GdL2. The in-
tensity of the emission at 616 nm was recorded. The excitation wave-
length was set at 468 nm.


The association constants for interaction of GdL1 or GdL2 with various
carbohydrates were measured in a second set of experiments. A set of
solutions C was prepared by dissolving various amounts of the appropri-
ate saccharide in solution B (2.5 mL). At least seven different solutions C
were prepared for each saccharide, with a range of concentrations from 0
to 0.5m. Glucose solutions were allowed to stand at least 20 h to allow
them to reach anomeric equilibrium; the solutions C of the other sugars
were allowed to stand at least 1 h. A sialic acid solution was prepared by
dissolving the necessary amount of sialic acid in a minimum volume of
water and adjusting the pH to 7.4 by addition of 1m NaOH. This solution
was then lyophilized and the amount of salt present in the residue was
determined by recording the 1H NMR spectrum of a weighed sample in
the presence of a tert-butanol standard. Least-square analysis of the data
obtained for solutions C was performed with the program Scientist for
Windows by Micromath, version 2.0.


Cell interaction studies : A sample of 153SmCl3 with a specific activity of
5 GBqmg�1 was provided by the ITN in the form of a stock solution
(1.9I10�3m) in 1n HCl.[54] 153SmL (L=L1 or L2) was prepared by adding
153SmCl3 (1 mCi) to a solution of the ligand in sodium acetate buffer
(0.4m, pH 5) to give a final ligand/153Sm mole ratio of 10:1. The radio-
chemical purity was determined by instant thin layer chromatography
(GelmanSciences) with ammonium acetate as the mobile phase. The
amount of bound metal averaged 98% for all complexes.


C6 rat glioma cells were grown in 75-mL bottles in DMEM-F12 supple-
mented with 10% FBS (Gibco), l-glutamine, and penicillin/streptomycin.
The day before the experiments were carried out, the cells were counted
and transferred to a six-well plate (106 cells per hole). DMEM-F12
(4 mL) was added to each well and the cells were incubated overnight at
37 8C under 5% CO2.


Half the cells (three wells of each plate) were treated twice with neura-
minidase according to the procedure described by Meyer et al.[55] The
medium was removed and the cells were washed twice with EBSS
medium (1.5 mL). Fresh EBSS medium (1.2 mL) was then added and the
cells were allowed to adjust to the medium for 1 h at 37 8C. SmL1 or
SmL2 (2.6 pmol, 3.333 KBq) was added to each well and the cells were in-
cubated for up to 1 h at 37 or 0 8C. After appropriate time periods (30
and 60 min), the experiment was stopped by removing the medium and
washing the cells twice with ice-cold phosphate-buffered saline (150 mL).
The cells were then treated with glycine buffer (150 mL, 0.05m glycine so-
lution, pH adjusted to 2.8 with 1n HCl) to distinguish between cell-sur-
face-bound (acid-releasable) and internalized (acid-resistant) radioligand.
We skipped this step (acid wash) in some of the experiments for compa-
rative purposes. Finally, the cells were treated with 1n NaOH (150 mL)
and incubated at 37 8C for 10 min to detach them from the plates. The ra-
dioactivity was measured with a g-counter. Each experiment was carried
out simultaneously in triplicate and was repeated at least twice.
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Complexing Mechanism of the Lanthanide Cations Eu3+ , Gd3+ , and Tb3+


with 1,4,7,10-Tetrakis(carboxymethyl)-1,4,7,10-tetraazacyclododecane
(dota)—Characterization of Three Successive Complexing Phases: Study of
the Thermodynamic and Structural Properties of the Complexes by
Potentiometry, Luminescence Spectroscopy, and EXAFS


Juliette Moreau,[a] Emmanuel Guillon,[a] Jean-Claude Pierrard,[a] Jean Rimbault,*[a]


Marc Port,[b] and Michel Aplincourt[a]


Introduction


Medical imagery by nuclear magnetic resonance (NMRI),
which is a privileged noninvasive radiological examination
technique, has experienced significant developments in
recent years. This technique provides anatomic images that
correspond to the mapping of protons (1H NMR spectrosco-
py) in various tissues. Water molecules are responsible for
most of the signals. Image contrast, which depends on the
density of the protons and their relaxation speed, may be
significantly increased by introducing a highly paramagnetic


substance. Increased relaxation effectiveness, that is, relaxiv-
ity, depends on the dipole interactions between the magnetic
moment of a metal ion and the nuclear spin of the protons
of the water molecules, on the one hand, and the number of
water molecules bound to the metal cation and their ex-
change speed with the solvent,[1–6] on the other hand.
On account of its high magnetic moment (seven single


electrons) and its relatively long electron relaxation time,
the Gd3+ ion seems to be the most suitable cation for this
purpose.[1] The increased relaxation speed of the protons in
the water molecules in Gd3+ complexes is mainly attributed
to three phenomena:[7]the exchange between the water mol-
ecule(s) bound to the Gd3+ cation in the complex and those
of the solvent, denoted as the inside sphere contribution,
the diffusion of the water molecules encircling the paramag-
netic complex, called the outside sphere contribution, and
the exchange of protons in the complex, called the proto-
tropic contribution.
The use of gadolinium as a contrast agent is unfortunately


limited by its very high intrinsic toxicity. Its use in vivo as-
sumes that it will be injected into the blood in the form of a
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Abstract: Complexation of the lantha-
nides Eu3+ , Gd3+ , and Tb3+ with
1,4,7,10-tetrakis(carboxymethyl)-
1,4,7,10-tetraazacyclododecane (dota)
has been studied in solution by using
potentiometry, luminescence spectrom-
etry, and EXAFS. Three series of suc-
cessive complexes were characterized
by at least two of these methods: the
immediate [LnHn(dota)]


(n�1)+** and in-
termediate [LnHn(dota)]


(n�1)+* com-
plexes with 0�n�2, and the final
[Ln(dota)]� complexes. The formation
constants of the intermediate and final
complexes were determined by using


potentiometry. From the results, a com-
plexation mechanism involving three
steps has been proposed. In the
[LnHn(dota)]


(n�1)+** complexes that
are instantaneously formed, the lantha-
nide is bound to four oxygen atoms of
the carboxylate groups and to five
water molecules. These species evolve
rapidly: the lanthanide moves into the
macrocycle cavity, two new bonds are


formed with two nitrogen atoms dia-
metrically opposed in the tetraaza
cycle and only three water molecules
remain bound to the lanthanide in the
[LnHn(dota)]


(n�1)+* (0�n�2) com-
plexes, which appear after a two-day
wait. These compounds are stable for
about four days. After 4–8 weeks, a
concerted rearrangement occurs which
leads to the formation of thermody-
namically stable [Ln(dota)]� complexes
in which the lanthanide is bound to
four nitrogen atoms, four carboxylate
oxygen atoms, and one water molecule.


Keywords: EXAFS spectroscopy ·
lanthanides · luminescence ·
macrocyclic ligands · potentiometry
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kinetically and thermodynamically very stable complex to
prevent any dissociation before its excretion. Many compet-
ing equilibria contribute to the in vivo dissociation of gadoli-
nium complexes: the protonation of the ligand, the complex-
ation of the ligand with Ca2+ , Zn2+ , and Cu2+ ions present
in the environment (transmetallation), as well as the precipi-
tation of the Gd3+ salts. The charge density, the size of the
metal ion and the rigidity of the ligand are the principal fac-
tors affecting their stabilities and dissociation speed in the
presence of protons. In general, polyaminocarboxylic ligands
and, in particular, macrocyclic polyaminocarboxylic ligands
are capable of forming complexes with gadolinium(III) ions.
1,4,7,10-Tetrakis(carboxymethyl)-1,4,7,10-tetraazacyclodode-
cane (dota), whose neutral form is written H4(dota) and
whose structure is schematically represented in Scheme 1,
forms extremely stable [Ln(dota)]� complexes in aqueous
solution.1 Their chemical inertia is most likely due to the
size of the internal cavity,[8] its conformation,[9] as well as the
preorganization[10–12] and rigidity[13–15] of the free ligand.
These complexes exist in solution in the form of two pairs of
enantiomers of diastereoisomers that are characterized by
NMR spectroscopy.[14–17] They present two sources of helici-
ty: the first due to the four five-membered rings formed by
the bonds of the acetate arms with the metal ion (absolute
configuration D or L), the second due to the four five-mem-


bered rings formed by the bond between the lanthanide and
the nitrogen atoms of the macrocycle (absolute configura-
tion dddd or llll).
The literature covering the complexation of lanthanides


with dota or its derivatives has particularly proliferated in
the last 15 years. In the study of Ln3+–dota systems, many
of the authors were surprised by the slowness of the forma-
tion of the thermodynamically stable complexes.[7,13, 18–21] At
room temperature, it is necessary to wait 4–6 weeks and
even longer for their formation equilibria to stabilize. On
account of the slowness of these kinetics, the method of sep-
arate solutions[7,22–25] has to be used to determine the forma-
tion constants of the thermodynamically stable complexes.
The divergence of the results obtained for the Gd3+–dota
system was underscored by a number of authors, including
Toth[24] and Comblin[26] and their co-workers. There are very
few results covering the Eu3+–dota and Tb3+–dota systems
and these results are also very divergent.[27–30] The values of
the formation constants b110 for the [Ln(dota)]


� complexes
vary over five logarithmic units (from 23.5 to 28.5).
Prior to the slow formation of the final thermodynamical-


ly stable complex, various “protonated” intermediate com-
plexes2 are rapidly formed during the mixing of a dota solu-
tion with a lanthanide salt that are stable for a sufficiently
long time to be studied. These intermediate complexes have
been identified by various techniques: kinetic measure-
ments[20,22] for Eu3+– and Ce3+–dota, NMR,[21] absorption
spectroscopy,[18,24] luminescence,[31] potentiometry[7,23] and
some of their structures have been confirmed by molecular
modeling.[31]


All of the experimental results published in the literature
may be grouped together into two “complexing” mecha-
nisms.


The first complexing mechanism, proposed by Wu and
Horrocks,[31] Burai,[32] Brucher,[18] Toth,[24] Jang,[33] Szilagyi,[22]


and Chang,[12] and their co-workers, is a three-phase mecha-
nism.
Phase I involves the formation of the [LnH2(dota)]


+ com-
plex in which the Ln3+ ion is located outside the cage
formed by the four nitrogen atoms and the four oxygen
atoms of the carboxylic groups. The two protons bound to
two diametrically opposed nitrogen atoms of the tetraaza
ring are oriented towards the inside of the cage. The Ln3+


ion is only bound to the four oxygen atoms of the carboxylic
groups and is located above the plane formed by these four
atoms because of the repulsion by the protons of the tetra-
aza ring. The coordination number of nine for the lantha-
nide cation is assured by five water molecules.
During Phase II, the [LnH2(dota)]


+* complex loses a
proton from a nitrogen atom to form [LnH(dota)]* without
changing the bonding modes.
In Phase III, there is a concerted rearrangement of the in-


termediate complex [LnH(dota)]*: the Ln3+ ion slowly pen-
etrates the cage formed by the eight atoms (four nitrogen
atoms of the ring and four oxygen atoms of the carboxylic


Abstract in French: La complexation des lanthanides Eu3+ ,
Gd3+ et Tb3+ par le 1,4,7,10-t"trakis(carboxym"thyl)-
1,4,7,10-t"traazacyclodod"cane (dota) est "tudi"e en solution,
par potentiom"trie, spectrom"trie de luminescence et EXAFS.
Trois s"ries de complexes successifs sont caract"ris"es par au
moins deux de ces m"thodes: les complexes instantan"s
[LnHn(dota)]


(n�1)+** et interm"diaires [LnHn(dota)]
(n�1)+*


avec 0�n�2 et les complexes finaux [Ln(dota)]� . Les cons-
tantes globales de formation des complexes interm"diaires et
finaux sont d"termin"es par potentiom"trie. L’ensemble des
r"sultats permet de proposer un m"canisme de complexation
qui comporte trois "tapes. Dans les complexes [LnHn(do-
ta)](n�1)+** form"s instantan"ment, le lanthanide est li" 5
quatre atomes d’oxyg6ne des groupes carboxylates et 5 cinq
mol"cules d’eau. Ces compos"s "voluent rapidement, le lan-
thanide p"n6tre dans la cavit" du macrocycle en formant
deux nouvelles liaisons avec deux atomes d’azote diam"trale-
ment oppos"s du cycle t"traaza et il ne subsiste plus que trois
mol"cules d’eau li"es au lanthanide dans les complexes
[LnHn(dota)]


(n�1)+* (0�n�2) form"s apr6s deux jours d’at-
tente. Ces compos"s sont stables pendant environ 4 jours.
Apr6s 4—8 semaines, un r"arrangement concert" au sein des
complexes conduit 5 la formation des compos"s thermodyna-
miquement stables [Ln(dota)]� dans lesquels le lanthanide est
li" 5 quatre atomes d’azote, quatre atomes d’oxyg6ne carbo-
xylate et 5 une mol"cule d’eau.


1 For all the lanthanide complexes (Ln3+ =Eu3+, Gd3+ , and Tb3+), the
coordination number of nine is assured by capped water molecules,
which are often omitted for clarity.


2 The formulae of the intermediate complexes will always be followed by
an asterisk to distinguish them from the final thermodynamically stable
complexes.
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groups) and at the same time the intermediate complex
[LnH(dota)]* loses its last proton to form the intermediate
complex [Ln(dota)]� in which the four nitrogen atoms of
the ring and the four oxygen atoms of the carboxylic groups
are bound to the Ln3+ ion. The coordination number of
nine for the lanthanide cation is assured by a water mole-
cule.
The release of the protons from the nitrogen atoms of the


ring in the intermediate complexes is envisioned to occur by
two reaction paths. The first path already suggested by Toth
et al.[24] involves the direct insertion of OH� or H2O into the
coordination cage, while in the second path, Kumar and
Tweedle[13] propose a prior inversion of the proton in the
tetraaza ring, in which the proton moves from the inside to
the outside of the coordination cage. The structural models
of the intermediate complexes show that these protons are
barely accessible to the solvent. The plausibility of the first
path depends on the flexibility of the intermediate com-
plexes. Although the lability of the Y�acetate[24,31] bond in
[YH2(dota)]


+* allows access to the proton of the nitrogen
atom, this is not the case for [YH(dota)]*, which has a rigid
structure due to the formation of a new bond between the
lanthanide and a nitrogen atom in the ring. This first path is
therefore plausible only for Phase I. The second path may
be eliminated because the energy barrier to inversion of a
quaternary ammonium compound is very high. Jang et al.[33]


proposed a third path which is extremely favorable for reac-
tion (1), which involves the transfer of a proton from an
NH+ group in the ring to an oxygen atom of one of the car-
boxylic groups, which facilitates its accessibility by OH� or
H2O. Concomitant with this transfer, Y3+ moves from the
outside to the inside of the coordination cage. Molecular
models of [YH2(dota)]


+* and [YH(dota)]* show that the
position of the proton is extremely favorable for this trans-


fer (distances and angle). The energy barrier to this migra-
tion is not very high, which favors this hypothesis. This path
is exactly the inverse of the path proposed for the dissocia-
tion of [Y(dota)]� catalyzed by H+ : protonation of a car-
boxy site and then a transfer of the proton attached to a ni-
trogen atom in the ring followed by electrostatic repulsion
of Y3+ and the proton, which favors dissociation.[20,21,24,34]


½YHðdotaÞ�* ! ½YðdotaÞ�� þ Hþ ð1Þ


The second complexing mechanism proposed by Kumar
and Tweedle,[13] Wang et al.,[21] Kasprzyk and Wilkins,[20]


Bianchi et al.[7,23] involves the following two phases.


Phase I involves the very fast formation of a singly proto-
nated intermediate complex of the formula [LnH(dota)]*
[reaction (2)]. In this form, the proton is located on a nitro-
gen atom in the tetraaza ring, the lanthanide cation is coor-
dinated to the four oxygen atoms of the carboxylic groups
and to at least one nitrogen atom in the tetraaza ring and is
located in the plane of the four oxygen atoms of the carbox-
ylic groups.


Ln3þ þH2ðdotaÞ2�G
fast


H
½LnHðdotaÞ�* þHþ intermediate complex


ð2Þ


In Phase II the intermediate complex [LnH(dota)]* loses
its last proton (reaction favored by OH� or H2O) [reac-
tion (3)]. A rearrangement takes place in the complex and
the Ln3+ cation slowly penetrates the coordination cage.
The proton of the NH+ group may transiently migrate to
the carboxylate group during this phase.


½LnHðdotaÞ�* ! ½LnðdotaÞ�� þHþ final complex ð3Þ


Table 1. Logarithmic values of the successive protonation constants K0lh of dota.
[a]


Electrolyte Ionic strength T [8C] logK011 logK012 logK013 logK014 logK015 logK016 pKw


functional group[b] NH+ NH+ COOH (2) COOH (2) COOH (1) COOH (1)


NaCl[39] 1 37 10.80 9.00 4.24 4.05
NaCl[40] 0.1 25 9.37 9.14 4.63 3.91
NaCl[35] 0 25 11.08 9.23 4.24 4.18 1.88 1.71


KCl[40] 0.1 25 11.14 9.50 4.61 4.30
KCl[41] 0.1 25 11.36 9.73 4.54 4.41
KCl[36] 0.1 25 11.14 9.69 4.84 3.95 13.78


KNO3
[42] 0.1 25 11.22 9.75 4.37 4.36


NMe4Cl
[7] 0.1 25 11.74 9.76 4.68 4.11 2.37 13.83


NMe4Cl
[30] 0.1 25 11.22 9.64 4.86 3.68 13.90


NMe4Cl
[40] 0.1 25 11.73 9.40 4.50 4.19 13.78


NMe4Cl
[43] 0.1 25 12.00 9.70 4.67 4.13 2.38


NMe4Cl
[32] 0.1 25 12.60 9.70 4.50 4.14 2.32 13.84


NMe4NO3
[44] 0.1 25 12.12 9.67 4.55 4.14


NMe4NO3
[45] 0.1 25 12.09 9.76 4.56 4.09


NMe4NO3
[42] 0.1 25 12.09 9.68 4.55 4.13


NMe4Cl 0.1 25 11.45(2) 9.64(1) 4.60(1) 4.11(1) 2.29(2) 13.78
this work


[a] K0lh refers to the equilibrium Hh�1(dota) + H+ÐHh(dota). Values in parentheses represent 1s standard deviation. [b] Indexing is according to refer-
ence [35] and Scheme 1.
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The stabilities of the intermediate and final complexes of
the Ln3+–dota systems (Ln3+ =Gd3+ , Eu3+ , Tb3+) deter-
mined in earlier work show poor agreement (see Tables 2
and Table 3). The divergences in the stability of the final


complex may be due to either the use of an inappropriate
background salt, because the alkaline ions and, in particular,
Na+ are complexed by dota,[30,35,36] or insufficient experi-
mental time to study the formation of the final complex.
The addition of an auxiliary ligand,[7,23,37] as used by some
authors, also introduces an additional source of error be-
cause perfect knowledge of the complexation of the auxili-
ary ligand under the same experimental conditions as those
selected to study the complexation of dota.
In recent work,[38] the joint use of complementary techni-


ques in solution (potentiometry, luminescence spectroscopy,
and EXAFS) allowed us to identify the coordination mecha-
nism of a derivative of dota (the tetracarboxyethyl dota or


tce-dota) with three lanthanide cations (Eu3+ , Gd3+ , and
Tb3+). Potentiometry allows the number and stoichiometry
of the various complexes present in solution to be derived,
the determination of their relative stabilities and the posi-


tion of the protons in the com-
plexes to be specified by calcu-
lating their acidity constants.
The study of the Ln3+ environ-
ment by EXAFS allows the
number, the nature and the
length of the bonds formed be-
tween the lanthanide cation
and the ligand or the solvent to
be determined. Luminescence
spectroscopy allows the number
of water molecules bound to
europium or terbium to be con-
firmed by lifetime measure-
ments. It seemed worthwhile to
use these techniques to study
the complexation of dota in sol-
ution to explain the apparently
contradictory results reported
in the literature.


Results and Discussion


Potentiometric study : This
study was carried out under
argon at 25 8C in an NMe4Cl
(0.1 molL�1) medium. The use
of this background salt is more
appropriate than that of an al-
kaline salt because alkaline
cations are complexed by
dota.[30,35,36]


Protonation of dota : dota,
whose neutral form is written
H4(dota), has four ionizable
protons and eight potential
protonation sites, the four ni-
trogen atoms and the four car-
boxylate groups (Scheme 1).


Table 2. Logarithmic values of the overall formation constants and the corresponding successive protonation
constants for the [LnHn(dota)]


(n�1)+* complexes.[a]


Authors Experimental conditions Eu3+ Gd3+ Tb3+


Wu and Hor-
rocks[31]


KCl (0.1 molL�1), 25 8C logb112*=26.71


logb111*=23.18
logK1*=3.53


Burai et al.[32] KCl (0.1 molL�1), 25 8C logb111*=26.5
[b]


Toth et al.[24] NaCl (1 molL�1), 25 8C logb112*=25.30 logb112*=25.30
[b]


Wang et al.[21] NaCl (1 molL�1), 25 8C logb111*=22.10
Bianchi et al.[7, 23] NMe4Cl (0.1 molL


�1),
25 8C


logb111*=24.5(1)


logb110*=21.2(1)
logK2*=3.3(1)


this work NMe4Cl (0.1 molL
�1),


25 8C logb112*=29.35(7) logb112*=30.41(10) logb112*=30.05(12)
logb111*=26.64(4) logb111*=27.67(8) logb111*=27.35(9)
logb110*=24.02(5) logb110*=24.99(9) logb110*=24.91(10)
logK1*=2.71(4) logK1*=2.75(2) logK1*=2.70(4)
logK2*=2.62(2) logK2*=2.68(1) logK2*=2.44(2)


[a] NMe4Cl 0.1 molL
�1, 25
0.1 8C. logKn* refers to the equilibrium [LnHn-1(dota)]


(n�2)+*+H+Ð[LnHn-
(dota)](n�1)+*. Values in parentheses represent 1s standard deviation. [b] Ce3+ complexes.


Table 3. Logarithmic values of the overall formation constants b110 of the thermodynamically stable species
[Ln(dota)]� (Ln=Gd, Eu, Tb).[a]


References Background salt Ionic force T [8C] Ln3+ logb110
[7] NMe4Cl 0.1 25 24.67
[28] NMe4Cl 0.1 25 24.70
[25] NMe4Cl 0.1 25 24.00
[47] NMe4Cl 0.1 25 25.40
[44] NMe4NO3 0.1 25


)
Gd3+ 27.00


[40] NaCl 0.1 25 25.30
[48] NaCl 0.1 25 25.10
[27] KCl 0.1 25 26.03
this work NMe4Cl 0.1 25 25.58(5)


[30] KCl 0.1 25 26.21
[27] NaCl 0.1 –


)
Eu3+ 23.4


this work NMe4Cl 0.1 25 26.48(8)


[27] NaCl 0.1 – o
Tb3+


24.2
this work NMe4Cl 0.1 25 26.97(9)


[a] Values in parentheses represent 1s standard deviation.


Scheme 1. Protonation sites of dota.
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The successive protonation constants of dota, as well as
their assignments to the various protonation sites, are listed
in Table 1. The assignments were accomplished without am-
biguity by an 1H NMR study of the CH2 groups of the mole-
cule.[35] The value of the ionic product of water determined
under various experimental conditions is indicated in the
last column of Table 1. This value must be determined with
the highest precision because it has a big influence on the
value of the first protonation constant K011 of dota; a varia-
tion in the pKw of 
0.02 units induces a variation of approx-
imately 
0.3 units in logK011.


Complexation of the lanthanides in solution : The complexa-
tion kinetics of the Ln3+–dota systems were followed by po-
tentiometry at 20 8C. The pH of a dota solution is markedly
reduced by approximately 0.8 units as soon as the metal salt
is added (Figure 1), and then continues to decrease slowly
and regularly for two days. The pH is then stabilized for 3–
4 days (formation of the intermediate complexes) and then
again decreases slowly until it is definitively stabilized after
6–7 weeks (formation of the final thermodynamically stable
complex).


An increase in temperature accelerates the rate of forma-
tion of the final complex. Thus at 50 8C the pH of a solution
identical to the previous one is stable for seven weeks after
a wait time of only one week, but it varies again slightly
after 10 weeks, which may be due to a slight degradation of
the ligand at this temperature. The addition of the auxiliary
ligand edta proposed by some authors does not accelerate
the kinetics. It does not reverse the complexation equilibri-
um and, as a result, addition of a strong acid will be prefer-
red.


The marked variation in pH as soon as the lanthanide salt
and dota were mixed corresponds to the instantaneous for-
mation of the [LnH2(dota)]


+** complexes.3 It was not possi-
ble to determine the formation constants of the immediate
complexes. Extrapolation to time zero of the increasing and
linear section of the curves representing logbmlh (bmlh refers
to the species MmLlHh) versus the stabilization time of the
initial mixture (see Figure 3) would lead to erroneous values
of logbmlh because the formation kinetics are very fast and
consequently the complexes evolve for the time required to
assure the titration of the solutions (four points were meas-
ured in an hour).
Their formulae, as well as the coordination mode of the


lanthanide ions in these compounds, were determined
during the study of the solutions by EXAFS and by lumines-
cence in the case of europium or terbium (vide infra). The
formation of the intermediate complexes [LnHn(dota)]


(n�1)+*
and the final complexes [Ln(dota)]� were studied by poten-
tiometry.


Formation of the intermediate complexes [LnHn(dota)]
(n�1)+*:


The experimental titration curve of an equimolar solution of
Gd3+ and dota titrated against NMe4OH (2.2<pH<3.5) is
represented in Figure 2, as are the two titration curves calcu-


lated from the refined values of the formation constants.
The wait time for the initial mixture is 73 h. Note that inser-
tion of the [GdH2(dota)]


+* complex into the solution at
equilibrium improves the agreement between the experi-
mental points and the titration curve calculated for the pH
range studied. The standard deviation on all the points used
during the calculations is divided by three; this observation
is valid for the three cations studied. The [GdH2(dota)]


+*
complex is present in a solution pH 2.2–3.5 as the distribu-
tion curves for gadolinium in Figure 2 show. Since the last


Figure 1. pH variation of an equimolar solution of Eu3+ and dota versus
time. [Eu3+]= [dota]=2.4O10�3 molL�1.


Figure 2. Gd3+–dota system: the initial wait time of the mixture is 73 h.
Titration curves of an equimolar solution of gadolinium and dota titrated
with NMe4OH. (^) experimental points; (a) titration curve calculated
by assuming the presence of [GdH(dota)]* and [Gd(dota)]�*;(c) titra-
tion curve calculated by assuming the presence of [GdH2(dota)]


+*,
[GdH(dota)]* and [Gd(dota)]�*. Distribution curves (c) of gadolinium
between the species Gd3+ , [GdH2(dota)]


+*, [GdH(dota)]*, and
[Gd(dota)]�*.


3 The formulae of these barely stable, instantaneously formed, complexes
will always be followed by two asterisks to distinguish them from the
stable intermediate complexes [LnHn(dota)]


(n�1)+* and the final ther-
modynamically stable complexes [Ln(dota)]� .
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points of the strength curve are located above three added
base equivalents, it is indispensable to add to the complexes
in equilibrium the [Gd(dota)]�* complex, whose formation
is accompanied by the release of four protons as Bianchi
et al.[7] proposed.
Figure 3 shows the logarithmic variation of the formation


constants logbmlh* of the intermediate complexes of the Gd–
dota, Eu–dota and Tb–dota systems versus the wait time of
the initial mixture.


For each lanthanide, an almost linear increase is observed
followed by a stabilization of the values of logbmlh*. This
variation corresponds to the evolution of the complexation
kinetics during the wait time of the initial mixture. If the
complexation kinetics are not stable before the start of the
titration, the contents of the mixture continue to evolve
during the titration, which renders the section of the curve
that is increasing in logbmlh* unexploitable. Under our ex-
perimental conditions, the intermediate complexes are
formed in 60 h and then are stable for approximately 80 h.
Above 150 h, the [LnH2(dota)]


+* complex disappears
during the evolution of the intermediate complexes to the
final complexes [Ln(dota)]� .
For each system studied, the use of 3–6 solutions (200–


350 points), whose pH values are between 2.2 and 3.5 and
which have a variable wait time of between 60 and 140 h,
allows the logarithms of the global formation constants of
the three intermediate complexes in equilibrium to be calcu-
lated. Our results, as well as the bibliographic data, are
given in Table 2.
The stabilities of the intermediate lanthanide complexes


decrease in the order Gd3+>Tb3+>Eu3+ . The formation
constants for the [LnHn(dota)]


(n�1)+* complexes determined
in this work are all greater than those calculated by others
who used much shorter stabilization times (25–50 min,[7,23]


1–70 min,[24] , 45 s–1 h 39 min[31] or immediately after
mixing[21]). All this is in agreement with the curves in
Figure 3, which indicate that logbmlh* increases when the
wait time of the initial mixture is insufficient. The values
logb112*=26.71 and logb111*=23.18 found by Wu and Hor-
rocks[31] are relatively close to the approximate values ob-
tained from the graph in Figure 3 by extrapolating to zero
wait time (logb112*~26.4 and logb111*~23.8).


Formation of the thermodynamically stable complexes
[Ln(dota)]� : On account of the high stability of the
[Ln(dota)]� complexes, some authors added edta as an aux-
iliary ligand.[7,23,37] The release of protons from edta and its
complexation with gadolinium were therefore studied under
conditions identical to those used in the dota study. The log-
arithms of the global formation constants of the protonated
complexes of the ligand and the 1:1 Gd3+–edta complex are
respectively logb011=10.24(1), logb012=16.35(2), logb013=
19.20(2), logb014=20.51(18) and logb110=17.57(5). This last
value is close to those reported in the literature [17.7[40] and
17.35[46] in a NMe4NO3 (0.1 molL


�1) medium].
The Gd3+–dota system was studied in the presence and


absence of edta for two Gd3+ concentrations and by stabiliz-
ing the solutions for either one week at 50 8C or seven
weeks at 20 8C. The consistency of the results is substantiat-
ed (Figure 4) by the superposition of the three titration


curves of the solutions with the same concentrations of
metal and total ligand ([Gd3+]= [ligand]total=1.0O
10�3 molL�1 ; “out-of-cell” method; T=20 or 50 8C; with
and without edta) and by obtaining similar logb110 values for
each of the four series of points. During the study of both of
these systems, the solutions were stabilized at 40 8C with
wait times of 3–9 weeks.
The logb110 values were calculated with the PROTAF pro-


gram by using each of the series of points (2.4<pH<3.5) to
confirm that the results are in agreement and then with all
the points of the four series. Table 3 lists all of our results, as
well as the formation constants for the thermodynamically


Figure 3. Ln3+–dota systems: logarithmic variation of the formation con-
stants of the intermediate complexes [LnH2(dota)]


+*, [LnH(dota)]*, and
[Ln(dota)]�* versus the wait time of the initial mixture (1–147 h). The
stabilization time after each base addition was 15 minutes. (*) Eu3+ , (~)
Tb3+ , (&) Gd3+ ; (c) logb110*; (a) logb111*; (b) logb112*.


Figure 4. Gd3+–dota system: titration curves of equimolar solutions of
Gd3+ and ligand titrated with NMe4OH (0.2 molL�1) by the “out-of-cell”
method: (~) [Gd3+]= [dota]=1.0O10�3 molL�1, T=50 8C, wait time of 1
week; (&) [Gd3+]=1.0O10�3 molL�1, [dota]= [edta]=5.0O10�4 molL�1,
T=50 8C, wait time of 1 week; (^) [Gd3+]=1.0O10�3 molL�1, [dota]=
[edta]=5.0O10�4 molL�1, T=20 8C, wait time of 7 weeks; (*) [Gd3+]=
[dota]=5.0O10�4 molL�1, T=20 8C, wait time of 7 weeks.
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stable [Ln(dota)]� complexes found in the literature (Ln3+ =
Gd3+ , Eu3+ , and Tb3+ ; ionic strength=0.1). The stability of
the [Gd(dota)]� complex (logb110=25.40) determined by
Tweedle et al.[47] under experimental conditions identical to
ours is relatively close to our result (logb110=25.58).
The stabilities of the final lanthanide complexes decrease


in the order Tb3+>Eu3+>Gd3+ , which differs from that ob-
served during the study of the intermediate complexes
(Gd3+>Tb3+>Eu3+). All this indicates a difference in the
coordination mode of the lanthanide in the intermediate
complexes and in the final complexes, which has subse-
quently been confirmed by EXAFS and luminescence. The
terbium complexes are three times more stable than those
of europium and 30 times more stable than those of gadoli-
nium. The order of the stabilities is identical to that of the
wait times required for the formation of the thermodynami-
cally stable complexes. The rigidity of the coordination
cage[13–15] formed by the four nitrogen atoms of the tetraaza
ring and the four oxygen atoms of the carboxylate groups
seems therefore to be the preponderant factor that deter-
mines the high stability of the final complexes.


Luminescence studies : The spectral properties of the ions or
complexes of the trivalent lanthanides are closely governed
by their electronic structure. The outer lying filled subshells
5s2


5p6 shield the partially filled 4f orbitals which are little
perturbed by the environment of the metal. Since there is
no difference in the parity of the ground state, and the excit-
ed state, the electronic transitions are “Laporte forbidden”.
Consequently, they are characterized by very narrow half-
bandwidths in both emission and absorption, very low molar
absorptivity and excited-state lifetimes in the order of 1 ms.
Some of the LnIII can be distinguished from the metallic cat-
ions of the first transition series by their ability to luminesce
in solution at room temperature.
Previous work has shown that the decay constant k of


these transitions (reciprocal of the lifetime of the excited
state), independent of the concentration of the lanthanide
ion Eu3+ or Tb3+ , varies linearly versus the fraction of H2O
in H2O/D2O solutions. Numerous empirical relations have
been established between the number q of water molecules
bound to the metal ion and the difference in the decay con-
stants determined in H2O and D2O solutions. In a recent
paper, Supkowski and Horrocks[49] also considered the effect
of oscillators other than OH. The simplest form of the cor-
rected relation accounts for the effect of water molecules in
the outer sphere [Eq. (4)].


q ¼ AðkH2O�kD2O�0:31Þ ð4Þ


In a more pragmatic approach, we have considered the
decay constants determined for the aqua ions of Eu3+ and
Tb3+ in H2O/D2O mixtures by integrating the dynamic
quenching of light water molecules in the first and outer
spheres. Equation (5) is similar to the first one established
by Horrocks and Sudnick,[50] , where A*=1.05
0.02 for
EuIII and A*=4.86
0.12 for TbIII. For each complex or
aqua ion, Eu3+ or Tb3+ , the plot of the decay constant k
versus the concentration of H2O in a H2O/D2O mixture is a


straight line as shown in the graphical representation of the
quenching properties of the hydroxy oscillators obtained
from the classical Stern–Volmer equation (Figure 5).


q ¼ A*ðkH2O�kD2OÞ ð5Þ


This involves a statistical equilibrium between successive
species of various isotopic compositions and a linear varia-
tion of the corresponding decay constants as a function of
the number of bound light water molecules.


Obviously, there is a correlation between the Stern–
Volmer equation and the empirical relation formulated by
Horrocks for the europium and terbium complexes [Eq. (6)
and Eq. (7)].


t0=t ¼ 1þ kqt0½H2O� ð6Þ


q ¼ AðkH2O�kD2O�aÞ ð7Þ


In the Stern–Volmer relation, t0 and t are the lifetimes of
the complexes in the absence and presence of a quencher;
the product of the bimolecular quenching constant kq and
the lifetime of the fluorophore to equates to the Stern–
Volmer quenching constant KD.
The number of coordinated water molecules is calculated


by using Equation (8), where q is a linear function of kq, the
rate constant for dynamic bimolecular quenching, A is a pa-
rameter dependant on the nature of the metal ion and meas-
ured in ms, W= [H2O] (molarity of pure water; W=


55.509 molL�1), and according to Supkowski and Hor-
rocks,[49] a is the contribution of the second coordination
sphere water molecules to the quenching of the excited
state.


q ¼ AðWkq � 10�3�aÞ ð8Þ


From the selected decay data taken from the literature by
Supkowski and Horrocks,[49] the corresponding bimolecular
quenching constants were determined and plotted against
the corresponding q values. The linear least-square fit leads
to Equation (9) for the europium complexes.


Figure 5. Stern–Volmer plot: water quenching of the initial complexes
[EuHn(dota)(H2O)5]


(n�1)**.
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q ¼ 0:0618kq�0:3507 ðr2 ¼ 0:998Þ ð9Þ


Luminescence data for the terbium complexes are scarce,
so only the bimolecular quenching constant determined for
the aqua ion [Tb(H2O)8]


3+ is used as a reference parameter
and the eventual vibronic quenching contribution of the
outer sphere, q=0.269.kq, is not taken into account.
Three types of complexes are considered. Initial com-


plexes formed immediately after mixing the metal and race-
mic ligand solutions. The luminescence measurements must
be taken immediately after mixing. Intermediate metastable
complexes formed after a wait time of 50–100 h. Final com-
plexes obtained and studied after several weeks. The lumi-
nescence decay curves were fitted to a decreasing exponen-
tial equation with high correlation coefficients except in the
case of the experimental data for the intermediate metasta-
ble species.
To determine the number of water molecules bound to


the europium ion in the metastable species, an equimolar
solution of dota and EuCl3 (5O10


�2 molL�1) was prepared
in H2O 50 h before the measurements were taken. This solu-
tion was then diluted to 1/10 in H2O and D2O. The forma-
tion constants for the intermediate complexes formation
constants derived in the potentiometric study allowed us to
determine precisely the composition of the solutions at this
time: 23% [Eu(H2O)9]


3+ , 5% [Eu(dota)(H2O)q]
�*, 14%


[EuH(dota)(H2O)q]* and 58% [EuH2(dota)(H2O)q]
+* at


pH~2.1. With the contribution of the nonahydrated europi-
um ion being significant, the experimental data were fitted
by using the biexponential Equation (10) with high correla-
tion species.


F ¼ Fo
1 expð�k1tÞ þ Fo


2 expð�k2tÞ ð10Þ


The Stern–Volmer relation t0/t versus the concentration
of water is drawn in Figure 6 for the two fluorophores
[Eu(H2O)9]


3+ and [EuHn(dota)(H2O)q]
(n�1)*. In the case of


the nonahydrated europium ion the linear relation is veri-
fied for all water concentrations and leads to q=8.81. The
curve corresponding to the fluorophore [EuHn-
(dota)(H2O)q]


(n�1)* (n=0, 1, 2) is a straight line for a con-
centration of water below 20 molL�1 and leads to q=2.79.
The various luminescence parameters determined for all the
studied complexes are presented in Table 4.
The number of water molecules bound to the lanthanide


ion calculated by using the two relations is very similar. The
bimolecular quenching con-
stants kq, which reflect the ac-
cessibility of the water mole-
cules to the lanthanide, are
nearly proportional to q. These
results are consistent with the
fast formation of the initial
complexes in which the metal
ion is bound to four carboxylate
groups and five molecules of
water. After waiting for 50 h,
the nonahydrated europium ion
is in equilibrium with the meta-


stable intermediate complexes. In these species, the metal
ion is bound to the four carboxylate groups, three water
molecules and two atoms of nitrogen. The final slow kinetic
step leads to the formation of the stable monohydrated com-
plexes.


EXAFS measurements : X-ray absorption spectroscopy
(XAS) experiments were performed to obtain structural in-
formation about LnIII–dota complexes, and in particular to
gain more detailed information about the intermediate spe-
cies formed in the reaction between lanthanides and dota.
By using the crystal structure of [Gd(dota)(H2O]


� , [Eu(do-
ta)(H2O)]


� , and [Tb(teta)(H2O)]
� we calculated their FEFF


EXAFS signals. It appears that up to 3.5 R, multiple scatter-
ing may be neglected. Hence, the simulations for all the
samples were carried out using the single-scattering model.
First, we studied the initial complexes, that is, after a reac-


tion time between the metallic cation and dota of 1 h. The
k3-weighted experimental and least-squares fitted EXAFS
spectra of the [LnH2(dota)]


+** intermediate compounds
and the corresponding non-phase-shift-corrected Fourier
transforms are shown in Figure 7a and 7b, respectively. The
results of the least-squares fittings are given in Table 5.
The spectra of Eu3+ , Gd3+ , and Tb3+ are very similar,


which indicates that the local structures of the metallic cat-
ions are almost the same for all the compounds. Therefore,
each intermediate compound has the same number of near-
est neighbors. The Fourier transform spectra are composed


Figure 6. Stern–Volmer plot: water quenching of [Eu(H2O)9]
3+ and


[EuHn(dota)(H2O)q]
(n�1)* in equilibrium. (*) [Eu(H2O)9]


3+ ; (O )
[EuHn(dota)(H2O)q]


(n�1)*.


Table 4. Luminescence parameters for the europium and terbium species.


Complexes kD2O [ms
�1] kH2O [ms


�1] KD [Lmol
�1] kq [Lmol


�1 s�1] q1
[a] q2


[b]


[Eu(H2O)9]
3+ 0.456 8.913 0.3311 150.9 8.98 8.88


[EuHn(dota)(H2O)5]
(n�1)** 0.400 4.968 0.2067 82.7 4.76 4.79


[EuHn(dota)(H2O)3]
(n�1)* 0.688 3.507 0.0738 50.8 2.79 2.96


[Eu(dota)(H2O)]
� 0.419 1.556 0.0489 20.5 0.92 1.19


[Tb(H2O)8]
3+ 0.880 2.525 0.0337 29.7 8.00 7.99


[TbHn(dota)(H2O)5]
(n�1)** 0.281 1.361 0.0681 19.1 5.15 5.25


[Tb(dota)(H2O)]
� 0.272 0.505 0.0145 3.94 1.06 1.13


[a] q1 was calculated using the relation derived from the Stern–Volmer equation: q1=0.0618.kq�0.3507 for
EuIII ; q1=0.269kq for Tb


III
. [b] q2 was calculated by using the Horrocks relation q2=A*(kH2O�kD2O), with A*=


1.05
0.02 for EuIII and A*=4.86
0.12 for TbIII.
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of one main peak, which corresponds to Ln�O contribu-
tions. Within the framework of the single-scattering ap-
proach, the [LnH2(dota)]


+** compounds are reasonably
fitted if one assumes that Ln3+ ions are surrounded by four
carboxylate oxygen atoms at an average distance R(Ln�O)
of 2.42, 2.39, and 2.37 R for Eu3+ , Gd3+ , and Tb3+ , respec-
tively. The coordination sphere is completed by five water
oxygen (Ow) atoms at a distance R(Ln�Ow) of 2.44 R for
Gd3+ , and 2.45 R for Eu3+ and Tb3+ . These results are simi-
lar to those obtained with the tetracarboxylated derivative
of the dota gadolinium complex.[38] Chang et al.[12] previously
characterized the Eu3+ intermediate ([EuH2(dota)]


+**) by


molecular modeling with differ-
ent bond lengths (Eu�OCOOH=


2.34 R, Eu�Ow=2.60 R).
In the case of the Gd3+ ion, a


second intermediate species,
[GdH2(dota)]


+*, was identified
after a wait time of 100 h.
Indeed, Figure 8b,II shows the
appearance of a new nitrogen
contribution at 2.65 R, and a
decrease in the Gd�O contribu-
tions relative to the initial com-
plex. By reference to the
known final compound
[Gd(dota)]� (Figure 8b,III), we
can attribute this contribution
to nitrogen atoms in the macro-
cyclic cavity. The fitting of the
EXAFS signals gives the fol-
lowing results (Table 5): the ga-
dolinium ion is still strongly
bonded to the four carboxylic
oxygen atoms (Gd�OCOOH=


2.40 R), and the first coordina-
tion sphere is completed by two
macrocyclic nitrogen atoms at a
distance close to 2.65 R, and
only three water molecules at
2.41 R. Several authors have
proposed, on the basis of mo-


lecular modeling and protometric studies, the existence of
the intermediate [GdH2(dota)]


+* species, but, to our knowl-
edge, this study is the first which gives some structural infor-
mation about the environment of the gadolinium ion.
Finally, after several weeks, the final complexes were ob-


tained and studied by EXAFS. The k3-weighted experimen-
tal and least-squares fitted EXAFS spectra of the
[Ln(dota)]� final compounds, and the corresponding non-
phase-shift corrected Fourier transforms are shown in Fig-
ure 9a and 9b, respectively.
Moreover, for the gadolinium compound, the evolution of


the EXAFS spectrum and the corresponding Fourier trans-


Figure 7. a) k3-weighted experimental and least-squares fitted first coordination shell EXAFS spectra of the
[LnHn(dota)]


(n�1)+** intermediate compounds and b) the corresponding non-phase-shift-corrected Fourier
transforms.


Table 5. Structural data for the first coordination shell obtained from R space fits of [LnHn(dota)]
(n�1)+ in solution EXAFS spectra.[a]


Ln�O(OC) Ln�O(H2) Ln�N
N R [R] s2 [R2] N R [R] s2 [R2] N R [R] s2 [R2]


[GdHn(dota)]
(n�1)+** 3.99 2.39 0.002 5.33 2.44 0.001 – – –


[GdHn(dota)]
(n�1)+* 3.98 2.40 0.001 2.78 2.41 0.001 1.97 2.65 0.004


[Gd(dota)]� 4.04 2.37 0.007 1.00 2.49 0.001 4.27 2.66 0.009
[Gd(dota)]� [b] 4 2.36 – 1 2.45 – 4 2.66 –


[EuHn(dota)]
(n�1)+** 3.98 2.42 0.001 5.38 2.45 0.002 – – –


[Eu(dota)]+ 3.88 2.38 0.010 1.43 2.51 0.001 4.29 2.66 0.006
[Eu(dota)]+ [c] 4 2.39 – 1 2.48 – 4 2.68 –


[TbHn(dota)]
(n�1)+** 4.10 2.37 0.003 5.24 2.45 0.010 – – –


[Tb(dota)]� 3.87[d] 2.41 0.010 1[d] 2.41 0.010 4.37 2.77 0.010


[a] N=coordination number, R=absorber-neighbor distance, s=Debye–Waller factor. Estimated uncertainties are 
10% in N, 
0.02 R in R, and

0.001 R2 in s2. [b] From the XRD data of ref. [51]. [c] From XRD data of ref.[52]. [d] Contributions from carboxylic and water oxygen atoms contribu-
tion are not discernible. The total coordination number N found by the fitting is equal to 4.87.
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form as a function of time is reported in Figure 8a and 8b,
respectively. The kc(k) signals show well-defined oscillations
up to 12 R�1 (Figure 9a). However, the signal-to-noise ratio
is not good owing to the concentration of metal cations in
solution. As for the initial compounds, the phase of the os-
cillations is identical, indicating that the Ln3+ ions have sim-
ilar environments in the three compounds. The complex
shapes of the spectra indicates the contribution of various
shells of neighbors. Interference is particularly significant at
5.0 R�1 (shoulder), and around 6.3 R�1. The Fourier trans-
forms (Figure 9b) exhibit well-defined features up to about
5.5–6 R (apparent distances, uncorrected phase shift). As
previously shown,[38,52] the first intense peak at around 1.9 R
is related to the carboxylic and water oxygen nearest-neigh-
bors. The exact position of the peak depends on the nature
of the central atom. Two other peaks occur at around 2.4
and 3.0 R, which are attributed to nitrogen and carbon
atoms, respectively. A fourth peak is observed near 4 R,
which corresponds to a multiple-scattering contribution,
which is confirmed by the multiple-scattering paths obtained
by FEFF calculations. The results of the least-squares fit-
tings, reported in Table 5, revealed a mean Ln�OCOOH dis-
tance close to 2.39 R, a mean Ln�Ow bond length of 2.47 R,
and an average Ln�N distance close to 2.69 R. Note that in
the case of the Tb3+ ion different bond lengths were unex-
pectedly obtained. Indeed, the Tb�Ow (2.41 R) and Tb�N
(2.77 R) bonds lengths are, respectively, lower (~2.50 R)
and higher (2.66 R) than in the Eu3+ and Gd3+ complexes.
The first-shell distances obtained for the [Eu(dota)]� and


[Gd(dota)]� complexes in solution are similar to those ob-
tained by XRD for the crystals (see Table 5). Consequently,
these complexes have the same characteristic distance and
geometry in solution as in the solid state. Moreover, our re-
sults in solution for the [Gd(dota)]� compound are in good
agreement with EXAFS studies.[52–54]


This EXAFS study confirms unambiguously the existence
of intermediate species, and provides reliable information
about the lanthanide ion local structure. A first intermediate
compound, [LnH2(dota)]


+**, was underlined by the coordi-
nation of four carboxylate moieties. The coordination
sphere is completed by five water molecules as previously
shown with a tetracarboxylated derivative of dota.[38] A
second intermediate compound, [LnH2(dota)]


+*, was also
characterized in which the metal ion begins to be incorpo-
rated into the macrocyclic cavity, and loses two water mole-
cules. Hence, the lanthanide is bonded to four carboxylic
oxygen atoms, two macrocyclic cavity nitrogen atoms, and
three water molecules. Then, the final complex was obtained
in which the four nitrogen atoms are coordinated with only
one water molecule still bonded.


Conclusions


The behavior of the three trivalent lanthanide cations
(Eu3+ , Gd3+ , and Tb3+) in the presence of dota is exactly
the same. The potentiometric study indicates that the com-
plexation of lanthanide cations to dota involves three
phases. The first phase involves the instantaneous formation
of complexes as soon as the metal and ligand are mixed, as
evidenced by the marked reduction in the pH of the solu-
tions. This is followed by a gradual evolution over 60 h to in-
termediate complexes that are stable for 80 h. After several
weeks, the final thermodynamically stable complexes are
formed.
The study by EXAFS of equimolar solutions of dota and


Ln3+ as soon as the mixture is made shows that Ln3+ is
bound to four oxygen atoms of the carboxy groups and to
five oxygen atoms of water molecules. The nitrogen atoms
of the tetraaza ring are not bound to the lanthanide. The
presence of five water molecules is confirmed by lumines-
cence in the case of europium and terbium. The schematic
representation of the reaction of the first phase of complex-
ation is shown in Scheme 2.
Molecular modeling of the species 1 by Chang et al.[12] in


the case of the europium complex [EuH2(dota)(OH2)5]
+**


by using four Eu�O(OC) bond lengths of 2.35, 2.32, 2.34,
and 2.36 R, and five Eu�O(H2) bond lengths of 2.59, 2.64,
2.58, 2.55, and 2.62 R. The two protons of dota are located
on two diametrically opposed nitrogen atoms in the tetraaza
ring. The Ln3+ ion is located above the plane of the oxygen
atoms of the carboxylate groups and outside the cage
formed by these oxygen atoms and the four nitrogen atoms
of the tetraaza ring. An identical configuration was also ob-
served by Jang et al.[33] during the molecular modeling of the
[YH2(dota)(OH2)5]


+** complex.
The study by EXAFS of the same solutions after a wait


time of 60 h shows that the Ln3+ ion is still bound to four


Figure 8. a) Comparison of experimental EXAFS k space spectra and b)
the corresponding non-phase-shift-corrected Fourier transforms of Gd–
dota complexes at different reaction times between Gd3+ and the ligand.
I) t=1 h, [GdHn(dota)]


(n�1)+** complexes; II) t=100 h, [GdHn(do-
ta)](n�1)+* complexes; III) several weeks, [Gd(dota)]+ complexes.
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oxygen atoms of the carboxy groups, but only three bonds
to the oxygen atoms of the water molecules subsist. Two of
the nitrogen atoms in the tetraaza ring are now coordinated
to the lanthanide. The presence of only three water mole-
cules is confirmed by luminescence in the case of europium
and terbium. The potentiometric study shows that the for-
mation of [LnH2(dota)]


+* complexes in solution should be
envisioned (Figure 2). During the titration of this solution
against the base, two protons are neutralized below pH 5.
The logarithm of the deprotonation constants is between


2.44 and 2.75 (Table 2), which
corresponds more to a deproto-
nation constant of a carboxylic
group than to that of an NH+


group in the tetraaza ring
(logK~9–12). During the mo-
lecular modeling of the [YH2-
(dota)(OH2)5]


+* complex, Jang
et al.[33] noted that the very fa-
vorable position of the protons
of the two NH+ groups allows
them to migrate from the NH+


groups to two carboxylate
groups. In addition, the calcu-
lated transfer energy barrier is
low, which also facilitates this
migration.
The proposed schematic rep-


resentation of the reaction for
the second phase of complexa-
tion corresponds therefore to a
concerted rearrangement
(Scheme 3): migration of the
protons of the two NH+ groups
of compounds 1 and the for-
mation of two Ln3+�N bonds
at the expense of two
Ln3+�O(H2) bonds to form the
intermediate compounds 2.
During this phase, the migra-


tion of the proton attached to
the nitrogen atom and oriented
toward the inside of the coordi-
nation cage[24,31,33,55] to the
oxygen atom of a carboxylate
group facilitates its accessibility
with respect to OH� ions. Many
authors[13,18,24] have noted that
the complexation kinetics are
assisted by the OH� ions. This
migration is the only reaction
of all the processes that is ac-
celerated by the presence of a
base. This mechanism is the in-
verse of that proposed by
Kumar et al.[55] during the disso-
ciation of the [Gd(dota)]� com-
plex in the presence of a strong
acid: protonation of a carboxy-


late group (logK=2.8), migration of the proton to a nitro-
gen atom in the ring and then the rupture of the Gd�N
bond.
In fact, the intermediate compounds 2 exist in solution in


three forms: [LnH2(dota)]
+*, [LnH(dota)]*, and


[Ln(dota)]�*. The equilibria between these various forms
are instantaneous and do not constitute a phase of the com-
plexation mechanism because the most deprotonated form
of 2, [Ln(dota)]�*, may also be obtained by direct neutrali-
zation of the protons of the NH+ groups. The formation


Figure 9. a) k3-weighted experimental and least-squares fitted EXAFS spectra of the [Ln(dota)]� final com-
pounds and b) the corresponding non-phase-shift-corrected Fourier transforms. Continuous lines represent the
models presented in Table 1.


Scheme 2. First complexation step.
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constants of the three complexes ([LnHn(dota)]
(n�1)+*,


where n=0, 1 or 2) were determined by potentiometry in
this work (see Table 2). The Gd�N bond lengths measured
for the intermediate complexes [LnHn(dota)]


(n�1)+* are simi-
lar to those of the final species [Ln(dota)]� because they are
imposed by the size of the macrocyclic cavity.
During the final step, the concerted reorganization of the


ligand leading to the formation of two additional Gd�N
bonds requires several weeks. The study by EXAFS of the
same solutions after 4–6 weeks shows that Ln3+ is still
bound to the four oxygen atoms of the carboxylate groups,
but only one bond to the oxygen atom of a water molecule
subsists. The four nitrogen atoms of the tetraaza ring are
now coordinated to the lantha-
nide. The presence of this water
molecule is confirmed by lumi-
nescence in the case of europi-
um and terbium. The formation
constants of the final com-
pounds 3 of formula
[Ln(dota)]� have been calculat-
ed (“out-of-cell” method, see
Table 3). Molecular modeling
of [Gd(dota)]� and [Y(dota)]�


by Cosentino et al.[56] and Jang
et al. ,[33] respectively, confirm
the lanthanideSs position in the


“coordination cage” and its environment [four Ln3+�N
bonds, four Ln3+�O(OC) bonds, and one Ln3+�O(H2)
bond). The schematic representation of the reaction of this
last phase is given in Scheme 4. In this schematic representa-
tion, the complexes 2 exist in three forms and are in equili-
brium.
The crystalline structures of the complexes Na[Gd(dota)-


(H2O)]
[57,58] and Na[Eu(dota)(H2O)]


[51] were determined by
X-ray diffraction and have a square-based antiprism geome-
try. In these compounds, the Ln3+ cation is located inside
“coordination cage” formed by the four nitrogen atoms of
the macro ring and the four oxygen atoms of the carboxy
groups; the two planes formed by each type of atom are


Scheme 3. Second complexation step.


Scheme 4. Third complexation step.
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practically parallel. A water molecule caps the plane of the
oxygen atoms to assure the coordination number of nine for
gadolinium and europium. B6nazeth et al.[52] showed by
EXAFS the great similarity of the structures of the
[Gd(dota)]� complex in the solid state and in solution.
In conclusion, three series of successive complexes have


been highlighted by at least two methods: the instantaneous-
ly formed [LnHn(dota)]


(n�1)+** complexes (where n=0, 1,
and 2) which evolve very rapidly into [LnHn(dota)]


(n�1)+*
complexes that are stable for 80 h before becoming the final
thermodynamically stable [Ln(dota)]� complexes after sev-
eral weeks. The coordination mode of the lanthanide, as
well as the position of the protons in each of the intermedi-
ate and final complexes, have been specified. The migration
of the protons of the NH+ groups of the tetraaza ring to the
carboxylate groups has already been proposed during the
complexation of the tce-dota ligand.[38] This hypothesis is re-
inforced for this ligand by the crystallographic study[59] of
the [GdH5(tce-dota)] complex in which four protons are at-
tached to the four outside carboxylate groups not bound to
the Gd3+ cation. The fifth proton is effectively attached to
an oxygen atom of a carboxylic group bound to gadolinium
and not to a nitrogen atom in the ring. The intermediate
complexes of europium and terbium with dota had never
been studied and the results relating to the final complexes,
which are more stable than those of gadolinium, were ex-
tremely limited and highly divergent.


Experimental Section


Reagents : All chemicals used were of analytical grade purity. Distilled,
argon-bubbled water was used for the preparation of all solutions. The
ligand dota was a gift of Guerbet SA. Tetramethylammonium chloride
(Fluka Biochemika) was used to control the ionic strength throughout
this study. The standard lanthanide (Eu, Gd, Tb) solutions were prepared
from the trichloride hexahydrate salts (Aldrich). Their concentrations
were determined by edta titrations using xylenol-orange indicator. Car-
bonate-free solutions of tetramethylammonium hydroxide (Riedel de
HaTn) were used for potentiometric titrations.


Protometric measurements : The pH-metric measurements used in the
determination of protonation and complexation constants were carried
out in a thermoregulated cell (25
0.1 8C) with an argon stream flowing
over the solution to avoid the dissolution of carbon dioxide. The glass mi-
croelectrode Metrohm type T has a low error in the alkaline range. The
procedures and apparatus used for protometric measurements have been
previously described.[38] The ionic product of water [pKw=13.78(1) at
25
0.1 8C in 0.1 molL�1 NMe4Cl] was determined by titration of acetic
acid with a CO2-free NMe4OH solution.


The protonation constants of dota were determined from nine titrations,
which corresponds to 1079 pairs of data; the concentration of the ligand
varied from 10�3 to 3O10�3 molL�1 in the presence of HCl (0< [HCl]/
[dota]<8).


Study of the intermediate complexes : The intermediate complexes were
studied by continuous titration of equimolar mixtures of metal and ligand
solutions with NMe4OH. Since the formation of the intermediate com-
plexes was not instantaneous, it was necessary to determine the speed of
base addition. As a result, various titrations of identical equimolar solu-
tions of Ln3+ and dota (initial wait time of the mixture one hour; [Ln3+


]= [dota]=1.5O10�3 molL�1; [NMe4OH]=0.05 molL
�1) were performed


by varying the stabilization time of the pH after each addition of the
base (1–15 min). The titration curves were perfectly superpositioned after
9 minutes of stabilization. In practice, a wait time of 15 minutes was used
for each of the three systems.


To study the formation kinetics of the intermediate complexes [LnH2(do-
ta)]+*, [LnH(dota)]*, and [Ln(dota)]�* (Figure 3), the formation con-
stants of the complexes were calculated from the pairs of data (base
volume, pH) obtained by titrating with NMe4OH (0.05 molL�1) equimo-
lar solutions of Ln3+ and dota ([Ln3+]= [dota]=2.5O10�3 molL�1) for
which the stabilization time of the initial mixture was varied from 1 to
150 h.


Study of the final complexes : The pH evolution of two series of solutions
of equimolar mixtures4 of Gd3+ and ligand stored under argon in stop-
pered flasks in a thermoregulated enclosure was followed at 20 and 50 8C
for 10 weeks (1st series: [dota]= [Gd3+]= 10�3 molL�1; 2nd series:
[dota]= [edta]=5O10�4 molL�1 and [Gd3+]=10�3 molL�1). The complex-
ation kinetics of the Eu–dota and Tb–dota systems were followed at
40 8C in the presence of a strong acid in order to reduce complexation be-
cause the complexes formed are more stable than those of gadolinium
([dota]= [Eu3+ or Tb3+]=10�3 molL�1, [HCl]=5O10�3 molL�1).


Under our experimental conditions, the solubility of edta is close to
1.3 molL�1. The protonation constants of edta were determined from 10
titrations, that is, 1188 pairs of data (base volume, pH); the concentration
of edta was varied from 4O10�4 to 1.3O10�3 molL�1 in the presence of
HCl (4< [HCl]/[dota]<5.2).


The formation constant of the [Gd(edta)]� complex was calculated from
the 1174 pairs of data (base volume, pH) obtained by continuous titration
with NMe4OH (0.1 molL�1) of equimolar solutions of Gd3+ and edta in
the presence of a large excess of HCl (2.5O10�4< [edta]= [Gd3+]<5O
10�4 molL�1 and 10�2< [HCl]<2O10�2 molL�1). The titrations were car-
ried out four hours after mixing the solutions of dota and gadolinium to
clear very light complexation kinetics (i.e. the ph of the solutions are stal-
ized after 1 h).


Four series of 40 solutions each were made to determine the formation
constant of the intermediate complexes [Gd(dota)]� . The stoppered
flasks contained 5 mL of an equimolar mixture of Gd–dota or Gd/(dota
and edta) and increasing quantities of NMe4OH (0.02 molL�1). They
were filled with argon before being closed and then placed in a thermo-
regulated enclosure for variable stabilization times and at variable tem-
peratures, T. The volumes of added base were selected such that about
30 points were located between pH 2.4 and 4.0, the range over which the
intermediate complexes are formed. After the stabilization period, solu-
tions were maintained at 20 8C for a day before the pH values were meas-
ured. The concentrations and stabilization temperatures of the various
series are as follows: 1st series: [Gd3+]= [dota]=1.0O10�3 molL�1, T=


50 8C; 2nd and 3rd series: [Gd3+]=1.0O10�3 molL�1; [dota]= [edta]=
5.0O10�4 molL�1, T=50 and 20 8C); 4th series: [Gd3+]= [dota]=5.0O
10�4 molL�1, T=20 8C).


For the Eu–dota and Tb–dota systems, the four series of 40 solutions
each have identical concentrations and stabilization temperatures ([Ln3+


]= [dota]=1.0O10�3 molL�1, [HCl]=5.0O10�3 molL�1, T=40 8C).


Protometric computations : The protometric data were processed by
using the PROTAF program[60] to obtain the best-fit chemical model and
refined overall stability constants bmlh. The program PROTAF,[60] which is
based on the weighted least-squares of the residues of the experimental
variables (volume of titrant, pH), allows simultaneous processing of 10 ti-
trations, each including 150 pairs of data (volume, pH).


Luminescence measurements : The measurements were determined in
D2O/H2O mixtures, the molar fraction of H2O varying from a value close
to 0 to a value of 1. To measure the luminescence of the initial com-
plexes, solutions of lanthanide chloride (10�3 molL�1) and dota (5O
10�3 molL�1) were prepared that contained a high ligand/metal ratio to
avoid the formation of the nonahydrated lanthanide ion. For the inter-
mediate complexes, a concentrated equimolar solution of dota and EuCl3
(5O10�2 molL�1) was prepared in H2O. After 50 h, this solution was then
diluted to 1/10 in H2O and D2O just before the measurements were
taken. For the final complexes, equimolar solutions of dota and lantha-
nide chloride (2.5O10�2 molL�1) were prepared at a pH near 6.9, and
were kept for 2 weeks at 40 8C before measurements were taken.


Luminescence spectra for europium and terbium were recorded on a
Perkin-Elmer LS50B spectrometer equipped with a Hamamatsu R928


4 The total quantity of ligand was always slightly greater than that of
Ln3+ to prevent any possible precipitation of the hydroxide Ln(OH)3.


F 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 5218 – 52325230


FULL PAPER J. Rimbault et al.



www.chemeurj.org





photo-multiplier and operating in a time-resolved mode. Lifetimes were
measured at 25 8C by excitation of the sample solution by a short pulse
of light (europium species: 394 nm; terbium species: Tb3+ 221 nm, Tb-
P730 229 nm). The emission was monitored at 616 nm for EuIII and at
544 nm for TbIII by using the Lemming Ver 1.01 program. The gate time
was 0.1 ms and the slit widths were 15 and 5 nm for EuIII and 10 and
5 nm for TbIII. The rate constants, k, and the inverse of the lifetimes, t,
are the average values of 10 series of 20–40 measurements for each D2O/
H2O mixture. The luminescence decay curves were fitted by Equa-
tion (11) by using the general curve fitting program Origin. High correla-
tion coefficients were determined. The quoted kD2O values were estimated
and the kH2O values verified from linear extrapolation of k versus the
molar fraction of H2O.


F ¼ Foexp
ð�ktÞ ð11Þ


EXAFS study : X-ray absorption data collection and processing : The
EXAFS (extended X-ray absorption fine structure) data were collected
at LURE (Laboratoire d’Utilisation du Rayonnement Electromagn6-
tique, Paris-Sud University) on the XAS 4 beam line of the DCI storage
ring (positron energy=1.85 GeV; mean current=300 mA). The spectra
were recorded at the lanthanide L3 edge using a Si(111) channel-cut mon-
ochromator, which was detuned to 30% of the maximal intensity for Eu
and Gd and 15% for Tb to remove the higher-order harmonics. The
measurements were performed at room temperature in the transmission
mode with two low pressure (0.2 atm) air-filled ionisation chambers.
Each spectrum is the sum of three to four recordings in the range of
150 eV below to 600–700 eV above the absorption edge, since the range
of the L3 edge (EL3=6977 eV, 7243 eV, and 7515 eV for Eu, Gd, and Tb,
respectively) XAFS is limited by the presence of the LnIII L2 edge (EL2=


7618 eV, 7931 eV, and 8252 eV for Eu, Gd, and Tb, respectively). Spectra
were recorded using sampling steps of 2 eV with an integration time of
2.0 s per point.


The EXAFS spectra at the LnIII L3 edge were measured in aqueous solu-
tion at room temperature. The solutions were obtained by the reaction of
dota (0.11 molL�1) with the appropriate lanthanide (0.1 molL�1) in de-
ionized water. Then the pH was adjusted to 6.9 for the final compounds,
and to around 2.1 for the intermediate ones. The samples were then
added to cells whose thickness varied between 1 and 3 mm. In all cases,
we optimized the experimental parameters in order to obtain a jump to
the X-ray absorption edge of between 0.5 and 1.


Data analysis was performed by means of the “EXAFS pour le Mac”
package.[61] The c(k) functions were extracted from the data[62–64] with a
linear pre-edge background, a combination of polynomials, and spline
atomic-absorption background, and normalized by using the Lengeler–
Eisenberg method.[65] The energy threshold, E0, was measured at the
middle of the absorption edge and was corrected for each spectrum in
the fitting procedure. The k3 weighted c(k) function was Fourier trans-
formed in the range of k=2–13 R�1 by means of a Kaiser–Bessel window
with a smoothness parameter t equal to 2.5 (k is the photoelectron wave
number). In this work, all Fourier transforms were calculated and pre-
sented without phase correction. The peaks corresponding to the first or
two first coordination shells were then isolated and back-Fourier trans-
formed into k space to determine the mean coordination number, N, the
bond length, R, and the Debye–Waller factor, s, by a fitting procedure
realized in the framework of single scattering using the standard EXAFS
formula (12).The backscattering phase, Fi(k,Ri), and amplitude, Ai(k,Ri),


cðkÞ ¼ S2
0


X
i


�
Ni


R2
i


AiðkÞe�2s
2
i k


2
e�2Ri=lðkÞsin ½2kRi þFiðkÞ�


�
ð12Þ


functions were obtained by using experimental and theoretical ap-
proaches. The experimental backscattering phase, Fi(k,Ri), and ampli-
tude, Ai(k,Ri), functions were extracted from the EXAFS data of model
compounds of known crystallographic structure: aqueous rare earth
solution,[53] [Gd(dota)(H2O)]


� ,[52] [Eu(dota)(H2O)]
� ,[51] and [Tb-


(teta)(H2O)]
� ,[66] . The theoretical backscattering functions were calculat-


ed by using the ab initio FEFF7 program,[67] with input data based on the
X-ray crystal structure. Moreover, the FEFF7 program[53] was used to
check if the multiple scattering of our reference compounds of known
crystallographic structure is negligible in the 0–3.4 R range (see text).
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Towards a Total Synthesis of the New Anticancer Agent Mensacarcin:
Synthesis of the Carbocyclic Core
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Introduction


Mensacarcin (1) is a novel polyfunctionalised hexahydroan-
thracene isolated from a strain of Streptomyces (G� C4/4)
by Zeeck and Arnold.[1] Mensacarcin (1) shows cytostatic
and cytotoxic activity comparable to doxorubicin (2), anoth-
er anticancer agent currently used in the treatment of malig-
nant lymphomas and leukemias.[2,3] Interestingly, mensacar-
cin (1) has a high level of oxygenation, similar to that found
in compound 2, along with some other structural similarities.
At present, the only known natural product with a closely
related structure to mensacarcin (1) is cavicarcin (3), which
displays a much lower biological activity.[4] The challenges
involved with the highly substituted tricyclic core of mensa-
carcin (1) along with its pronounced bioactivity make it an
attractive target for organic synthesis. When the prevalence
of anthraquinone-type frameworks in a variety of natural
products is considered, it is not surprising that many ap-
proaches have been developed for their synthesis.[5] However,


only a few methods exist for the formation of the hydroxy-
or methoxy-substituted dihydroanthracenone, either by re-
gioselective reduction of anthraquinone or by other synthet-
ic pathways.[6] For this reason, and because of our interest in
preparation of natural products by transition-metal-catalysed
transformations,[7] we have devised a synthesis of the tricy-
clic core of 1 by means of an intramolecular Heck reaction.
The strategy for the synthesis of the carbocyclic core of


mensacarcin (1) is outlined in Scheme 1. In an initial retro-
synthesis analysis, it was envisaged that the tricyclic com-
pound 1 could be broken up into the two aromatic frag-
ments, 4 and 5. Nucleophilic addition of the aryllithium spe-
cies 5 to the aldehyde 4 should afford the diphenylcarbinol
6. An intramolecular Heck reaction involving a protected


[a] Prof. Dr. L. F. Tietze, Dr. S. G. Stewart, M. E. Polomska,
Dr. A. Modi, Prof. Dr. A. Zeeck
Institut f:r Organische und Biomolekulare Chemie
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Fax: (+49)551-399-476
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Supporting information for this article is available on the WWW
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Abstract: A synthesis of the carbocy-
clic core associated with the new anti-
cancer agent mensacarcin (1) is report-
ed. The strategy involves the synthesis
of several novel highly substituted aro-
matic compounds, such as 12 and 23.
The lithium derivative of 12 readily
engages in a nucleophilic addition to
benzaldehyde 4 to provide the diphenyl-
carbinol rac-15. The analogous benzyl
ether rac-16 undergoes an intramolecu-


lar Heck reaction to provide the re-
quired tetrahydroanthracene rac-17,
which can be transformed into the key
tricyclic methyl ether rac-20. In a
second approach, the lithium derivative
of 21 is added to the hexasubstituted


benzaldehyde 23 to give the diphenyl-
carbinol rac-35. Subsequent methyla-
tion to rac-36 followed by an intramo-
lecular Heck reaction provides tricycle
rac-37. Similarly, the oxidised com-
pound 40 provides an electronically
more suitable intramolecular Heck
partner to afford compound 41. Fur-
ther transformations of these substrates
leads to rac-43, which incorporates the
core structure of mensacarcin (1).


Keywords: anthracenes ·
antibiotics · antitumor agents ·
carbocycles · Heck reactions
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derivative of diphenylcarbinol 6 would then provide the re-
quired tetrahydroanthracene compound 7 (Pathway 1). In a
second retrosynthesis approach, the building blocks 8 and 9
were utilised (Pathway 2). Nucleophilic addition of the lithi-
um compound 8 to the aldehyde 9 would provide the diphe-
nylcarbinol 10, which should then lead to the tetrahydroan-
thracene 11, again by way of an intramolecular Heck reac-
tion. However, before such retrosynthesis approaches were
realised, the synthesis of the corresponding highly substitut-
ed building blocks 4 and 9 had to be performed. Additional-
ly, at this stage it was not clear whether the planned Heck
reactions would be at all feasible, due to the high electron
density in rings A and C. For the synthesis of mensacarcin
(1), we initially focussed on the preparation of building
block 12, assuming that the missing methyl group at C-3
could be introduced by addition of a methyl cuprate to an
epoxide in ring C; this reaction would also allow the intro-
duction of a hydroxy group at C-2 (mensacarcin number-
ing). As a second building block, 2-iodo-3-methoxybenzalde-
hyde (4) had to be prepared.


Results and Discussion


The synthesis of 2-iodo-3-methoxybenzaldehyde (4) was
achieved, in 52% yield, by converting the commercially
available benzaldehyde 13 into the corresponding ortho-ar-
yllithium compound by using nBuLi, TriMEDA and PhLi
and then quenching with iodine (Scheme 2).[8] The C-ring


building block 12 was synthesised in 12 steps from p-
methoxyphenol 14 in 12% overall yield.[9] Treatment of 12
with tBuLi at �78 8C generated the corresponding aryllithi-
um compound, which was in turn treated with aldehyde 4.
The resulting alcohol from this reaction, rac-15, was not iso-
lated but was protected under standard conditions with
NaH, BnBr and THF at 40 8C to provide the benzyl ether 16
as a racemic mixture in 52% yield over two steps. Com-
pound rac-16 was subsequently employed in the key ring-
closure step. Thus, intramolecular Heck reaction with
Pd(OAc)2, PPh3, nBu4NCl and K2CO3 in DMF allowed a
smooth transformation to form the desired methylene tetra-
hydroanthracene rac-17 in an excellent yield of 85%. As an-
ticipated, none of the seven-membered endo product was
detected, due to the highly favoured and less sterically de-
manding six-exo-trig cyclisation.[10]


Scheme 1. Retrosynthesis analysis of the carbocyclic core of mensacarcin
(1).


Scheme 2. Synthesis of tricycle rac-20. a) TriMEDA, C6H6, nBuLi, 0 8C,
then 13, 0 8C, PhLi, 7 h, then THF, �78 8C, I2, 12 h, 55%; b) 12, tBuLi,
THF, �78 8C, 10 min, then 4, Et2O, 20 8C, 30 min, 80%; c) NaH, THF,
BnBr, 40 8C, 12 h, 65%; d) Pd(OAc)2, PPh3, nBu4NCl, K2CO3, DMF,
40 8C, then 16, 80 8C, 12 h, 85%; e) RuCl3, NaIO4, CCl4, MeCN, H2O,
20 8C, 20 min, 81%; f) LiAlH4, THF, 0 8C, 30 min, 91%; g) NaH, MeI,
THF, 40 8C, 12 h, 96%. Bn=benzyl, TriMEDA=N’,N,N-trimethylethyl-
enediamine.
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Once we had succeeded in forming the carbocyclic core of
mensacarcin (1), our attention was then focussed on instal-
ling the methoxy substituent at C-12 (mensacarcin number-
ing: C-10). To this end, the methylene group within the tri-
cyclic rac-17 was initially oxidatively cleaved with a mixture
of RuCl3 (5 mol%) and NaIO4 to give the ketone rac-18 in
81% yield.[11] The latter compound was then stereoselective-
ly reduced to afford the alcohol rac-19. The anti-orientated
substituents at C-7 and C-12 within rac-19 probably arise
from a neighbouring-group effect of the benzyloxy moiety
at the C-7 position during reduction. Final methylation of
the hydroxy group in rac-19 provided the racemic ether 20,
in 96% yield, which was characterised by standard spectro-
scopic techniques as well as 1H-NOESY NMR spectroscopy.
This compound contains the desired ABC ring system as
well as the C-12 functionality as found in mensacarcin (1)
but is missing the methyl group at C-5 (mensacarcin num-
bering: C-10 and C-3, respectively).
In addition to compound 12, we also prepared the C-ring


building block 23, which already contains the necessary
methyl group at C-5. The connection of this compound with
ring A was envisaged according to retrosynthesis pathway 2
(Scheme 1), for which the building blocks 21 and 22
(Scheme 3) were needed. For the synthesis of the first


A ring building block, the previously synthesised aldehyde 4
was subjected to a Wittig reaction with PPh3CH3Br and
NaHMDS to give 21 in 90% yield. Furthermore, the pre-
sumably more stable acetal-protected derivative 22 was also
prepared in a single step, in 66% yield, by using 1,3-pro-
panediol. Synthesis of the more complex aldehyde 23 started
with bromination in the para position of the commercially
available anisole 24 by using Br2 and NaOAc in CH2Cl2 to
give 25 (Scheme 4). This step was followed by preparation
of the corresponding magnesium compound, which was CO2
(dry) quenched to produce the carboxylic acid 26 in 70%
yield over 2 steps.[12] Reaction of carboxylic acid 26 with
2.0 equivalents of Br2 in dioxane furnished compound 27, in
84% yield, containing a bromine atom in the ortho position
to the methoxy substituent.[13] As intended, the carboxylic
acid at C-1 in 26 was successful in directing the bromination


and this functionality subsequently needed to be “un-
masked” as the phenol to allow the introduction of two
ortho-hydroxymethyl units.[14] This transformation first re-
quired an acid to aldehyde reduction, which was achieved in
2 steps by initial treatment of 27 with LiAlH4 to give the al-
cohol 28 in 72% yield and subsequent oxidation with MnO2
to afford aldehyde 29 in 87% yield. Baeyer–Villiger oxida-
tion of 29 to give the corresponding formate was followed
by solvolysis with K2CO3 and MeOH to furnish phenol 30 in
reasonable yield (68%).[15] The 1H NMR spectrum of 30
shows two meta-coupled resonances (J=1.2 Hz), which are
characteristic for the aromatic substitution pattern in this
compound. In a final transformation, the last two nonsubsti-
tuted positions within phenol 30 were hydroxymethylated by
exposure to formaldehyde and calcium oxide in water to
give the novel hexasubstituted aromatic compound 31 in
69% yield.[16]


Acetonide protection of triol 31 by using acetone and cat-
alytic amounts of p-TsOH gave a mixture of regioisomers 32
and 33 in a 1:1.1 ratio,[17] respectively, and in 91% overall
yield.[18] Unfortunately, at this stage alcohols 32 and 33
could not be separated by conventional chromatography.
Therefore, the mixture was carried through the synthesis se-
quence and oxidised under Swern conditions to give the cor-
responding aldehydes 23 and 34 in 83% overall yield. Here,
the two aromatic regioisomers could be chromatographically
separated and individually characterised by using standard
spectroscopic techniques, as well as NOE difference mea-
surements to determine their substitution pattern. Aldehyde
23, which represented the desired C-ring building block, was
used for the anticipated ring coupling, while compound 34
was used for another independent pathway to mensacarcin
(1).
The crucial connection of the two A and C-ring aromatic


fragments was performed as previously anticipated in the


Scheme 3. Synthesis of iodobenzenes 21 and 22. a) Ph3PCH3Br,
NaHMDS, THF, 20 8C, 1 h, then 4, 1 h, 90%; b) 1,3-propanediol, Amber-
lyst 15 H+ , C6H6, reflux, 5 h, 66%. NaHMDS= sodium hexamethyldisila-
zanide.


Scheme 4. Synthesis of bromobenzenes 23 and 34. a) Br2, CH2Cl2,
NaOAc, 0 8C, 2 h, 85%; b) Mg, THF, Et2O, reflux, 1 h 30 min, then 20 8C,
CO2, 2 h, 82%; c) Br2, dioxane, 20 8C, 7 d, 84%; d) LiAlH4, THF, Et2O,
0 8C, 1 h, 72%; e) MnO2, CH2Cl2, 20 8C, 12 h, 87%; f) m-CPBA, CH2Cl2,
20 8C, then K2CO3, MeOH, 20 8C, 15 min, 68%; g) HCHO, H2O, CaO,
20 8C, 5 d, 69%; h) (CH3)2CO, p-TsOH, 20 8C, 18 h, 91%; i) DMSO,
ClCOCOCl, CH2Cl2, �78 8C, 30 min, then 32/33, �78 8C, 1.5 h, then NEt3,
5 min, 20 8C, 30 min, 83%. DMSO=dimethylsulfoxide, m-CPBA=meta-
chloroperoxybenzoic acid, p-TsOH=para-toluenesulfonic acid.
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retrosynthesis analysis (Pathway 2, Scheme 2). The aryllithi-
um was prepared in situ from 21 by a lithium–iodine ex-
change with nBuLi (Scheme 5). This was followed by addi-


tion of the aldehyde 23 which led to formation of the diphe-
nylcarbinol rac-35 in a reasonable yield of 58%. Initial evi-
dence for the success of this reaction was obtained upon
H1 NMR spectral analysis by observation of a new reso-
nance at d=6.82 ppm (d, J=8.1 Hz), which was attributed
to the 1-H proton. Subsequent installation of what would
become the C-10 methoxy substituent in mensacarcin (1)
was achieved by subjection of rac-35 to KH and MeI in
THF to give rac-36 in 87% yield. In an effort to improve
the aryllithium to aldehyde addition and hence the overall
yields, an alternative pathway to compound rac-36, the in-
tramolecular Heck reaction precursor, was devised. Thus,
the aryllithium of acetal 22 was added in the same manner
to the aldehyde 23 to give the diphenylcarbinol rac-38 with
a superior yield (74%). The reasons for the protected iodo
compound 22 performing better under these conditions than
its styrene counterpart 21 are unknown. However, one could
assume that the oxygen atoms within the acetal moiety at
the ortho position facilitate the lithiation and stabilise the
formed metal organic compound. Alcohol rac-38 was then
methylated by using KH and MeI to give rac-39 (91%); this
was followed by cleavage of the acetal moiety with PPTS in


acetone/water (81%) and olefination with PPh3CH3Br and
NaHMDS (81%) to give the desired alkene rac-36. Howev-
er, due to the additional steps, the overall yield of this path-
way does not exceed the previously mentioned direct and
shorter approach to rac-36 by using compound 21 as the
substrate.
The intramolecular Heck reaction of olefin rac-36, with


the Herrmann–Beller catalyst,[19] provided the desired meth-
ylene tetrahydroanthracene rac-37 in a low yield of 24%
(54% based on recovery of starting material). After similar
poor yields with several other palladium catalysts, the highly
electron-donating C-ring within substrate rac-36 was
deemed to negatively effect the initial insertion process of
the Heck reaction cycle and hence lower the turnover rate
of this transformation. With this in mind, a new precursor,
benzophenone 40, was devised to accelerate the Heck trans-
formation. It was thought that such a substrate would lower
the C-ring aromatic electron density as well as bring the
olefin and the organopalladium intermediate in close prox-
imity to each other through conjugation. Benzophenone 40
was synthesised from rac-35 by using Dess–Martin periodi-
nane in 81% yield (Scheme 6). As predicted, the intramo-


lecular Heck reaction of this compound proceeded smoothly
under the previously described conditions with the Herr-
mann–Beller catalyst to afford the anthracenone derivative
41 in 74% yield. This latter tricyclic derivative could be con-
verted into the required compound rac-37. This conversion
was achieved through a reduction with LiAlH4 and a meth-
ylation sequence in 37% overall yield. This poor yield was
due to the susceptibility of the intermediate tetrahydroan-
thracene rac-42 to rearomatise. Finally, an oxidative cleav-
age of the methylene moiety within anthracene rac-37 by
using RuCl3 (5 mol%) and NaIO4 allowed the formation of
rac-43, in 69% yield, containing the correct ABC tricyclic
core and the AB ring functionality as found in mensacarcin
(1).
An essential factor of the described synthesis pathways to


provide a viable route to the natural product mensacarcin


Scheme 5. Synthesis of tricycle rac-37. a) 21, nBuLi, THF, �78 8C, 20 min,
then 23, THF, �78 8C, 20 min, 20 8C, 58%; b) KH, THF, 0 8C, 40 min,
then MeI, 20 8C, 1 h, 87%; c) nBu4NOAc, DMF/CH3CN/H2O, 60 8C, then
Herrmann–Beller catalyst, 120 8C, 4 h, 24%; d) 22, nBuLi, THF, �78 8C,
10 min, then 23, THF, 20 8C, 35 min, 74%; e) KH, THF, 0 8C, 40 min,
then MeI, 20 8C, 2 h, 91%; f) PPTS, (CH3)2O, H2O, 20 8C!reflux, 3 h,
81%; g) Ph3PCH3Br, NaHMDS, THF, 20 8C, 1 h, then the aldehyde from
(f), 20 8C, 1 h, 81%. PPTS=pyridinium p-toluenesulfonate.


Scheme 6. Synthesis of tricycle rac-43. a) Dess–Martin periodinane,
CH2Cl2, 20 8C, 15 min, 81%; b) nBu4NOAc, DMF/CH3CN/H2O, 60 8C,
then Herrmann–Beller catalyst, 110 8C, 17 h, 74%; c) LiAlH4, THF, 0 8C,
10 min; d) NaH, MeI, THF, 0 8C!20 8C, 14 h, 37% over two steps;
e) RuCl3, NaIO4, CCl4, MeCN, H2O, 0 8C, 15 min, 69%.
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(1) is the ability to dearomatise the C-ring. Methods for car-
rying out this transformation include oxidation by using
ceric ammonium nitrate (CAN),[16] hypervalent iodine re-
agents[20] or anodic methods.[21] Initial efforts in this area
have been fruitful with the successful CAN oxidation of
compound rac-20.


Conclusion


In summary, we have developed an efficient pathway to the
tricyclic carbocycles 17, 37 and 41. Furthermore, compounds
37 and 41 could be readily converted into the 12-methoxydi-
hydroanthracenone 43 which contains the desired ABC tri-
cyclic core found in mensacarcin (1), the correct AB func-
tionality and the carbon pattern of ring C. It is also expected
that, following alternative transformations, compounds 41
and 43 will serve as useful precursors to mensacarcin (1).
This work demonstrates the value of intramolecular Heck
transformations in organic synthesis. The utility of this syn-
thetic pathway for the synthesis of the natural product men-
sacarcin (1) and biologically active analogues is currently
being explored within this group.


Experimental Section


General : All reactions were performed in flame-dried glassware under
an argon atmosphere. Solvents were dried and purified according to the
method defined by Perrin and Armarego.[22] TLC chromatography was
performed on precoated aluminium silica gel SIL G/UV254 plates (Ma-
cherey, Nagel Co.), and silica gel 32–63 (0.032–0.064 mm; Macherey,
Nagel Co.) was used for column chromatography. Apparatus used: melt-
ing points: Mettler FP61; IR spectroscopy: Brucker IFS25; UV/Vis spec-
troscopy: Perkin-Elmer Lambda 9; NMR spectroscopy: Varian VXR-200
(200 MHz, 1H) or Bruker AM-300 (300 MHz, 75 MHz, for 1H and 13C, re-
spectively); MS: Varian MAT 731. For 1H and 13C NMR spectroscopy,
CDCl3 and C6D6 were used as solvents. HRMS was performed by using a
modified peak-matching technique, with an error of �2 ppm and a reso-
lution of approximately 10000. Elemental analysis was performed at the
Mikroanalytisches Labor des Institutes f:r Organische und Biomoleku-
lare Chemie der Universit>t G�ttingen.


2-Iodo-3-methoxybenzaldehyde (4): A solution of N,N ’,N ’-trimethyleth-
ylenediamine (3.22 g, 31.5 mmol) in benzene (100 mL) was treated drop-
wise with nBuLi (12.60 mL, 2.5m in hexane, 31.5 mmol) at 0 8C. The re-
sulting solution was warmed to 20 8C while being continuously stirred for
15 min. The mixture was then cooled again to 0 8C and 3-methoxybenzal-
dehyde (13 ; 4.00 g, 29.4 mmol) was added in one portion. The resulting
yellow solution was stirred for another 15 min at 20 8C before being
cooled again to 0 8C and treated with a solution of phenyllithium
(44.1 mL, 2.0m in dibutyl ether, 88.2 mmol). After the mixture was stirred
at 20 8C for 7 h, THF (50 mL) was added while the mixture was cooled to
�78 8C. This solution was then treated with freshly sublimed iodine
(29.9 g, 118 mmol) in THF (50 mL), the cooling bath was removed and
the reaction mixture was allowed to warm to 20 8C. After being stirred
for a further 12 h, the slurry was diluted with ethyl acetate (100 mL),
washed with HCl (1Q20 mL, 1m) and Na2S2O3 (3Q50 mL, saturated so-
lution), dried (MgSO4), filtered and concentrated under reduced pres-
sure. Subjection of the resulting crude oil to flash chromatography (pen-
tane/EtOAc 19:1) and concentration of the appropriate fractions afford-
ed iodobenzene 4 as a yellow solid (4.23 g, 16.2 mmol, 55%), recrystal-
lised from EtOAc/hexane. Rf=0.5; m.p. 84 8C;


1H NMR (200 MHz,
CDCl3): d=3.95 (s, 3H; OCH3), 7.05 (d, J=7.9 Hz, 1H; 4-H), 7.39 (t, J=
7.9 Hz, 1H; 5-H), 7.50 (d, J=7.9 Hz, 1H; 6-H), 10.19 ppm (s, 1H;
CHO); 13C NMR (50.3 MHz, CDCl3): d=56.8, 93.9, 116.0, 122.2, 129.4,


136.7, 158.2, 196.4 ppm; UV/Vis (CH3CN): lmax (loge)=222.0 (4.4167),
326.5 nm (3.7352); IR (KBr): ñ=2849, 1950, 1562, 1466, 1270, 1013,
787 cm�1; MS (EI, 70 eV): m/z (%): 261 (100) [M]+ , 133.0 (10), 104.0 (8),
76.0 (12); HRMS: calcd for C8H7IO2: 261.9491; confirmed.


(1’RS)-7-[1’-Benzyloxy-(2’-iodo-3’-methoxyphenyl)-methyl]-6-methoxy-
2,2-dimethyl-8-vinyl-4H-benzo[1,3]dioxine (16): A magnetically stirred
solution of bromobenzene 12 (500 mg, 1.76 mmol) in Et2O (20 mL) at
�78 8C was treated with tBuLi (2.18 mL, 1.7m in hexane, 3.7 mmol). The
resulting mixture was stirred at this temperature for 10 min before being
treated with aldehyde 4 (507 mg, 1.94 mmol) in Et2O (2 mL). Stirring was
continued at �78 8C for 30 min and the ensuing solution was warmed to
20 8C. The resulting mixture was diluted with Et2O (20 mL) and washed
with water (2Q5 mL), then the organic phases were dried (Na2SO4), fil-
tered and concentrated under reduced pressure to afford alcohol 15 as a
yellow oil (684 mg, 1.42 mmol, approximately 80%).[23]


A magnetically stirred solution of alcohol 15 in THF (20 mL) was treated
with NaH (141 mg, 60% in oil, 3.52 mmol) and benzyl bromide (418 mL,
3.52 mmol) at 20 8C. The resulting mixture was warmed to 40 8C and stir-
ring was continued for 12 h. The ensuing cloudy solution was diluted with
Et2O (40 mL), washed with water (2Q10 mL), dried (Na2SO4), filtered
and concentrated under reduced pressure to afford a pale oil. Subjection
of this material to flash chromatography (pentane/methyl tert-butyl ether
3:1) and concentration of the appropriate fractions afforded benzyl ether
16 as a yellow foam (654 mg, 1.14 mmol, 65%). Rf=0.4;


1H NMR
(300 MHz, C6D6): d=1.42 (s, 3H; CH3), 1.44 (s, 3H; CH3), 3.18 (s, 6H;
2QOCH3), 4.59 (s, 2H; 4-H), 4.62 (d, J=11.0 Hz, 1H; OCH2Ph), 4.83 (d,
J=11.0 Hz, 1H; OCH2Ph), 5.43 (dd, J=12.0, 2.6 Hz, 1H; 2’’-H), 6.01
(dd, J=17.7, 2.6 Hz, 1H; 2’’-H), 6.03 (s, 1H; 7-H), 6.19 (dd, J=8.3,
1.3 Hz, 1H; 4’-H), 6.64 (s, 1H; 5-H), 6.88 (t, J=8.0 Hz, 1H; 5’-H), 7.03–
7.20 (m, 3H; Ar-H), 7.30 (dd, J=7.8, 1.4 Hz, 1H; 6’-H), 7.40–7.51 ppm
(m, 3H; Ar-H, 1’’-H); 13C NMR (50.3 MHz, C6D6): d=24.7, 25.1, 55.9,
55.9, 61.2, 71.7, 82.1, 94.0, 99.5, 106.6, 110.1, 119.9, 120.8, 126.1, 123.0,
127.8, 128.2, 128.3, 128.9, 132.0, 139.2, 144.2, 145.7, 152.6, 158.7 ppm; IR
(KBr): ñ=3442, 3029, 2938, 2838, 1726, 1603, 1584, 1463, 1425, 1340,
1385, 1279, 1202, 1065, 851, 797 cm�1; MS (EI, 70 eV): m/z (%): 572.0
(28) [M]+ , 513.9 (20) [M�C3H6O]+, 422.9 (100), 387.1 (38), 279.0 (24),
165.0 (20), 91.0 (100) [C7H7]


+; HRMS: calcd for C28H29IO5: 572.1059;
confirmed.


(7RS)-7-Benzyloxy-6,11-dimethoxy-2,2-dimethyl-12-methylene-7,12-dihy-
dro-4H-1,3-dioxabenzo[a]anthracene (17): A magnetically stirred so-
lution of Pd(OAc)2 (16 mg, 5 mol%, 77 mmol), PPh3 (36 mg, 10 mol%,
1.4 mmol), nBu4NCl (793 mg, 2.86 mmol) and K2CO3 (395 mg,
2.86 mmol) in DMF (30 mL) was heated at 40 8C for 30 min. The result-
ing solution was treated with olefin 16 (818 mg, 1.43 mmol) in one por-
tion and the mixture was immediately degassed and heated to 80 8C. Stir-
ring was continued at this temperature for 12 h, before the solution was
cooled to 20 8C. The ensuing mixture was diluted with Et2O (60 mL),
washed with water (1Q10 mL), dried (MgSO4), filtered and concentrated
under reduced pressure. The resulting crude oil was subjected to flash
chromatography (pentane/methyl tert-butyl ether 1:1) and concentration
of the appropriate fractions afforded anthracene 17 as a yellow foam
(540 mg, 1.22 mmol, 85%). Rf=0.6;


1H NMR (300 MHz, C6D6): d=1.28
(s, 3H; CH3), 1.46 (s, 3H; CH3), 3.21 (s, 3H; OCH3), 3.33 (s, 3H; OCH3),
4.56 (d, J=15.3 Hz, 1H; 4-H), 4.62 (d, J=15.3 Hz, 1H; 4-H), 4.62 (d, J=
12.0 Hz, 1H; OCH2Ph), 4.68 (d, J=12.0 Hz, 1H; OCH2Ph), 6.01 (s, 1H;
5-H), 6.20 (s, 1H; 7-H), 6.54 (dd, J=7.3, 2.5 Hz, 1H; 10-H), 6.78 (s, 2H;
1’-H), 6.97–7.13 (m, 5H; Ar-H), 7.31–7.38 ppm (m, 2H; Ar-H); 13C NMR
(150.8 MHz, C6D6): d=24.1, 25.5, 55.1, 55.6, 61.3, 69.8, 71.4, 99.4, 105.5,
111.5, 120.1, 122.0, 122.2, 127.2, 127.6, 127.9, 128.2, 125.4, 127.7, 129.6,
132.0, 137.9, 140.1, 142.8, 150.9, 157.4 ppm; IR (KBr): ñ=3424, 2937,
1601, 1461, 1434, 1384, 1265, 1139, 858, 799 cm�1; UV/Vis (CH3CN): lmax
(loge)=191.0 (4.8328), 306.0 nm (3.7432); MS (EI, 70 eV): m/z (%):
444.0 (8) [M]+ , 386.0 (5) [M�C3H6O]+ , 279.0 (100), 249.0 (8), 91.0 (1)
[C7H7]


+ ; HRMS: calcd for C28H28O5: 444.519; confirmed; elemental anal-
ysis calcd (%) for C28H28O5: C 75.65, H 6.35; found: C 75.71, H 6.20.


(7RS)-7-Benzyloxy-6,11-dimethoxy-2,2-dimethyl-4,7-dihydro-1,3-dioxa-
benzo[a]anthracen-12-one (18): A magnetically stirred solution of com-
pound 17 (293 mg, 0.66 mmol) in CCl4/MeCN/H2O 1:1:1.5 (10.5 mL) at
20 8C was treated in one portion with a mixture of RuCl3 (6.8 mg,
5 mol%, 0.03 mmol) and NaIO4 (705 mg, 3.0 mmol). After being stirred
for 20 min, the suspension was diluted with CH2Cl2 (10 mL), washed with
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water (1Q5 mL), dried (MgSO4), filtered and concentrated under re-
duced pressure. The resulting brown solid was diluted with pentane
(10 mL), filtered and washed further with pentane (1Q5 mL) to afford
crude anthracenone 18 as a brown solid (254 mg, 0.57 mmol, 81%).
1H NMR (300 MHz, C6D6): d=1.37 (s, 3H; CH3), 1.53 (s, 3H; CH3), 3.25
(s, 3H; OCH3), 3.28 (s, 3H; OCH3), 4.45 (d, J=12.0 Hz, 1H; OCH2Ph),
4.50 (s, 2H; 4-H), 4.52 (d, J=12.0 Hz, 1H; OCH2Ph), 5.98 (s, 1H; 7-H),
6.09 (br s, 1H; 5-H), 6.42 (d, J=8.6 Hz, 1H; 10-H), 6.86 (d, J=7.3 Hz,
1H; 8-H), 6.96–7.11 (m, 4H; Ar-H), 7.18–7.24 ppm (m, 2H; Ar-H);
13C NMR (75.5 MHz, C6D6): d=24.7, 24.9, 55.4, 55.8, 61.0, 69.2, 69.6,
100.0, 110.5, 112.7, 121.2, 121.6, 127.3, 127.9, 128.2, 132.2, 125.8, 126.8,
139.3, 141.4, 144.9, 150.1, 159.3, 183.2 ppm; IR (KBr): ñ=3424, 3002,
2941, 2841, 1680, 1472, 1431, 1384, 1270, 1196, 1141, 1087, 1020, 865,
742 cm�1; UV/Vis (CH3CN): lmax (log e)=191.0 (4.8334), 287.5 (3.4882),
332.0 (3.6248), 357.0 nm (3.6562); MS (EI, 70 eV): m/z (%): 446.4 (24)
[M]+ , 388.4 (16) [M�C3H6O]+ , 282.2 (100), 267.2 (30), 253.2 (20), 239.2
(24), 167.1 (30), 149.1 (50), 108.1 (20), 91.0 (28) [C7H7]


+ ; HRMS: calcd
for C27H26O6: 446.1729; confirmed.


(7RS,12RS)-7-Benzyloxy-6,11-dimethoxy-2,2-dimethyl-7,12-dihydro-4H-
1,3-dioxabenzo[a]anthracen-12-ol (19): A magnetically stirred solution of
ketone 18 (251 mg, 0.56 mmol) in THF (10 mL) at 0 8C was treated drop-
wise with LiAlH4 (674 mL, 1m in THF, 674 mmol). Stirring was continued
for 30 min before the solution was warmed to 20 8C. The ensuing suspen-
sion was then quenched dropwise with water (2 mL), extracted with Et2O
(3Q10 mL), washed with brine (2 mL), dried (Na2SO4), filtered and con-
centrated under reduced pressure to give a yellow oil. Subjection of this
material to flash chromatography (pentane/methyl tert-butyl ether 1:1)
and concentration of the appropriate fractions gave anthracenol 19 as a
yellow foam (223 mg, 0.51 mmol, 91%). Rf=0.4;


1H NMR (300 MHz,
CDCl3): d=1.52 (s, 3H; CH3), 1.60 (s, 3H; CH3), 3.22 (d, J=10.1 Hz,
1H; OH), 3.75 (s, 3H; OCH3), 3.89 (s, 3H; OCH3), 4.46 (d, J=12.2 Hz,
1H; OCH2Ph), 4.52 (d, J=12.2 Hz, 1H; OCH2Ph), 4.77 (d, J=15.5 Hz,
1H; 4-H), 4.84 (d, J=15.5 Hz, 1H; 4-H), 5.70 (s, 1H; 7-H), 6.29 (d, J=
10.1 Hz, 1H; 12-H), 6.44 (s, 1H; 5-H), 6.88 (d, J=8.5 Hz, 1H; 10-H),
6.97 (d, J=7.2 Hz, 1H; 8-H), 7.19–7.39 ppm (m, 6H; Ar-H); 13C NMR
(75.5 MHz, CDCl3): d=24.7, 24.8, 55.7, 55.9, 57.2, 61.0, 69.9, 70.3, 99.7,
106.2, 111.0, 120.2, 121.3, 126.3, 128.7, 130.5, 138.2, 139.1, 127.4, 127.9,
128.1, 128.5, 142.7, 150.6, 157.3 ppm; IR (KBr): ñ=3430, 2937, 2872,
1588, 1482, 1434, 1375, 1303, 1281, 1248, 1201, 1098, 1024, 994, 954, 851,
799 cm�1; UV/Vis (CH3CN): lmax (loge)=192.5 (4.8358), 307.0 nm
(3.7024); MS (EI, 70 eV): m/z (%): 448.1 (20) [M]+ , 430.1 (4) [M�H2O]+,
390.1 (8) [M�C3H6O]+ , 372.1 (20), 282.0 (100), 266.0 (74), 254.0 (20),
91.0 (20) [C7H7]


+ ; HRMS: calcd for C27H28O6: 448.1886; confirmed.


(7RS,12RS)-7-Benzyloxy-6,11,12-trimethoxy-2,2-dimethyl-7,12-dihydro-
4H-1,3-dioxabenzo[a]anthracene (20): A magnetically stirred solution of
alcohol 19 (210 mg, 0.47 mmol) in THF (10 mL) at 20 8C was treated with
NaH (37 mg, 60% in oil, 0.94 mmol) and methyl iodide (59 mL,
0.94 mmol). The resulting mixture was warmed to 40 8C and stirred for a
further 12 h. After this time, the reaction was cooled to 20 8C, diluted
with Et2O (10 mL) and washed with water (5 mL). The water layer was
extracted further with Et2O (3Q10 mL) and the combined organic phases
were dried (Na2SO4), filtered and concentrated under reduced pressure.
Subjection of the resulting crude oil to flash chromatography (pentane/
methyl tert-butyl ether 2:1) and concentration of the appropriate frac-
tions afforded anthracenol 20 as a yellow oil (208 mg, 0.45 mmol, 96%).
Rf=0.2;


1H NMR (300 MHz, CDCl3): d=1.55 (s, 3H; CH3), 1.61 (s, 3H;
CH3), 3.54 (s, 3H; OCH3), 3.76 (s, 3H; OCH3), 3.91 (s, 3H; OCH3), 4.53
(d, J=12.5 Hz, 1H; OCH2Ph), 4.64 (d, J=12.5 Hz, 1H; OCH2Ph), 4.80
(d, J=14.5 Hz, 1H; 4-H), 4.87 (d, J=14.5 Hz, 1H; 4-H), 5.69 (s, 1H; 12-
H), 6.02 (s, 1H; 7-H), 6.47 (s, 1H; 5-H), 6.89 (d, J=8.2 Hz, 1H; 10-H),
6.97 (d, J=7.9 Hz, 1H; 8-H), 7.17–7.31 (m, 4H; Ar-H), 7.33–7.39 ppm
(m, 2H; Ar-H); 13C NMR (150.8 MHz, CDCl3): d=24.7, 25.1, 55.7, 55.9,
55.9, 64.7, 61.1, 69.1, 69.4, 99.5, 111.4, 119.4, 122.3, 126.5, 127.8, 127.0,
127.7, 128.1, 128.7, 138.7, 139.4, 143.2, 151.3, 157.8 ppm; IR (KBr): ñ=
3449, 2992, 2936, 2838, 1603, 1589, 1464, 1434, 1384, 1279, 1100, 990, 864,
798, 739 cm�1; UV/Vis (CH3CN): lmax (log e)=190.5 (4.8915), 192.0
(4.8935), 94.5 (4.8872), 199.0 (4.8685), 307.0 nm (3.7363); MS (EI, 70 eV):
m/z (%): 462.1 (26) [M]+, 430.1 (2) [M�CH3OH]+ , 373.1 (8), 266.1
(100), 223 (8), 91.0 (20) [C7H7]


+ ; HRMS: calcd for C28H30O6: 462.2042;
confirmed.


2-Iodo-3-vinyl-anisole (21): A solution of Ph3PCH3Br (1.38 g, 3.87 mmol)
in THF (50 mL) was treated with sodium bis(trimethylsilyl) amide
(3.87 mL, 1m in THF, 3.87 mmol) and stirred for 1 h at 20 8C. The reac-
tion mixture was then treated with a solution of 2-iodo-3-methoxybenzal-
dehyde 4 (676 mg, 2.58 mmol) in THF (20 mL) and stirred for 1 h, before
silica gel was added and the suspension concentrated under reduced pres-
sure. Subjection of the resulting yellow solid to the flash chromatography
(pentane/EtOAc 9:1) and concentration of the appropriate fractions af-
forded styrene 21 as a white solid (601 mg, 2.31 mmol, 90%) recrystal-
lised from EtOAc/hexane. Rf=0.8; m.p. 64 8C;


1H NMR (200 MHz,
CDCl3): d=3.87 (s, 3H; OCH3), 5.30 (d, J=11.0 Hz, 1H; 2’-H), 5.62 (d,
J=17.3 Hz, 1H; 2’-H), 6.71 (d, J=7.5 Hz, 1H; 6-H), 7.00 (dd, J=17.3,
11.0 Hz, 1H; 1’-H), 7.12 (d, J=7.5 Hz, 1H; 4-H), 7.24 ppm (t, J=7.5 Hz,
1H; 5-H); 13C NMR (50.3 MHz, CDCl3): d=56.5, 92.0, 100.7, 116.9,
122.2, 129.4, 136.7, 158.2, 196.4 ppm; IR (KBr): ñ=3081, 2962, 2935,
1616, 1558, 1465, 1057, 786 cm�1; UV/Vis (CH3CN): lmax (loge)=222.0
(4.4427), 296.5 (3.3006), 249.0 nm (3.9419); MS (EI, 70 eV): m/z (%):
260.0 (100) [M]+, 245.0 (8) [M�CH3]+ , 104.0 (8), 133.1 (4) [M�I]+ ;
HRMS: calcd for C9H9IO: 259.9698; confirmed.


2-(2’-Iodo-3’-methoxyphenyl)-[1,3]dioxane (22): A magnetically stirred
solution of aldehyde 4 (1.73 g, 6.65 mmol) in benzene (60 mL) was treat-
ed with 1,3-propanediol (961 mL, 13.30 mmol) and amberlyst 15 (192 mg)
at 20 8C. The resulting mixture was heated to reflux for 5 h with a Dean–
Stark apparatus. After cooling, the mixture was diluted with Et2O
(60 mL), washed with H2O (4Q10 mL), dried (MgSO4), filtered and con-
centrated under reduced pressure. The resulting white solid was recrystal-
lised (EtOAc/hexane) to afford acetal 22 as white solid (1.40 g,
4.39 mmol, 66%). M.p. 134 8C; 1H NMR (200 MHz, C6H6): d=0.58–0.78
(m, 1H; 5-H), 1.70–2.00 (m, 1H; 5-H), 3.15 (s, 3H; OCH3), 3.51–3.68 (m,
2H; 4-H/6-H), 3.33–3.97 (m, 2H; 4H/6-H), 5.79 (s, 1H; 2-H), 6.19 (d, J=
8.3 Hz, 1H; 4’-H), 6.99 (t, J=8.0 Hz, 1H; 5’-H), 7.65 ppm (d, J=7.7 Hz,
1H; 6’-H); 13C NMR (50.3 MHz, CDCl3): d=25.6, 56.6, 67.5, 90.1, 105.2,
111.4, 120.0, 129.3, 142.0, 157.7 ppm; IR (KBr): ñ=2972, 1571, 1433,
1379, 1267, 1105, 1065, 991, 781 cm�1; UV/Vis (CH3CN): lmax (loge)=
204.5 (4.5436), 280.0 (3.5111), 287.0 (3.5195), 227.0 nm (0.3184); MS (EI,
70 eV): m/z (%): 320.1 (100) [M]+ , 319.2 (76) [M�H]+ , 261.1 (17)
[M�C3H6O]+ ; HRMS: calcd for C11H13IO3: 320.1240; confirmed.
3-Bromo-4-methoxy-5-methylbenzoic acid (27): A magnetically stirred
solution of carboxylic acid 26 (88.0 g, 0.53 mol) in dioxane (850 mL) was
treated dropwise with bromine (54.0 mL, 1.06 mol) at 20 8C. Stirring was
continued in the absence of light for 7 days before the reaction mixture
was diluted with diethyl ether (300 mL), transferred to a separating
funnel and washed vigorously with an aqueous saturated solution of
Na2S2O3 until the solution changed from orange to yellow (approximately
2Q100 mL). The remaining organic layer was dried (MgSO4), filtered and
concentrated under reduced pressure to give bromobenzene 27 as a pale
yellow solid (109.1 g, 0.44 mol, 84%) recrystallised from EtOAc/pentane.
M.p. 160 8C; 1H NMR (300 MHz, CDCl3): d=2.35 (s, 3H; CH3), 3.81 (s,
3H; OCH3), 7.84 (d, J=1.1 Hz, 1H; Ar-H), 8.11 ppm (d, J=1.1 Hz, 1H;
Ar-H); 13C NMR (75.5 MHz, CDCl3): d=16.6, 61.5, 64.0, 117.3, 130.2,
132.5, 133.0, 159.9, 170.5 ppm; IR (KBr): ñ=2950, 1603, 1416, 1104, 775,
661 cm�1; UV/Vis: lmax (loge)=208 (4.4228), 245 nm (3.7995); MS (EI,
70 eV): m/z (%): 246.1 (96), 244.1 (100) [M]+ , 229.1 (68), 227.1 (55)
[M�H2O]+ , 166.1 (30) [M�Br]+ ; HRMS: calcd for C9H9BrO3: 243.9735;
confirmed.


(3-Bromo-4-methoxy-5-methylphenyl)-methanol (28): A magnetically
stirred solution of carboxylic acid 27 (60.5 g, 0.25 mol) in THF/Et2O 1:1
(300 mL) was treated with LiAlH4 (70.0 mL, 2.64m in Et2O, 0.185 mol)
through a cannula over 30 min at 0 8C. Stirring was continued for a fur-
ther 30 min before the reaction mixture was treated with MgSO4 (51 g)
and with water (38 mL) dropwise. The resulting suspension was filtered
and washed thoroughly with Et2O (6Q50 mL). The combined organic
fractions were dried (MgSO4), filtered and concentrated under reduced
pressure to give a yellow oil. Subjection of the resulting crude oil to flash
chromatography (pentane/EtOAc 9:1) and concentration of the appropri-
ate fractions afforded alcohol 28 as a pale yellow oil (41.6 g, 0.18 mmol,
72%). Rf=0.3;


1H NMR (300 MHz, CDCl3): d=2.29 (s, 3H; CH3), 3.80
(s, 3H; OCH3), 4.55 (s, 2H; 1’-H), 7.07 (d, J=0.8 Hz, 1H; Ar-H),
7.35 ppm (d, J=0.8 Hz, 1H; Ar-H); 13C NMR (75.5 MHz, CDCl3): d=
16.6, 60.1, 64.2, 117.2, 128.5, 129.4, 133.2, 137.9, 154.6 ppm; IR (KBr): ñ=
2931, 1736, 1478, 1276, 821 cm�1; UV/Vis: lmax (log e)=201.5 (4.6209),
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272.5 nm (2.8340); MS (EI, 70 eV): m/z (%): 232.1 (98), 230.1 (100) [M]+,
215.1 (25), 213.1 (20) [M�OH]+ , 153.2 (33), 151.2 (30) [M�Br]+ ;
HRMS: calcd for C9H11BrO2: 229.9943; confirmed.


3-Bromo-4-methoxy-5-methylbenzaldehyde (29): A magnetically stirred
solution of alcohol 28 (17.8 g, 0.08 mol) in CH2Cl2 (400 mL) was treated
with MnO2 (67.0 g, 0.80 mol) in one portion at 20 8C. Stirring was contin-
ued for 12 h before the reaction mixture was filtered and washed thor-
oughly with CH2Cl2 (3Q100 mL). The organic filtrate was concentrated
under reduced pressure to give a yellow oil. Subjection of the resulting
crude oil to flash chromatography (pentane/EtOAc 19:1) and concentra-
tion of the appropriate fractions afforded the aldehyde 29 as a yellow oil
(16.1 g, 0.07 mol, 87%). Rf=0.3;


1H NMR (300 MHz, CDCl3): d=2.36 (s,
3H; CH3), 3.84 (s, 3H; OCH3), 7.61 (d, J=1.8 Hz, 1H; Ar-H), 7.87 (d,
J=1.8 Hz, 1H; Ar-H), 9.82 ppm (s, 1H; CHO); 13C NMR (75.5 MHz,
CDCl3): d=16.5, 60.2, 118.1, 131.5, 132.6, 133.2, 134.1, 160.4, 189.8 ppm;
IR (KBr): ñ=1695, 1271, 1110, 740 cm�1; UV/Vis: lmax (log e)=217.0
(4.3877), 261 nm (4.0649); MS (EI, 70 eV): m/z (%): 230.1 (100), 228.1
(97) [M]+ , 213.1 (8), 215.1 (6) [M�CH3]+ , 187.1 (6), 185.0 (8)
[M�C2H3O]+ , 171.0 (5), 77.1 (44) [C6H5]


+ ; HRMS: calcd for
C9H9


79BrO2: 227.9786; confirmed.


3-Bromo-4-methoxy-5-methylphenol (30): A magnetically stirred solution
of aldehyde 29 (2.6 g, 11.4 mmol) in CH2Cl2 (100 mL) was treated with
m-CPBA (4.1 g, 70% in water, 17.0 mmol) in one portion at 20 8C. Stir-
ring was continued for 12 h before the CH2Cl2 was removed under re-
duced pressure. The ensuing white solid was diluted with MeOH
(150 mL), treated with K2CO3 (2.3 g, 17.0 mmol) and stirred at 20 8C for
15 min. The resulting mixture was treated with silica gel (3.5 g), concen-
trated under reduced pressure and subjected to flash chromatography
(pentane/EtOAc 9:1). Concentration of the appropriate fractions afford-
ed phenol 30 as colourless solid (1.68 g, 7.7 mmol, 68%) recrystallised
from EtOAc/pentane. Rf=0.2; m.p. 114 8C;


1H NMR (300 MHz, CDCl3):
d=2.25 (s, 3H; CH3), 3.82 (s, 3H; OCH3), 7.61 (d, J=1.2 Hz, 1H; Ar-H),
7.87 (d, J=1.2 Hz, 1H; Ar-H), 9.82 ppm (s, 1H; OH); 13C NMR
(75.5 MHz, CDCl3): d=16.7, 60.5, 117.1, 117.2, 117.5, 133.6, 148.8,
152.2 ppm; IR (KBr): ñ=2951, 1602, 1456, 1418, 1225, 760 cm�1; UV/Vis:
lmax (loge)=199.5 (4.6526), 289.0 nm (3.5079); MS (EI, 70 eV): m/z (%):
218.0 (90), 216.0 (89) [M]+ , 203.0 (95), 201.0 (100) [M�CH3]+ ; HRMS:
calcd for C8H9BrO2: 215.9786; confirmed; elemental analysis calcd (%)
for C8H9BrO2: C 44.27, H 4.18; found: C 44.27, H 3.95.


3-Bromo-2,6-bis(hydroxymethyl)-4-methoxy-5-methylphenol (31): A
magnetically stirred solution of phenol 30 (2.0 g, 9.2 mmol), formalde-
hyde (1.76 mL, 30% in water, 23.4 mmol) in water (7.6 mL) was treated
with CaO (258 mg, 4.6 mmol) at 20 8C. The resulting mixture was stirred
for 30 min before being left unstirred in the dark for 5 days. The resulting
suspension was dissolved in warm CHCl3 (50 mL) and acetic acid
(10 mL) and then diluted twofold with CHCl3. The organic phase was
washed with a saturated aqueous solution of NaHCO3 until the acetic
acid was removed. The mixture was concentrated under reduced pressure
to afford a yellow solid. This crude solid was washed with pentane/
EtOAc 4:1 to afford triol 31 as a colourless solid (1.67 g, 6.4 mmol,
69%), recrystallised from EtOAc/hexane. Rf=0.4; m.p. 132 8C;


1H NMR
(300 MHz, CDCl3): d=2.26 (s, 3H; CH3), 2.76 (br s, 1H; OH), 2.81 (br s,
1H; OH), 3.68 (s, 3H; OCH3), 4.77 (s, 2H; CH2), 4.96 (s, 2H; CH2),
8.89 ppm (s, 1H; OH); 13C NMR (75.5 MHz, CDCl3): d=12.5, 58.2, 60.5,
62.9, 109.9, 117.7, 124.2, 126.7, 131.5, 153.2 ppm; IR (KBr): ñ=3384,
3259, 2959, 1453, 1005, 760 cm�1; UV/Vis: lmax (loge)=205.5 nm (4.6195);
MS (EI, 70 eV): m/z (%): 278.1 (58), 276.1 (60) [M]+ , 260.1 (57), 258.1
(59) [M�H2O]+ , 245.1 (100), 243.1 (90) [M�H2O�CH3]+ , 229.1 (45), 231
(40); HRMS: calcd for C10H13BrO4: 275.9997; confirmed.


(7-Bromo-6-methoxy-2,2,5-trimethyl-4H-benzo[1,3]dioxin-8-yl)-methanol
(32) and (5-bromo-6-methoxy-2,2,7-trimethyl-4H-benzo[1,3]dioxin-8-yl)-
methanol (33): A magnetically stirred solution of triol 31 (1.92 g, 7.0 mol)
in acetone (100 mL) at 20 8C was treated with a few crystals of p-TsOH.
The resulting mixture was stirred for 18 h then concentrated under re-
duced pressure to afford a colourless oil. Subjection of the resulting
crude oil to flash chromatography (pentane/EtOAc 4:1) and concentra-
tion of the appropriate fractions afforded a mixture of two regioisomeric
acetonides 32 and 33 as a colourless oil (2.02 g, 6.37 mmol, 91%); Rf=
0.3.


(7-Bromo-6-methoxy-2,2,5-trimethyl-4H-benzo[1,3]dioxin-8-carbaldehyde
(23) and (5-bromo-6-methoxy-2,2,7-trimethyl-4H-benzo[1,3]dioxin-8-car-
baldehyde (34): A solution of oxalyl chloride (436 mL, 5.06 mmol) in
CH2Cl2 (20 mL) at �78 8C was added through a cannula over 30 min to a
magnetically stirred solution of DMSO (719 mL, 0.01 mol) in CH2Cl2
(20 mL), also maintained at �78 8C. The resulting clear solution was
treated dropwise with a mixture of 32 and 33 (1.0 g, 3.16 mmol in 6 mL
of CH2Cl2) from the above reaction, stirred at �78 8C for 1.5 h and then
treated dropwise with NEt3 (1.9 mL). The solution was stirred at this
temperature for 5 min before being warmed to 20 8C and stirred for a fur-
ther 30 min. The ensuing solution was quenched with water (20 mL) and
extracted with CH2Cl2 (3Q20 mL). The combined organic fractions were
dried (MgSO4), filtered and concentrated under reduced pressure to
afford a pale oil. Subjection of the crude oil to flash chromatography
(pentane/EtOAc 20:1) and concentration of the appropriate fractions af-
forded aldehydes 23 and 34.


Compound 23 : A colourless solid (420 mg, 1.33 mmol, 42%), recrystal-
lised from pentane/EtOAc; Rf=0.3; m.p. 122 8C;


1H NMR (300 MHz,
CDCl3): d=1.55 (s, 6H; 2QCH3), 2.17 (s, 3H; CH3), 3.75 (s, 3H; OCH3),
4.71 (s, 2H; CH2), 10.32 ppm (s, 1H; CHO); 13C NMR (75.5 MHz,
CDCl3): d=12.1, 24.6, 59.7, 60.7, 100.1, 117.3, 118.9, 121.4, 134.4, 149.1,
150.7, 189.4; IR (KBr): ñ=2986, 1697, 1580, 1396, 1005 cm�1; UV/Vis:
lmax (loge) 195.5 (4.3540), 268.5 (3.8656), 334.0 nm (0.1779); MS (EI,
70 eV): m/z (%): 316.1 (45), 314.1 (44) [M]+ , 258.0 (98), 256.0 (100)
[M�C3H6O]+ , 243.0 (45), 241.0 (40) [M�C3H6O�CH3]+ ; HRMS: calcd
for C13H15BrO4: 314.0154; found: 314.0154; elemental analysis: calcd (%)
for C13H15BrO4: C 49.54, H 4.80; found: C 49.68, H 4.62.


Compound 34 : A colourless solid (410 mg, 1.30 mmol, 41%), recrystal-
lised from pentane/EtOAc; Rf=0.5; m.p. 107 8C;


1H NMR (300 MHz,
CDCl3): d=1.56 (s, 6H; 2QCH3), 2.53 (s, 3H; CH3), 3.72 (s, 3H; OCH3),
4.74 (s, 2H; CH2), 10.49 ppm (s, 1H; CHO); 13C NMR (75.5 MHz,
CDCl3): d=13.6, 24.5, 60.6, 61.9, 100.4, 118.2, 121.7, 122.4, 133.7, 148.9,
151.9, 191.1 ppm; IR (KBr): ñ=2996, 2938, 1685, 1563, 1451, 839 cm�1;
UV/Vis: lmax (loge)=220.0 (4.4725), 332.0 nm (4.3181); MS (EI, 70 eV):
m/z (%): 316.1 (45), 314.1 (44) [M]+ , 258.0 (98), 256.0 (100)
[M�C3H6O]+ , 243.0 (45), 241.0 (40) [M�C3H6O�CH3]+ ; HRMS: calcd
for C13H15BrO4: 314.0154; confirmed.


(1’RS)-(7-Bromo-6-methoxy-2,2,5-trimethyl-4H-benzo[1,3]dioxin-8-yl)-
(3’-methoxy-7’-vinylphenyl)-methanol (35): A magnetically stirred so-
lution of iodobenzene 21 (240 mg, 0.92 mmol) in THF (10 mL) at �78 8C
was treated dropwise with nBuLi (406 mL, 2.5m in hexane, 1.01 mmol).
The resulting mixture was stirred at this temperature for 20 min before
being treated with aldehyde 23 (264 mg, 0.84 mmol) in THF (5 mL). Stir-
ring was continued at this temperature for 20 min then the solution was
warmed to 20 8C and quenched immediately with a saturated aqueous so-
lution of NH4Cl (4 mL). The resulting mixture was extracted with diethyl
ether (3Q10 mL) and washed with brine (1Q2 mL), then the combined
organic fractions were dried (MgSO4), filtered and concentrated under
reduced pressure to afford a clear yellow oil. Subjection of the resulting
crude oil to flash chromatography (pentane/EtOAc 9:1) and concentra-
tion of the appropriate fractions afforded diphenylcarbinol 35 as a col-
ourless solid (220 mg, 0.49 mmol, 58%) recrystallised from EtOAc/
hexane. Rf=0.3; m.p. 128 8C;


1H NMR (300 MHz, CDCl3): d=0.95 (s,
3H; Me) 1.33 (s, 3H; CH3), 2.10 (s, 3H; CH3), 3.74 (s, 3H; OCH3), 3.79
(s, 3H; OCH3), 4.61 (dd, J=22.5, 7.2 Hz, 2H; 4-H), 5.15 (dd, J=10.8,
1.8 Hz, 1H; 2’’-H), 5.39 (dd, J=17.1, 1.8 Hz, 1H; 2’’-H), 6.48 (d, J=
9.0 Hz, 1H; Ar-H), 6.82 (d, J=8.1 Hz, 1H; 1’-H), 6.92 (d, J=17.1,
10.8 Hz, 1H; 1’’-H), 7.00 (d, J=7.5 Hz, 1H; Ar-H), 7.18 ppm (t, J=
8.4 Hz, 1H; Ar-H); 13C NMR (50.3 MHz, CDCl3): d=11.3, 22.6, 25.0,
55.9, 60.1, 60.6, 73.0, 98.6, 110.9, 116.2, 118.4, 119.1, 120.0, 126.8, 127.5,
128.2, 129.1, 135.8, 138.4, 146.2, 148.7, 158.1 ppm; IR (KBr): ñ=3500,
1569, 1408, 1261, 1044 cm�1; UV/Vis: lmax (loge)=207.5 (4.7345),
293.5 nm (3.7238); MS (EI, 70 eV): m/z (%): 450.2 (1), 448.2 (1) [M]+ ,
392.1 (88) [M�C3H6O]+ , 390.1 (92), 311.2 (100) [M�C3H6O�Br]+ , 293
(36), 148.1 (47); HRMS: calcd for C22H25BrO5: 448.0885; confirmed.


(1’RS)-7-Bromo-6-methoxy-8-[1’-methoxy-(3’-methoxy-7’-vinylphenyl)-
methyl]-2,2,5-trimethyl-4H-benzo[1,3]dioxine (36): A magnetically stir-
red solution of diphenylcarbinol 35 (145 mg, 0.32 mmol) in THF (5 mL)
was treated with KH (26 mg, 0.65 mmol) in one portion at 0 8C. Stirring
was continued for 40 min before the reaction mixture was treated drop-
wise with MeI (40 mL, 0.64 mmol). The ensuing solution was warmed to
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20 8C and stirred for a further 1 h before being treated with water (2 mL)
and extracted with diethyl ether (3Q5 mL). The combined organic frac-
tions were dried (MgSO4), filtered and concentrated under reduced pres-
sure to afford a colourless solid. Subjection of this material to flash chro-
matography (pentane/EtOAc 19:1) and concentration of the appropriate
fractions afforded methyl ether 36 as colourless solid (130 mg, 0.28 mmol,
87%) recrystallised from EtOAc. Rf=0.4; m.p. 202 8C;


1H NMR
(300 MHz, CDCl3): d=0.72 (s, 3H; CH3), 1.29 (s, 3H; CH3), 2.06 (s, 3H;
CH3), 3.36 (s, 3H; OCH3), 3.58 (s, 3H; OCH3), 3.75 (s, 3H; OCH3), 4.65
(dd, J=26.5, 15.6 Hz, 2H; 4-H), 5.12 (dd, J=10.8, 1.8 Hz, 1H; 2’’-H),
5.43 (dd, J=17.5, 1.8 Hz, 1H; 2’’-H), 6.17 (s, 1H; 1’-H), 6.67 (dd, J=8.1,
0.9 Hz, 1H; 4’-H), 7.06 (t, J=8.4 Hz, 1H; Ar-H), 7.14 (t, J=7.8 Hz, 1H;
Ar-H), 7.81 ppm (dd, J=17.5, 10.8 Hz, 1H; 1’’-H); 13C NMR (75.5 MHz,
CDCl3): d=11.3, 21.7, 25.4, 55.7, 57.6, 60.0, 60.5, 80.4, 98.5, 109.6, 112.5,
118.6, 120.0, 121.2, 126.7, 127.0, 127.1, 127.2, 139.9, 140.1, 146.2, 148.5,
156.9 ppm; IR (KBr): ñ=2937, 1408, 1071 cm�1; UV/Vis: lmax (loge)=
294.5 (3.7312), 206.5 nm (4.5609); MS (EI, 70 eV): m/z (%): 464.2 (1),
462.0 (>1) [M]+ , 384.2 (12), 374.1 (13), 294.2 (100); HRMS: calcd for
C23H27BrO5: 462.1042; confirmed; elemental analysis calcd (%) for
C23H27BrO5: C 59.62, H 5.87; found: C 59.38, H 5.71.


(12RS)-6,11,12-Trimethoxy-2,2,5-trimethyl-7-methylene-7,12-dihydro-4H-
1,3-dioxabenzo[a]anthracene (37): A magnetically stirred solution of
olefin 36 (70 mg, 0.15 mmol) and nBu4NOAc (46 mg, 0.15 mmol) in a
previously degassed mixture of DMF/CH3CN/H2O 5:5:1 (2 mL) at 60 8C
was treated with trans-di(m-acetato)-bis[ortho(di-ortho-tolylphosphino)-
benzyl]-dipalladium(ii) catalyst (14 mg, 0.015 mmol) in one portion. The
resulting suspension was heated to 120 8C and stirring was continued for
4 h. The ensuing brown mixture was diluted with diethyl ether (20 mL)
and washed with water (3Q3 mL). The organic layer was dried (MgSO4),
filtered and concentrated under reduced pressure to afford a crude
brown solid. Subjection of this material to flash chromatography (pen-
tane/EtOAc19:1) and concentration of the appropriate fractions afforded
tetrahydroanthracene 37 as a yellow solid (14 mg, 0.004 mmol, 24%) and
starting material 36 (40 mg, 0.086 mmol).


37: Rf=0.2;
1H NMR (300 MHz, CDCl3): d=1.57 (s, 3H; CH3), 1.61 (s,


3H; CH3), 2.11 (s, 3H; CH3), 3.30 (s, 3H; OCH3), 3.57 (s, 3H; OCH3),
9.92 (s, 3H; OCH3), 4.77 (s, 2H; 4-H), 5.95 (d, J=1.2 Hz, 1H; 1’-H), 6.16
(s, 1H; 12-H), 6.34 (d, J=1.2 Hz, 1H; 1’-H), 6.85–6.89 (m, 1H; Ar-H),
7.26–7.30 ppm (m, 2H; Ar-H); 13C NMR (75.5 MHz, CDCl3): d=10.7,
24.5, 25.0, 55.7, 56.3, 59.7, 60.2, 64.0, 98.9, 109.5, 116.6, 117.2, 117.8, 122.2,
123.4, 127.0, 128.8, 129.2, 137.9, 140.8, 145.1, 148.9, 157.0 ppm; UV/Vis:
lmax (loge)=201.5 (4.4756), 290.5 (4.5398), 306.0 ppm (3.5456); IR (KBr):
ñ=2929, 1456, 1269, 1065, 742 cm�1; MS (EI, 70 eV): m/z (%): 382 (32)
[M+], 324 (100) [M�C3H6O]+ , 293 (86) [M�C3H6O�CH3O]+ , 278 (65)
[M�C3H6O�CH3O�CH3]+ , 265 (29); HRMS: calcd for C23H26O5:
382.1780; confirmed.


(1’RS)-(7-Bromo-6-methoxy-2,2,5-trimethyl-4H-benzo[1,3]dioxin-8-yl)-
(7’-[1’’,3’’]dioxan-2’’-yl-2’-methoxyphenyl)-methanol (38): A magnetically
stirred solution of iodobenzene 22 (448 mg, 1.40 mmol) in THF (20 mL)
at �78 8C was treated dropwise with nBuLi (560 mL, 2.5m in hexane,
1.40 mmol). The resulting mixture was stirred at this temperature for
10 min before being treated dropwise with aldehyde 23 (400 mg,
1.27 mmol) in THF (7 mL). Stirring was continued at this temperature
for 35 min then the solution was warmed to 20 8C and immediately
quenched with a saturated aqueous solution of NH4Cl (4 mL). The result-
ing mixture was extracted with diethyl ether (3Q20 mL) and washed with
brine (1Q5 mL). The combined organic fractions were dried (MgSO4),
filtered and concentrated under reduced pressure to afford a clear yellow
oil. Subjection of the resulting crude oil to flash chromatography (pen-
tane/EtOAc 19:1 ! pentane/EtOAc 9:1) and concentration of the appro-
priate fractions (Rf=0.3 in pentane/EtOAc 9:1) afforded alcohol 38 as a
colourless solid (481 mg, 0.945 mmol, 74%). 1H NMR (200 MHz, CDCl3):
d=0.70 (s, 3H; CH3), 1.28 (s, 3H; CH3), 1.40 (m, 1H; 5’’-H), 2.07 (s, 3H;
CH3), 2.10–2.32 (m, 1H; 5’’-H), 3.64 (s, 3H; OCH3), 3.75 (s, 3H; OCH3),
3.80–4.02 (m, 2H; 4’’-H/6’’-H), 4.02–4.25 (m, 2H; 6’’-H/4’’-H), 4.58 (d, J=
4.6 Hz, 2H; 4-H), 4.78 (s, 1H; OH), 6.20 (s, 1H; 2’’-H), 6.66 (d, J=
4.8 Hz, 1H; Ar-H), 6.76 (d, J=8.2 Hz, 1H; Ar-H), 7.20 ppm (d, J=4.8,
1H; Ar-H); 13C NMR (75.5 MHz, CDCl3): d=11.2, 21.4, 25.4, 25.5, 55.9,
60.0, 60.5, 67.2, 67.3, 72.5, 98.5, 99.3, 111.7, 118.4, 118.7, 119.8, 126.9,
127.2, 128.9, 129.3, 137.6, 146.2, 148.6, 157.1 ppm; IR (KBr): ñ=3455,
2991, 2960, 1456, 1257, 1046 cm�1; UV/Vis: lmax (loge)=285.0 (3.7282),


201.5 nm (4.7676); MS (EI, 70 eV): m/z (%): 510.3 (10) [M]+ , 508.0 (9),
452.0 (4) [M�C3H6O]+ , 450.2 (3), 374.1 (42), 371.3, (67) 312.3 (58), 295.2
(100), 222.2 (50), 163.1 (61); HRMS: calcd for C24H29BrO7: 508.1097; con-
firmed.


(1’RS)-7-Bromo-8-{[7’-(1’’,3’’)dioxan-2’’-yl-3’-methoxyphenyl]-1’-methoxy-
methyl}-6-methoxy-2,2,5-trimethyl-4H-benzo[1,3]dioxine (39): A magnet-
ically stirred solution of alcohol 38 (480 mg, 0.943 mmol) in THF (15 mL)
was treated with KH (75 mg, 1.89 mmol) in one portion at 0 8C. Stirring
was continued for 40 min before the reaction mixture was treated with
MeI (118 mL, 1.89 mmol) and stirred at 20 8C for a further 2 h. The result-
ing mixture was treated with water (5 mL) and extracted with diethyl
ether (3Q15 mL). The combined organic fractions were dried (MgSO4),
filtered and concentrated under reduced pressure to afford a colourless
solid. Subjection of this material to flash chromatography (pentane/
EtOAc 17:3) and concentration of the appropriate fractions afforded
olefin 39 as colourless solid (451 mg, 0.862 mmol, 91%). Rf=0.3;
1H NMR (200 MHz, CDCl3): d=1.37 (s, 3H; CH3), 1.42 (m, 1H; H-5’’),
1.55 (s, 3H; CH3), 2.10–2.40 (m, 1H; H-5’’), 2.30 (s, 3H; CH3), 3.56 (s,
6H; 2QOCH3), 3.78 (s, 3H; OCH3), 3.83–4.04 (m, 2H; 4’’-H), 4.11–4.27
(m, 2H; 6’’-H), 4.57 (d, J=6.0, Hz, 2H; 4-H), 6.26 (s, 1H; 2’’-H), 6.59 (s,
1H; 1’-H), 6.68 (d, J=4.8 Hz, 1H; Ar-H), 7.19 (m, 1H; Ar-H), 7.45 ppm
(d, J=8.2 Hz, 1H; Ar-H); 13C NMR (75.5 MHz, CDCl3): d=11.3, 21.3,
25.2, 26.0, 55.8, 58.5, 59.9, 60.5, 67.1, 67.4, 80.7, 98.9, 99.8, 99.8, 110.8,
118.8, 118.9, 127.0, 127.2, 127.3, 127.4, 139.4, 146.3, 148.5, 156.4 ppm; IR
(KBr): ñ=2942, 1456, 1255, 1074 cm�1; UV/Vis: lmax (log e)=285.5
(3.7228), 199.0 nm (4.7657); MS (EI, 70 eV): m/z (%): 524.3 (24), 522.0
(20) [M]+ , 443.0 (14) [M�Br]+ , 385.3 (37) [M�Br�C3H6O]+ , 326.2 (25),
236 (38), 206.1 (100); HRMS: calcd for C25H31BrO7: 464.0835; confirmed.


(1’RS)-7-Bromo-6-methoxy-8-[1’-methoxy-(3’-methoxy-7’-vinylphenyl)-
methyl]-2,2,5-trimethyl-4H-benzo[1,3]dioxine (36): A magnetically stir-
red solution of acetal 39 (140 mg, 0.269 mmol) in a water/acetone mixture
(2.5:5 mL) was treated with a few crystals of pyridinium p-toluenesulfo-
nate in one portion at 20 8C. The resulting suspension was heated at
reflux for 3 h before being extracted with diethyl ether (3Q15 mL). The
combined organic fractions were washed with brine (1Q2 mL), dried
(MgSO4), filtered and concentrated under reduced pressure to afford a
crude solid. Subjection of this material to flash chromatography (pen-
tane/EtOAc 17:3) and concentration of the appropriate fractions afforded
the corresponding aldehyde as a colourless solid (101 mg, 0.217 mmol,
81%) recrystallised from EtOAc/hexane. Rf=0.3; m.p. 140 8C;


1H NMR
(300 MHz, CDCl3): d=0.78 (s, 3H; CH3), 1.30 (s, 3H; CH3), 2.11 (s, 3H;
CH3), 3.45 (s, 3H; OCH3), 3.66 (s, 3H; OCH3), 3.79 (s, 3H; OCH3), 4.60
(dd, J=28.8, 15.6 Hz, 2H; 4-H), 6.33 (s, 1H; 1’-H), 6.92 (d, J=8.1,
1.2 Hz, 1H; Ar-H), 7.30 (d, J=8.1 Hz, 1-H, Ar-H), 7.42 (dd, J=8.1,
1.2 Hz, 1H; Ar-H), 11.07 ppm (s, 1H; CHO); 13C NMR (75.5 MHz,
CDCl3): d=11.4, 22.0, 25.3, 55.8, 57.1, 59.9, 60.6, 80.6, 98.8, 114.2, 118.8,
119.3, 121.5, 125.3, 127.6, 127.9, 131.1, 138.3, 146.4, 148.6, 156.3,
197.4 ppm; IR (KBr): ñ=1685, 1578, 1455, 1267, 1047 cm�1; UV/Vis: lmax
(loge)=206.0 (4.7348), 296.0 nm (3.7415); MS (EI, 70 eV): m/z (%):
466.3 (5), 464.3 (5) [M]+ , 408.2 (7), 406.2 (6) [M�C3H6O]+ , 376.2 (100),
374.2 (97) [M�C7H6]+ , 295.3 (16) [M�C7H6�Br]+, 178.2 (7); HRMS:
calcd for C22H25BrO6: 465.0835; confirmed.


A magnetically stirred solution of PPh3CH3Br (399 mg, 1.12 mmol) in
THF (5 mL) at 20 8C was treated dropwise with sodium bis(trimethylsilyl)
amide (1.12 mL, 1m in THF, 1.12 mmol). The resulting yellow suspension
was stirred for 1 h before being treated with above-mentioned aldehyde
(260 mg, 0.56 mol) in THF (5 mL). The resulting suspension was stirred
for 1 h, treated with silica gel (1 g) and concentrated under reduced pres-
sure. The resulting white solid was subjected to column chromatography
(pentane/EtOAc 19:1) and concentration of the appropriate fractions af-
forded olefin 36 as a colourless solid (210 mg, 0.45 mmol, 81%). Rf=0.4;
m.p. 202 8C. This material was identical in all respects with that obtained
previously.


(7-Bromo-6-methoxy-2,2,5-trimethyl-4H-benzo[1,3]dioxin-8-yl)-(3’-meth-
oxy-7’-vinylphenyl)methanone (40): A magnetically stirred solution of
alcohol 35 (125 mg, 0.278 mmol) in CH2Cl2 (10 mL) at 20 8C was treated
with Dess–Martin periodinane (177 mg, 0.417 mmol) in one portion. The
resulting mixture was stirred for 15 min before being treated with a satu-
rated solution of NaHCO3 (2 mL) and a 1m solution of Na2S2O3 (2 mL).
Stirring was continued until the cloudy solution became clear (approxi-
mately 1 h). The resulting mixture was transferred to a separating funnel
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and extracted with CH2Cl2 (3Q10 mL). The combined organic fractions
were subjected to flash chromatography (pentane/EtOAc 10:1) and con-
centration of the appropriate fractions afforded benzophenone 40 as a
colourless solid (101 mg, 0.225 mmol, 81%). Rf=0.3; m.p. 129 8C;
1H NMR (300 MHz, CDCl3): d=1.14 (br s, 6H; 2QCH3), 2.13 (s, 3H;
CH3), 3.58 (s, 3H; OCH3), 3.78 (s, 3H; OCH3), 4.64 (s, 2H; 4-H), 5.28
(dd, J=10.8, 1.2 Hz, 1H; 2’’-H), 5.70 (dd, J=17.4, 1.2 Hz, 1H; 2’’-H),
6.75 (d, J=8.1 Hz, 1H; Ar-H), 6.93 (dd, J=17.4, 10.8 Hz, 1H; 1’’-H),
7.22 (d, J=7.8 Hz, 1H; Ar-H), 7.31 ppm (t, J=7.8 Hz, 1H; Ar-H);
13C NMR (75.5 MHz, CDCl3): d=11.5, 23.6, 24.0, 55.9, 59.8, 60.7, 98.9,
110.4, 114.7, 115.9, 118.0, 118.1, 129.4, 129.9, 130.2, 130.8, 135.1, 138.8,
145.9, 148.9, 157.8, 195.4 ppm; IR (KBr): ñ=1680, 1471, 1400, 1271, 1045,
881 cm�1; UV/Vis: lmax (log e)=207.5 (4.6472), 313.0 nm (3.6938); MS
(EI, 70 eV): m/z (%): 448.3 (10) 446.3 (9) [M]+ , 390.2 (43), 388.2 (40)
[M�C3H6O]+ , 309.3 (100) [M�Br�C3H6O]+ , 281.2 (20), 255.2 (24);
HRMS: calcd for C22H23BrO5: 446.0729; confirmed.


6,11-Dimethoxy-2,2,5-trimethyl-7-methylene-4,7-dihydro-1,3-dioxaben-
zo[a]anthracen-12-one (41): A magnetically stirred solution of benzophe-
none 40 (215 mg, 0.481 mmol) and nBu4NOAc (290 mg, 0.961 mmol) in a
previously degassed mixture of DMF/CH3CN/H2O 5:5:1 (10 mL) at 60 8C
was treated with trans-di(m-acetato)-bis[ortho(di-ortho-tolylphosphino)
benzyl]dipalladium (ii) (45 mg, 0.048 mmol) in one portion. The resulting
suspension was heated at 110 8C for 17 h, cooled to 20 8C, diluted with di-
ethyl ether (30 mL) and washed with water (3Q3 mL). The organic layer
was dried (MgSO4), filtered and concentrated under reduced pressure to
afford a crude brown solid. Subjection of this material to flash chroma-
tography (pentane/EtOAc 9:1) and concentration of the appropriate frac-
tions afforded anthracenone 41 as yellow solid (130 mg, 0.355 mmol,
74%). Rf=0.3;


1H NMR (300 MHz, CDCl3): d=1.60 (s, 6H; 2QCH3),
2.14 (s, 3H; CH3), 3.61 (s, 3H; OCH3), 3.94 (s, 3H; OCH3), 4.77 (s, 2H;
CH2), 6.07 (s, 1H; 1’-H), 6.53 (s, 1H; 1’-H), 6.95 (d, J=8.2 Hz, 1H; Ar-
H), 7.31–7.44 ppm (m, 2H; Ar-H); 13C NMR (150.8 MHz, CDCl3): d=
11.3, 24.7, 56.2, 59.8, 60.1, 67.0, 99.2, 111.2, 116.0, 119.3, 120.0, 121.7,
122.4, 129.3, 131.9, 132.5, 136.2, 141.1, 146.6, 147.9, 158.3, 183.5 ppm; IR
(KBr): ñ=1672, 1456, 1273, 1058, 842 cm�1; UV/Vis: lmax (loge)=194.0
(4.6834), 229.0 nm (4.6089); MS (EI, 70 eV): m/z (%): 366.2 (10) [M]+ ,
308.1 (23) [M�C3H6O]+ , 293.1 (100) [M�C3H6O�CH3]+ , 265.1 (6), 165.1
(6); HRMS: calcd for C22H22O5: 366.1467; confirmed.


(12RS)-6,11,12-Trimethoxy-2,2,5-trimethyl-7-methylene-7,12-dihydro-4H-
1,3-dioxabenzo[a]anthracene (37): A magnetically stirred solution of
LiAlH4 (2 mg, 0.05 mmol) in THF (1 mL) at 0 8C was treated dropwise
with ketone 41 (20 mg, 0.05 mmol) in THF (0.5 mL). The resulting so-
lution was stirred for 10 min before being treated with a saturated aque-
ous solution of NH4Cl (1 mL) and extracted with diethyl ether (3 mL).
The combined organic fractions were dried (MgSO4), filtered and con-
centrated under reduced pressure to afford a yellow solid. The resulting
alcohol 42 was not isolated but was immediately subjected to the next re-
action.


The crude solid from the above reaction (approximately 20 mg) in THF
(1 mL) at 0 8C was treated with KH (4 mg, 0.11 mmol) and then immedi-
ately with MeI (6 mL, 0.11 mmol). The resulting solution was stirred at
this temperature for 30 min before being warmed to 20 8C and stirred for
a further 14 h. The resulting mixture was treated with water (1 mL) and
extracted with diethyl ether (3Q3 mL), then the combined organic frac-
tions were dried (MgSO4), filtered and concentrated under reduced pres-
sure to afford a colourless solid. Subjection of this material to flash chro-
matography (pentane/EtOAc 19:1) and concentration of the appropriate
fractions afforded 37 as a yellow solid (7.7 mg, 0.02 mmol, 37%). Rf=0.2.
This material was identical in all respects to that obtained previously.


(12RS)-6,11,12-Trimethoxy-2,2,5-trimethyl-11a,12-dihydro-4H,7aH-1,3-di-
oxabenzo[a]anthracen-7-one (43): A magnetically stirred solution of
compound 37 (10 mg, 0.026 mmol) in CCl4/MeCN/H2O 1:1:1.5 (350 mL)
at 20 8C was treated with a mixture of RuCl3 (0.2 mg, 5 mol%, 1.3Q
10�3 mmol) and NaIO4 (28 mg, 0.139 mmol). The ensuing solution was
stirred for 15 min and the suspension was diluted with CH2Cl2 (10 mL).
The organic layer was washed with water (2Q1 mL), dried (MgSO4), fil-
tered and concentrated under reduced pressure. Subjection of the result-
ing brown solid to flash chromatography through a small plug of silica
(pentane/EtOAc 9:1) afforded crude anthracenone 43 as a yellow foam
(7 mg, 0.018 mmol, 69%). 1H NMR (300 MHz, CDCl3): d=1.60 (s, 3H;
CH3), 1.63 (s, 3H; CH3), 2.14 (s, 3H; CH3), 3.25 (s, 3H; OCH3), 3.87 (s,


3H; OCH3), 3.97 (s, 3H; OCH3), 4.81 (s, 2H; CH2), 6.15 (s, 1H; 12-H),
7.10 (dd, J=8.4, 0.9 Hz, 1H; Ar-H), 7.43 (t, J=8.1 Hz, 1H; Ar-H),
7.64 ppm (dd, J=7.8, 0.9 Hz, 1H; Ar-H); 13C NMR (75.5 MHz, CDCl3):
d=10.3, 24.5, 24.9, 55.9, 60.2, 61.8, 62.6, 99.4, 114.3, 119.0, 124.6, 125.6,
126.6, 127.0, 129.1, 129.5, 136.4, 145.2, 151.3, 157.0, 184.8 ppm; IR (KBr):
ñ=2932, 1673, 1591, 1271, 1054, 861, 747 cm�1; MS (EI, 70 eV): m/z (%):
384.2 (14) [M]+ , 326.2 (100) [M�C3H6O]+, 298.2 (25), 267.1 (24), 149.1
(40); HRMS: calcd for C22H24O6: 384.1573; confirmed.
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Modulation of the Absorption, Fluorescence, and Liquid-Crystal Properties
of Functionalised Diarylethene Derivatives


Michel Frigoli and Georg H. Mehl*[a]


Introduction


The concept of switching molecular or
supramolecular systems reversibly from
one state to another by using light, in
which the states have significantly different
properties, is widespread in biological sys-
tems and has been in the focus of materials
research for many years.[1,2] Such synthetic
systems are promising as high-density data-
storage systems, sensors, photonic switches
and molecular logic gates. The concept of
optically addressable molecules promises
miniaturisation to the molecular scale and
potentially of optical computing on that
level. In the area of liquid crystal (LC) re-
search, concerned with information trans-
mission, the power of light modulation was
recognised early on, and systems based on
azo groups, spyropyranes, spirooxazines or,
more recently, fulgides have been investi-
gated for data storage or for the alignment
of LCs on surfaces (command surfaces).[2g,3–5] However, re-
laxation phenomena, the colouring of both states and ther-
mal stability have been the main concerns in such systems.
Thus, progress in research on functionalised diarylethenes,
some of which are thermally very stable and which can be
mixed into LC systems or can be functionalised to be liquid-


crystalline, is very interesting. For such materials the corre-
lation between molecular structure, electronic properties
and mesomorphic behaviour remains to be investigated.
Our approach for this investigation is modular, making


use of a photochromic core, a 1,2-bis(2-methylbenzo[b]thio-
phen-3-yl)hexafluorocyclopentene system which is connect-
ed to two cyanobiphenyl groups as mesogens via spacers of
ten methylene groups, as shown in Figure 1. The position of
the ether linking group to the mesogens was varied from
6,6’-substitution in 1, 5,6’-functionalisation in 2 to a 5,5’-sub-
stitution of the methylbenzothiopene cores in 3. This allows
for a systematic investigation of the influence of molecular
shape and electronic properties on the absorption behaviour


[a] Dr. M. Frigoli, Dr. G. H. Mehl
Department of Chemistry
University of Hull
Hull HU67RX (UK)
Fax (+44)1482-466411
E-mail : g.h.mehl@hull.ac.uk


Keywords: fluorescence · liquid
crystals · molecular switches ·
photochromism


Abstract: Systematic variation of the molecular symmetry in a photochromic
system based on a 1,2-bis(2-methylbenzo[b]thiophen-3-yl)hexafluorocyclopentene
group, connected by decyl spacers to two cyanobiphenyl groups as mesogens,
allows for a systematic investigation of the correlations between molecular shape
and symmetry, electronic effects, photochromic conversion and liquid-crystalline
properties.


Figure 1. Photochromic liquid crystal systems.
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and the photochromic properties, as well as the correlation
of these properties with the mesomorphic behaviour of the
systems.


Results and Discussion


Synthesis : The preparation of photochromic liquid crystal
systems 1–3 requires the synthesis of photochromic com-
pounds which are suitably functionalised. The synthetic
pathway to these new compounds is outlined in Schemes 1
and 2.
The arylhexafluorocyclopentenes are usually obtained by


a reaction involving nucleophilic attack of an aryllithium on
octafluorocyclopentene, followed by elimination of fluoro
groups.[2b] Direct substitution of 1,2-bis(2-methylbenzo[b]-


thiopen-3-yl)hexafluorocyclopentene allows only the 6-posi-
tion of the photochromic core to be targeted.[6] Thus, in
order to obtain 4–6, the starting material must be substitut-
ed by a methoxyl group.
6-Methoxybenzothiophene (10) and 5-methoxybenzothio-


phene (14) were prepared according to procedures de-
scribed in the literature.[7] The symmetrical photochromes 4
and 6 were obtained in three steps from the corresponding
methoxybenzothiophenes 10 and 14, which were methylated
in the 2-position by using nBuLi at �40 8C followed by addi-
tion of methyliodide at �78 8C to afford 11 and 15 in yields
of 92 and 96%. Bromination at the 3-position of 11 and 15
with bromine in CHCl3 at room temperature gave 12 and 16
in 82 and 47% yield, respectively.
The formation of a not yet identified byproduct in the


bromination of 15 is responsible for the moderate yield.
Treatment of 12 and 16 in THF with nBuLi at �78 8C fol-
lowed by the addition at the same temperature of a semi-
equivalent amount of octafluorocyclopentene yielded photo-
chromes 4 and 6 (62 and 68%, respectively). In this reac-
tion, the product of monocondensation, which is useful for
the investigation of asymmetric photochromes, can be ob-
tained selectively by using an excess of octafluorocyclopen-
tene.
Compound 13 is obtained in 82% yield from 12 by using


nBuLi at �78 8C followed by addition of three equivalents
of octafluorocyclopentene. Condensation of the lithiated de-
rivative of 16 with 13 at �78 8C afforded 5 in 56% yield.
The synthesis of the photochromic liquid crystal systems


is achieved in two steps from 4–6 (Scheme 2). Deprotection
of the methoxyl group with boron tribromide in CH2Cl2 at
room temperature resulted in 7–9 in yields higher than
80%. An etherification reaction between 7–9 and mesogenic
groups in butanone at reflux with K2CO3 afforded the tar-
geted molecules 1–3 in good yield.


Photochromic properties : All synthesised diarylethenes un-
derwent reversible photochromic reactions in cyclohexane
with alternating light at wavelengths of 313 (UV) and
546 nm (visible) with retention of isosbestic points. The
colour of the solutions changed from colourless for all com-
pounds to red (1 a, 4 a), red-purple (2 a, 5 a) or purple (3 a,
6 a). The photochromic behaviour of the new compounds
was compared with that of the unsubstituted parent com-


pound 1,2-bis(2-methyl-1-ben-
zothiophen-3-yl)hexafluorocy-
clopentene, denoted Ref.[8]


The effect of the position of
methoxyl groups on the benzo-
thiophene part of the photoac-
tive core on the absorption
properties was examined. Fig-
ures 2 and 3 show absorption
spectra of the open-ring iso-
mers 4, 5, and 6 and the corre-
sponding closed-ring isomers
4 a, 5 a, and 6 a. The absorption
spectra of the closed forms
were calculated from the ab-


Scheme 1. Reagents and conditions: a) nBuLi, MeI, THF, 92%; b) Br2,
CHCl3, 45%; c) nBuLi, 0.5 equiv octafluorocyclopentene, THF, 62%;
d) nBuLi, MeI, THF, 97%; e) Br2, CHCl3, 82%; f) nBuLi, 0.5 equiv octa-
fluorocyclopentene, THF, 68%; g) nBuLi, 3 equiv octafluorocyclopen-
tene, THF, 68%; h) lithiated derivative of 16, THF, 65%.


Scheme 2. Synthesis of the photochromic liquid-crystalline systems 1–3.
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sorption spectra obtained at the photostationary state (PS)
by using Equation (1) for the absorbance of a mixture of
two compounds at any wavelength.[9]


½A�PS ¼ ½A�OFð1�CvÞ þ ½A�CFðCvÞ ð1Þ


In Equation (1) [A]PS is the absorption obtained at the PS
state, [A]OF the absorption of the open form, [A]CF the ab-
sorption of the closed form, and Cv the conversion from
open- to closed-ring isomer; [A]PS and [A]OF can be deter-
mined by UV spectroscopy, and Cv can be calculated from
HPLC data by integration of the peaks for the open and
closed forms.


Variation of the position of the methoxyl groups leads to
changes in the absorption coefficient e at the absorption
maximum of the open forms in the far and near UV without
modifying much the position of the absorption maximum in
the UV spectrum (Figure 2). At the irradiation wavelength
(313 nm), the e value of compound 6 (5,5’-OMe) is approxi-
mately three times higher than those of 4 (6,6’-OMe) and
Ref.[8] The e value of compound 5 (5,6’-OMe) lies between
those obtained for 4 and 6. Structurally related dithienyle-
thene derivatives with methoxyl groups at the reaction cen-
tres were reported to exhibit a decrease in the absorption
coefficient.[10]


The absorption maxima and absorption coefficients of the
closed forms depend on the positions of the methoxyl
groups. As can be seen from the spectra, 6 a absorbs at the
highest wavelength (569 nm) with the lowest e value
(11300 Lmol�1 cm�1), while 4 a absorbs at the lowest wave-
length (520 nm) with the highest e value
(20400 Lmol�1 cm�1). The absorption maximum and e value
of 5 (542 nm, 15000 Lmol�1 cm�1) are intermediate between
those of 4 and 6. In this series, the e values decrease with
shifting of the absorption maxima to longer wavelengths.
This suggests that, in line with classical concepts of the rela-
tive positions of maxima in the absorption spectra, the
energy difference between the ground state and the first ex-
cited state for 4 a is higher than for the other systems. This
could be due to electronic or steric effects (the dipoles of
the perfluoro and ether groups point in different directions
in 4 a). In the absence of reported systematic MO calcula-
tions on substituted benzothiophene-based diarylethene sys-
tems, any explanation must be very tentative. However, Par-
iser–Parr–Pople molecular orbital calculations for linear azo
dyes, in which the substitution pattern was varied systemati-
cally, allowed us to relate the values of the extinction coeffi-
cients to the inverse mean absorption wavelength 1/l.[11] A
similar effect might occur for the closed forms of the substi-
tuted diarylethenes.
Differences are noticeable between the absorption spectra


of the open- and closed-ring isomers of compounds 1 and 4
(Figure 4). The presence of two cyanobiphenyl groups in 1


leads to a significant increase in the absorption coefficient e
of the open-ring isomer compared with parent molecule 4.
At the irradiation wavelength (313 nm), the e value of 4 is
approximately eight times higher than that of 1. Indeed, the
absorption spectrum of 1 corresponds roughly to the sum of
the spectra of the photochromic core and the cyanobiphenyl
groups; the alkyl spacer that connects these two entities is a
nonconjugating junction. Compounds 1 a and 4 a have the
same absorption properties in the wavelength interval be-
tween 332 and 650 nm at which cyanobiphenyl groups do
not absorb. The electronic effects induced by methoxyl or
decanoxyl groups on the photochromic core are broadly the
same. The absorption coefficient of the closed-ring isomer


Figure 2. Absorption spectra of the open-ring isomers 4–6 in cyclohexane.


Figure 3. Absorption spectra of the closed-ring isomers 4 a–6a in cyclo-
hexane.


Figure 4. Absorption spectra of open-ring isomers 1 and 4 and closed-
ring isomers 1 a and 4 a.
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4 a is approximately seven times higher than that of the
open-ring isomer 4. This explains in part the low conversion
obtained for 4 (see Table 3) at the photostationary state
with irradiation at 313 nm. At low concentration, the per-


centage conversion from the open-ring to the closed-ring
isomers at the photostationary state is defined by Equa-
tion (2) in which eOF and eCF are the absorption coefficients
of the open- and closed-ring isomers at the irradiation wave-
lengths.


Conversion ¼ eOFFOF!CF=ðeOFFOF!CF þ eCFFCF!OFÞ ð2Þ


The eOF and eCF can be determined by UV spectroscopy,
and FOF!CF calculated from the slope of absorbance (moni-
tored at the maximum wavelength of the closed-ring
isomer) versus time at the beginning of the photochromic
process when the photoreversion reaction can be neglected,
by comparing the values of rate constant of photocyclisation
reaction of the reference compound and of the molecule
studied.[12] When the ratio of the quantum yields eOFFOF!CF/
eCFFCF!OF is low, conversion is weak. Similar observations
are valid for the pairs 2 and 5 and 3 and 6.


Absorption maxima and coefficients of the open- and
closed-ring isomers are summarised in Tables 1 and 2.


Quantum yield and conversion measurements : The quantum
yield of cyclisation and photocycloreversion of 1–6 were
measured in cyclohexane; Ref was used as reference. The
conversions of 1–6 on irradiation with 313 nm light were de-
termined by HPLC. The two forms can be easily separated
(see Experimental Section for conditions). The results are
summarised in Table 3.
A decrease in the quantum yield of photocyclisation for


all the compounds 1–6 was observed. This is not influenced
by the position of the methoxyl groups on the benzothio-
phene part of the photochromic core, when the results for


these materials are compared with the value obtained for
the unsubstituted photochromic compound Ref (0.35). The
quantum yields of photocyclisation for 4–6 were found to be
in the range of 0.14–0.23. For structurally related dithienyl-
ethene derivatives in which the methoxyl groups are at the
reaction centers a reduction in the quantum yield of photo-
cyclisation has been reported, too.[10]


The quantum yield of the photoreversion with irradiation
at 546 nm depends on the relative positions of the methoxyl
groups in the molecule. When the two methoxyl groups are
in 6,6’-positions (4), the quantum yield of photoreversion in-
creases slightly relative to Ref. By contrast, when the two
methoxyl groups are in the 5,6’- (5) or 5,5’-positions (6), the
quantum yield for photoreversion decreases to 40% for 5
and 52% for 6.
Compounds 1 (0.19) and 2 (0.12) have quantum yields for


cyclisation similar to that of parent compounds 4 (0.20) and
5 (0.14). The quantum yield of 3 (0.05) is 4.6 times lower
than that of parent molecule 6 (0.23). By contrast, no dis-
similarity of the values of the quantum yields of cyclorever-
sion is observed for each group of molecules.
The conversions obtained at the photostationary state


were also dependent on the position of the methoxyl groups
in the molecule. Compound 6 (5,5’-OMe) has the highest
conversion (0.68), while 4 (6,6’-OMe) has the lowest (0.22).
An intermediate value (0.48) was obtained for 5 (5,6’-OMe),
which is very close to that obtained for Ref (0.43). For 1, 2
and 3, conversions were in the range of 0.56–0.64. The con-
versions of 1 (0.56) and 2 (0.63) are higher than those of the
parent molecules 4 (0.22) and 5 (0.48). This increase is di-
rectly correlated with the absorption properties of the open
and closed forms at the wavelength of irradiation in accord-
ance with Equation (2). Indeed, at 313 nm, the ratio be-
tween the absorption coefficient of the closed-ring isomer
4 a and that of the open-ring isomer 4 is 7:1, and this ratio is
2:1 for 5. In contrast, for 1 and 2, the absorption coefficients
of the two forms are roughly the same, and this leads to an
enhanced conversion compared to the parent compounds.
Indeed, in the systems 1–3, active participation of the cyano-
biphenyl groups (donors) in the photochromism takes place,
as can be deduced from the results of fluorescence studies
given in Table 4; in other words, the photochromic process
is assisted by a fluoresecence resonance energy transfer
(FRET) or FIrster-type effect.


Table 1. Absorption maxima and coefficients of the open-ring isomers 1–
6.[a]


lmax [nm] (e [mol�1Lcm�1]) lmax [nm] (e [mol�1Lcm�1])


1 280 (57000) 4 267 (23800), 305 (4500)
2 292 (63000) 5 265 (21300), 306 (6600), 316 (6600)
3 292 (58000) 6 262 (15000), 307 (8400), 316 (9000)


Ref 258 (21000), 290 (6900), 299 (7400)


[a] All absorption spectra were recorded in cyclohexane.


Table 2. Absorption maxima and coefficients calculated for the closed-
ring isomers 1 a–6a.


lmax [nm] (e [mol�1Lcm�1])


1a 294 (66000), 360 (15600), 520 (20400)
2a 292 (72000), 365 (13200), 542 (15300)
3a 292 (69000), 368 (11000), 569 (10500)
4a 310 (21000), 360 (15000), 520 (21300)
5a 268 (15300), 301 (16200), 366 (12900), 542 (15000)
6a 278 (22500), 366 (11600), 569 (11300)
Ref[a] 517 (9100)


[a] Taken from ref. [8].


Table 3. Quantum yield and conversion of cyclisation with 313 nm light
and quantum yield of cycloreversion with 546 nm light.


Compounds Cyclisation[a] Cycloreversion[b]


FOF!CF Conversion FCF!OF


1 0.19 0.56 0.41
2 0.12 0.63 0.19
3 0.05 0.64 0.16
4 0.20 0.22 0.48
5 0.14 0.48 0.21
6 0.23 0.68 0.17
Ref[c] 0.35 0.43 0.35


[a] All photochromic reactions were performed in cyclohexane solution.
[b] For all compounds the conversion of the cycloreversion reaction was
1. [c] Taken from ref. [8].
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All compounds 1–3 exhibit fluorescence properties which
are attributed to the presence of cyanobiphenyl groups. This
is supported by the observation that parent compounds 4–6
display only very weak fluorescence properties with a fluo-
rescence maximum wavelength of 440 nm when exited at
313 nm. Furthermore, the fluorescence spectra of all com-
pounds 4–6 are similar to that obtained for the cyanobiphen-
yl group, with a fluorescence maximum at a wavelength of
338 nm.
Even though 1–3 have two cyanobiphenyl groups which


are strong fluorophores (Fem=0.74), the quantum yields of
fluorescence observed are generally low. This indicates that
an energy transfer from the cyanobiphenyl groups to the
open forms takes place when the molecules are exited at
313 nm. This phenomenon is also observed when the mole-
cules are exited in the region in which the cyanobiphenyl
groups absorb. At the photostationary state, the systems dis-
play a lower intensity of emission fluorescence than is ob-
tained for the corresponding open forms (Figure 5). This in-


dicates that the closed forms can also act as acceptors.
These conclusions are in line with earlier results for a dihe-
teroarylethene (acceptor) coupled via an alkyl spacer to Lu-
cifer Yellow (donor).[14]


Liquid-crystalline properties : The results of the investigation
of the mesomorphic properties of the open-ring isomers 1–3
and at the photostationary state (irradiation wavelength
313 nm) 1PS–3PS by DSC and optical polarizing microscopy
are summarised in Table 5.


The liquid-crystalline properties of the materials in this
series are modulated both by the substitution pattern of the
photochromic core and the conversion from the colourless
open forms to the deeply coloured closed forms.
The liquid-crystalline phase behaviour for all of these sys-


tems 1–3 and 1PS–3PS is broadly similar in terms of the type
of phase structures and the range of the isotropisation tran-
sition temperatures, if viewed in the context of the structure
of the mesogens. There are significant differences with
regard to the thermodynamic stability of phases and the oc-
currence of some LC phases and the range of the mesomor-
phic state.
For 1–3, the highest stable phase is a nematic phase. For 1


and 2 this phase is thermodynamically stable; for 3, it is
only observable on cooling (monotropic LC behaviour). The
material with the most linear molecular structure of this
series, that is, 2, has the highest isotropisation temperature
of 92.1 8C, followed by that of the “V-shaped” compound 1
of 72.1 8C. Compound 3, in which the central perfluorinated
cyclopentene ring points in the same direction as the con-
nections of the ether linkages to the mesogens, shows a
monotropic transition at 88.8 8C. In addition, compounds 1
and 2 exhibit an SmC phase (tilted lamellar structure) at
74.5 8C for 1 and at 79.5 8C for 2.
Irradiation with UV light (313 nm) modifies these proper-


ties significantly. Under PS conditions the stability of the
nematic phase for 1 is reduced by 2.6 8C for 1PS to 75.9 8C;
more importantly, at lower temperatures a smectic phase of
unidentified structure (SmX) at 54.6 8C is found, and the
material vitrifies at 26.5 8C. For 2PS the nematic phase is lost
altogether, and the mesomorphic state is enhanced by
0.5 8C; the material melts from an SmC phase to the isotrop-
ic liquid at 92.6 8C. Additionally the crystalline low-tempera-
ture state is replaced by a glassy state with a transition Tg at
31.8 8C. For 3PS the melting point is reduced (to 121.9 8C)
relative to 3, and the monotropic nematic phase of 3 is re-
placed by a highly ordered, but unidentified, smectic phase
(SmX) at 63.5 8C, which represents a reduction by 25.3 8C
compared to the open form.
Detailed comparisons of these three systems are not pos-


sible. Due to different conversion rates at the PS state they
are at different positions in their binary phase diagrams of
open and closed forms. Nevertheless, we note that the
system with the most linear molecular shape of the series,
that is, 2, is the least affected by the modulation in molecu-
lar rigidity in the central core on going from the open to the
closed form; indeed, a small enhancement of the mesomor-
phic state occurs, and the presence of the more rigid closed
systems promotes the formation of a higher ordered LC
phase. For 1 and 3 the reduction in flexibility due to ring


Table 4. Relative fluorescence and emission quantum yield (Fem) for the
open forms 1–3 and for the systems at the PS state.


Compound Fluorescence Fluorescence Fem
[b]


wavelength [nm] intensity[a]


1 338 530 0.019
1PS 338 340 9.2O10�3


2 338 405 0.011
2PS 338 300 7.5O10�3


3 338 390 0.011
3PS 338 300 9.1O10�3


[a] At 313 nm; arbitrary units: 3.33O0�5 molL�1 solutions of compounds
in cyclohexane. [b] At 313 nm; all compound are referenced to 4-cyano-
4’-butyloxybiphenyl (Fem=0.74).[13] .


Figure 5. Emission fluorescence spectra of open-ring isomer 1 and at PS
state


Table 5. Transition temperatures [8C] by DSC.


Thermal transition[a] Thermal transition[a]


1 Cr 33.3 SmC 74.5 N 78.5 Iso 1PS
[b] Tg 26.5 SmX 54.6 N 75.9 Iso


2 Cr 45.4 SmC 79.5 N 92.1 Iso 2PS Tg 31.8 SmC 92.6 Iso
3 Cr 141.3 (N 88.8) Iso 3PS Cr 121.9 (SmX 63.5) Iso


[a] Cr: crystalline, SmX: as yet unidentified smectic, SmC: smectic C, N:
nematic. [b] Taken from ref. [5f].
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closure reduces the mesomorphic stability, and for 3, in
which all functionalities of the central aromatic core unit
(perfluorinated group, connections to the mesogens) are
crowded on one side of the long axis of the central photo-
chromic core, this results in a dramatic reduction of the sta-
bility of the mesomorphic state and the self-assembly behav-
iour.
The combination of diarylethene-based photochromic


groups with cyanobiphenyl moieties as mesogens allows for
the investigation of molecular switches, in which the colour,
absorption behaviour, liquid-crystalline properties and fluo-
rescence behaviour can be systematically modulated. They
can be considered as molecular logic gates (depending on
the addressing scheme several logical functions can be con-
sidered (e.g., YES, NO functions), and more complex opera-
tions are conceivable. This is particularly interesting as the
miscibility of these systems with commercial LC mixtures
(e.g., E7) points towards an avenue for optical computing
using LC technology.[2b,c]


Experimental Section


Materials : THF was dried by distillation from Na/benzophenone. The
other solvents (Fisher Chemicals) were used without further purification
other than drying over molecular sieves. Melting points, measured in ca-
pillary tubes on a Gallenkamp apparatus, are uncorrected. Transition
temperatures were measured by differential scanning calorimetry
(Perkin–Elmer 7 series DSC with an indium standard). The phase type
and structure was confirmed by optical polarising microscopy using a
Mettler FP52 heating stage and FP5 control unit in conjunction with an
Olympus BH2 polarizing microscope (the coloured molecules were an-
nealed in the dark state, and the light of the microscope was switched on
for only very short periods of time, as decolouration takes place with the
broadband-emitting tungsten bulb of the miscroscope). 1H and 13C NMR
spectra were recorded on a JEOL Lambda 400 spectrometer (400 and
100 MHz for 1H and 13C, respectively) with tetramethysilane as internal
standard. Chemical shifts are given in parts per million and coupling con-
stants in hertz. UV/Vis spectra were recorded on a Cary 50-diode array
spectrophotometer. Elemental analyses were carried out with a Fisons
EA 1108 CHN analyzer. All reactions were monitored by thin-layer chro-
matography on 0.2 nm Merck silica gel plates (60F-254). Column chroma-
tography was performed on silica gel (Fluorochem 35-70u 60A). The pu-
rities of all final compounds were checked by GLC analysis on a Chrom-
pack 9001 capillary gas chromatograph fitted with a WCOT fused silica
column (CP-Sil5 CB 0.12 m, 10 m long, 0.25 mm internal diameter) with
nitrogen as carrier gas and by HPLC analysis on a Merck-Hitachi system
fitted with a Rainin Dynamax Microsorb 5 mm silica column (25 cm long,
4.6 mm internal diameter) and were found to be >99.5%. Previously re-
ported compounds were identified by comparison of 1H NMR spectra
and melting points with literature data.


Photochemical measurements : Absorption spectra were performed in cy-
clohexane solutions of spectrometric grade (Fisher Chemicals) at 25	
0.2. The analysis cell (optical path lengh 10 nm) was placed in a thermo-
stated copper block inside the sample chamber of a Cary 50-diode array
spectrophotometer. An Oriel 200 W high-pressure Hg/Xe lamp was used
for irradiation. Mercury lines of 313 and 546 nm were isolated by passage
through a monochromater (Oriel).


Fluorescence measurements : Emission spectra were measured in cyclo-
hexane solutions of spectrometric grade (Fisher Chemicals) at 25	0.2 8C
by using a Shimadzu RF-1501 spectrofluorophotometer.


Conversion measurements : The open- and the closed-ring isomers were
easily separated by HPLC using a Merck-Hitachi system fitted with a
Rainin Dynamax Microsorb 5 mm silica column (25 cm long, 4.6 mm in-
ternal diameter) with hexane as eluent for 4–6 and hexane/ethyl acetate
(94:6) for 1–3.


6-Methoxy-2-methylbenzo[b]thiophene (11): 6-Methoxy-benzo[b]thio-
phene (10 ; 20.20 g, 0.12 mol) diluted in anhydrous THF (450 mL) was in-
troduced into a three-necked round-bottomed flask under nitrogen. The
mixture was cooled to �60 8C, and a solution of nBuLi (2.5m, 64 mL,
0.14 mol) in hexane was added dropwise. The resulting mixture was stir-
red for 90 min at �40 8C and then cooled to �78 8C. Methyl iodide (52 g,
0.36 mol) was added. The mixture was allowed to return to room temper-
ature, then hydrolysed with water (250 mL). The water/THF mixture was
extracted three times with Et2O (300 mL). The resulting organic phase
was washed several times with saturated aqueous NaCl solution, dried
over magnesium sulfate and then concentrated under reduced pressure.
The solid collected was recrystallised from methanol to give a white solid
(21.25 g, 97%). M.p. 88–89 8C; 1H NMR (CDCl3, 400 MHz): d=2.50 (s,
3H; CH3), 3.80 (s, 3H; OCH3), 6.83 (s, 1H; H-3), 6.90 (dd, J=8.6,
2.4 Hz, 1H; H-5), 7.21 (d, J=2.5 Hz, 1H; H-7), 7.49 ppm (d, J=8.6 Hz,
1H; H-4); 13C NMR (CDCl3, 100 MHz): d=16.1 (q), 56.4 (q), 104.8 (d),
113.9 (d), 121.6 (d), 123.3 (d), 134.3 (s), 137.9 (s), 140.9 (s), 156.6 ppm
(s); elemental analysis calcd (%) for C10H10OS (178.25): C 65.82, H 4.91;
found: C 65.90, H 4.84.


3-Bromo-6-methoxy-2-methylbenzo[b]thiophene (12): A mixture of 11
(20.63 g, 0.13 mol) and CHCl3 (250 mL) was cooled in an ice-water bath.
A solution consisting of Br2 (20.08 g, 0.14 mol) and CHCl3 (90 mL) was
added dropwise. After the addition was completed, the mixture was stir-
red for 30 min at room temperature and then hydrolysed with saturated
aqueous Na2S2O6 solution (300 mL). The aqueous phase was extracted
twice with CHCl3 (300 mL). The combined organic phases were washed
several times with water, dried over magnesium sulfate and then concen-
trated under reduced pressure. The resulting solid was recrystallised from
methanol to give a white solid (28.50 g, 82%). M.p. 80–81 8C; 1H NMR
(CDCl3, 400 MHz): d=2.50 (s, 3H; CH3), 3.86 (s, 3H; OCH3), 6.90 (dd,
J=8.8, 2.4 Hz, 1H; H-5), 7.21 (d, J=2.4 Hz, 1H; H-7), 7.57 ppm (d, J=
8.8 Hz, 1H; H-4); 13C NMR (CDCl3, 100 MHz): d=15.3 (q), 55.6 (q),
104.9 (d), 105.8 (s), 114.4 (s), 114.5 (d), 123.1 (d), 132.4 (s), 138.2 (s),
157.8 ppm (s); elemental analysis calcd (%) for C10H9BrOS (257.15): C
46.71, H 3.53; found: C 46.93, H 3.60.


1-[6-Methoxy-2-methylbenzo[b]thiophen-3-yl]heptafluorocyclopentene
(13): A solution of nBuLi (2.5 m, 11.90 mL, 0.034 mol) in hexane was
added dropwise to a stirred solution of 12 (7.61 g, 0.03 mol) in anhydrous
THF (120 mL) at �78 8C under nitrogen. The resulting mixture was stir-
red for 30 min at �78 8C, then octafluorocyclopentene (20 g, 0.09 mol)
was added in a single portion. After the addition was completed, the mix-
ture was allowed to return to room temperature, then hydrolysed with
water (120 mL). The THF/water mixture was extracted three times with
Et2O (150 mL). The resulting organic phase was washed several times
with saturated aqueous NaCl solution, dried over magnesium sulfate and
then concentrated under reduced pressure. The crude product was puri-
fied by column chromatography on silica gel with pentane/CH2Cl2 (100:0
to 80:20) to give slightly yellow crystals (8.12 g, 68%). M.p. 41–42 8C;
1H NMR (CDCl3, 400 MHz): d=2.48 (s, 3H; CH3), 3.86 (s, 3H; OCH3),
7.03 (dd, J=8.8, 2.4 Hz, 1H; H-5), 7.27 (d, J=2.4 Hz, 1H; H-7),
7.41 ppm (d, J=8.8 Hz, 1H; H-4); 13C NMR (CDCl3, 100 MHz): d=14.4
(q), 55.6 (q), 104.9 (d), 113.9 (s), 114.8 (d), 122.2 (d), 132.0 (d), 139.7 (s),
141.3 (s), 157.6 ppm (s); elemental analysis calcd (%) for C15H15F7OS
(370.29): C 48.65, H 2.45; found: C 48.45, H 2.59.


5-Methoxy-2-methylbenzo[b]thiophene (15): This compound was pre-
pared from 14 according the same procedure as described for the synthe-
sis of the 11. White solid (92% yield). M.p. 97–98 8C; 1H NMR (CDCl3,
400 MHz): d=2.56 (s, 3H; CH3), 3.84 (s, 3H; OCH3), 6.89 (m, 2H; H-3,
H-5), 7.12 (d, J=2.5 Hz, 1H; H-4), 7.59 ppm (d, J=8.6, 1H; H-6);
13C NMR (CDCl3, 100 MHz): d=16.3 (q), 55.6 (q), 105.2 (d), 113.2 (d),
121.5 (d), 122.7 (d), 132.0 (s), 141.5 (s), 142.3 (s), 157.4 ppm (s); elemen-
tal analysis calcd (%) for C10H10OS (178.25): C 65.82, H 4.91; found: C
65.95, H 4.81.


3-Bromo-5-methoxy-2-methylbenzo[b]thiophene (16). This compound
was prepared from 15 according to the same procedure as described for
the synthesis of 12. Oily product (45% yield). 1H NMR (CDCl3,
400 MHz): d=2.50 (s, 3H; CH3), 3.86 (s, 3H; OCH3), 6.92 (dd, J=8.7,
2.5 Hz, 1H; H-6), 7.12 (d, J=2.5 Hz, 1H; H-4), 7.53 ppm (d, J=8.7 Hz,
1H; H-6); 13C NMR (CDCl3, 100 MHz): d=15.7 (q), 55.6 (q), 104.9 (d),
106.3 (s), 115.0 (d), 123.0 (d), 129.3 (d), 136.5 (s), 139.5(s), 158.2 ppm (s);
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elemental analysis calcd (%) for C10H9BrOS (257.15): C 46.71, H 3.53;
found: C 46.78, H 3.41.


1,2-Bis(6-methoxy-2-methyl-benzo[b]thiophen-3-yl)hexafluorocyclopen-
tene (4): A solution of nBuLi in hexane (2.5 m, 17.9 mL, 0.044 mol) was
added dropwise to a stirred solution of 12 (10 g, 0.039 mol) in anhydrous
THF (150 mL) at �78 8C under nitrogen atmosphere. The resulting mix-
ture was stirred for 30 min at �78 8C, then octafluorocyclopentene
(4.12 g, 0.019 mol) was added in a single portion. After the addition was
completed, the mixture was allowed to return to room temperature, then
hydrolysed with water (150 mL). The THF/water mixture was extracted
three times with Et2O (150 mL). The resulting organic phase was washed
several times with saturated aqueous NaCl solution, dried over magnesi-
um sulfate and then concentrated under reduced pressure. The crude
product was purified by column chromatography on silica gel with pen-
tane/CH2Cl2 (100:0 to 70:30). The resulting solid was recrystallised from
methanol to give a white solid (6.22 g, 62%). M.p. 128–129 8C; 1H NMR
(CDCl3, 400 MHz): d=2.13 (s, 3.84H; ap CH3), 2.42 (s, 2.16H; p CH3),
3.77 (s, 2.16H; p OCH3), 3.84 (s, 3.84H; ap OCH3), 6.79 (dd, J=8.9,
2.2 Hz, 0.72H; p H-5), 6.98 (dd, J=8.8, 2.2 Hz, 1.28H; ap H-5), 7.07 (d,
J=2.2 Hz, 0.72H; p H-7), 7.16 (d, J=2.2 Hz, 1.28H; ap H-7), 7.39 (d, J=
8.9 Hz, 0.72H; p H-4), 7.52 ppm (d, J=8.9 Hz, 1.28H; ap H-4); parallel
(p) conformer/antiparallel (ap) conformer=36:64; UV/Vis (cyclohex-
ane): lmax (e)=267 (23800), 305 nm (4500); elemental analysis calcd (%)
for C25H18F6O2S2 (528.53): C 56.81, H 3.43; found: C 56.88, H 3.53.


1-(5-Methoxy-2-methyl-benzo[b]thiophen-3-yl)-2-(6’-methoxy-2’-methyl-
benzo[b]thiophen-3’-yl)hexafluorocyclopentene (5): A solution of nBuLi
(2.5m, 7.2 mL, 0.018 mol) in hexane was added dropwise to a stirred solu-
tion of 16 (4.78 g, 0.018 mol) in anhydrous THF (100 mL) at �78 8C
under nitrogen. The resulting mixture was stirred for 30 min at �78 8C,
then a solution of 13 (7 g, 0.018 mol) in of anhydrous THF (40 mL) was
added slowly. After the addition was completed, the mixture was allowed
to return to room temperature, then hydrolysed with water (140 mL).
The THF/water mixture was extracted three times with Et2O (150 mL).
The resulting organic phase was washed several times with saturated
aqueous NaCl solution, dried over magnesium sulfate and then concen-
trated under reduced pressure. The crude product was purified by
column chromatography on silica gel with pentane/CH2Cl2 of increasing
polarity (100:0 to 70:30). The resulting solid was recrystallised from
methanol to give a white solid (5.42 g, 57%). M.p. 118–119 8C; 1H NMR
(CDCl3, 400 MHz): d=2.18 (s, 3.72H;ap 2-CH3, ap 2’-CH3), 2.40 (s,
1.14H; p 2-CH3 or p 2’-CH3), 2.56 (s, 1.14H;p 2-CH3 or p 2’-CH3), 3.72
(s, 1.14H;p 5-OCH3 or p 6’-OCH3), 3.78 (s, 1.14H;p 5-OCH3 or p 6’-
OCH3), 3.84 (s, 1.86H; ap 5-OCH3 or ap 6’-OCH3), 3.87 (s, 1.86H; ap 5-
OCH3 or ap 6’-OCH3), 6.79–7.20 (m, 4H), 7.41–7.60 ppm (m, 2H); paral-
lel conformer/antiparallel conformer=38:62; UV/Vis (cyclohexane): lmax


(e)=265 (21300), 306 (6600), 316 nm (6600); elemental analysis calcd
(%) for C25H18F6O2S2 (528.53): C 56.81, H 3.43; found: C 56.89, H 3.48.


1,2-Bis(5-methoxy-2-methylbenzo[b]thiophen-3-yl)hexafluorocyclopen-
tene (6): This compound was prepared from 16 according the same pro-
cedure as described for the synthesis of 4. White solid (69% yield); M.p.
182–183 8C; 1H NMR (CDCl3, 400 MHz): d=2.10 (s, 3.32H; ap CH3),
2.38 (s, 2.82H; p CH3), 3.60 (s, 2.82H; p OCH3), 3.79 (s, 3.32H; ap
OCH3), 6.78 (dd, J=8.8, 2.4 Hz, 0.92H; p H-6), 6.78 (dd, J=8.8, 2.4 Hz,
1.08H; ap H-6), 6.92 (d, J=1.6 Hz, 0.92H; p H-4), 7.06 (d, J=1.6 Hz,
1.08H; ap H-4), 7.41 (d, J=8.8 Hz, 0.92H; p H-7), 7.49 ppm (d, J=
8.8 Hz, 1.08H; ap H-7); parallel conformer/antiparallel conformer=
45:55; UV/Vis (cyclohexane): lmax (e)=262 (21000), 307 (8400), 316 nm
(9000); elemental analysis calcd (%) for C25H18F6O2S2 (528.53): C 56.81,
H 3.43; found: C 56.78, H 3.51.


1,2-Bis(6-hydroxy-2-methylbenzo[b]thiophen-3-yl)-hexafluorocyclopen-
tene (7): Compound (4) (5.60 g, 0.01 mol) and dried CH2Cl2 (100 mL)
were introduced into a three-necked round-bottomed flask under nitro-
gen. The resulting mixture was cooled in an ice-water bath, then BBr3
(4.91 mL; 0.05 mol) was added dropwise. The solution was warmed to
room temperature and stirred for 6 h. Then, the mixture was cooled in an
ice-water bath, and 10% aqueous HCl solution (100 mL) was added
slowly. The chlorinated phase was separated from the aqueous phase, and
the latter was extracted several times with ethyl acetate. The combined
organic phases were washed with water, dried over magnesium sulfate
and then concentrated under reduced pressure. The crude product was
purified by column chromatography on silica gel with CH2Cl2/Et2O


(100:0 to 90:10) to give a white solid (93% yield). M.p. 236–237 8C;
1H NMR ([D6]acetone, 400 MHz): d=2.16 (s, 3.18H; ap CH3), 2.39 (s,
2.82H; p CH3), 6.73 (dd, J=8.6, 2.2, 0.94H; p H-5), 6.91 (dd, J=8.6,
2.2 Hz, 1.06H; ap H-5), 7.12 (d, J=2.2 Hz, 0.94H; p H-7), 7.20 (d, J=
2.2 Hz, 1.06H; ap H-7), 7.34 (d, J=8.6 Hz, 0.94H; p H-4), 7.38 (d, J=
8.6 Hz, 1.06H; ap H-4), 9.66 (s, 0.47H; p OH), 9.76 ppm (s, 0.53H; ap
OH); parallel conformer/antiparallel conformer=47:53; elemental analy-
sis calcd (%) for C23H14F6O2S2 (500.48): C 55.20, H 2.82; found: C 55.25,
H 2.72.


1-(5-Hydroxy-2-methylbenzo[b]thiophen-3-yl)-2-(6’-hydroxy-2’-methyl-
benzo-[b]-thiophen-3’-yl)hexafluorocyclopentene (8): This compound
was prepared from 5 according to the same procedure as described for
the synthesis of 4. White solid (91% yield). M.p. 227–228 8C; 1H NMR
([D6]acetone, 400 MHz): d=2.20 (s, 1.67H; ap 2-CH3 or ap 2’-CH3), 2.21
(s, 1.67H; ap 2-CH3 or ap 2’-CH3), 2.42 (s, 1.33H; p 2-CH3 or p 2’-CH3),
2.52 (s, 1.33H; p 2-CH3 or p 2’-CH3), 6.73–6.75 (m, 0.87H; p H-6 and p
H-5’), 6.85 (dd, J=8.6, 2.2 Hz, 1.13H; ap H-6), 6.93 (dd, J=8.6, 2.2 Hz,
1.13H; ap H-5’), 6.98 (sl, 1H; p H-4 and ap H-4), 7.13 (d, J=2.2 Hz,
0.46H; p H-7’), 7.20 (d, J=2.2 Hz, 0.54H; ap H-7’), 7.35–7.41 (m, 1H; p
and ap H-4’), 7.58 (d, J=8.6 Hz, 0.46H; p H-7), 7.66 (d, J=8.8 Hz,
0.54H; ap H-7), 9.51 (s, 0.23H; p 5-OH), 9.65 (s, 0.50H; ap 5-OH and p
6’-OH), 9.65 ppm (s, 0.37H; ap 6’-OH); parallel conformer/antiparallel
conformer=44:56; elemental analysis calcd (%) for C23H14F6O2S2
(500.48): C 55.20, H 2.82; found: C 55.35, H 2.90.


1,2-Bis(5-hydroxy-2-methylbenzo[b]thiophen-3-yl)hexafluorocyclopen-
tene (9): This compound was prepared from 6 according to the same pro-
cedure as described for the synthesis of the 4. White solid (87% yield).
M.p. 250–251 8C; 1H NMR ([D6]acetone, 400 MHz): d=2.23 (s, 4.44H; ap
CH3), 2.48 (s, 1.56H; p CH3), 6.75 (dd, J=8.6, 2.2 Hz, 0.52H; p H-6),
6.85 (dd, J=8.8, 2.4 Hz, 1.48H; ap H-6), 6.93 (d, J=2.2 Hz, 0.52H; p H-
4), 6.97 (d, J=2.4 Hz, 1.48H; ap H-4), 7.57 (d, J=8.6 Hz, 0.52H; p H-7),
7.64 (d, J=8.8 Hz, 1.48H; ap H-7), 9.38 (s, 0.26H; p OH), 9.64 (s, 0.74H;
ap OH); parallel conformer/antiparallel conformer=26:74; elemental
analysis calcd (%) for C23H14F6O2S2 (500.48): C 55.20, H 2.82; found: C
55.26, H 2.86.


Compound 1: A mixture of 4 (0.15 g, 0.30 mmol), 4’-(6-bromohexyloxy)-
biphenyl-4-carbonitrile (0.26 g, 0.72 mmol), K2CO3 (0.10 g, 0.72 mmol)
and dry butanone (20 mL) was refluxed for 24 h, then allowed to return
to room temperature. The reaction mixture was filtered, and the buta-
none distilled off under reduced pressure. The crude product was purified
by column chromatography on silica gel with CH2Cl2 to give a white
solid (0.26 g, 87% yield). Transition T/8C: Cr 40.1 SmC 74.5 N 78.5 Iso
liq; 1H NMR (CDCl3, 400 MHz): d=1.25–1.48 (m, 24H), 1.80–1.86 (m,
8H), 2.13 (s, 3.92H; ap CH3), 2.43 (s, 2.08H; p CH3), 3.98–4.93 (m, 8H;
OCH2), 6.80 (dd, J=8.6, 2.2 Hz, 0.70H; p H-5), 6.96–7.06 (m, 5.30H; 4H-
arom+ap H-5), 7.05 (d, J=2.2 Hz, 0.70H; p H-7), 7.15 (d, J=2.2 Hz,
1.30H; ap H-7), 7.39 (d, J=8.6 Hz, p 0.70H; H-4), 7.52 (m, 5.30H; 4H-
arom+ap H-4), 7.60–7.70 ppm (m, 8H; 8H-arom); parallel conformer/
antiparallel conformer=35:65; UV/Vis (cyclohexane): lmax (e)=280 nm
(57000); elemental analysis calcd (%) for C69H68F6N2O4S2 (1167.41): C
70.99, H 5.87, N 2.40; found: C 70.94, H 5.89, N 2.45.


Compound 2 : This compound was prepared from 8 according to the
same procedure as described for synthesis of 1. White solid (78% yield);
Transition T/8C: Cr 45.4 SmA 79.5 N 92.1 Iso liq; 1H NMR (CDCl3,
400 MHz): d=1.30–1.48 (m, 24H), 1.68–1.83 (m, 8H), 2.15 (s, 3.90H; ap
2-CH3, ap 2’-CH3), 2.37 (s, 1.05H; p 2-CH3 or p 2’-CH3), 2.49 (s, 1.05H; p
2-CH3 or p 2’-CH3), 3.81–4.00 (m, 8H; OCH2), 6.79–7.20 (m, 8H), 7.41–
7.68 ppm (m, 10H); parallel conformer/antiparallel conformer=35:65;
UV/Vis (cyclohexane): lmax (e)=292 nm (63000); elemental analysis
calcd (%) for C69H68F6N2O4S2 (1167.41): C 70.99, H 5.87, N 2.40; found:
C 71.10, H 5.78, N 2.44.


Compound 3 : This compound was prepared from 9 according to the
same procedure as described for synthesis of 1. White solid (84% yield);
Transition T/8C: Cr 141.3 (N 88.8) Iso liq; 1H NMR (CDCl3, 400 MHz):
d=1.29–1.53 (m, 24H), 1.68–1.81 (m, 8H), 2.15 (s, 3.35H; ap CH3), 2.41
(s, 2.65H; p CH3), 3.81–3.98 (m, 8H; OCH2), 6.80 (dd, J=8.6, 2.2 Hz,
0.88H; p H-6), 6.93–697 (m, 6H; 4H-arom+ap H-6+p H-4), 7.05 (d, J=
1.6 Hz, 1.12H; ap H-4), 7.43 (d, J=8.6 Hz, 0.88H; p H-7), 7.47–7.52 (m,
5.12H; 4H-arom+ap H-7), 7.59–7.67 ppm (m, 8H; 8H-arom); parallel
conformer/antiparallel conformer=44:56; UV/Vis (cyclohexane): lmax
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(e)=292 nm (58000); elemental analysis calcd (%) for C69H68F6N2O4S2
(1167.41): C 70.99, H 5.87, N 2.40; found: C 71.07, H 5.82, N 2.47.
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